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Uveal melanoma (UM) is the most common adult primary intraocular malignancy, with a strong predilection for hepatic metastasis,
occurring in approximately 50% of cases. Metastatic UM is highly resistant to therapy and is almost invariably fatal. The strongest
genetic driver of UM metastasis is loss of function of the tumor suppressor BRCA-associated protein 1 (BAP1), which leads to
widespread epigenetic dysregulation. To identify novel therapeutic strategies, we investigated whether targeting the epigenome of
UM could reveal new vulnerabilities. We performed a high-throughput compound screen using a curated epigenetic inhibitor
library and identified BET (bromodomain and extra-terminal domain) inhibition as a particularly promising approach. While
previous clinical trials with BET inhibitors for UM treatment have failed, we found substantial heterogeneity in the efficacy of
different BET inhibitors in UM. Notably, the BET inhibitor mivebresib (ABBV-075) significantly improved survival rates by 50% in a
metastatic UM xenograft mouse model and prevented detectable metastases in the bones, spinal cord, and brain. Transcriptomic
analysis revealed a strong overlap between BET and histone deacetylase (HDAC) inhibition, an approach currently under clinical
evaluation for UM treatment. BET and HDAC inhibitors reversed gene expression signatures associated with high metastatic risk and
induced a neuron-like phenotype in UM cells. These findings establish BET inhibition as a potent and previously underappreciated

vulnerability for metastatic UM.
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INTRODUCTION

Uveal melanoma (UM) is the most prevalent primary intraocular
malignancy in adults, with metastases occurring in approximately
half of all cases. UM metastases are highly resistant to treatment
and almost uniformly lethal [1]. Currently, the only FDA-approved
treatment for metastatic UM is tebentafusp-tebn (Kimmtrak,
Immunocore Limited), a bispecific gp100 peptide-HLA-directed
CD3 T-cell engager. However, this treatment is only efficient in
HLA-A*02:01-positive patients and improves life expectancy by six
months on average [2]. Despite this significant advancement,
additional treatment strategies are urgently needed.

UM has a low mutational burden, with a mutational profile
distinct from other melanomas [3]. Mutually exclusive mutations
in the Gq signaling pathway, most commonly in GNAQ or GNAT1
[4, 5], and less frequently in PLCB4 [6] and CYSLTR2 [7], are present
in virtually all UMs [8], but also in benign ocular nevi [4, 5, 8, 9].
Therefore, these mutations alone are insufficient for malignant
transformation. Additional secondary mutations in either BAP1
[10], SF3B1 [11], or EIFTAX [12] (‘BSE’ mutations) occur in a

mutually exclusive manner and confer high, medium, and low
metastatic risk, respectively [13-15]. BAPT mutations are among
the most significant clinical markers of metastatic risk, typically
accompanied by the loss of one copy of chromosome 3, where
BAP1 is located, resulting in the complete loss of BAP1 function
[10]. BAP1 is a ubiquitin carboxy-terminal hydrolase and the
catalytic subunit of the polycomb repressive deubiquitinase
complex (PR-DUB), which opposes PRC1 activity by removing
transcriptionally repressive monoubiquitin marks from histone
H2A on K119 [16-18]. BAP1 depletion leads to global changes in
H2AK119 ubiquitination [19, 20] and failure of the H3K27ac
histone mark to accumulate at promoter sites of key lineage
commitment genes, highlighting its broader role in epigenetic
regulation [19].

Given the significant role of epigenetic dysregulation in UM
[21], we conducted a high-throughput screen for epigenetic
modulators. We identify several compounds with high efficacy
and highlight BET inhibition as a promising treatment angle
for UM.

'Sylvester Comprehensive Cancer Center (SCCC), University of Miami Miller School of Medicine, Miami, FL, USA. Bascom Palmer Eye Institute (BPEI), and Interdisciplinary Stem
Cell Institute (ISCI), University of Miami Miller School of Medicine, Miami, FL, USA. *Department of Molecular and Cellular Pharmacology, University of Miami Miller School of
Medicine, Miami, FL, USA. *Center for Therapeutic Innovation, Department of Psychiatry and Behavioral Sciences, University of Miami Miller School of Medicine, Miami, FL, USA.
Department of Pathology and Laboratory Medicine, University of Miami Miller School of Medicine, Miami, FL, USA. ®Department of Ophthalmology, University of Texas
Southwestern Medical Center, Dallas, TX, USA. “Simmons Comprehensive Cancer Center, University of Texas Southwestern Medical Center, Dallas, TX, USA.

HMemail: sxk321@miami.edu
Edited by Professor Dagmar Kulms

Received: 21 February 2025 Revised: 22 October 2025 Accepted: 24 November 2025

Published online: 12 December 2025

Official journal of CDDpress

SPRINGER
CDDpress


http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-08295-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-08295-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-08295-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41419-025-08295-4&domain=pdf
http://orcid.org/0000-0002-7445-596X
http://orcid.org/0000-0002-7445-596X
http://orcid.org/0000-0002-7445-596X
http://orcid.org/0000-0002-7445-596X
http://orcid.org/0000-0002-7445-596X
https://doi.org/10.1038/s41419-025-08295-4
mailto:sxk321@miami.edu
www.nature.com/cddis

G. Yenisehirli et al.

200
S 150

£ :

ols i

Sg 100- *

T=

S8 EzzmyszoogIoss i
R 504 :

0

T T
MP41 MP46

All Compounds (n = 932) Hit Compounds (n = 24)

Other
Ataxin

HDAC
BET

PARP
Sirtuin
JAK

Topoisomerase
HIF

MP41 MP46
140+ 140+

120 120

Q
=3
I

=)
2

3 3
Cell Viability
(% DMSO control)
3
5

Cell Viability
(% DMSO control)
3
h

IN
S
n

20

0.1% DMSO

! Histone Methyltransferase
Histone Acetyltransferase

Epigenetic Reader Domain
Histone Demethylase

DNA/RNA Synthesis

% cells killed

Ataxin Inhibitors

N
3

HIF Inhibitors
Topoisomerase : — = Histone

Inhibimm>/__ Methyltransferase
Inhibitors
/

DNA/RNA /

Synthesis )\ Va

Inhibitors  JAK |W // N
Sirtuin / \ /

tui HAT
Inhibitors o o Inhibitors
Inhibitors
Histone
Demethylase
Inhibitors s
Epigenetic Reader BET Inhibitors
Domain Inhibitors

HDAC

Inhibitors

-® Y031-1770
» 4100-3815

KW2449
Campthothecin

140 Podofilox
Gemcitabine
666-15

@ NSC228155

-¥ SKLB-23bb

-®- Alobresib

~*-BET bromodomain inh

-A- ABBV-744

-o- GSK1324726A

- Staurosporine
- CPI-203

-©- AZD5153
- Mivebresib
-¢- Fimepinostat
-©- Velcade

-®- Panobinostat

1204

Cell Viability
(% DMSO control)
s g 3

N
=3
!

Log concentration (M)

E F

=}
!

Log ICso (M)
g

-10 B VP46

RESULTS

Epigenetic compound screening identifies new
vulnerabilities in UM

Given the global epigenetic changes elicited by BAP1 loss, we
performed a comprehensive epigenetic compound screen on UM
cells, using a well-characterized drug library consisting of 932 cell-
permeable, small-molecule modulators (TargetMol, L1200, July
2022; Supplementary Data 1). We tested two BAPT-mutant UM cell
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lines (MP38 and MP46) and one BAPI-wildtype cell line (MP41)
[22]. The primary screen proved to be specific and identified 24
compounds that significantly reduced cell viability in at least one
cell line at 1 uM after 72 h of treatment (n = 2 per compound) (Fig.
1A). Most drug classes had low efficacy, including histone
methyltransferase inhibitors (17% of compounds tested
(n=160), 0% of hits), histone acetyltransferase inhibitors (7% of
compounds tested (n = 68), 0% of hits), and ataxin inhibitors (18%

Cell Death and Disease (2026)17:89



G. Yenisehirli et al.

Fig. 1 Primary screening for epigenetic compounds in UM cells. A Mean viability of the three UM cell lines following 72 h treatment with
932 epigenetic modulators at a concentration of 1 uM (n = 2) relative to the negative control (0.1% DMSO treatment). Hit cut-offs (dashed
lines) were determined as the mean percentage viability of the negative controls in each cell line minus three standard deviations. Yellow
dashed line is the hit cut-off for MP41 cells (65.8% viability), purple dashed line is the hit cut-off for MP46 cells (74.0% viability), and the green
dashed line is the hit cut-off for MP38 cells (58.9% viability). For full list of compounds and average UM cell viabilities, see Supplementary Data
1. B Radar plot showing the mean difference in percent of cell viability of UM cells caused by 72 h 1 uM treatment with 932 compounds,
relative to the DMSO control. Negative values, shown in gray, indicate ineffective compounds leading to greater cell viability than the negative
control. The positive values, shown in color, indicate compounds that induced cell death, with higher peaks indicating greater cell death.
Compounds are grouped by drug mechanism of action. C Pie charts of the molecular activities of all screened compounds (n = 932) (left) and
the hits identified (n=24) (right). D Concentration-response experiments for the 24 hit compounds (10 concentrations, n=4 per
concentration per cell line). Center values represent mean viability, error bars represent standard error of mean (SEM). E Log ICso (M) values of
the top hit compounds for each cell line. Error bars represent 95% confidence interval. F Log ICsy (M) of BAPT mutant cell lines (MP46 and

MP38) plotted against the log ICs, (M) of the BAPT wildtype cell line (MP41) for each drug treatment.
<

of compounds tested (n = 167), 8% of hits (n = 2)) (Fig. 1B, C). On
the other hand, BET inhibitors (4% of compounds tested, n = 35)
comprised 29% of the hits (n=7), and HDAC inhibitors (7% of
compounds tested, n = 64) accounted for 25% of the hits (n = 6).
Poly ADP-ribose polymerase (PARP) inhibitors (n=28) did not
reduce cell viability in these cell lines (Fig. 1B; Supplementary
Fig. 1A).

Subsequent concentration-response testing of hit compounds
(10 concentrations, n=4) identified 17 compounds with 1Cs,
values less than 1 uM (Fig. 1D; Supplementary Table 1). The HDAC
inhibitor romidepsin had the highest potency in all UM cell lines
(ICso = 4 nM), even greater than that of velcade (ICso = 7.6 nM), a
highly cytotoxic proteasome inhibitor [23] used as a positive
control in this screen. Eleven of the most promising compounds
were HDAC or BET inhibitors, while six compounds targeted other
mechanisms. Of the latter, gemcitabine (ICsq = 493 nM) and
staurosporine (ICsp = 336 nM) have previously been shown to
induce apoptosis in UM cells [24, 25]. Camptothecin (IG5 =
334 nM, topoisomerase | inhibitor [26]), podofilox (ICsq = 9.36 nM,
microtubule destabilizer [27]), and cucurbitacin B (IC5q = 37.9 nM,
inhibitor of AKT, HIF1a, and STAT3 [28]), to our knowledge, have
not previously been tested for UM. All compounds had similar
efficacies in the cell lines tested, despite their genetic differences,
namely MP41 being BAP71-wildtype and MP38 and MP46 being
BAPI-mutant (Fig. 1E, F). We tested for synergy between
romidepsin and quisinostat with the 12 non-HDAC targeting hit
compounds. However, despite these compounds targeting diverse
epigenetic pathways, we did not observe significant shifts in 1Cso
values (Supplementary Fig. 1D-G).

HDAC inhibition in uveal melanoma cells

HDAC inhibition has been explored in numerous studies, so far
with limited clinical success for UM [29-33]. There are 11 human
HDAC isoforms with diverse biological functions, and it is unclear
which specific HDACs are the most promising to target in UM
[34, 35]. Of the 64 HDAC inhibitors tested in the initial screen, only
six were identified as hits, highlighting the variable efficacies
within this drug class. Romidepsin demonstrated the greatest
potency (Fig. 2A, C), suggesting that selective inhibition of class |
HDACs may be a vulnerability for UM, as romidepsin specifically
inhibits class | HDACs (HDACT, 2, 3, and 8) [36]. Although no
specific inhibitors for HDAC1 and HDAC2 exist to our knowledge,
we tested the HDAC3 inhibitor RGFP966 (TargetMol, T1762) and
the HDACS inhibitor PCI-34051 (TargetMol, T6325) on UM cells
and found that neither was potent, alone or in combination
(Supplementary Fig. 1B, C). We tested romidepsin from two
different sources (TargetMol T6006, Sigma SML1175) and
included an additional primary BAPT-mutant UM cell line we
generated (UMM66) (Fig. 2A). Both romidepsin batches showed
similar potency in all cell lines, including UMM66
(ICso = 2.4-5.7 nM). Together, these data highlight romidepsin
as the most potent compound in vitro, potentially acting through
specific inhibition of class | HDACs, particularly HDAC1 and
HDAC2.
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BET inhibition in uveal melanoma cells

To explore non-specific toxicities, we performed viability assays with a
non-cancerous WS1 fibroblast cell line (Fig. 2A). Fimepinostat (WS1
IC50 = 55 nM, UM IC5o = 11 nM) and panobinostat (WS1 ICsq = 124 nM,
UM ICsp =26 nM) demonstrated 4- to 5-fold lower toxicity to non-
transformed cells. Additional drugs with lower cytotoxicity to normal
cells included velcade (WS1 IC5o=57nM, UM IC5o=8nM),
campthothecin (WS1 ICso = 7 uM, UM ICso = 334 nM), and quisinostat
(WST ICsp = 118 nM, UM ICsp = 14 nM).

Most of the 35 BET inhibitors tested in the primary screen were
not efficient in reducing UM cell viability (Fig. 2B). However, the
BET inhibitor mivebresib showed minimal toxicity in normal
fibroblasts (WS1 1Cs0> 10 uM), while being among the most
potent BET inhibitors tested (UM ICso = 125 nM) (Fig. 2). These data
highlight the significant heterogeneity in the responses of UM
cells to different BET inhibitors.

Thus, we selected mivebresib and quisinostat for subsequent
testing due to their strong activity in UM cells and lower toxicity to
fibroblasts, and included romidepsin due to its high potency and
FDA approval for T-cell lymphoma treatment. Romidepsin, quisino-
stat, and mivebresib were tested on two additional fibroblast cell
lines, WI38 and BJ. Consistent with our initial findings, mivebresib
exhibited low cytotoxicity in fibroblasts (ICso>1uM), while
quisinostat demonstrated approximately four-fold selectivity, with
an average ICso of 55nM in fibroblasts compared to 14nM in UM
cells. In contrast, romidepsin showed similar toxicity in both UM and
fibroblast cell lines (Fig. 2C). Notably, despite having comparable
ICso values to cancer cells, some fibroblasts, particularly BJ cells,
exhibited markedly higher resistance to treatment, retaining
~30-40% viability at the highest doses tested, whereas UM cells
showed near-complete loss of viability (Fig. 2C).

Although treatment of the primary UM tumors has a high rate
of success, approximately half of all patients develop fatal
metastases, primarily in the liver. Thus, we tested our lead
compounds in a metastatic UM mouse model. We evaluated
multiple UM cell lines and found that MP41 cells metastasize
predominantly to the liver when injected into the tail vein. MP41 is
a BAP1-wildtype cell line derived from an aggressive UM case that
had spread to multiple organs and has features of BAP1-mutant
UM, including monosomy 3 [37]. We deemed this model as most
suitable to explore the inhibition of metastatic growth in the liver,
as we did not find significant differences between MP41 and the
BAP1-mutant cell lines MP46 and MP38 regarding drug sensitivity.

Preliminary toxicity assays were conducted to determine
optimal drug doses. Drug treatments were initiated seven days
after the injection of luciferase-labelled MP41 cells (Fig. 3A).
Quisinostat and romidepsin treatments did not significantly
improve survival rate (p>0.10), with median survival rates
between 83 and 89 days after tumor cell injection (Fig. 3B).
Mivebresib treatment improved median survival by nearly 50%,
from 84 to 121 days (p =0.01) (Fig. 3B, E). Ex vivo IVIS imaging
revealed that mivebresib prevented metastases to the femur and
spinal cord, which were detected in all other experimental groups
at humane experimental endpoint (Fig. 3C, D).

SPRINGER NATURE
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Fig. 2 Responses to lead compounds in UM cell lines and normal fibroblasts. A Log IC5, values of the lead compounds tested in UM cell
lines and normal fibroblasts. The dotted line indicates the highest concentration of drug tested (10 pM); hence, for the values above, the ICs,
was likely not able to be calculated accurately. n = 4 replicates for each concentration tested. B Mean difference in percent cell viability of
three UM cell lines (MP41, MP38, MP46) relative to the DMSO control of all BET inhibitor treatments (72 h, 1 pM) tested in primary screen. Error
bars represent SEM. Compounds to the right of the dotted line were identified as hits causing significant cell death in the primary screen.
C Concentration-response curves of the top candidates (romidepsin, mivebresib, and quisinostat) for UM and fibroblast cell lines. n =4 per
concentration tested. Center values represent mean viability, error bars indicate SEM.

To test whether long-term in vivo treatments led to the
development of drug-resistant metastases, we extracted UM cells
from mice liver metastases from all treatment groups and
performed concentration-response testing with romidepsin, quisi-
nostat, and mivebresib. No significant resistance was detected in
any of the groups relative to cells extracted from mice in the vehicle
treatment group (Supplementary Fig. 2).

SPRINGER NATURE

Transcriptomic changes associated with HDAC and BET
inhibition

To elucidate the mechanistic differences of HDAC and BET
inhibition in UM, we performed bulk RNA sequencing on UM cell
lines treated with romidepsin, quisinostat, and mivebresib. A 24-
hour treatment time point was selected to capture early
transcriptional responses. Drug concentrations were selected
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based on preliminary toxicity assays to ensure minimal cell death
while eliciting phenotypic effects (Supplementary Fig. 3). Romi-
depsin, quisinostat, and mivebresib each induced unique mor-
phological changes in MP41 cells, with both HDAC inhibitors
causing a flattened morphology, whereas mivebresib-treated cells
displayed mixed morphologies including flat and spindle-shaped
cells (Fig. 4A). Similar changes were observed in all cell lines, with
unique gene expression changes for each compound and a clear
separation by principle component analysis (PCA) (Fig. 4B, C
Supplementary Figs. 4B, C and 5B, C). Both HDAC inhibitors
resulted in an overall increase in gene expression (Fig. 4D, E;
Supplementary Figs. 4D, E and 5D, E), consistent with HDAC
inhibitors leading to increased histone acetylation and chromatin
accessibility [38]. Mivebresib treatment, on the other hand,
resulted in more downregulated than upregulated genes in all
cell lines (Fig. 4D, E; Supplementary Figs. 4D, E and 5D, E), in
concordance with BET inhibitors preventing the binding of
bromodomain (BRD) proteins to acetylated histones, which
typically initiate transcription by recruiting transcriptional machin-
ery to acetylated sites [39, 40].

Despite their different mechanisms, we found a significant overlap
in gene expression changes elicited by HDAC and BET inhibitors
(Fig. 4D, E; Supplementary Figs. 4D, E and 5D, E). To further
investigate this finding, we compiled a list of genes consistently up-
and down-regulated by HDAC inhibitors across various cancers using
the Library of Integrated Network-based Cellular Signature (iLINCS)
[41] database, and found that most of these genes were not only up-
and down-regulated by HDAC inhibitor treatments in UM cells, but
also following BET inhibition with mivebresib (Fig. 4F; Supplementary
Fig. 4E, F). We performed an iLINCS connected perturbations analysis,
which included gene signatures from various cancer and cell models,
and found that mivebresib treatment of UM cells causes a gene
expression shift that is most similar to HDAC inhibitors (Fig. 4G;

Cell Death and Disease (2026)17:89

Supplementary Fig. 4G, I). Similarly, correlation analysis of Transcrip-
tional Consensus Signatures (TCS) across compound classes
(Supplementary Data 4) revealed BET inhibition to be most similar
to HDAC inhibition (r=0.1458) (Fig. 4H). HDAC inhibition was also
most similar to MEK (r = 0.1494) and BET inhibition (Fig. 4l).

Together, these data show that while BET inhibition may be less
toxic and more efficient at reducing the growth of metastatic UM,
the gene expression changes elicited by BET and HDAC inhibitors
have significant overlap.

HDAC and BET inhibition reverse transcriptomic signatures
associated with high metastatic risk
Clinically, UM can be accurately stratified into metastatic risk groups,
namely class 1 (low-risk) and class 2 (high-risk), using a gene
expression panel of 12 genes [42-44]. An additional biomarker of
high metastatic risk for both class 1 and class 2 UM is the expression
of PRAME [45-47], which is expressed in MP41 and MP46, but not
MP38. We found that treatment of UM cells with HDAC and BET
inhibitors reversed the high-risk gene expression signature, with
high-risk biomarkers such as HTR2B and PRAME being downregulated
(Fig. 5A, B; Supplementary Fig. 5G). Accordingly, genes with low
expression in class 2 tumors, such as ROBO1 and LMCDI1, were
upregulated following treatments (Fig. 5A, B; Supplementary Fig. 5G).
ChIP Enrichment Analysis (ChEA) [48] showed that the most
prominent increase in gene expression following HDAC treatments
were targets of the polycomb repressive complex (PRC) 1 (RNF2,
BMI1) and PRC2 (SUZ12, EZH2, and cofactors MTF2, JARID2),
indicating a loss of PRC activity (Figs. 5E and 6J; Supplementary
Fig. 4J, L). In MP41 cells, the top differentially regulated transcription
factor across all treatments was FOXM1, a factor associated with a
more aggressive UM phenotype [49], whose target genes were
significantly downregulated by all treatments (Fig. 5F). In MP46 cells,
on the other hand, the most significant transcription factor whose

SPRINGER NATURE
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targets were downregulated in all treatment groups was MITF,
indicating decreased melanocytic cell identity (Supplementary
Fig. 4K). Other transcription factors whose targets were commonly
downregulated by HDAC and BET inhibitor treatment included
oncogenic transcription factor MYC and E2F family members E2F1,
E2F4, and E2F7 (Fig. 5F). We found a group of unique transcription
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factors whose activities were upregulated by mivebresib treatment
in the PRAME-expressing cell lines MP41 and MP46 (Fig. 5C
Supplementary Fig. 4H). These factors include retinoic acid receptors
RXR and RARB and their binding partners LXR, PPARy, and PPARS
(Fig. 5E), which regulate pathways involved in neuronal differentia-

tion [50-52].
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Fig. 4 Gene expression changes following BET and HDAC inhibition. A Images of MP41 cells treated with each compound for 24 hours.
Scale bar = 100 ym. B Heatmap clustering of relative Z'-scores for differences in gene expression per treatment group (n = 3 per condition).
C PCA analysis of replicates for each treatment in MP41 cells. D Venn diagram depicting overlaps between the treatment groups of
significantly upregulated (Adj. p < 0.05, log, FC > 1.5) and E downregulated genes in MP41 cells (Adj. p < 0.05, log, FC < —1.5). F Volcano plot of
changes in gene expression in MP41 cells relative to the control for each treatment group. Blue and red dots are the 180 genes found to be
consistently dysregulated as a result of eight HDAC inhibitor treatments in iLINCS. Red dots are genes that were consistently upregulated by
HDAC inhibitor treatments (n =77), while blue dots are genes that were consistently downregulated (n =103). For the HDAC inhibitors
considered and transcriptional consensus signatures from which this list was derived, see Supplementary Data 2. For list of genes selected and
their direction of change, see Supplementary Data 3. G Heatmap of moderated Z'-score (MODZ) of compounds inducing similar gene
expression signatures to MP41 cells treated with romidepsin, quisinostat, and mivebresib using iLINCS connected perturbation analysis.
Higher MODZ indicates greater similarity. H Bar graph of the mean correlation coefficient (r) of drugs with each mechanism to BET inhibitors.
Error bars represent SEM. | Bar graph of the mean correlation coefficient of drugs with each mechanism to HDAC inhibitors. Error bars
represent SEM. For full correlation matrix, see Supplementary Data 4.
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Fig. 5 BET and HDAC inhibition reverse high-risk UM signatures through unique mechanisms. A Changes in gene expression (log, FC) of
genes associated with high-risk UM in drug-treated MP41 and B MP46 cells. C Venn diagram showing overlaps in predicted transcription
factors with upregulated and D downregulated gene targets, inferred by gene expression changes induced by each treatment in MP41 cells.
E Bubble plot of the top predicted transcription factors with upregulated and F downregulated gene targets for each treatment in MP41 cells.
Color scheme indicates -log,, FDR of each predicted transcription factor, and bubble size is determined by the number of corresponding gene
targets.
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some neural-crest-derived cell identities in drug-treated MP41 and B MP46 cells. C Immunofluorescence images of 24-hour drug-treated
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BET and HDAC inhibition induce neuronal phenotype in

UM cells

We observed that several genes associated with a neuronal cell
identity, including NEFM (Neuronal Filament Medium), SYNT
(Synapsin 1), and NGFR (Nerve Growth Factor Receptor), were
upregulated in UM cells following HDAC or BET inhibitor
treatment, more markedly in PRAME-positive cells (Fig. 6A, B).
Neural crest and melanocytic identity genes, including SOX10,
MLANA, and MITF, were highly downregulated (Fig. 6A, B;
Supplementary Fig. 5H). Upregulation of neuronal genes in
drug-treated MP41 cells was verified by immunoblotting and
immunofluorescence staining of neuronal markers S-tubulin I
(TUBB3) and Synapsin 1 (SYNT) (Fig. 6C-F). Pathway analysis
revealed the upregulation of several neuronal pathways following
treatments, including synaptic transmission, neuronal projection,
action potential, and neuronal differentiation (Fig. 6G-I; Supple-
mentary Fig. 6D-F, J-M). All drug treatments induced down-
regulation of pathways involving DNA replication, cell growth, and
proliferation (Supplementary Fig. 6).

Together, these data indicate that HDAC and BET inhibition
induce a phenotypic identity switch, pushing cells towards a lower
metastatic risk gene expression signature and neuronal cell
identity (Fig. 6J).

DISCUSSION
Treatment options for metastatic UM are limited, with the only FDA-
approved drug prolonging overall survival by only six months on
average for a subset of patients. Here, we utilized an epigenetic
compound screen to identify new vulnerabilities to target UM, as
most metastatic UM tumors harbor mutations in the chromatin
modifier BAP1, leading to global epigenomic changes. HDAC and BET
inhibitors were the most efficacious compound classes in vitro. We
previously showed that PARP inhibition can reduce the metastatic
spread in a mouse model of UM [45]. However, our in vitro
experiments did not identify PARP inhibitors as a potent drug class
(Fig. 1B, C; Supplementary Fig. 1A), indicating that PARP inhibition
acts through mechanisms other than reducing UM cell viability.
HDAC inhibitors are widely considered for the treatment of UM
[30, 33] with limited clinical success so far. The class | HDAC
inhibitor romidepsin was the most potent compound in our screen
in vitro (ICso =4 nM), but it did not improve the survival rate in our
metastatic mouse model (Figs. 2A, C and 3B). Romidepsin is FDA-
approved for cutaneous T-cell lymphoma treatment [36] and is
potent against various other cancer types in vitro [53-55]. In vivo
experiments with romidepsin have been challenging, which may be
attributed to its short half-life and potential long-term toxicities
[56, 57]. However, its high potency in UM cells highlights class |
HDAC inhibition specifically as a potential vulnerability in UM and
may warrant further studies with different treatment paradigms and
delivery systems to identify an applicable therapeutic window.
BET inhibition, on the other hand, has been less explored for UM
treatment. While JQ-1 has demonstrated efficacy in UM cells, it is
not tested clinically due to its short half-life, although its analogues
may be more promising due to their enhanced pharmacokinetic
properties [58-60]. Clinical trials with BET inhibitors PLX51107
(NCT02683395) and PLX2853 (NCT03297424), which included UM
patients, both had limited success [60-62]. However, we show that
BET inhibitors differ significantly in their efficacy for UM. Our initial
panel of compounds included 35 BET inhibitors, most of which did
not significantly reduce the viability of UM cells (Fig. 2B). Notably,
JQ-1, and several of its analogues (MS417, (R)-(-)-JQ1 enantiomer,
birabresib, molibresib, (+)-JQ1 PA, JQ-1 carboxylic acid) were not
efficacious, while two JQ-1 analogues, CPI-203 and BET bromodo-
main inhibitor (CAS: 1505453-59-7), significantly reduced UM cell
viability (Fig. 2B). This demonstrates a high level of diversity in
compounds within the same drug class, even among the analogues
of the same compound. Further pharmacological characterization is
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required to elucidate the specific molecular features that drive
therapeutic response to UM among BET inhibitors.

We find that the BET inhibitor mivebresib has exceptionally low
toxicity towards normal fibroblasts and increases the median
overall survival time by 50% in a metastatic UM mouse model
(Figs. 2A, C and 3B). Mivebresib additionally prevented the
development of detectable spinal cord and femur metastases in
our mouse model (Fig. 3C). Bone metastasis occurs in approximately
16% of the patients with metastatic UM, and while spinal cord
metastases are rare (1%), brain metastases are more frequent (5%)
[63, 64]. Although we did not observe frequent brain metastases in
our UM model, the blood-spinal cord barrier (BSCB) is similar to the
blood-brain barrier (BBB) in function and morphology, potentially
indicating that mivebresib may be able to cross the BSCB/BBB more
efficiently than the HDAC inhibitors tested [65, 66]. Mivebresib is an
oral, small-molecule pan-BET inhibitor that induces cell death and
tumor regression in animal models of malignancies such as myeloid
leukemia [67], prostate cancer [68], and small cell lung cancer [69]. In
a clinical trial for patients with solid tumors that included 10 UM
patients, mivebresib prevented tumor growth and reduced tumor
volumes in a subset of UM patients. Although associated with
manageable but non-trivial adverse events [70], its activity in this
high-risk population, together with our preclinical findings, supports
further investigation of BET inhibitors as a potentially feasible
therapeutic strategy for metastatic UM.

Despite the high in vitro efficacy of HDAC inhibitors quisinostat
and romidepsin, these compounds were less effective in improving
survival in vivo (Fig. 3B). To elucidate the mechanisms of action of
these compounds, we examined the early gene expression changes
they induced in UM cells. While each compound elicited unique
transcriptional signatures, we identified a significant overlap in the
gene expression changes and enriched pathways induced by HDAC
and BET inhibition. We found that HDAC inhibition led to the
upregulation of PRC1 and PRC2 target genes, whereas BET
inhibition acted through other targets, such as retinoic acid-
related pathways (Fig. 5E). While promoting cell death, HDAC and
BET inhibition initially cause a phenotypic switch, reversing the
clinical class 2 (high metastatic risk) gene expression signature
(Fig. 5A, B; Supplementary Fig. 5G). The specific reversal of these key
markers shows that both drug classes act by initially pushing tumor
cells towards a less aggressive class 1 phenotype, rather than being
generally toxic. Previous studies have demonstrated that neural
progenitor cells treated with HDAC or BET inhibitors favor a
neuronal over glial lineage [71-73]. Similarly, we found that genes
associated with glial and melanocytic cells were downregulated,
while key neuronal genes and pathways were upregulated (Fig. 6;
Supplementary Fig. 5H). Notably, BET inhibition led to stronger
neuronal gene induction in PRAME-expressing cells, potentially
through the restoration of retinoic acid signaling repressed by
PRAME [74]. Given the shared developmental origin of melanocytes
and some neuronal cell types from neural crest [75], these data
indicate that the stem-like features of UM cells [76] may allow them
to be pharmacologically pushed towards a neuronal phenotype.

Our data reveal the distinct mechanisms through which HDAC
and BET inhibitors reduce the viability of UM cells, and
demonstrate the efficacy of the BET inhibitor mivebresib in a
metastatic UM mouse model. These findings position BET
inhibition as a compelling therapeutic strategy for metastatic
UM, warranting further clinical investigation.

MATERIALS AND METHODS

Cell culture

UM (MP41, MP46, and MP38) and fibroblast (WI138, WS1, BJ) cell line stocks
were obtained from the American Type Culture Collection (ATCC,
Manassas, VA, USA). All cells were cultured at 37°C under normoxic
conditions (5.0% CO,, 20.0% 0O,). Fetal bovine serum (FBS, Neuromics,
Edina, MN, USA) used in cell media was heat-inactivated in a water bath at
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57°C for 10 minutes. UM cells (MP41, MP46, MP38) were maintained in
Dulbecco’s Modified Eagle Medium (D-MEM)/F-12 medium (Thermo Fisher
Scientific, Waltham, MA, USA) with 10% heat-inactivated FBS, 2 mmol/L
GlutaMAX (Thermo Fisher Scientific), 1 mmol/L Non-Essential Amino Acid
(NEAA) cell culture supplement (Cytiva, Marlborough, MA, USA), 0.5x
Insulin-Transferrin-Selenium (ITS) (Corning, Corning, NY, USA), and 1x Pen-
Strep (10,000 U/mL) (Thermo Fisher Scientific). Fibroblast cell lines (WS1,
WI38, and BJ) were cultured separately in Eagle’s Minimum Essential
Medium (E-MEM) (ATCC) with 10% heat-inactivated FBS (Neuromics),
1 mmol/L NEAA cell culture supplement (Cytiva), and 1x Pen-Strep
(10,000 U/mL, Thermo Fisher Scientific). All cell lines were used at less
than 65 passages. All cell lines were verified using short tandem repeat
(STR) analysis and tested for mycoplasma contamination with the
MycoStrip kit (rep-mysnc-100, Invivogen, San Diego, CA, USA) prior to use.

Compound screening

For the primary screening, we tested a 932-compound epigenetic library
(TargetMol L1200, July 2022; Supplementary Data 1) consisting of inhibitors
and activators of epigenetic-modifying enzymes (writers, erasers, and
readers). All stock compounds were dissolved in 100% DMSO and tested
in duplicates at a test concentration of 1uM drug and final DMSO
concentration of 0.1%. One thousand cells per well were seeded in 384-
well white microtiter plates in a humidified incubator at 37°C with 5% O, and
5% CO, overnight (~ 16 h). The cells were then treated with compounds for
72 h. Wells treated with 0.1% DMSO served as negative controls, and velcade
(1 UM bortezomib) treatment served as the positive control. Cell viability was
assessed by measuring ATP levels using a luminescence-based assay,
CellTiter-Glo (Promega, Madison, WI, USA), on a Perkin Elmer Envision
Multilabel Plate Reader. Positive hits were compounds that resulted in cell
viability falling below the hit cut-offs, which were determined by calculating
the mean viability of wells treated with the negative control (0.1% DMSO) for
each cell line and subtracting three standard deviations from this mean. This
is a stringent cut-off that ensures that only compounds causing a substantial
reduction in viability, beyond expected biological variability, are selected.
Assays on each plate were considered valid only when the Z'-factor of the
plate was equal to or greater than 0.5 (Z' > 0.5).

Concentration-response testing

Cell lines were treated using a 10-point 1:3 dilution series starting at a
nominal test concentration of 10uM for all drugs (n=4, 20,000-fold
concentration range). Due to the high potency of romidepsin, a lower
starting concentration of 300 nM of romidepsin was used in subsequent
concentration-response testing. Cell viability was assessed after 72 h of
treatment by measuring ATP levels using a luminescence-based assay
(CellTiter-Glo, Promega) on a Perkin EImer Envision Multilabel Plate Reader,
and normalized to the viability of cells treated with 0.1% DMSO, which
served as the negative control. Four-parameter curve fitting (non-linear
regression, log (inhibitor) vs. response, variable slope) was performed using
GraphPad Prism to measure the efficacy (% cell viability) and potency (ICs)
of each compound. Synergy testing with MP38 cells was conducted by first
calculating the EC,o using non-linear regression (log[agonist] vs. response
- FindECanything) in GraphPad Prism based on the concentration-
response curves of romidepsin and quisinostat. Concentration-response
assays were then conducted for the 12 non-HDAC targeting hit
compounds, both alone and in combination with the EC,, concentration
of either romidepsin or quisinostat. The impact of co-treatment on drug
sensitivity was assessed by comparing shifts in ICs, values and changes in
maximal efficacy (Supplementary Fig. 1D-G).

Animal studies

The University of Miami Institutional Animal Care and Use Committee
(IACUQ) approved all animal procedures (reference number: IACUC 21-073).
Female NOD Scid Gamma (NSG) mice were obtained from Jackson
Laboratory (Stock No. 002374) and bred in-house for one generation.
MP41 cells were transduced with retroviruses expressing RFP-luciferase
(pMSCV-IRES-luciferase-RFP), and successful transduction was confirmed
using an RFP filter on a Zoe cell imager (Bio-Rad, Hercules, CA, USA). RFP-
positive cells were sorted and purified using fluorescence-activated cell
sorting (FACS), and 100,000 cells were injected intravenously (tail vein) into
16-week-old female NSG mice (n =10 per group). Sample size based on
prior studies using this tumor model and experimental design, demon-
strating that 10 mice per group are typically sufficient to detect treatment
effects 240-50% with 80% power at a 5% significance level. Mice were
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assigned to treatment groups using a pseudo-randomization approach
designed to ensure an even distribution of baseline tumor burden. Group
allocation was based on the first in vivo bioluminescence imaging (IVIS
Spectrum, Rewvity) signal (dorsal view), ensuring comparable tumor
burden across groups and minimizing allocation bias.

Treatments began seven days post-injection. Drug doses were selected
based on prior toxicity testing: 2 mg/kg of romidepsin (TargetMol, T6006)
via weekly intraperitoneal (IP) injection, 5 mg/kg of quisinostat (TargetMol,
T6055) five times per week via IP injection, and 2 mg/kg of mivebresib
(TargetMol, T3712) five times per week via oral gavage. Tumor metastases
were monitored weekly during the experiment with IVIS following
intraperitoneal injection of d-luciferin (150 mg/kg, Perkin Elmer, 760504).
Mice were sacrificed at the humane endpoint (defined as more than 20%
weight loss or significant changes in health status, such as paralysis due to
spinal cord metastases). No animals were excluded, as no unrelated health
issues or technical complications outlined in pre-established exclusion
criteria occurred. At the endpoint, metastases in different organs were
quantified ex vivo via IVIS. Survival data were analyzed on GraphPad Prism
using the log-rank (Mantel-Cox) test, a non-parametric test used to
compare survival distributions. All data collection and downstream
analyses were performed in a group-blinded manner.

Isolation and resistance testing of metastatic cells in

mouse livers

Following endpoint, tumor-bearing mouse liver tissue was minced and
incubated in collagenase Type IV solution (1x D-MEM (Thermo Fisher
Scientific) with 400 U/mL Type IV collagenase powder (Thermo Fisher
Scientific) and 0.5 pg/mL Amphotericin B solution (Sigma-Aldrich, St. Louis,
MO, USA)) overnight at 4°C. Subsequently, cells were seeded in 10 mm
tissue culture plates (VWR) in UM cell media and confirmed to be
MP41 cells via detection of RFP fluorescence. Drug resistance testing was
performed by concentration-response testing (see above), with cells
extracted from liver metastases of the vehicle group serving as the control.

RNA sequencing

For the 24-hour treatment RNA-seq analysis, concentrations were selected
through initial testing for concentrations that elicited morphological changes
without excessive cell death in 24 hours. Percent cell viabilities for the chosen
concentrations were monitored with the Denovix CellDrop FL cell counter by
using AOPI (K30520, Denovix, Wilmington, DE, USA) to stain for live and dead
cells after 24h treatment (Supplementary Fig. 3). After concentration
selection, 100,000 cells were seeded per well in six-well tissue culture plates
(VWR, Radnor, PA, USA) in triplicate for each MP41 and MP46 treatment
group (duplicate for MP38). Following cell attachment, cells were treated with
romidepsin (40 nM), quisinostat (40 nM), or mivebresib (1200 nM) at a final
concentration of 0.1% DMSO in UM media. Wells treated with 0.1% DMSO
served as the control group. Total RNA was extracted after 24 hours of
treatment using the Quick-RNA MiniPrep kit (Zymo Research, Irvine, CA, USA),
and the samples were sequenced by BGI Innomics (Cambridge, MA, USA). All
samples were sequenced with over 18 million paired-end reads (150 bp), and
passed quality control. The raw files were analyzed using BioJupies to
compare each drug-treated group to the control group. Biojupies utilizes
limma-powered differential expression analysis, which fits a separate linear
model to each gene, analyzing all experimental samples simultaneously
instead of pairwise comparisons. Limma applies moderated t-tests to
compare conditions for each gene, and corrects p values for multiple
comparisons to obtain adjusted p values [77]. Pathway analysis was
performed with Metascape [78] using significantly differentially expressed
genes (Adj. p<0.05, | log, FC|> 1.5), and transcription factor prediction
analysis was performed using ChIP Enrichment Analysis (ChEA) [48].

iLINCS analysis

To compare the transcriptomic changes caused by our drugs to other
perturbations, we used the Library of Integrated Network-based Cellular
Signatures (iLINCS) [41] data portal to identify genes dysregulated by
HDAC treatments. Using Transcriptional Consensus Signatures (TCS) of
HDAC inhibitor treatments obtained from the iLINCS CMAP-L1000 dataset
(Supplementary Data 2), we identified 180 genes that were consistently
up- or down-regulated as a result of treatment with eight different HDAC
treatments (trichostatin A, vorinostat, panobinostat, dacinostat, romidep-
sin, belinostat, entinostat, mocetinostat) across analyzed cell lines. Genes
were selected if they consistently had a positive or negative TCS score
across all HDAC treatments (Supplementary Data 3). We then determined
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the gene expression shifts of these genes as a result of HDAC and BET
inhibitor treatment in our cell lines (Fig. 4E, Supplementary Fig. 4E). We
additionally used the connected perturbations analysis function of iLINCS
to identify compounds eliciting gene signatures similar to those in our
study using lists of significantly differentially expressed genes for each
treatment group (Adj. p < 0.05, | log, FC| > 1.5) (Fig. 4F, Supplementary Fig.
4F). We also used the correlation matrix of TCS's elicited by compounds in
the iLINCS data base (Supplementary Data 4) to calculate the mean
correlation coefficient (r) of 7 BET inhibitor treatments (JQ-1, (-)-JQ1,
(+)-JQ1, JQ1+SR1277, I-BET, I-BET151, PFI-1) with 7 HDAC inhibitor
treatments (entinostat, mocetinostat, rocilinostat, pracinostat, belinostat,
vorinostat, MC1568), along with their correlations with the other major
drug classes in this dataset (Fig. 4G, H).

Immunofluorescence of neuronal markers

20,000 MP41 cells per well were seeded in chamber slides (Lab-Tek I,
155382). After cells attached, they were treated with romidepsin (40 nM),
quisinostat (40 nM), mivebresib (1200 nM), or 0.01% DMSO (control).
Following 24h treatment, cells were fixed with a 10-minute 4%
paraformaldehyde incubation. Immunocytochemistry was performed as
described in the Abcam Immunocytochemistry protocol [79]. Cells in each
treatment group were incubated with primary antibody for either
Synapsin-1 (SYN1, D12G5) (Cell Signaling Technology, Danvers, MA, USA)
or B-tubulin Il (TUBB3, D71GY9, Cell Signaling). Alexa-Fluor secondary
antibody (IA-11012, Thermo Fisher Scientific) was used for visualization.
DAPI (MBDO0015, Sigma-Aldrich) diluted 1:10,000 in PBS was added before
visualization. The cells were visualized at x40 on an Olympus CKX53
fluorescent microscope using the Infinity Analyze program.

Immunoblotting of neuronal markers

100,000 MP41 cells were seeded per well in 6-well tissue culture plates
(VWR). After cell attachment, cells were treated with romidepsin (40 nM),
quisinostat (40 nM), or mivebresib (1200 nM) at a final concentration of 0.1%
DMSO in UM media. Wells treated with 0.1% DMSO served as the control
group. Following 24 h treatment, cells were pelleted and lysed with 50 pL of
RIPA buffer containing protease inhibitor (Roche Complete ULTRA Tablet,
5892970001). Samples were sonicated and centrifuged at maximum speed
(16,000 x g) for 15 minutes at 4°C to pellet cellular debris. The supernatants
were transferred to new tubes, and protein was quantified with the Pierce
BCA assay (Thermo Fisher Scientific). 50 pg of protein was boiled with Laemli
buffer + BME at 1/3 of the protein sample for 5 minutes at 95°C. Protein
samples were separated on precast polyacrylamide gel (4-15%) (Bio-Rad,
5678084) and transferred to nitrocellulose membrane via Trans-Blot Turbo
System (Bio-Rad, 170-4159). Membrane was blocked with 5% bovine serum
albumin (BSA) in 0.1% Tween-20 in TBS (TBS-T) for 1 h at room temperature
(RT), followed by incubation with primary antibodies for Synapsin-1 (SYN1)
(Cell Signaling, D12G5), B-tubulin Il (TUBB3) (Cell Signaling, D71G9), and -
actin (ACTB) (sc-47778, Santa Cruz Biotechnology, Dallas, Texas, USA) diluted
in 5% BSA in TBS-T overnight at 4°C. Membranes were washed with TBS-T
three times and once with TBS, then incubated in IRDye secondary
antibodies (LI-COR, Lincoln, NE, USA, 926-32210, 926-68073) diluted in 5%
BSA in TBS-T for 1 h at RT. The membranes were washed with TBS-T three
times and once with TBS, then visualized on an Odyssey CLx LI-COR imager.
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