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Simple Summary: Uveal melanoma (UM) is a rare type of cancer of the eye that develops from
a cell type called melanocytes, which are present in the uveal tract. These patients have a high
risk of liver metastasis, usually many years after the initial diagnosis, which is life threatening.
We discovered a population of cells in the primary tumor called dual-nature hybrid cells (DNCs)
similar to previously discovered cells in the blood (i.e., circulating hybrid cells, CHCs) with shared
characteristics of both cancer cells and white blood cells. In this paper, we determined the types of
white blood cells capable of participating in the formation of a hybrid cell with a cancer cell, and we
re-created these DNCs in a cell culture. The study of the cells of this tumor, particularly DNCs, is
crucial to better understanding dissemination and uncovering a possible target for treatment of this
systemic disease.

Abstract: Background: Metastasis, occurring years after primary diagnosis, represents a poor prog-
nosis in uveal melanoma (UM)-affected individuals. The nature of cells involved in this process is
under debate. Circulating hybrid cells that have combined tumor and immune cell features found in
blood were predictive of metastasis and may correspond to dual-nature cells (DNC) in the primary
tumor. Herein, we sought to determine the presence of DNCs in primary UM tumors, the cell types
involved in their genesis, and their ability to be formed in vitro. Methods: UM lesions (n = 38) were
immunolabeled with HMB45 in combination with immune-cell-specific antibodies. In parallel, we
co-cultured UM cells and peripheral blood mononuclear cells (PBMCs) to analyze DNC formation.
Results: HMB45" /CD45* DNCs were present in 90% (26/29) of the tumors, HMB45* /CD8* DNCs
were present in 93% (26/28), and HMB45* /CD68* DNCs were present in 71% (17/24). DNCs formed
with CD8" and CD68™ cells were positively correlated to the infiltration of their respective immune
cells. Notably, UM cells were prone to hybridize with PBMCs in vitro. Conclusions: This phenotypi-
cal characterization of DNCs in UM demonstrates that CD8* T-cells and macrophages are capable
of DNC formation, and they are important for better understanding metastatic dissemination, thus
paving the path towards novel therapeutic avenues.

Keywords: uveal melanoma; dual-nature hybrid cells; circulating hybrid cells; primary tumors;
immunophenotyping; cell co-culture; cell—cell fusion

1. Introduction

Uveal melanoma (UM) is classed as a rare disease, but it remains the most prevalent
primary intraocular malignant tumor found amongst adults [1]. The incidence is approx-
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imately 2-10 patients per million depending on the region, with the vast majority being
light-skinned [1-3]. This malignancy typically presents in a unilateral manner and can
be located within the choroid, ciliary body, or iris [4,5]. Treatments have improved as
certain options, such as radiotherapy, have replaced enucleation in most cases, ultimately
enhancing patients’ quality of life through the preservation of the eye [6]. Despite this,
survival has not improved, as metastasis still leads to death in over 40% of patients more
than 15 years after the initial diagnosis [1,7-9]. These metastases are due to hematogenous
dissemination occurring preferentially in the liver, which is affected in more than 90% of
metastatic cases [10,11].

In order to stratify the prognosis of UM, clinical and histopathological prognostic
factors, such as cell type, tumor size, the presence of vascular loops, mitotic figures, scleral
invasion, and infiltrative inflammatory cells, have been established [12,13]. Patients with
a predominantly epithelioid cell type, larger tumors, vascular loops, high mitotic counts,
scleral invasion, and the presence of inflammatory cells have a worse prognosis (i.e.,
a higher incidence of metastasis and death). In contrast, patients with a predominantly
spindle cell type, smaller tumors, decreased or no vascular involvement, lower or no mitotic
counts, no scleral invasion, and no inflammatory cells have a better prognosis [12-23].
Moreover, the loss of the heterozygosity of chromosome 3 and the gain of the chromosome
8q arm were reported as the most relevant chromosomal abnormalities, and they are
associated with poor prognosis [24].

The initiation and progression to metastatic disease in UM still raises many unan-
swered questions. The most common mutations in UM are in GNAQ or GNA11. Some
research has pointed to initiation involving Hippo signaling through the YAP/TAZ path-
way [25,26]. The inhibition of the Hippo tumor-suppressor pathway through YAP has
been shown to be correlated to GNAQ/11 status as well as being important for tumor
initiation in UM [25,26]. In fact, YAP inhibition with verteporfin has been shown to block
tumorigenesis [26]. In addition, mitogen-activated protein kinase (MAPK), a potential
downstream target in UM, has been demonstrated to have variable activation in tumors
with GNAQ/11 mutation, contributing not only to tumor heterogeneity, which complicates
potential treatment options, but also therapy resistance, as seen in other cancers [27,28].

During the metastatic cascade, tumor cells detach from the primary tumor, invade
the surrounding tissue, intravasate, and stay alive in circulation before extravasation and
successful colonization in secondary organs. Non-invasive procedures, such as liquid
biopsy, are being investigated to find new prognostic factors and to track the natural course
of the disease [29]. This is a technique in which bodily fluids are evaluated for tumor DNA,
extracellular tumor vesicles, and/or circulating tumor cells (CTCs) [29]. Previously, our
laboratory and others reported on the presence of CTCs in the peripheral blood of almost all
patients with UM regardless of treatment, and they were thought to be predictors of poor
prognosis and thus predictors of the development of metastasis [30-32]. These cells home at
metastatic sites under a dormancy state, as we reported in a previous animal model study,
which may be why micro- and macrometastases take place years after primary disease
diagnosis [33].

The discovery of circulating hybrid cells (CHCs) emerged, and they were described
as cells with dual-nature characteristics of both tumor cells and leukocytes [34]. These
cells were found in the circulation of many epithelial and non-epithelial cancers, including
UM [35]. In the context of UM, this novel cell type rivaled the hypotheses of CTCs by
only finding CTCs in the blood of less than 60% of patients and finding CHCs in all
patients and in greater quantities than their counterparts, making them a better predictor
of metastasis and a vital component of better understanding UM progression [34]. In
addition, the generation of hybrids and their presence in circulation and metastatic sites in
cancer support the hypothesis that cell-cell fusion might be a mechanism associated with
metastatic dissemination [36,37].

Dual-nature hybrid cells (DNCs), which are thought to correspond to CHCs found
in the blood, have only been recently evaluated in the primary tumor [38]. Based on
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these recent findings of hybrid cells in UM patients, we aimed to uncover the presence
of DNCs in a larger sample size of primary UM lesions and determine the leukocytic cell
types involved in their formation. In addition, the capacity of hybrid cell formation was
also tested in vitro by co-incubating UM cells with peripheral blood mononuclear cells
(PBMCs). Overall, DNCs were detected in the majority of primary UM samples displaying
a dual phenotype of UM cells (i.e., HMB45) and that of leukocytes (i.e., CD45), including,
mainly cytotoxic T cells and macrophages (i.e., CD8", and CD68", respectively). In vitro
co-culture experiments showed that UM cells and PBMCs are inclined to hybridize. These
findings support the involvement of heterotypic hybrid cells in primary solid tumors and
the capacity of UM cells to fuse with normal leucocytes. This offers a step towards a better
understanding of the metastatic process for the development of new UM therapies.

2. Materials and Methods
2.1. Patient Specimens

Thirty-eight specimens of UMs were collected from the MUHC-McGill University Oc-
ular Pathology & Translational Research Laboratory between 1980 and 2020. Demographic
information pertaining to age and sex were obtained when available.

For morphology, histopathological type was classified according to the revised Callen-
der classification of epithelioid, spindle, or mixed cell type [39]. Mixed-cell tumors were
then further classified according to their predominant cell type. Vascular loops, mitotic
figures, and scleral invasion were evaluated through hematoxylin and eosin (H&E) analysis.
Characteristics were validated using the original pathology report when available (Table 1).

Table 1. UM patient characteristics.

Patient Age Sex Location Size Cell Type Viscular N.htOth Sclel:al
00ops Figures Invasion
1 63 M Iris—CB Small Mixed—SP No Yes No
2 N/A M Choroid Small Mixed—EP No Yes Yes
3 81 F Choroid Small Mixed—EP No No No
4 51 M Choroid Large Epithelioid No No No
5 76 F Choroid Large Mixed—EP Yes Yes No
6 76 F Choroid Large Mixed—SP No No No
7 63 F Choroid Large Mixed—EP No Yes No
8 55 M Choroid Large Epithelioid No Yes No
9 65 M Choroid Large Mixed—EP No Yes Yes
10 72 F Choroid Large Spindle No Yes Yes
11 N/A N/A Choroid Small Mixed—EP No No Yes
12 81 M Choroid Large Epithelioid No No No
13 N/A N/A Choroid Large Epithelioid No Yes Yes
14 76 M Choroid Large Mixed—EP No No No
15 76 M Choroid—CB Large Epithelioid No No No
16 59 F Choroid Small Mixed—SP Yes Yes No
17 57 M Choroid—CB Large Epithelioid Yes No Yes
18 77 M Choroid Large Mixed—EP No No No
19 50 M Choroid Small Mixed—SP No No Yes
20 71 M Choroid Small Mixed—SP No No No
21 62 F Choroid Large Epithelioid Yes No No
22 58 F Choroid Small Epithelioid No No No
23 50 F Choroid Large Spindle Yes No No
24 N/A F Choroid Large Epithelioid Yes No No
25 67 F Choroid—CB Small Mixed—SP Yes No No
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Table 1. Cont.

Patient Age Sex Location Size Cell Type Viscular N.htOhC Sclel:al
0ops Figures Invasion
26 57 M Choroid Small Mixed—SP No No No
27 79 F Choroid Small Mixed—EP No Yes Yes
28 93 M Choroid Small Mixed—EP Yes Yes Yes
29 93 F Choroid Small Mixed—SP No No No
30 74 M Choroid Small Mixed—EP No No No
31 51 F Choroid Small Mixed—SP No No No
32 56 F Choroid Small Mixed—EP Yes Yes No
33 34 M Choroid Large Mixed—SP Yes Yes No
34 62 M Choroid Large Mixed—SP No Yes No
35 65 M Choroid Small Mixed—EP Yes Yes Yes
36 60 F Choroid Large Mixed—SP No No Yes
37 78 M Choroid Small Epithelioid Yes Yes No
38 47 M Choroid Large Mixed—SP No No No

N/A: not available; M: male; F: female; CB: ciliary body; EP: epithelioid-predominant; SP: spindle-predominant.

2.2. Histological Staining and Immunohistochemical (IHC) and Immunofluorescence (IF) Analyses

Formalin-fixed, paraffin-embedded sections (4 pm thick) from enucleated globes were
deparaffinized and rehydrated for subsequent H&E staining and immunolabeling.

A standard H&E procedure was performed using the automated stainer with a
coverslip applicator from Leica (Leica CV5030 and ST5020 Stainer, Leica Biosystems,
Nussloch, Germany).

For IHC analysis, we performed both single and dual labeling using the Discovery
Ultra system from Roche (Graz, Austria). Following antigen retrieval treatment using
Tris-EDTA for 36 min (32 min for CD3 staining), the sections were incubated for 24 min
at 37 °C with anti-HMB45 antibody (Ab) at 1/45 dilution (M0634, Dako, Hilden, Ger-
many), prediluted anti-CD45 Ab (760-4279, Roche), prediluted anti-macrophage CD68 Ab
(760-2931, Roche), prediluted anti-CD3 Ab (790-4341, Roche), or anti-MelanA Ab at 1/40
dilution (NCL-L-MelanA, Leica). After washing, slides were incubated with secondary Ab
for 20 min (OmniMap anti-rabbit HRP 760-4311, Roche for CD3), followed by the detection
Kit UltraView Universal DAB (760-159, Roche) or the Discovery Red HRP kit (760-260,
Roche in the case of CD3 staining). Slides were then counterstained with the hematoxylin,
dehydrated, and cleared, and a coverslip was applied.

For dual IHC labeling, sections were incubated for 24 min at 37 °C with anti-HMB45
Ab, washed, and incubated with the secondary Ab, OmniMap anti-Mouse (Mse) HRP
(760-4310, Roche) at RT for 24min, followed by the detection Kit Discovery Purple (RUO,
760-229, Roche). After Ab denaturation, sections were incubated for 24 min at 37 °C with
prediluted anti-CD45 Ab, prediluted anti-CD8 Ab (790-4460, Roche), or prediluted anti-
CD68 Ab. They were then incubated with the secondary Ab, OmniMap anti-Mse HRP
(760-4310, Roche), at RT for 20 min, followed by the detection kit Discovery Teal (RUO,
760-247, Roche) or the detection Kit Discovery Green (RUO, 760-271, Roche) for some of
the CD68 double-labeled slides. Slides were then counterstained with the hematoxylin,
dehydrated, and cleared, and a coverslip was applied.

For IF staining, slides were incubated for 24 min at 37 °C with anti-HMB45, washed,
and. incubated with the secondary Ab, OmniMap anti-Mse HRP coupled with Fluorescein
isothiocyanate (FITC; 760-232, Roche) at RT for 24 min. After Ab denaturation, sections
were incubated for 24 min at 37 °C with prediluted anti-CD8 Ab. Then, the slides were
incubated with the secondary Ab, OmniMap anti-Rb HRP (760-4311, Roche) coupled with
Rhodamine (760-233, Roche), at RT for 20 min. Slides were then counterstained with the
DAPI and rinsed, and a coverslip was applied with Permafluor mounting medjia.

Slides from all labeling processes were digitally scanned using a ZEISS AxioScan.Z1
and then analyzed using ZEISS ZEN blue software version 3.5 (Carl ZEISS AG, Oberkochen,
Germany).
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2.3. Cell Culture
2.3.1. Normal Choroidal Melanocyte (NCM) Culture Medium

NCM cells were gifted by Dr. Julia Burnier’s laboratory (McGill University, Montreal).
These cells were isolated as described previously from human cadaveric eyes in accordance
with a protocol approved by the IRB of the Research Institute of the McGill University
Health Centre (RI-MUHC) (IRB #2019-5314) [40]. Cells were maintained in Melanocyte
Growth Medium M2 (C-24300, PromoCell, Heidelberg, Germany). Cells were incubated in
a humidified incubator at 37 °C under 5% CO,. Cell viability was assessed through trypan
blue exclusion assay. The number of cells was calculated using the TC20 Automated cell
counter (Bio-Rad, Mississauga, ON, Canada).

2.3.2. UM Cell Culture Medium

UM 92.1 cells were gifted by Dr. Martine Jager (Leiden University, The Netherlands) [41].
MEL270 and OMM2.5 cells were gifted by Dr. Vanessa Morales (University of Tennessee).
Cells were maintained in RPMI 1640 medium supplemented with 10% fetal bovine serum
(FBS), 10 mM HEPES, 2 mM of Glutagro supplement, 1 mM of sodium Pyruvate, 100 U/mL
of penicillin, 100 pg/mL of streptomycin (all from CorningTM, Lauderdale, FL, USA), and
10 pg/mL of insulin (Millipore-SIGMA, Oakville, ON, Canada). Cells were incubated in a
humidified incubator at 37 °C under 5% CO5. Cell viability was assessed through trypan
blue exclusion assay. The number of cells was calculated using the TC20 Automated cell
counter (Bio-Rad).

2.3.3. Isolation of Peripheral Blood Mononuclear Cells (PBMCs)

Blood (10 mL) was collected from healthy individuals at the McGill Academic Eye
Clinic in accordance with an approved ethics protocol (#2018-4187) by the Review Ethic
Board of the RI-MUHC. The blood was diluted 1/1 (v/v) with cold phosphate-buffered
saline (PBS) + 1 mM EDTA + 2% FBS, and density gradient centrifugation was used
to isolate mononuclear cells using Lymphoprep solution and Sepmate tubes (StemCell
Technologies, Vancouver, BC, Canada). Briefly, Lymphoprep was layered in the Sepmate
tube insert, and the diluted blood was added slowly at the top of the insert. Samples
were centrifuged at 1200 g for 10 min without the brake. The top layer was poured into
a new tube and centrifuged at 300 g for 8 min. The supernatant was removed, and the
pellet was washed twice with PBS-2% FBS-ImM EDTA at 300 g for 8 min. The pellet was
resuspended in 10 mL of RPMI medium without serum, and PBMCs were counted and
evaluated for viability.

2.3.4. UM Cells, PBMC Labeling, and Co-Culture

UM 92.1 cell mitochondria were tagged with Mitotracker M7514 (Invitrogen, San
Diego, CA, USA). Cells were seeded the day before; therefore, the staining of the mitochon-
dria was performed on adherent cells according to the manufacturer’s instructions. Excess
staining was removed, and the culture was washed twice with fresh media.

The membrane of PBMCs was stained with the PKH26 red fluorescent cell linker
(Millipore-SIGMA) following the manufacturer’s protocol. PBMCs were spun at 300 g for
10 min at room temperature (RT), and the pellet was resuspended in complete medium
and transferred to a new tube. PBMCs were washed another 2 times at 300 g for 5 min at
RT with complete medium to ensure the removal of unbound dye. Finally, the pellet was
resuspended in complete medium, and PBMCs were counted and evaluated for viability.

Mitotracker-labeled 92.1 cells were trypsinized, counted, and combined with PKH26-
labeled PBMCs. A total of 0.24 x 10° cells in a 24-well plate with different combinations be-
tween UM and PBMCs (UM cells/PBMCs: 1/10; 1/5;1/3;1/1;3/1; and 5/1) were seeded,
and the interactions between PBMCs and cancer cells were followed every two hours using
the IncuCyte® S3 Live-Cell Analysis System. A standard scan type with 10x magnifica-
tion was applied. Excitation/emission of 490/516 nm for the mitochondria tracker and
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551/567 nm for the PBMCs’ membrane staining were selected to identify fusion events
between cancer cells and PBMCs.

On the other hand, UM 92.1 cells (0.6 x 10°) were seeded into glass-bottom dishes
(Mat Tek) for 24 h and stained with the Mitotracker. An equal number of PKH26-labeled
PBMCs (0.6 x 10°) was combined with Mitotracker-labeled adherent UM cells. Interactions
between 92.1 cells and PBMCs were followed by capturing microscopic images for 30 s
every 2.0 min for a total time of 90 min. Scanning was performed under Zeiss LSM780-NLO
laser scanning confocal with IR-OPO lasers. The objective used was EC Plan-neofluor
10x /0.3 na. Laser red 551/567 and green 490/516 were used for data acquisition. At each
phase, green and red images were recorded, and different movies were created to follow
cell—cell interactions.

In a parallel set of experiments, UM cells and PBMCs were stained with PKH26 and
PKH67 dyes, respectively. Cells were mixed at different ratios (UM cells/PBMCs: 1/3,1/5,
and 1/10) and incubated for 24 h in 8-well chamber slides. The slides were washed with
PBS and mounted in DAPI-containing medium (Vector, Malvern, PA, USA). Images were
acquired using an LSM780 confocal microscope (Zeiss, Malvern, PA, USA).

2.4. Phenotypic Determination of Co-Cultured NCM Cells and PBMCs, as Well as UM Cells
and PBMCs

NCM cells and PBMCs were co-cultured in tissue culture slide flasks (177,453, Lab-Tek
Flaskette Chamber Slide) for 3 days at different ratios (1:1, 2:1, 1:2). Adherent cells were
fixed in 2% paraformaldehyde for 20 min at RT. The fixative was removed, and cells were
washed twice with PBS. After antigen-retrieval treatment (EDTA bulffer, 8 min), the slides
were incubated for 24 min at 37 °C with anti-CD45 (760-4279, Roche). Next, secondary Ab
incubation was performed with OmniMap anti-Mse HRP (760-4310, Roche) at RT for 20 min
followed by the detection Kit Discovery purple (760-247). After Ab denaturation, the slides
were incubated for 24 min at 37 °C with anti-HMB45 Ab at a dilution of 1/45 (M0634,
Dako) and exposed to the secondary Ab OmniMap anti-Mse HRP (760-4310, Roche) at
RT for 20 min, followed by the detection Kit Discovery Green kit (760-271, Roche). Slides
were then counterstained with the hematoxylin, dehydrated, and cleared, and a coverslip
was applied.

After 7 days of co-culture between 92.1 UM cells and PBMCs, adherent cells were
trypsinized and counted. Collected cells (0.3 x 10°) were replated in 8-well chamber slides.
After cell adherence (24 h), cells were fixed in 4% paraformaldehyde for 25 min at RT. The
fixative was removed, and cells were washed twice with PBS. Slides were incubated for
24 min at 37 °C with anti-HMB45 Ab at a dilution of 1/45 (M0634, Dako), washed, and
exposed to the secondary Ab, OmniMap anti-Mse Horseradish peroxidase (HRP) (760-4310,
Ventana-Roche) at RT for 24 min, followed by the detection Kit Discovery Purple (760-229,
Ventana-Roche). After Ab denaturation, the slides were incubated for 24 min at 37 °C with
prediluted anti-CD45 Ab (760-4279, Ventana-Roche), washed, and exposed to the same
secondary Ab, followed by the detection kit Discovery Teal kit (RUO, 760-247, Roche). The
slides were then counterstained with the hematoxylin, dehydrated, and cleared, and a
coverslip was applied.

2.5. Statistical Analysis

All statistical analyses were performed using GraphPad Prism (GraphPad Prism
version 9.5.0, GraphPad Software Inc., La Jolla, CA, USA). The Spearman’s rank test was
used for the correlation analysis between infiltrating inflammatory cells (i.e., CD8* T-cells
and CD68" macrophages) and the presence of DNCs coupled with a linear regression. A
Chi-squared test in conjunction with the Fisher’s exact test was performed to test for a
relationship between the presence of high-risk factors (HRFs) and the presence of DNCs.
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3. Results
3.1. Immunohistochemical (IHC) Analysis of UM Tumors

From the 38 patients included in this study, demographic information pertaining to
sex and age at the time of diagnosis were available for 36 and 34 of the patients, respectively
(Table 1). Of the 36 patients, 56% (n = 20) were male and 44% (n = 16) were female. The
mean age at diagnosis was 65.3 (+13.6) years (Table 1). All tumors expressed diffuse
staining of UM-specific markers, HMB45 and MelanA (Figure S1).

In parallel, histopathological examination following H&E staining revealed that an-
alyzed tumors exhibited HRFs associated with poor patient prognosis (i.e., large lesions
(563%, n = 20), which were predominantly of the epithelioid cell type (61%, n = 23) and the
presence of closed vascular loops (34%, n = 13), mitotic figures (42%, n = 16), and scleral
invasion (29%, n = 11) (Figure S2).

3.2. Most UM Tumors Contained DNCs with HMB45%/CD45%-, HMB45*/CD8" -, and
HMB45* /CD68*-Dominant Phenotypical Profiles

To test for the presence of hybrid cells in the primary UM tumor, IHC double labeling
with the melanocytic marker, HMB45, and the pan-leukocytic marker, CD45, was performed
on all 38 tumors. Of the 38 tumors, 9 were excluded due to the stain not being present on the
slide or due to the tumor being too necrotic. Cells were considered to be HMB45" /CD45*
DNCs when the membrane and/or the cytoplasmic staining demonstrated positive labeling
for both markers, and tumors were categorized as positive when at least one DNC was
scored (Figure 1A). In contrast, tumors in which the cells had only one marker but were in
close proximity to another cell or in which distinct cells were touching with unique nuclei
and without any cytoplasmic involvement were considered to be negative. Using these
criteria, we detected HMB45* /CD45" DNCs in 90% (n = 26/29) of the tumors (Figure 1A).
When looking at the hybrid cells, they all possessed a singular nucleus and one continuous
cell membrane with areas of overlap in positivity between both markers. The melanosome
marker, HMB45, displayed a more granular staining appearance in comparison to CD45,
which displayed a much smoother or linear staining. Due to high variability in the overall
morphology of the cancer and the leukocytic cells, no conformity in size or shape could be
seen amongst the HMB45* /CD45" DNCs.

To gain more insight into the identity of immune cells involved in DNC formation,
we looked at the expression of immune-cell-specific markers, namely, cytotoxic T-cells
and macrophages.

We evaluated the presence of tumor-infiltrating lymphocytes (TILs) in 30 of the pri-
mary tumors, including, mainly, T-cells, by using the pan-T-cell marker CD3. All were
positive for CD3, with counts ranging from 1 to >100 TILs in 10 high-power fields (HPFs).
Only 9 had moderate to high positivity (>50 TILs in 10 HPFs), with the 21 others having
low positivity (<50 TILs in 10 HPFs; Figure S3A).

Despite many tumors having low CD3 positivity, all 38 were double-labeled with
HMB45 and CD8, a marker for cytotoxic T-cells. Of the 38 tumors, 10 were removed from
the analysis due to there being no stain present on the slide or the majority of the tumor
being necrotic. Of the remaining 30 samples, CD8 positivity was seen in 100%, with counts
ranging from 7 to >100 cells in 10 HPFs. Moderate to high positivity (>50 TILs in 10 HPFs)
was seen in 12 (43%) of the tumors, and low positivity (<50 TILs in 10 HPFs) was seen in the
other 16 (57%) tumors (Figure S3B). The presentation of the CD8 T-cells was mainly diffuse,
with some multifocal nests. When searching for the presence of HMB45* /CD8* DNCs, we
used the same criteria as those used for HMB45" /CD45" DNC evaluation. HMB45" /CD8*
DNCs were identified in 93% (n = 26/28) of the tumors (Figure 1B). These HMB45* /CD8*
DNCs had a single nucleus, and although they were all different in size, they demonstrated
a similar pattern where the HMB45 marker was positive in most of the perinuclear region,
whereas CD8 was positive only on a small portion (Figure 1B). Although the majority of
HMB45* /CD8" DNCs possessed a singular nucleus, multinucleated cells with a positive
membrane and/or cytoplasmic staining could also be identified (Figure 1C). To look for a
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relationship between the level of TILs and the presence of DNCs, a Spearman rank test was
performed. This analysis revealed a significant positive correlation between the number of
CD8* T-cells and the number of HMB45" /CD8* hybrid cells counted in 10 HPFs (r = 0.839,
linear regression r2 =0.875, p <0.0001; Figure 1D). Following a Chi-squared test and Fisher’s
exact test, no statistically significant relationship could be observed between the presence
of HMB45* /CD8* DNCs and the HRFs present in the primary tumors (Table 2).
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Figure 1. Phenotypic characterization of DNCs in the primary tumor. (A) HMB45-positive cells
(purple), CD45-positive cells (teal), and HMB45" /CD45" DNCs (red boxes) with a higher-power
image of the DNCs. (B) HMB45-positive cells (purple), CD45-positive cells (teal), and HMB45* /CD8*
DNC:s (black arrowheads and red boxes) with a higher-power image of the DNCs. (C) Multinucleated
HMB45* /CD8* DNC (red box) with a higher-power image of the DNC. (D) Spearman correlation of
the number of HMB45* /CD8* DNCs versus the number of CD8" T-cells with a significant r value
(r = 0.839, p < 0.0001). The 1> value was obtained through linear regression (r2 = 0.875). (E) Im-
munofluorescence labeling with CD8 and HMB45 antibodies as well as DAPI (nuclei) showing an
HMB45" /CD8" DNC (merge; white arrowheads) and its higher-power image. (F) Immunofluores-
cence labeling with CD8 and HMB45 antibodies as well as DAPI (nuclei) showing a multinucleated
HMB45* /CD8* DNC (merge; white arrowheads) and its higher-power image. (G) HMB45-positive
cells (purple), CD68-positive cells (teal), and HMB45* /CD68* DNCs (red boxes) with a higher-power
image of the DNCs. (H) Spearman correlation of the number of HMB45* /CD68* DNCs versus the
number of CD68" macrophages with a significant r value (r = 0.919, p < 0.0001). The r? value was
obtained through linear regression (2 = 0.866).
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Table 2. Association between histopathologically determined HRFs and the presence or absence
of DNCs.

. Mitotic Scleral
. Size Cell Type Vascular Loops Figures Invasion
DNC Staining
X2 FET X2 FET X2 FET X2 FET X2 FET
HI"I(E4:5/2§)]345 0.0583 0099 06725  >0999 02155 02668 0.5844 0.9999 0.2189 0.5320
Hl\gsg/fgm 509999 >09999 08322 09999 02378 05053 0.9136 0.9999 0.3968 0.4444
HN[(E‘*:S/zg)D“ 0.6534 509999 0.0247% 00686 05254  0.6466 0.0577 0.0850 0.6123 >0.9999

X2: Chi-squared test; FET: Fisher’s exact test; * statistically significant at p < 0.05.

Next, five tumors with high numbers of HMB45* /CD8* DNCs were labeled with
immunofluorescent (IF) markers to verify the co-expression of both of these markers in a
single cell. Notably, we observed cells with positivity for both the CD8 and the HMB45
marker (Figure 1E). In addition, from these IF-labeled tumors, a subset of HMB45* /CD8*
DNCs could be identified as bi- or multinucleated cells, which also demonstrated the
co-localization of HMB45 and CDS8 (Figures 1F and S4).

To test tumor-associated macrophages (TAMs) as a potential partner in the formation
of DNCs, only 35 of the 38 tumors were double-labeled with HMB45 and CD68 due to some
of the blocks being exhausted. Criteria to consider cells to be HMB45* /CD68* DNC were
as stated above for HMB45% /CD45" DNCs. Of the 35 slides, 11 were removed from the
analysis due to there being no stain present on the slide or if the majority of the tumor was
necrotic. HMB45* /CD68* DNCs were present in 71% (n = 17/24) of the tumors (Figure 1G).
When looking at the presence of TAMs in the primary tumor, 1 tumor had no macrophages
in 10 HPFs, moderate to high positivity (>50 TAMs in 10 HPFs) was seen in 8 tumors (33%),
and low positivity (<50 TAMs in 10 HPFs) was seen in 16 tumors (67%) (Figure S3C). To
look for a relationship between the level of TAMs and the presence of DNCs, a Spearman
rank test was performed. This analysis revealed a significant and positive correlation
between the number of CD68" macrophages and the number of HMB45* /CD68* hybrid
cells counted in 10 HPFs (r = 0.919, linear regression r> = 0.866, p < 0.0001; Figure 1H).
Following a Chi-squared test, a statistically significant relationship could be observed
between the presence of HMB45* /CD68" DNCs and the cell type; however, this same
significance was not observed after Fisher’s exact test (Table 2). The presence of these
hybrid cells showed no statistically significant relationship to any of the other HRFs using
both tests.

3.3. NCM Cells and PBMCs Are Not Prone to Fusing In Vitro to Form DNCs

To begin, a co-culture between NCM cells and PBMCs was performed to test whether
normal melanocytes possess the ability to spontaneously form bi- or multinucleated hybrid
cells with normal PBMCs. After 72 h of co-culturing between NCMs and PBMCs, these
cells were double-labeled with HMB45 and CD45 antibodies (Figure S5) to search for the
presence of any HMB45* /CD45" DNCs. We did not observe the presence of DNCs in
these co-cultures; however, we did observe interactions between both cell types. Given
that we defined the formation of DNCs as a single cell with both markers that is single-
or multinucleated, the NCM and PBMC co-cultures did not fit these criteria. Conversely,
we did observe a tendency for NCMs to form bi- or multinucleated populations within a
cell of NCM origin (single-stained HMB45-positive) in the co-cultures but not in the single
cultures (Figure S6). When counting at 40X, approximately 5% of the NCMs appeared to
be multinucleated.

3.4. UM Cells and PBMCs Are Prone to Fusing In Vitro to Form DNCs

A co-culture approach was used to test if UM cells are capable of a spontaneous
interaction with normal PBMCs to form hybrid cells (DNCs) in cell culture, which may be
associated with the process of cell fusion. Following co-culture between 92.1 UM cells and
PBMCs, as stated in the Materials and Methods, the cells were double-labeled with HMB45
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and CD45 antibodies (Figure 2A). When searching for the presence of HMB45* /CD45*
DNCs, we found cells with a wide variety of shapes and sizes in addition to finding
cells that were multinucleated. DNCs presented cytoplasmic positivity for CD45 in the
perinuclear region within what we defined as a cancer cell based on its size and HMB45
positivity (Figure 2A).
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>
o
DN
N
o)
z 13
>
1

Lo 1
N
§ -

Figure 2. In vitro DNC formation between UM cells and PBMCs. (A) PBMCs co-cultured with
92.1 UM cells and immunolabeled with CD45 (teal) and HMB45 (purple), respectively. Multinucleated
DNCs with CD45 positivity (white arrowhead) and HMBA45 positivity (red arrowhead) imaged at
40x magnification as well as DNCs with CD45 positivity within the cytoplasmic perinuclear region
(orange arrowhead) imaged at 20 x magnification. (B) Real-time live imaging every 2 h under
an IncuCyte System of Mitotracker-labeled 92.1 UM cells (green) co-cultured with PKH26-labeled
PBMCs (red). Co-localization is interpreted as a positive cell fusion event (DNCs; yellow color, white
arrowhead). (C) Time-lapse confocal microscopy of PKH26-labeled PBMCs (red) co-cultured with
Mitotracker-labeled 92.1 UM cells (green). A cell undergoing fusion (DNC; white arrowhead) can be
seen in the merged view coupled to a phase-contrast field view to show the shape of the cells. Higher
magnification of the DNC (red box) is shown on the right. (D) Confocal microscopy of PBMCs (green;
PKH67 dye) co-cultured with Mel270 or OMM2.5 (red; PKH26 dye). Nuclei stained with Dapi (blue).
DNCs can be visualized in the merge view (white arrowheads), and a higher magnification of a DNC
is shown on the right (yellow boxes).
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Next, we performed real-time live cell imaging using the IncuCyte system by tag-
ging 92.1 UM cells and PBMCs with fluorescent mitochondrial or membrane markers,
respectively. The UM cells were adhered, stretched, and identified through the presence of
perinuclear green staining, and PBMCs were identified as small, round, red moving cells
(Figure 2B). Starting at 2 h following the co-cultures, we observed the formation of fused
cells reminiscent of DNCs (as judged by the yellow fluorescence; Figure 2B). Notably, the
number of fused cells increased in a time-dependent manner and reached a maximum 6 h
post-co-culturing.

To further confirm the spontaneous heterotypic fusion event between these cell types,
we subjected 92.1 UM cells and PBMC co-cultures to time-lapse confocal microscopy
(Figure 2C). Cancer cells were adhered and stretched within the cell culture plate, whereas
PBMCs were constantly moving in the medium. Movies were created with images taken
every 2 min to address interactions between cells during the time of incubation. A repre-
sentative snap-shot image showed that 92.1 UM cells and PBMCs fused to form a DNC-like
cell. This heterotypic fusion between the two cell types is seen through the display of a
yellow color (Figure 2C). Under the phase-contrast view, the PBMC is shown to be in the
plane of the adherent cancer cell and, in particular, in close contact with the mitochondrial
marker within the limits of the UM cell, thus confirming the cell fusion event (Figure 2C).

To continue elucidating the concept of cell fusion in vitro, the Mel270 and OMM2.5 UM
cell lines, which were derived from a primary tumor, and its liver metastasis, respectively,
were co-cultured with PBMCs for 24 h. Imaging of these cells was performed via confocal
microscopy and revealed the presence of a population of fused cells displaying dual-cell
membrane labeling (PKH26 and PKH67) (Figure 2D). These cells appeared to have a single
nucleus representing what can be interpreted as a DNC cell similar to what was observed
in the primary tumors. Altogether, these data provide evidence for UM cell and immune
cell fusion in vitro.

4. Discussion

Seeding of metastasis in UM was initially thought to be predicted by the dissemi-
nation of CTCs in the peripheral blood of patients, as systemic disease could be found
as early as the time of the primary diagnosis (i.e., treatment-naive), which made these
cells an important prognostic factor for disease progression [30-32,42]. The discovery of
hybrid cells in various solid tumors, such as colon, prostate, breast, and intestinal can-
cers, where these cells are now thought to be a cause of metastasis has led to a shift in
research [34,35,43,44]. These CHCs were also identified in the blood of UM patients, where
they were studied as a predictor for metastasis [34,35]. Their characterization in patients’
blood samples was based on dual phenotypic features; i.e., melanocytic and leukocytic
phenotypes (gp100* /CD45%) [34]. A small subset of primary tumors (n =1 and n = 3) was
found to have hybrid cells positive for CD45 and melanocytic markers (Figure 3) [38]. In
our study, we tracked these cells in a larger subset of ocular UM lesions using the anti-
melanosome HMB45 and CD45 markers. We identified HMB45* /CD45" DNCs in 90%
(n =26/29) of the analyzed specimens (Figure 3). This percentage is very close to what was
observed when patients’ blood was analyzed, as hybrids were identified in 100% of the
samples [34]. Given that research on CTCs has demonstrated that UM is much more of a
systemic disease and that we know hybrid cells are present in the blood, any differences
observed between the primary tumor and the blood may be explained by dissemination
from the primary site having already taken place, or the evaluation of the primary tumor
may represent an underestimation of the true number of DNCs as a result of the number of
tissue sections taken from each tumor [30,34]. It is important to note that many of these
hybrid cells might not survive the resolution of the multinucleation, causing only those
that succeed to be found in the blood, which are potentially capable of propagating, thus
leading to a larger population. Interestingly, in UM and other cancers from solid tumors,
CHCs were identified in greater numbers in the blood in comparison to CTCs [34,35]. No
statistically significant relationship was observed between the presence of HMB45" /CD45*

11



Cancers 2024, 16, 3231

Identification of DNCs )
ot | Dual IHC 9 s
- —’scRNA—seq R ] Tissue from N =38 " & w'%
y X A 2 i
\/ C |I|a|rr);sbody: enucleated eye - :
S - k Dual IF
Identification of genes and pathways in hybrids involved in: o ¢ N=5
Cell migration and invasion : .
Immune evasion ' UM cell lines
; . —
Altered metabolism :
Promoting cancer metastasis '
4 Reference # 38 '
: Co-culture
Identification of multinucleated
Q ) but not hybrid NCMs
" DNCs? ;
% Metastatic site NCM cell line
L This study)

DNCs and HRFs. Overall, just like CHCs in the blood, DNCs in the primary tumor may
represent a novel and promising prognostic biomarker and target cell in UM.

CHCs in the blood

.>@_

CHCs CTCs
2TMSB10
2GPX1
Reference #34, 38

Future Directions

« Migration capacity of T-cell hybrids vs macrophage-hybrids
¢ Hybrid cell population in metastasis

Figure 3. Schematic representation of our study and the relevant literature in relation to hybrid cell
formation in UM. A proposed model is shown illustrating the results of NCM interactions and DNC
formation in the primary tumor and UM cell lines in our study as well as the relevant hybrid cell
literature investigating patient blood and primary samples using single-cell RNA sequencing. GPX1:
Glutathione peroxidase 1; TMSB10: Thymosin beta 10. Figure made using BioRender.

We found that the main immune cell players involved in DNC formation were
macrophages and cytotoxic T-cells (Figure 3). T-cells, which are part of the adaptive
immune system, form a class that is subdivided into three subtypes (i.e., T-helper cells,
cytotoxic T-cells, and T-regulatory cells) [23]. In general, hot tumors are characterized by
high infiltration of non-exhausted T-cells, especially CD8" T-cells, whereas cold tumors
lack T-cell infiltration and fail to induce T-cell priming [45]. In UM, T-cell infiltration,
particularly CD8" cytotoxic T-cells, has been shown to be an indicator of worse patient
prognosis through its correlation with the development of metastasis [12,22,23]. It is known
that the most malignant UM tumors have monosomy in chromosome 3 and the absence
of the expression of BRCAl-associated protein 1 (BAP1) [46]. BAP1-negative tumors, in
particular, have been shown to display an immunosuppressive environment [46]. Fur-
thermore, half of UM tumors display an increased expression of immunomodulatory
molecules related to T-cell suppression [46]. This unfavorable immune response causes
UM to differ from other solid tumors, including cutaneous melanoma, where the pres-
ence of TILs would usually represent a good patient prognosis [23,47]. In our study, we
found CD8" T-cells to be present in 100% of the tumors, with variable levels of infiltration,
which is in agreement with the literature [48]. Typically, there was diffuse presentation
of these cells, with some focal areas of nest formation, which is also in agreement with
the literature [22]. In our analyzed cohort (n = 28), HMB45* /CD8* DNCs were identified
in 93% (n = 26), with highly variable amounts ranging from 0 to 25 per 10 HPFs. Due to
the knowledge that hybrid cells are present in the blood of patients with this disease, the
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fluctuation in numbers could either be due to these cells having already migrated to the
blood from the primary tumor or because formation has not yet occurred [34]. Given that
no statistically significant relationship was observed between these hybrid cells and the
analyzed HRFs, and in conjunction with the positive correlation between the number of
CD8" T-cells and the number of HMB45* /CD8* DNCs observed, these findings could be
an indication that cytotoxic T-cell suppression may be involved in the occurrence of this
event. One potential avenue of T-cell suppression is through T-regulatory (Treg) cells. An
association has been demonstrated in the literature between the presence of Treg cells in
cyclooxygenase-2-positive tumors; however, no direct relationship between the number of
Tregs and survival has been shown [49,50]. When looking at the immune profile of UM
tumors, CD8 T-cells represent the majority of the infiltration, with few CD4 or Treg cells
present [49,51]. Nonetheless, these cells may play a crucial role in hybrid formation through
the creation of an immune-suppressive environment. It is also important to note that the
T-cell CD3-zeta chain is required for signal transduction, and some studies have shown
that some T-cells in UM fail to differentiate or lack this zeta chain [52-54]. The inability
to become activated, which is essential for an immune response (thus, the activation of
cytotoxic functions in a subset of the T-cell population), may be a reason for T-cells being
a predominant partner in this DNC formation. It is also possible that T-cells capable of
being activated that are not exhausted or suppressed may still be able to participate in
hybridization. More mechanistic studies are warranted to clarify this proposition.

Macrophages, which are part of the innate immune system and play a role in the
inflammatory response, have been demonstrated to represent a worse patient prognosis
in the context of UM, as opposed to other neoplasms, where the inflammatory response
is usually favorable [20,21]. It is important to note that the eye is an immune-privileged
site without lymphatics, which may explain this contradiction to other malignancies [55].
Tumor-associated macrophages (TAMs) are divided into the M1 and M2 subtypes. The for-
mer has been said to have pro-inflammatory or anti-tumor characteristics, whereas the latter
promotes tumor progression through a reduction in T-cell responsiveness (i.e., immuno-
suppression) and the promotion of angiogenesis [56]. In UM, the M2 (CD68*/CD163%)
population in particular has been shown to represent the majority of these macrophages,
with some studies finding as many as 83% of the tumors to be positive for these cells, with
moderate to high numbers [57,58]. Although we found the majority of our tumors to be
positive for CD68-labeled macrophages (n =23/24), 67% (n = 16/24) had a very low level of
infiltration (<50 in 10 HPFs). This discrepancy, however, could be due to the heterogeneity
of macrophages in UM tumors. A recent study characterized four different subtypes of
macrophages in the context of this disease, which were present in different proportions for
tumors with different classes of gene expression profiles [59]. Despite not finding moderate
to high numbers of macrophages in the majority of our patient tumors, their potential role
in DNC formation was still investigated, as the literature has shown macrophage—cancer
cell fusion in breast and intestinal cancers, hinting that this cell type may still contribute
to DNC formation [43,44]. In our study, HMB45* /CD68* DNCs were identified in 71%
(n =17/24) of the tumors, and the quantity of these DNCs was found to positively correlate
(p < 0.0001) with the level of TAM infiltration. When looking at the relationship between
the presence of these hybrids and HRFs, significance was observed only with cell type
following the Chi-squared test but not Fisher’s exact test. Given the small N-value for the
number of tumors absent for DNCs (n = 7) and that this value is then split between the
two possible cell types (i.e., epithelioid vs. spindle), the Chi-squared test, which calculates
an approximate P value, may not have been accurate enough. Since Fisher’s exact test did
not reveal this same significance, the result has been interpreted as not significant. Alto-
gether, these results lead us to believe that macrophages do participate in DNC formation;
however, the specific subtypes and their potential role after dissemination to the blood
remains unclear.

Cell—cell fusion is still not a fully understood or characterized process. It is a tightly
regulated and energy-dependent process where the plasma membranes of cells under
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favorable conditions fuse, leading to the formation of a hybrid cell [36,37]. During a
transitional state, hybrid cells carry two or more nuclei from different parental cells [36,37].
This is followed by a post-hybrid selection process to form a new, functional, altered
hybrid cell [36,37]. Several studies have been published indicating that cell—cell fusion
occurs in cancer, and that hybrid cells might include homotypic fusion between cancer
cells or occur with normal cells from the microenvironment via heterotypic fusion [36]. In
the context of normal melanocytes, exogenous (e.g., ultraviolet damage) or endogenous
(e.g., oncogenic mutation) stressors as well as the development of a senescent phenotype
can lead to the formation of multinucleated melanocytes [60,61]. As the literature suggests,
our single cultures of NCMs did not reveal any polyploid cells. However, our results did
demonstrate the presence of multinucleated melanocytes in the co-cultures, suggesting that
the presence of PBMCs may either damage the NCMs or provide environmental stimuli,
thus allowing for NCMs to multinucleate with one another (Figure 3). Moreover, normal
melanocytes have also been shown to be capable of forming hybrids with melanoma cancer
cells [62]. However, to the best of our knowledge, this hybridization has not been previously
demonstrated between NCMs and PBMCs. Following these co-cultures, we did not observe
the presence of hybrid cells but rather the presence of cell-cell interactions. In other words,
this process of multinucleation appears to be a damage-induced or cancer-acquired trait. It
is also important to note that the previous literature has not reported the presence of NCMs
in the blood [30,63]. Therefore, these cells and their potential crosstalk with immune cells
may be more relevant in the context of tumor initiation rather than its metastasis.

To expand on the in vitro context of cell-cell fusion, the 92.1 UM cell line used in
the in vitro studies was derived from different areas of a primary tumor that had 2-3+
infiltrating macrophages and 1-2+ infiltrating CD3 cells [41]. This cell line conserves the
same mutation in GNAQ Q209L mutation, the gene responsible for encoding the alpha
subunit of a heterotrimeric G protein that controls the activation of various downstream
signaling pathways [64,65]. The Mel270 and OMM2.5 cell lines conserve a mutation in
GNAQ Q209P, and they were derived from the primary site and liver metastasis of the
same patient, respectively [65]. In this study, we found that co-culturing 92.1, Mel270,
and OMM2.5 UM cells with PBMCs demonstrated the presence of a spontaneous cell—cell
interaction, representing the formation of bi- or multinucleated cells after incubation
(Figure 3). The formation of these double-labeled cells may involve the attachment of
the PBMC and the malignant melanocyte, followed by a subsequent fusion process, thus
creating a heterokaryon if bi-nucleated or a synkaryon if multinucleated [66]. The polyploid
cells observed in the 92.1 UM cell line did not appear to undergo the process of genetic
hybridization, which would result in a single nucleus being present. The reason for this
may be that the cells in culture needed more time or different conditions to allow this
increased ploidy to be resolved. On the other hand, the increased ploidy may be beneficial
for hybrid cells. In fact, it has been suggested that polyploid cells may harbor an advantage
against normal cells under stressful situations, such as chemotherapy or radiation, which
are common therapeutic strategies against cancers [66—69]. Despite this, in the primary
tumors, the majority of cells that fit the inclusion criteria set to be considered a DNC
appeared to have only one nucleus, which is similar to what was observed in vitro with
the Mel270 and OMM2.5 cell lines. However, some cells in the primary tumor representing
a multinucleated population were identified and were similar to what was observed in the
92.1 UM cell line in vitro co-culture experiments. It is important to note that other studies
on hybrid cells in various cancers do support the idea of fusion through the discovery
of novel sets of RNA transcripts, the incorporation of genetic material, and patterns of
gene expression [44,70-72]. In addition to this, hybrid cells have also been demonstrated
in studies through the existence of tumor DNA in non-cancer cells or the presence of the Y
chromosome in female cancer patients with a former bone marrow transplantation [73].
Further analyses are necessary to confirm that fusion between both cell types is the reason
for DNC formation in this situation. Moreover, the presence of hybrid cells in vitro in
both the primary (Mel270) and metastatic (OMM2.5) cell lines derived from a single
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patient suggests that these hybrids may in fact play a role in cancer progression and the
development of metastasis. Further in vivo analyses would be required to draw specific
conclusions about DNC involvement in metastasis. Nonetheless, the generation of DNCs
in vitro might help in the study of the behavior of these cells and their use in platforms
testing for novel UM therapeutics.

5. Conclusions

UM remains a disease with an unclear pathogenesis of systemic disease and metastasis.
In this study, DNCs were identified in the majority of primary UMs tumors when double-
labeled with HMB45 and the pan-leukocytic marker CD45. The discovery of this hybrid
cell in the majority of the primary tumors suggests that these cells may play a role in the
pathogenesis of the disease. When investigating leukocytic cell types capable of DNC
formation, both CD68* macrophages and CD8* T-cells were identified as being able to
participate in this event of hybrid cell formation. All of the primary melanomas in this study
displayed T-cell infiltration, and the majority of them showed the presence of macrophages.
Poor prognosis for patients with UM is associated with T-cell infiltration and a high density
of macrophages; therefore, the presence of DNC formation with both cell types in primary
UM suggests that this event may be a prominent mediator in the pathogenesis of the
disease. The identification of the cell types capable of forming these novel DNCs creates
a possible new therapeutic target. In addition to this, our studies revealed that UM cells
retain the capacity to form DNCs in vitro in both primary (92.1 and Mel270) and metastatic
(OMM2.5) cell lines, which may be the result of a heterotypic fusion.

We believe that this study will open new avenues to understanding UM development
and progression. Future directions should investigate spontaneous DNC formation in vitro
with other UM cell lines and PBMCs, including, in particular, CD8 T-cells and macrophages,
to determine whether DNCs acquire any metastatic or growth advantages compared to
the respective cancer cells. These in vitro co-cultures should also be expanded to include
fluorescence in situ hybridization to assess for any genomic alterations (i.e., gain of function
mutations) as a result of fusion. We also plan to study the tumorigenic capacity of DNCs in
animal models to determine the kinetics of DNC genesis and to investigate whether drugs
on the market or currently in clinical trials are able to target these cells for destruction
to hopefully extend the period of progression-free survival for patients. In addition,
upcoming studies should address the presence of DNCs at metastatic sites and assess the
immune cell types involved in this hybrid cell formation. Finally, we plan to investigate
the presence of HMB45* /CD68* and HMB45* /CD8* DNCs in the blood of UM patients
and perform spatial transcriptomics on primary tumors to hopefully help shed more light
on the pathogenesis of this disease.
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cleated HMB45" /CD8* DNCs; Figure S5: NCMs and PBMCs alone and their co-cultures; Figure S6:
Multinucleated cell formation following co-culture experiments.
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Simple Summary: Uveal melanoma (UM) is an aggressive cancer emerging from mutations in the
GNAQ and GNAI11 genes. These mutations are also linked to other conditions with distinct morpho-
logical features (skin capillary malformations, hemangiomas, Sturge-Weber syndrome, choroidal
nevi, blue nevi, hepatic small vessel neoplasm, Blitz nevi, iris and ciliary body melanocytoma, primary
central nervous system melanocytic neoplasms, and aldosterone-producing adenomas). By examining
the molecular pathways influenced by these mutations, we provide insights into potential targeted
therapies for UM and related disorders. Additionally, we address the involvement of SOX10-positive
perivascular cells in the complex pathophysiology of GNAQ/GNA11-related conditions.

Abstract: Uveal melanoma (UM), recognized as the most prevalent primary intraocular malignancy
in adults, is primarily driven by mutations in the GNAQ and GNA11 genes. These genetic alterations
are also implicated in other conditions, which exhibit distinct morphological characteristics. In this
article, we investigate the role of GNAQ and GNA11 mutations across varied disorders (e.g., UM, skin
blue nevi, and hemangiomas), emphasizing the shared pathogenic mechanisms that connect them
despite their differing clinical manifestations. By investigating the molecular pathways affected by
these mutations, we provide insights into the potential for targeted therapies that could address not
only UM but also other disorders associated with GNAQ/GNA11 mutations. Moreover, we discuss
the role of SOX10-positive perivascular cells that may be implicated in the complex pathophysiology
of GNAQ/GNAT11-related entities. Understanding the common molecular foundation of these
conditions opens new ways for research and treatment opportunities, potentially leading to more
effective, personalized therapeutic strategies.

Keywords: uveal melanoma; GNAQ; GNA11; SOX10

1. Introduction

GNAQ/GNA11 (G protein subunits alpha g/11) genes encode the alpha subunits of the
heterotrimeric guanine nucleotide-binding proteins (G proteins), Gq and G11 [1]. G proteins
are signal transducers that transmit signals from various neurotransmitters, hormones,
chemokines, and other paracrine and autocrine factors. Interactions with this diversity of
particles begin with the participation of the broad family of receptors with seven membrane-
spanning regions, which then activate G proteins. Subsequently, signals can be routed to
several distinct intracellular molecular pathways. These pathways cooperate to create a
network responsible for the regulation of metabolic enzymes, transporters, ion channels,
and other cellular machinery components. Moreover, they influence a wide range of
cellular processes, including secretion, contractility, motility, and transcription. In turn,
G proteins maintain organism homeostasis, and their dysfunction may lead to cellular
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proliferation and even oncogenesis [2,3]. Hence, due to the variety of functions controlled
by G proteins, mutations in GNAQ and GNA11 genes may be found in a diversity of
conditions, from benign lesions such as common blue nevi, which remain relatively neutral
for individuals” homeostasis, to aggressive malignant tumors with a poor prognosis like
uveal melanoma [4,5].

Uveal melanoma (UM) is an aggressive malignancy originating from melanocytes
in the eye, mainly affecting the choroid [4]. Even though it is the most common primary
intraocular malignant neoplasm in adults, with approximately 5 cases per million per year,
it can be classified as a rare cancer. Metastatic UM is an orphan disease that results in
fewer therapeutic options and a lack of treatment guidelines. Due to molecular differences
with cutaneous melanoma (CM), patients suffering from UM are often excluded from
clinical trials regarding CM [6]. Early neoplasm detection is crucial for higher survival
rates compared to patients with metastatic processes [7].

Some molecular findings regarding UM were made previously, and the role of genes
GNAQ and GNA11 in UM pathogenesis was highlighted as one of the most common
molecular factors regarding this neoplasm [2,8]. Depending on the affected cell or the
time of life when the mutation occurs, the same genetic changes can result in differ-
ent phenotypic effects. Identical mutations can also be found in conditions such as
skin blue nevi or hemangiomas [5]. Other mutations highly prevalent in UM are BAP1
(BRCAT1-associated protein 1), EIF1AX (eukaryotic translation initiation factor 1A X-linked),
SF3B1 (splicing factor 3b subunit 1), CYSLTR2 (cysteinyl-leukotriene receptor 2), and PLCB4
(phospholipase C beta 4) [9-11].

In the article, we attempt to comprise knowledge available from clinical trials and
meta-analyses and assess whether there is any correlation between the occurrence of benign

skin blue nevi or hemangiomas with uveal melanoma and other medical conditions caused
by GNAQ and GNA11 mutations.

2. Biological Functions of GNAQ and GNA11 Genes and Derived Proteins
2.1. GNAQ

GNAQ (G protein subunit alpha q) is a protein-coding gene located on chromosome 9
(9921.2). It consists of 315,715 nt (nucleotides), including UTRs, with a total exon count
of 7 [12]. Its aligned and CDS length amounts to 6882 nt and 1080 nt, respectively [13]. A
study performed by Dong et al. proved that the GNAQ gene encodes 359 amino acids
long protein, Geq [14]. It is a guanine nucleotide-binding protein that constitutes a part
of a trimeric G protein complex that mediates the stimulation of phospholipase C beta [5].
Guanine nucleotide-binding proteins form a family of heterotrimeric proteins coupling
cell surface with 7-transmembrane domain receptors to signaling pathways inside a cell.
The receptor activation process enables the catalysis of the exchange of GTP for GDP
attached to the inactive G protein alpha subunit, causing a conformational change and
dissociation of the complex. The activation process is terminated by a GTPase specific
to the G-alpha subunit. Gagq, together with beta-gamma subunits, are proteins able to
regulate various cellular effectors. They can manifest through various receptors, including
the endothelin 1 receptor, vasopressin type 1A, and 1B receptors, angiotensin 2 receptor
type I, a-1 adrenergic receptors, and others [14,15] [Figure 1].

Due to its essential cellular functions, the GNAQ gene is considered a proto-oncogene,
especially referring to melanocytes and uveal melanomas. Nonetheless, GNAQ mutations
play a significant role in other pathologies, such as Sturge-Weber syndrome, haemangiomas,
or skin blue nevi [5]. They are concerned with codon Q209 and R183 hot spots. Interestingly,
these mutations apply in the vast majority of mentioned pathologies (more than 80% of all
cases) [1]. The Arg183GIn mutation, considering the GNAQ gene, affects the site of water
autohydrolysis inside the GTP-GDP binding site of Gxq. Consequently;, it is anticipated
that the mutation reduces the effectiveness of autohydrolysis, which allows the guanine
nucleotide protein to return to the deactivated (GDP-bound) state and complex with its
GPCR (G protein-coupled receptor). Therefore, this mutation is hypothesized to result in
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constitutive overactivation of downstream pathways. As for the R183Q mutation, it was
proved that mutant cells were characterized by a significant increase in phosphorylated
extracellular signal-regulated kinase (ERK) compared to normal cells [16]. The issue is
concerning since ERK plays an important role in regulating immune cell function as well
as impacts cell growth, proliferation, cell differentiation, and apoptosis [17,18].
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Figure 1. The signaling pathway associated with the activation of the Goeq/11 protein. A ligand binds
to a GPCR (G-protein-coupled receptor) embedded in the cell membrane, triggering the activation
of the G protein complex. The activated Gaq/11 subunit activates phospholipase C (PLC), which
then catalyzes the hydrolysis of PIP, (phosphatidylinositol 4,5-bisphosphate) into two secondary
messengers: diacylglycerol (DAG) and inositol trisphosphate (IP3). IP3 binds to its receptors on
the endoplasmic reticulum, leading to the release of Ca?* ions into the cytoplasm. The increase in
intracellular calcium concentration acts as a signal for various cellular processes. DAG remains in the
membrane and activates protein kinase C (PKC),which, in turn, can phosphorylate various target
proteins involved in cell signaling. PKC also activates phospholipase A2 (PLA2), catalyzing the release
of arachidonic acid (AA) from membrane phospholipids, which is then metabolized by enzymes
such as COX (cyclooxygenase), LOX (lipoxygenase), and CYP450 (cytochrome P450) to produce
eicosanoids. Eicosanoids are involved in modulating processes like cell signaling, inflammation, and
carcinogenesis. The pathway ultimately influences the regulation of cell proliferation. Specifically,
the signaling cascade involving PKC and p42/p44 (ERK1/2) MAP kinases contributes to the control
of cell growth and division. The symbol of a white plus inside a green circle in the figure should be
understood as an activation.

Furthermore, the same mutations mentioned above can result in vascular malfor-
mations, such as hemangiomas. However, it remains unclear why, in some cases, these
mutations lead to carcinogenesis, while in others, they result in vascular malformations
or benign hyperplasia. This variation is believed to depend on factors, such as the de-
velopmental stage at which the mutation occurs (germline vs. somatic), the specific cell
type exposed to the mutation, or the presence of concurrent mutations. For instance, in
aldosterone-producing adenomas, mutations in GNAQ and GNA11 remain clinically silent
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unless there is an accompanying mutation in the CTNNB1 gene [5]. Considering UM and
blue nevi, germline mutations causing these conditions have not been discovered. Yet, there
is supposed to be a hereditary factor that provokes the occurrence of familial melanoma,
and it seems crucial to investigate the genomics of these individuals [19].

2.2. GNA11

GNA11 (G protein subunit alpha 11) gene encodes the alpha subunit of G11 pro-
tein (Ga11)—an essential component of guanine nucleotide-binding protein complex (G
proteins). The gene is located on chromosome 19p13.3 [20], and weighs 42,123 Da [21,22].

It was described by Strathmann and Simon while investigating the diversity of murine
G protein [23]. Using methods based on PCR, they found evidence of a wide variety among
G protein « subunits and divided them into three distinct groups: Gs, Gi, and Gq. Subunit
Gall was classified into the Gq group along with the Go14 [24]. In the same year, the
human GNA11 gene was cloned by Jiang et al., who found its product to be 359 amino
acids long [25].

Heterotrimeric G11 protein, together with other G proteins, activates a complex net-
work of crucial signaling pathways [1]. G11 protein, by cooperating with calcium-sensing
receptors (CaSR), influences the processes responsible for regulating blood calcium lev-
els [26]. Moreover, G11 signaling is involved in cell growth, proliferation, and apoptosis in
various human tissues [27]. Hence, mutations in the GNA11 gene may result in diverse
clinical disorders.

The GNA11 gene may be affected by either germline or somatic mutations, both of
them, are activating mutations, meaning that they lead to the production of an overactive
Go11 subunit of the G11 protein. In consequence, uncontrolled melanocyte proliferation in
the uvea or the skin might be observed, as well as excessive inhibitory signaling, which
blocks the increase in calcium levels despite them being below the normal range [28,29].

Germline mutations are generally inherited and occur in every cell of the body. In the
case of GNA11, they result in various conditions associated with abnormal calcium concen-
tration, such as autosomal dominant hypocalcemia type 2, also called autosomal dominant
hypoparathyroidism due to inhibited production of parathyroid hormone (p.Arg60Leu,
p-Arg60Cys, p.Argl181Gln, p.Ser211Trp, or p.Phe341Leu), or familial hypocalciuric hyper-
calcemia type 2 (p.Ile200del, p.Leul35GIn, or p.Thr54Met) [26,30,31].

Somatic mutations have been found in uveal melanomas [1]. Less commonly, they
are associated with cutaneous or vascular lesions, such as blue nevus, [32], congenital ex-
tremity capillary malformation [33], Sturge-Weber syndrome [34], or cherry and congenital
hemangioma [35,36].

Due to their significant role in UM pathogenesis, GNA11 somatic mutations are being
further investigated in various research centers. A study conducted by Raamsdonk et al.
provided detailed data on the prevalence of the two main somatic mutations found in
both UM and blue nevi: mutation affecting codon Q209 (substitution of glutamine 209 for
leucine or proline—p.Q209L and p.Q209P, respectively) were identified in 57% of uveal
melanoma metastases, 32% of primary uveal melanomas, and 7% of blue nevi by gene
sequencing of exon 5. Mutations in the same residue (Q209) of the paralogue gene GNAQ
were found in 22% of uveal melanoma metastases, 45% of primary uveal melanomas, and
55% of blue nevi. Furthermore, sequencing of exon 4 of both GNA11 and GNAQ genes,
affecting codon R183 (arginine 183), showed a lower prevalence of mutations: 4.9% of
primary uveal melanomas and 2.1% of blue nevi. The research evinced that these mutations
were mutually exclusive, except for one tumor that carried them both—at Q209 and R138
in GNA11. Overall, 83% of all investigated uveal melanomas had oncogenic mutations in
either GNA11 or GNAQ [37] [Figure 2].
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Figure 2. The most prevalent mutations within GNA genes—exon 5 in both GNAQ and GNA11 appear
to be a critical region, where specific mutations occur, particularly at the amino acid position Q209.

Notably, individuals with blue nevi or UMs seem to have normal blood calcium levels,
and patients with an inherited GNA11-associated calcium concentration disorder do not
appear to be at increased risk of developing either of these tumors [30]. This might result
from the difference in underlying molecular pathogenesis, as different codons are affected
by mutation within the same gene.

3. Disorders Associated with GNAQ and GNA11 Mutations
3.1. Uwveal Tract Tumors
3.1.1. Choroidal Nevi

A choroidal nevus is a common and benign tumor arising from melanocytes in the
choroid, often discovered accidentally during an ophthalmic examination. It can be found
in 5-6.5% of the population and occurs more often in people with higher BMI and whites.
Moreover, the lesion is significantly less common in people with blond hair. An association
has not been found between nevus occurrence and visual impairments, glaucoma, or
cataracts [38,39]. Even though choroidal nevi are considered stable lesions, there is a slight
probability (varying in the range of 0.78-7%) of their malignant transformation to uveal
melanoma [40]. The transformation may be suspected by features such as the thickness of
the lesion greater than 2mm, symptoms of flashes or blurred vision, subretinal fluid, margin
less than 3mm from the optic disc, orange lipofuscin pigment, halo or drusen absence, and
ultrasonographic hollowness. If three or more of these features are present, there is more
than a 50% probability of transformation to melanoma within five years [39]. Hence, all
patients with choroidal nevi require long-term ophthalmological follow-up [41].

It is well known that rarely melanoma can develop from pre-existing nevus, which
refers to CM arising from cutaneous nevi and UM arising from choroidal nevi. Vader et al.
conducted research on post-mortem human eye samples to examine the pathomorpholog-
ical basis of the condition. Molecular analysis revealed that mutations in choroidal nevi
occur in both GNAQ and GNA11 genes. Hotspots include Q209P and Q209L for the GNAQ
gene and Q209L for the GNA11 gene (Table 1). The vast majority of samples presented
one out of three of these hotspot mutations, and the most commonly mutated hotspot was
Q209L in GNA11 [42]. Interestingly, identical mutations can be found in UM, clarifying the
linkage between these two conditions [43]. The potential of choroidal nevi for its malignant
transformation may be explained by the oncogenic features of YAP, which are already
associated with several other malignancies. Mutant GNAQ and GNA11 may result in YAP
activation and, as a consequence, can lead to cancer formation [29].

3.1.2. Uveal Melanoma

Mutations in the GNAQ and GNA11 genes play a crucial role in the development of
UM. In contrast to cutaneous melanomas, patients with UM rarely exhibit mutations in the
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frequently altered BRAF, NRAS, or NF1 genes [44,45]. Instead, GNAQ and GNA11 muta-
tions dominate, being identified in approximately 80% of cases [1,46]. The most frequent
mutations in GNAQ and GNA11 occur at codon 209 in exon 5 (Q209P, Q209L), which is a
critical site for the protein’s GTPase activity [45]. These mutations result in impaired GTP
hydrolysis, locking the Ga subunit in its active, GTP-bound form. This persistent activation
leads to the constitutive stimulation of downstream signaling pathways, independent
of external regulatory factors, thereby facilitating unregulated cellular proliferation and
contributing to tumorigenesis [1]. Moreover, mutations at codon 183 (R183Q) can occur,
although they are less common and typically exhibit reduced oncogenic potential compared
to Q209 mutations [47]. The constitutive activation of GNAQ or GNA11 via Q209 or R183
mutations leads to the sustained activation of multiple oncogenic pathways, such as the
MAPK/ERK pathway, the Hippo/Yap-TAZ pathway, and the PI3K/AKT pathway [48-50].

Although mutations in both GNAQ and GNA11 are present in primary UM (Table 1),
research indicates that GNA11 mutations, especially Q209L, have a stronger correlation
with metastasis, particularly to the liver, which is the primary site for UM metastases [51].
About 50% of patients with UM develop metastatic disease, and the presence of GNA11
mutations is frequently associated with a poor prognosis. Once metastasis has occurred,
the disease is usually fatal, with few effective treatment options available [51].

The identification of GNAQ and GNA11 mutations in UM has led to advancements in
targeted therapies; however, direct inhibitors of these proteins have yet been developed.
Present therapeutic strategies concentrate on inhibiting the downstream pathways activated
by these mutations, using MEK inhibitors, YAP-TEAD pathway inhibitors, and PKC
inhibitors [52-54]. Aforementioned treatment strategies are described in detail in Section 4.

3.1.3. Iris and Ciliary Body Melanocytoma

Iris and ciliary body melanocytomas (magnocellular nevi) are rare and unusual
melanocytic tumors. Although these tumors are benign, due to their proliferative na-
ture, they may cause ophthalmic symptoms, such as elevated intraocular pressure and
glaucoma. However, lesions are most commonly asymptomatic, with clinical presentation
of dark spots involving the ciliary body and iris. Melanocytomas require a differential diag-
nosis with melanoma because of their macroscopic resemblance. Moreover, melanocytoma
can sometimes transform into melanoma. Most commonly, lesions can be distinguished by
histopathologic criteria after surgical procedures, such as iridocyclectomy [55,56].

Iris and ciliary body melanocytomas were examined for GNAQ and GNA11 missense
mutations. In the research performed by Solomon et al., in which 16 melanocytomas were
analyzed, 15 of them demonstrated mutated genes—10 with a mutation in hotspot Q209P
in GNAQ and 7 with a mutation in hotspot Q209L in GNA11 [57]. Other researchers, such
as Francis et al. and Mudhar et al., also confirmed that GNAQ mutations (codon Q209L)
are present in iridociliary and other intraocular melanocytomas (Table 1) [58,59].

3.1.4. Circumscribed Choroidal Hemangioma

Circumscribed choroidal hemangioma (CCH) is a benign vascular lesion, typically
manifesting as a solitary orange-red mass localized at the posterior pole of the fundus. It is
composed of an irregular, dilated, and congestive network of choroidal vessels separated
by an intervascular septum. Unlike in the case of “true hemangiomas”, CCH cells do not
proliferate, and the tumor tends to present slow or no progression in size over time [60].

Since CCH usually presents no symptoms until adulthood, it is rarely detected before
vision impairment occurs. Generally, it manifests between the second and fourth decades
of life as visual problems caused by intraretinal or subretinal fluid within the macula
region or exudative retinal detachment [61]. In most cases, diagnosis is established based
solely on clinical findings and eventually on the results of fluorescein angiography (FLA).
FLA is performed in order to distinguish CCH from other tumors, such as choroidal
metastasis or uveal melanoma. Differential diagnosis must also include diffuse choroidal
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hemangioma associated with Sturge-Weber Syndrome (SWS) and usually detected during
childhood [62].

To determine the presence of oncogenic alterations of GNAQ and GNA11 genes in
CCH and their mutual profile, Le Guin et al. performed deep amplicon and Sanger se-
quencing of GNAQ and GNA11 in DNA extracted from 33 samples diagnosed as CCH
based on histological features. In 85% of the tissue samples (28/33), the identical GNAQ
(p-Q209R) mutation was identified (Table 1). This narrow mutation spectrum of circum-
scribed choroidal hemangioma, restricted to GNAQ p.Q209R, may support researchers in
establishing the diagnosis of CCH when clinical criteria are not sufficient or not enough
biopsy samples are available to perform histological examination [63].

In the remaining five tissue samples, signals for oncogenic alleles at GNAQ/GNA11
genes (p.Q209 or p.R183) were within the range of noise; hence, most probably, these
samples do not have an oncogenic alteration at these sites. However, it is essential to
consider that oncogenic activation of a G protein alpha subunit may occur due to a mutation
at a different locus within the GNAQ/GNA11 genes or within a gene encoding a different
subunit, such as GNA1. [63,64].

3.2. Skin Capillary Malformations

Skin capillary malformations (SCMs) are congenital anomalies characterized by irreg-
ularities in capillary and venous blood vessels, presenting primarily in the skin. These
malformations may also occur in the leptomeninges and choroid of the eye, particularly
associated with Sturge-Weber Syndrome (SWS). In contrast, non-syndromic capillary mal-
formations, which are more commonly observed, typically remain localized to the skin and
do not extend to the brain or ocular structures [65]. SCMs may occur either as an isolated
lesion or in association with different clinical findings, such as pigmentary birthmarks
(characteristic of phacomatosis pigementovascularis) or leptomeningeal angiomatosis and
glaucoma (characteristic of SWS). The use of targeted genetic sequencing has revealed
that some of the SCMs subclassified by Happle into the “capillary naevi group”—nevus
flammeus (port-wine stain), nevus anemicus, and cutis marmorata—are associated with
postzygotic somatic mutations at residue 183 in GNAQ and GNA11 genes [66,67].

The most frequent missense mutation in SCMs is GNAQ p.Arg183Gln, followed by
other mutations affecting codon 183: p.Arg183Gly and p.Argl83Leu (Table 1). Since GNAQ
and GNA11 share more than 90% amino acid identity, a missense mutation in GNA11
p-Argl83Cys and p.Argl83His was also found in patients suffering from a diffuse capillary
malformation causing overgrowth and localized within an extremity [33].

To delineate the phenotype of patients with SCMs harboring an activating mutation
in GNAQ or GNA11, Cuoto et al. analyzed 32 cases and concluded that nevus flammeus
was associated with both GNAQ and GNA11 mutations, with a slightly higher frequency of
alterations regarding GNAQ. On the other hand, nevus anemicus and cutis marmorata were
associated with GNA11 mutations, while in nevus roseus—another subtype of capillary
lesion—none of the GNA-associated mutations were found [33].

What is important is that nevus anemicus never manifested itself as a single lesion—
it was always associated with another cutaneous capillary malformation (mainly cutis
marmorata), giving rise to a lesion called nevus vascularis mixtus [33,68].

3.3. Sturge—Weber Syndrome

Sturge-Weber syndrome (SWS) is an uncommon and noninherited condition charac-
terized by aberrant vasculature in the brain, skin, and eyes. It affects approximately 1 out
of 20,000-50,000 people [69]. Patients with SWS frequently develop facial capillary malfor-
mations (also called port-wine birthmarks). Moreover, due to the abnormal blood vessels
in the eye, they may suffer from ophthalmic disorders, such as glaucoma. Interestingly,
glaucoma can be present at birth or develop later. SWS is also linked with altered cerebral
perfusion, which leads to a high risk of seizures, venous stroke, and stroke-like events, and
both motor and cognitive impairments in patients [70].
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Recent studies suggest that the activating R183Q GNAQ somatic mutation is the most
frequent mutation underlying SWS (Table 1). Furthermore, researchers point out the role of
GNA11 and GNB2 somatic mutations in disease pathogenesis [70].

SWS caused by either GNAQ or GNA11 mutation is clinically different. In the original
study on the genetics of SWS performed by Dompmartin et al., 88% (23 /26 examined) of
the patients had a GNAQ mutation. They manifested dark homogenous SCMs, with the
usual occurrence of nodules and continuous soft tissue hypertrophy of the face, causing a
noticeable dysmorphism [34].

All three of the GNA11-SWS patients in the study exhibited patch and reticulated CMs
that were pale at birth but gradually darkened with time, with the unusual appearance of
nodules and restricted hypertrophy. Furthermore, patients with GNA11-SWS received a
delayed diagnosis compared to those with GNAQ-SWS due to the more limited radiological
features detected in brain MRI. As a result, two separate entities can be highlighted, GNAQ-
SWS and GNA11-SWS, each of which has a unique clinical presentation and course [34,71].

Since the molecular basis of the SWS is complex and the condition may manifest
in variable phenotypes, identifying the genetic basis in each individual seems crucial
due to the different prognoses. As pharmacological therapies are developed to properly
treat patients with vascular malformations, changes in molecular pathophysiology might
affect responsiveness to therapies, increasing the importance of such genetically related
phenotypic diagnoses [34].

3.4. GNA-Mutated Hemangiomas
3.4.1. Congenital Hemangiomas

Congenital hemangiomas are rare vascular tumors arising during prenatal develop-
ment. Postnatally, they may evolve following one of two clinical patterns: “rapidly invo-
luting congenital hemangioma” (RICH) if the tumor involutes quickly or “non-involuting
hemangioma” (NICH) if it partially regresses and stabilizes [72,73].

RICH can be diagnosed prenatally and manifests in newborns as raised, solitary
cutaneous tumor with ectatic vessels, telangiectasis, and a pale halo. The lesion usually
has a gray-violaceous appearance, demonstrates fast flow, and may be associated with
transient low-grade thrombocytopenia or congestive heart failure. In the absence of serious
complications related to hemorrhagic ulceration or heart failure, the tumor spontaneously
regresses within 6-14 months. It leaves a skin mark characterized by persistent fast-flow,
subcutaneous atrophy, and dilated vessels. Moreover, RICH was found and described to
occur in the liver, where it regresses spontaneously, similar to cutaneous lesions [36]. NICH
is a purple-pink plaque-like tumor, well-circumscribed by a pale rim from unchanged skin,
displaying coarse telangiectasia and fast flow. Contrary to RICH, no complete regression
is observed throughout childhood, and NICH remains unchanged or slightly regressed.
In the literature, some cases of RICH were described as failing to involute and transform
into NICH [36,74]. Both types of congenital hemangioma should be differentiated from
common infantile hemangiomas, which—contrary to RICH and NICH—tend to enlarge
rapidly after birth and immunostain for GLUT1, a cell surface marker [75].

To understand the molecular pathogenesis of congenital hemangiomas, Ayturk et al.
examined eight fresh frozen tissue samples from patients diagnosed with congenital he-
mangioma and performed mRNA sequencing. This research resulted in the identification
of missense mosaic mutations leading to the alteration of glutamine at amino acid 209
(Glu 209) in both GNAQ (c.626A>T, c.626A>C, c.627A>C) and GNA11 (c.626A>T) genes
in all tested specimens (Table 1). Since mutations were mutually exclusive, 6/8 samples
were found to be associated with GNAQ somatic mutations and 2/8 with GNA11 somatic
mutation. Furthermore, the fact that the same missense mutation (GNAQ ¢.626 A>T and
GNA11 c.626A>T) was found in both RICH and NICH implies the influence of other factors
(genetic, epigenetic, and environmental) on these tumors’ different postnatal behavior [36].
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3.4.2. Cherry Hemangioma

Cherry hemangioma, also known as Campbell de Morgan spot or senile hemangioma,
is the most frequent benign vascular tumor in adults. The latter variant of this term origi-
nates from lesions’ epidemiology—cherry hemangioma is extremely rare before puberty
and particularly common in elderly people, as age appears to be one of the most crucial
etiologic factors in its prevalence. Other potential etiologic factors reported in the literature
are exposure to chemicals (e.g., sulfur mustard gas and bromide) and hormones (cherry
hemangioma was described to occur in pregnant women and spontaneously regress after
delivery). Senile hemangiomas typically manifest as well-circumscribed, small red-to-
violaceous papules, primarily localize on the trunk and upper limbs. Histologically, they
are composed of thin-walled capillary vessels, often surrounded by hyalinized stroma [35].

The molecular pathogenesis of cherry hemangioma is still poorly understood. Both
non-neoplastic (which indicates that lesion may represent non-neoplastic proliferations,
characterized by an overgrowth of mature vascular structures that closely resemble dermal
venules) and neoplastic theories have been proposed as a potential etiology of the tumor.
The absence of Ki-67 staining in tumor cells forms a base for non-neoplastic theory, while
RAS mutations identified in 20% of senile hemangiomas suggest that some of them have
neoplastic nature [76,77]. However, some of these findings should not be interpreted as
definitive scientific conclusions due to the limitation of a small sample size. Nevertheless,
we believe that the results are promising and warrant further investigation.

The results of the research conducted by Liau et al., comprising the molecular analysis
of 68 cherry hemangioma samples and 17 cherry hemangioma-like hemangioma samples,
allowed authors to establish the neoplastic nature of these vascular tumors. Both types
of specimens had equal GNA gene mutation rates (82%). GNAQ, GNA11, and GNA14
(particularly GNA14 Q205L) mutations, which were mutually exclusive, were identified in
approximately half of the cherry hemangiomas and cherry hemangioma-like hemangiomas.
These outcomes provided solid evidence that cherry hemangiomas should be classified as
benign vascular neoplasms caused most commonly by a mutation in the GNA14 gene [35].

3.4.3. Anastomosing Hemangioma

Anastomosing hemangioma (AH) is a benign vascular tumor that may localize in
the genitourinary system, adrenal glands, liver, digestive tract, and mediastinum [78,79].
Besides visceral sites, AH has a remarkable predilection for paravertebral soft tissues [80].
The lesion is typically well-circumscribed and does not manifest dissecting or destructive
growth. Histologically, AH displays either non-lobulated or loosely lobulated proliferation
of anastomosing sinusoid capillaries, lined by bland endothelial cells. These cells are
characterized by hyperchromatic nuclei protruding into the lumen and a hobnail-like
appearance. Within the tumors, mild cytological atypia may be observed together with
eosinophilic hyaline globules (i.e., thanatosomes), extramedullary hematopoiesis, and fibrin
thrombi. Approximately 50% of anastomosing hemangiomas also present intravascular
growth. Thus, due to its histology, AH might be confused with angiosarcoma. However,
multilayering is absent, the mitotic rate is very low, and no aggressive behavior in this
neoplasm has been reported [78-80].

The molecular pathogenesis was investigated by Bean et al., who identified activating
mutations in GNAQ (p.GIn209His, p.GIn209Leu, p.GIn209Pro) and GNA14 (p.GIn205Leu)
genes (Table 1), responsible for the development of AH [81-83]. This research confirmed
the theory claiming that anastomosing hemangioma is characterized by a neoplastic nature.
A follow-up study conducted by Liau et al. aimed to discover the role of GNA11 muta-
tions (p.GIn209Leu, p.GIn209His) in AH development since this gene shares the highest
degree of homology with GNAQ. Sanger sequencing and MassARRAY analysis identified
mutually exclusive mutations in exon 5 of GNAQ, GNA14, and GNA11 genes in 20 of the 22
investigated tumors. No significant differences in phenotype and molecular features were
noticed between GNAQ-, GNA11-, or GNA14-mutated tumors. The results of these stud-
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ies implicate that the essential mechanism underlying the pathogenesis of anastomosing
hemangioma is related to GNAQ mutations, as well as its paralogues: GNAI11 and GNA14.

3.4.4. Hepatic Small Vessel Neoplasm

Hepatic small vessel neoplasm (HSVN) is considered a benign or low-grade infiltrative
vascular neoplasm of the liver, composed of thin-walled small vessels. Due to its infiltrative
nature, HSVN can mimic angiosarcoma, but unlike this type of cancer, HSVN presents no
cytologic atypia or increased proliferation [84].

Joseph et al. performed a targeted panel sequencing of 479 cancer genes and exome
sequencing to investigate the molecular pathogenesis of HSVN. The study was conducted
on 18 benign or low-grade hepatic vascular neoplasms, including eight HSVN. It resulted in
the identification of activating hotspot mutations in 75% (6/8) of HSNV—GNA14 (p.Q205L,
4/8) or GNAQ (p.Q209H, 2/8) (Table 1). Mutations in these two genes were mutually
exclusive. The remaining two samples (25%) demonstrated identical, previously unknown
missense mutation in GNAQ (p.G48L) [85].

Although HSVN is a recently described neoplasm that has yet to be investigated,
obtained data suggest that it shares similar molecular pathogenesis to other vascular
malformations, such as port wine stains, tufted angioma, anastomosing, and congenital
hemangioma, since mutations in these lesions are localized in the GNAQ, GNA11, and
GNA14 genes [33,36,85].

3.5. Phacomatosis Pigmentovascularis

Phacomatosis pigmentovascularis (PPV) is a common term for a family of rare disor-
ders characterized by the coexistence of melanocytic lesions and vascular abnormalities.
Clinical manifestations of PPV conditions might be observed as merely cutaneous or mul-
tisystemic [86]. Based on cutaneous findings, in 2005, Happle grouped PPV into three
phenotypically different categories: phacomatosis cesioflammea (associated with blue
spots and nevus flammeus), phacomatosis spilorosea (associated with nevus spilus with
pale-pink telangiectatic nevus), and phocomatosis cesiomarmorata (associated with blue
spots and cutis marmorata telangiectatica congenita) [87]. In 2012, this classification was
updated to include the fourth variant of PPV—phacomatosis melanorosea (associated with
flag-like hyper-melanotic nevus) [88,89]. According to other classification, there are five
types of PPV: (1) naevus flammeus with naevus pigmentosus et verrucosus; (2) naevus
flammeus with aberrant mongolian spots, with or without naevus anaemicus; (3) naevus
flammeus with naevus spilus or giant speckled lentiginous naevus, with or without naevus
anaemicus; (4) naevus flammeus with aberrant mongolian spots and naevus spilus or giant
speckled lentiginous naevus, with or without naevus anaemicus; and (5) cutis marmorata
telangiectatica congenita and aberrant mongolian spots [90,91].

It was recently discovered that two of the PPV subtypes—cesioflammea and
cesiomarmorata—may share identical mosaic somatic activating mutations in GNAQ
(p-Argl183GIn) and GNA11 (p.Argl83Cys, p.Argl83Ser) genes. These molecular findings
place the above-mentioned disorders on a clinical spectrum comprising other GNA11- and
GNAQ-related conditions and suggest recommendations for their management [86]. The
molecular pathogenesis of spilorosea and melanorosea has yet to be identified [92].

The case study and literature review by Kumar et al. aimed to determine the optimal
surveillance approach for extracutaneous complications in individuals with phacomatosis
cesioflammea and cesiomarmorata. Similar to other disorders associated with GNAQ or
GNA11 mutations, important extracutaneous complications in PPV can be predicted based
on the location of cutaneous lesions and ocular melanosis. According to their findings, most
commonly, patients suffered from abnormalities of the eye (ocular melanoma, glaucoma)
and of the brain (development delay, imaging abnormalities). Moreover, the analysis of
the patterns of co-occurrence between diverse clinical findings led to the identification of
a potential positive correlation between the occurrence of ocular melanoma and ocular
pigmentation, facial vascular involvement and seizures with development delay, limb
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asymmetry with either superficial or deep venous malformations [86]. The conclusion
arising from this analysis is that individuals with ocular melanosis should be regularly
followed up by an ophthalmologist [93], while those with facial vascular involvement
should be evaluated by a neurologist or undergo brain imaging in case of neurological
findings [94].

3.6. Blue Nevus

Blue nevi are common and benign melanocytic neoplasms that demonstrate a variety
of clinical and morphological patterns, including common/dendritic, cellular, and atypical
cellular subtypes. Like other nevi, they mostly develop in the skin but occasionally affect
the lymph nodes, where they can be mistaken for metastatic melanoma [95]. Blue nevi
can be characterized by the proliferation of dermal dendritic melanocytes. The spectrum
of lesions associated with blue nevi ranges from common blue nevi, pigmented epithe-
lioid melanocytoma to melanoma arising in blue naevus (MBN). MBN represents a range
of histopathological features and genetic anomalies [96]. Melanomas that arise in the
setting of blue nevi share a similar mutational and histopathological profile with uveal
melanoma. The majority of UMs have the characteristic GNAI1 or GNAQ mutations, with
additional BAPI mutations or deletions linked to a higher probability of metastases and
worse prognosis overall [97].

Available data suggest that blue nevi are mostly positive for GNAQ (hotspot Q209L
and Q209P) and GNA11 (hotspot Q209L) mutations (Table 1). Estimates point out the fact
that somatic mutations in codon 209 of GNAQ may be present in up to 80% of blue nevi.
However, studies even reported that all examined lesions represented either GNAQ or
GNA11 mutations [32,98].

To sum up, GNAQ and GNA11 gene mutations seem important for prognostic rele-
vance, but other genes, such as BAP1, should also be considered as they seem to play an
important role in the emergence of ‘benign” metastases of blue nevi in lymph nodes or
progression to aggressive malignant blue nevi [99,100].

3.7. Blitz Nevus

Blitz nevi are morphologically thought to show the mixed phenotype of Spitz and
blue nevi, so genomically, they can also represent features of these lesions. While most blue
nevi demonstrate GNAQ or GNA11 mutations, Spitzoid neoplasms are known from either
HRAS mutation or translocation involving ROS, BRAF, MET, ALK1, RET, and NTRK1 [101].
To analyze possible genetic resemblance between blitz nevi and blue nevi, Isales et al.
conducted research using NGS to examine lesions for GNAQ and GNA11 mutations. The
study revealed that 57% of blitz nevi acquired somatic mutations of these genes, also
characteristic of blue nevi. Moreover, it was proved that all cases positive for GNAQ and
GNA11 mutations were at the same time negative for mutations characteristic of Spitzoid
neoplasms. Hence, researchers suggest that genomically, blitz tumors should be categorized
as a subset of blue nevi. However, this phenomenon requires further investigation and
studies on a larger group of individuals [101].

3.8. Aldosterone-Producing Adenomas

An aldosterone-producing adenoma (APA) is a benign tumor affecting adrenal glands.
The tumor causes primary hyperaldosteronism (PA), leading to higher salt retention in
kidneys than in healthy people and, as a consequence, can cause hypertension or atrial
fibrillation. The exact prevalence of adenomas is unknown, but they are estimated that
they account for 60% of cases of primary hyperaldosteronism and 5-15% of all cases of hy-
pertension [102]. The identification of PA and APA is crucial for decreasing cardiovascular
morbidity and mortality, but current diagnostic techniques lack sensitivity and specificity,
highlighting the need for new approaches [103].

Mostly, APA has somatic mutations in genes responsible for the function of ion
channels or transporters, which puts a spotlight on this issue as a possible sensitive or
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specific diagnostic feature. Current scientific findings identify the role of mutations in
GNA11 (p.GIn209Leu, p.GIn209His, p.GIn209Pro), GNAQ, and CTNNBI1 (Table 1). Yet, the
frequency of these mutations in the aldosterone-producing cell clusters of healthy adrenal
glands suggests an obligatory role of codriver mutations. Hence, without a mutation of
CTNNB1, GNAQ and GNA11 mutations remain clinically silent [104,105].

In some congenital lesions, the mutation of GNAQ and GNA11 is mosaic and can be
found in several disparate sites. GNA11/Q mutations may develop early and established
circumstances for a second hit in CTNNBI to result in APA development. This theory is sup-
ported by examples of GNA11/Q mosaicism that have been observed, and by the isolated,
distinct regions of GNA11 mutation in the nearby hyperplastic zona glomerulosa [104,106].

3.9. Primary CNS Melanocytic Neoplasms

Primary melanocytic neoplasms of the central nervous system (CNS) are uncommon le-
sions originating from melanocytes of the leptomeninges. Based on the WHO classification,
they include:

1.  circumscribed meningeal melanocytic neoplasms: melanocytoma (benign and well-
differentiated lesion) and melanoma (malignant);

2. diffuse meningeal melanocytic neoplasms: melanocytosis (Diffuse or multifocal
benign proliferation of cytologically bland melanocytic cells originating from lep-
tomeningeal melanocytes) and melanomatosis (diffuse or multifocal malignant pro-
liferation of melanoma cells arising from leptomeningeal melanocytes, frequently
exhibiting invasion into the central nervous system) [107,108].

Typically, tumors represent a morphology of darkly pigmented, solid masses, often
involving necrotic or hemorrhagic areas, composed of sheets of pleomorphic cells with
prominent nucleoli, numerous mitotic figures, and parenchymal invasion. Symptoms differ
by the location of the melanocytic neoplasm. Back pain, muscle weakness, numbness,
plegia, or urinary incontinence may be manifestations of spinal tumors, while seizures,
subarachnoid hemorrhage, or focal neurological symptoms may be signs of an intracranial
tumor [109].

Clinically, primary leptomeningeal melanocytic neoplasms (LMNs) must be distin-
guished from metastatic lesions, since the prognosis for individuals with metastatic disease
is less favorable. Therefore, diagnostic methods for a primary CNS melanocytic tumor,
such as molecular diagnostics, might be useful in clinical settings [110].

Primary CNS melanocytic tumors are frequently affected by mutations in the het-
erotrimeric G protein alpha subunits, GNAQ or GNA11 [111]. Although the predictive
value of mutations in G-protein genes GNA11 and GNAQ in patients with primary CNA
melanocytic neoplasms remains unknown, a lot of studies are held to find out if this
feature might be useful for tumor diagnostics [112]. Researchers found out that LMNs
share some genetic abnormalities with UMs, including GNAQ (p.GIn209Leu) and GNA11
(p-GIn209Leu, p.GIn209Pro) mutations, but these mutations are less common in LMNs than
in UMs. Mutations in GNAQ R183 and GNA11 R183 were not found, implying that these
mutations are uncommon in LMNSs, similar to their rarity in UMs [113].

To sum up, all these findings, together with diagnostics of BRAF, HRAS, and NRAS
hotspot mutations, may be useful in the differential diagnosis between primary CNS
melanocytic neoplasms and metastases from a CM to the CNS. This seems particularly
important due to the fact of very different prognosis of these conditions [113].
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Table 1. A summary of medical conditions driven by mutations in GNAQ, GNA11, and GNA14 genes.

GENE CDS MUTATION AA MUTATION MEDICAL CONDITION
c.142_143delinsTT p-Gly48Leu Hepatic small vessel neoplasm
c.143G>T p-Gly48Val Cherry hemangioma
SCMs
c.548G>A p-Argl83GIn Phacomatosis pigmentovascularis
SWS
c.547C>G p-Argl83Gly SCMs
c.548G>T p-Argl83Leu SCMs
c.623A>C p-GIn208Pro Iris and ciliary body melanocytoma
Congenital hemangioma
Anastomosing hemangioma
Choroidal nevi
c 625C.2§2§¢3>1;1;15TT p-GIn209Leu Iris and ciliary body melanocytoma
GNAQ - Blue nevi
Aldosterone-producing adenomas
Primary CNS melanocytic neoplasms
Cherry hemangioma
C626A>G p-GlIn209Arg Circumscribed choroidal hemangioma
Congenital hemangioma
.627A>C p.GIn209His Cherry hemangioma
Anastomosing hemangioma
Hepatic small vessel neoplasm
Congenital hemangioma
Cherry hemangioma
c.626A>C p-GIn209Pro Anastomosing hemangioma
Choroidal nevi
Blue nevi
c.546_547delinsTT _ SCMs .
p-Argl83Cys Phacomatosis pigmentovascularis
c.547C>T
SWS
c.548G>A p-Argl83His SCMs
c.547C>A p-Argl83Ser Phacomatosis pigmentovascularis
Congenital hemangioma
Anastomosing hemangioma
C.626A>T Choroidal nevi
GNAI11 c.626_627delinsTA p-GIn209Leu Iris and ciliary body melanocytoma
€.626_627delinsTT Blue nevi
Aldosterone-producing adenomas
Primary CNS melanocytic neoplasms
Aldosterone-producing adenomas
C626A>C p-GlIn209Pro Primary CNS melanocytic neoplasms
c.627G>C ' Cherry hemanglom'a
p-GIn209His Anastomosing hemangioma
c.627G>T !
Aldosterone-producing adenomas
Cherry hemangioma
GNA14 c.614A>T p-GIn205Leu Anastomosing hemangioma

Hepatic small vessel neoplasm

SWS—Sturge-Weber syndrome; CNS—central nervous system; SCMs—skin capillary malformations.
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4. Potential Therapeutic Opportunities for UM and Other GNAQ/11-Related
Disorders

Cells with mutated GNAQ and GNA11 genes present deregulation in several key
signaling pathways, including MAPK (ERK1/2), PI3K/AKT, and YAP/TAZ [29,114,115],
hence, potential therapeutic strategies involve targeting these pathways [1].

e  MAPK Pathway: MEK inhibitors such as selumetinib and trametinib, have been tested
to block the ERK1/2 signaling cascade. Although results from clinical trials show
limited success, combining MEK inhibitors with other agents like immune checkpoint
inhibitors may offer better efficacy [29].

e  YAP/TAZ Pathway: Since GNAQ/GNA11 mutations activate the Hippo pathway
through YAP, drugs targeting YAP or its upstream regulators could be beneficial.
Verteporfin, which disrupts YAP-TEAD interactions, is an emerging therapy [29].

e PKC Inhibition: Protein kinase C (PKC), downstream of GNAQ/GNA11, is a target
of interest, with drugs like AEB071 (sotrastaurin) and LXS196 (darovasertib) under
investigation in clinical trials [116,117].

These approaches could reshape the treatment paradigm of UM, shifting focus from
conventional UV-based therapies to personalized treatments targeting specific oncogenic
drivers. Preclinical studies in vitro and in vivo, as well as early-phase clinical trials, have
shown promise for these targeted therapies in improving outcomes for patients with
metastatic UM [1]. Beyond UM, targeted therapies could also be explored for other benign
and malignant tumors reviewed throughout the article. For example, MEK inhibitors may
be useful in managing vascular malformations or benign proliferations like hemangiomas
associated with GNAQ/GNA11 mutations [118]. Ongoing studies on the efficacy of
targeted treatments in these conditions could expand therapeutic options for patients with
other GNAQ/GNA11-driven tumors.

5. Future Directions: Potential Histogenetic Role of SOX10-Positive Neural Crest Cells
with GNAQ/GNA11 Mutations

The neural crest constitutes an embryonic, multipotent cell population characterized
by extensive migration, giving rise to a diverse array of derivatives throughout the body.
These include melanocytes, peripheral neurons and glia, as well as craniofacial bone, car-
tilage, and connective tissue [119]. The embryonic development of neural crest cells and
the subsequent differentiation of tissues are intricately regulated by specific transcription
factors. Among these, SOX10, a member of the SOX gene family, is particularly remarkable.
Located on chromosome 22q13, the SOX10 (SRY-related HMG-box gene 10) gene encodes
a transcription factor essential for the differentiation, migration, and maintenance of tis-
sues derived from neural crest cells. It is pivotal in the development of various tissues,
including the central and peripheral nervous systems, melanocytes, chondrocytes, and
odontoblasts [120].

SOX10 is a nuclear transcription factor involved in the differentiation of neural crest
progenitor cells into melanocytes [121]. During the processes of neural crest induction
and migration, SOX10 plays a crucial role in the maintenance of the multipotent state of
neural crest cells by inhibiting their differentiation [119]. In diagnostic histopathology,
SOX10 immunostaining proves to be a valuable diagnostic tool, due to its high sensitivity in
identifying melanocytic and peripheral nerve sheath neoplasms in a variety of neoplasms,
including cutaneous adnexal neoplasms, salivary gland neoplasms, breast neoplasms,
melanocytic lesions, and peripheral nerve sheath tumors [122].

In a study by Xu et al., the activation of SOX10 by TNF-« through the PI3K/AKT
signaling pathway facilitates the differentiation of vascular smooth muscle cells (VSMCs)
and promotes vascular inflammation. Silencing SOX10 reduces vascular inflammation and
prevents neointimal hyperplasia in RGS5 knockout mice. This study demonstrated that
SOX10 acts as a regulator of vascular inflammation and represents a potential control point
in inflammation-related vascular diseases [123].
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Recently, SOX10-positive perivascular cells were taken under consideration in melanoma
studies. It is hypothesized that the perivascular SOX10-positive cells, which express a neural
crest marker, are evenly distributed around the vascular adventitia and are oriented parallel
to the vascular lumina, may represent cells undergoing Schwannian differentiation linked to
mechanoreception. SOX10-positive cells undergo differentiation into pericytes and smooth
muscle cells across various tissues and organs, such as the carotid artery, brain, eye, thymus,
heart, lung, spleen, and kidney [124]. Studies have identified SOX10-positive perivascular
cells in both developing and adult mice, which function as vascular stem cells involved
in the development and repair of vascular structures [125]. To our knowledge, there is
limited characterization of SOX10-positive perivascular cells in human tissues analyzed
through routine pathological examination. We hypothesize that SOX10-positive scattered
perivascular cells with GNAQ/GNA11 mutations located in the dermis are the possible
source of blue nevi. Further research is required to accurately determine the nature of these
cells. The benign nature of SOX10-positive perivascular cells is indicated by their small
nuclear size, which often approximates or is smaller than that of small lymphocyte nuclei,
their smooth spindled nuclear contours, scant cytoplasm, and evenly spaced perivascular
arrangement. These characteristics contrast with metastatic melanoma cells, which typically
exhibit nuclear enlargement, pleomorphism, variable amounts of cytoplasm, and irregular
distribution [126]. Additionally, benign SOX10-positive perivascular cells are challenging
to identify on H&E slides, lack significant atypia, and do not express other melanocytic
markers such as Melan-A and HMBA45. This helps to prevent potential diagnostic errors
that could lead to a false-positive diagnosis of metastatic melanoma [105].

6. Conclusions

Uveal melanoma (UM), while exhibiting unique morphological features, shares consid-
erable molecular disruptions with other conditions driven by GNAQ or GNA11 mutations.
These mutations are pivotal in abnormal signaling pathways, thereby contributing to
the pathogenesis of multiple disorders beyond the UM reviewed in this article. The ti-
tle “GNAQ/GNA11-related benign and malignant entities—a common histoembryologic
origin or a tissue-dependent coincidence”, poses an important question regarding the
relationship between the various benign and malignant conditions driven by GNAQ and
GNA11 mutations. As presented in this review, these mutations affect a variety of cell
types across different tissues, such as melanocytes in uveal melanoma, vascular endothelial
cells in hemangiomas, and adrenal cells in aldosterone-producing adenomas. Thus, the
specific outcomes of GNAQ and GNA11 mutations seem to depend on several factors,
including tissue type, developmental stage, and additional genetic or environmental factors.
Especially, the presence of co-occurring mutations or epigenetic changes, such as mutations
in BAP1, can influence whether a GNAQ or GNA11 mutation leads to a benign lesion or
a malignant tumor. Therefore, evidence suggests that manifestations of these mutations
are rather tissue-dependent than the result of a common histoembryologic origin; how-
ever, the additional modifying factors undoubtedly play a significant role in determining
tumor behavior.
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Simple Summary: Uveal melanoma is a life-threatening cancer of the eye. There has been ongoing
debate about whether treating the main tumor in the eye can actually help patients live longer. In
our study, we compared previously published results from patients who received treatment for their
eye tumor with those who chose not to receive treatment. By analyzing survival data from both
groups, we discovered that patients who did not undergo treatment had a higher risk of death. This
finding suggests that treating the primary eye tumor can provide a significant survival benefit for
patients with uveal melanoma. Our results also emphasize the importance of timely treatment and
may influence future medical guidelines and decisions, ultimately improving patient care for this

serious eye cancer.

Abstract: Objective: To evaluate whether primary tumor treatment provides a survival benefit in
uveal melanoma by comparing patients who declined treatment (Natural History Study, NHS) with
those who received treatment in the Collaborative Ocular Melanoma Study (COMS) for medium-
sized choroidal melanomas. Methods: Individual-level survival data were reverse-engineered from
cumulative all-cause mortality curves in the original COMS and NHS publications. Censoring
patterns were estimated from numbers at risk and descriptive statistics. A Bonferroni-corrected
significance level of 0.017 was applied. Additionally, to ensure a conservative approach, NHS cohort
data were iteratively adjusted by reducing the 8-year cumulative mortality by one percentage point if
the Cox regression hazard ratio for all-cause mortality, the unadjusted risk ratio for death, and the
95% confidence intervals (CIs) of the Kaplan—Meier curves did not show a smaller survival difference
than originally reported. Results: Kaplan-Meier analysis revealed significantly higher cumulative
mortality in the NHS cohort compared to the COMS cohort (log-rank p = 0.012). When restricting
the analysis to the first 8 years to account for unclear censoring patterns beyond this period, the
NHS cohort still demonstrated worse survival (p = 0.008). A sensitivity analysis, varying censoring
times by £25% over 1000 iterations, confirmed worse survival in the NHS cohort in 100% of cases.
Conclusions: In this re-evaluation, patients who declined treatment for medium-sized choroidal
melanomas had significantly worse survival, suggesting a potential survival benefit of primary
tumor treatment.

Keywords: uveal melanoma; choroidal melanoma; prognosis; survival; metastasis; deferral; primary

tumor treatment

1. Introduction

In 2003, Straatsma and colleagues evaluated the survival outcomes for 42 patients
eligible for the Collaborative Ocular Melanoma Study randomized trial for medium-sized
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choroidal melanomas (COMS) who declined enrollment and chose not to undergo treat-
ment [1,2]. Patients who initially deferred treatment but later received melanoma therapy
within 45 days of COMS eligibility were excluded from the analysis, which was conducted
as part of the Natural History Study (NHS). Of the 42 patients, 22 ultimately opted for
treatment (eye-conserving radiation therapy or enucleation) at a mean of 1.4 years after
declining initial participation (standard deviation (SD) 1.4).

The five-year all-cause mortality was 30% (95% confidence interval (CI), 18-47%) for
NHS patients, compared with 18% (95% CI, 16-20%) for COMS patients. The unadjusted
risk ratio for death in NHS patients was 1.79 (95% CI, 1.08-2.97), which decreased to 1.54
(95% CI, 0.93-2.56) after adjusting for baseline age and tumor size. While these results
suggested a higher mortality rate in untreated patients, the authors emphasized that the
findings were probative but not conclusive evidence of a survival benefit from treatment.
The clinical importance of demonstrating a survival benefit from primary tumor treatment,
or the lack thereof, cannot be overstated, as it would define the intervention as either
life-saving or purely palliative.

The statistical methods employed consisted of Kaplan-Meier survival estimates and
Cox proportional hazards modeling. However, Cox regression generates hazard ratios,
not risk ratios. Hazard ratios compare the rate of events (e.g., death) between groups
over time, while risk ratios compare the overall proportion of events over a fixed period.
It is possible that Straatsma and colleagues mistakenly referred to hazard ratios as risk
ratios. This distinction is important, as hazard ratios are more appropriate for time-to-event
analyses. Notably, no risk ratios were provided for later time points beyond 5 years, even
though additional mortality events occurred, seemingly at a higher rate in the NHS cohort.
Additionally, while Kaplan-Meier survival curves were generated, no test statistics or
p-values were reported to assess the significance of the survival differences between the
NHS and COMS cohorts.

Subsequent literature has debated the survival benefits of timely treatment for primary
tumors and in some cases, the benefit of treatment at all [3-8]. To address these concerns, we
re-evaluated the NHS and COMS cohorts and performed a statistical comparison of their
survival curves to assess the survival implications of deferring treatment in medium-sized
choroidal melanoma.

2. Materials and Methods

Patients in the COMS and NHS had been evaluated at 43 clinical centers located in the
United States and Canada [9]. Individuals with a clinically confirmed diagnosis of choroidal
melanoma by a COMS-certified ophthalmologist between November 1986 and 31 July 1998
were reported to the COMS Coordinating Center in Baltimore, Maryland. The diagnosis
was based on a comprehensive ophthalmic examination, which included best-corrected
visual acuity, tumor size and location assessment, A-scan and B-scan ultrasonography,
fundus photography, and fluorescein angiography. To be eligible for COMS (which also
included a trial of pre-enucleation radiation versus no radiation for patients with large
melanomas undergoing enucleation, an observational study of small tumors, reports of
radiation-induced conditions, second primary cancers, etc., but herein only refers to the
trial of enucleation versus iodine-125 plaque brachytherapy for patients with medium-
sized tumors), patients had to have a choroidal melanoma measuring 2.5 to 10.0 mm in
apical height and no more than 16.0 mm in basal diameter. Between November 1986
and November 1990, the inclusion criteria allowed for tumors between 3.1 and 8.0 mm
in apical height. Patients with peripapillary tumors (within 2.0 mm from the optic disk)
were included only if plaque placement could cover the entire tumor and an appropriate
margin. In addition, patients had to meet several general eligibility criteria: a primary
choroidal melanoma in one eye, be 21 years of age or older, have no other primary tumor,
and have no serious concurrent illness expected to limit survival to less than five years.
The best-corrected visual acuity in the fellow eye had to be 20/200 or better. Patients with
previous treatment for choroidal or ciliary body melanoma, or any condition secondary to
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the tumor, were excluded, as were those with significant extra scleral extension (>2.0 mm),
as described in the original publications [10,11].

The NHS cohort included patients who were eligible for the COMS trial but de-
clined treatment or enrollment. Patients who initially declined but subsequently received
melanoma treatment within 45 days of COMS eligibility were excluded from the NHS. For
patients who died, medical reports, histopathological data, and laboratory findings were
reviewed by the COMS Mortality Coding Committee to determine metastatic status [1].

To obtain raw data, we contacted all named authors of the original publication by email
in 2021. The second author responded but no longer had access to the dataset. Attempts to
contact the other authors were unsuccessful, and in 2024, the data were reverse-engineered
as follows:

Figure 2 from the original publication (figure titled “Kaplan—Meier curves of the
cumulative proportion of patients with medium choroidal melanoma who died by time
after determination of eligibility for the COMS medium melanoma trial; enrolled COMS
medium tumor trial patients NHS patients with 95% CI”, reprinted with permission
from Elsevier [1]) was uploaded to the Plot Digitizer Online App (version 3.1.5, https://
plotdigitizer.com/app, accessed on 6 September 2024). This tool allows for data extraction
from graphs. A minimum of 60 data points were obtained from each cumulative proportion
curve for the NHS and COMS cohorts. Two datasets were generated, each with x-values
(years after enrollment/decline of enrollment) and y-values (cumulative percent dead
from any cause), creating an initial dataset representing 1317 COMS patients and 42 NHS
patients, with mortality proportions identical to the original figure. The data collection
process is illustrated in Supplementary Figure S1.

Censoring rates were estimated using the number-at-risk table from the 2006 COMS
publication, which reported the 12-year survival for patients treated with plaque brachyther-
apy or enucleation (Figure 1A, titled “Cumulative percentage of patients dead [from all
causes] by time since enrollment and treatment arm”) [12]. The reduction in the number
at risk, minus deaths, was considered the number of censored events per interval and
assigned to the midpoint of each interval [13]. As explicit censoring data for the NHS cohort
were unavailable, estimates were derived using published survival figures, narrative data
on median follow-up and range, and the number of patients with known vital status at 5
and 10 years from the original study, as detailed in the “Censoring and Sensitivity Analysis”
section. The final individual-level dataset is provided in Supplementary Table S1.

This study adhered to the tenets of the Declaration of Helsinki. As declared in the
Swedish Ethical Review Act (2003:460), approval from the Swedish Ethical Review Author-
ity was not required as this study involved the re-analysis of publicly available data [14]. It
did not involve any treatments, tests, examinations, interviews, or other interventions with
study subjects. Additionally, it did not affect the subjects physically or psychologically, did
not involve biological samples, and did not include any data or sensitive information that
could be traced back to any individual.
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Figure 1. Kaplan-Meier survival curves show the cumulative proportion of deaths from any cause in
the NHS and COMS cohorts. (A) The original figure from the 2003 publication, which did not include
formal statistical comparisons of the curves. Dashed lines represent limits of the 95% confidence
intervals (Cis) (B) Overlaying the reverse-engineered survival curves for the NHS and COMS cohorts
onto the original curves revealed that the 95% ClIs for the reverse-engineered data were closer than
in the original study, confirming our conservative methodology. (C) Despite this, the log—rank
(Mantel-Cox) test yielded a p of 0.02. Note that these analyses do not account for censoring, which
will be addressed in the next step (Figure 2). The figure from the original publication was reprinted
with permission from Elsevier [1]. COMS, Collaborative Ocular Melanoma Study. NHS, Natural
History Study.
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Figure 2. Kaplan-Meier survival curve showing the cumulative proportion of deaths from any cause
in the NHS and COMS cohorts, accounting for censoring assumptions. The number at risk for the
COMS cohort was extracted from the original publication” s reported data. For the NHS cohort,
censoring rates were estimated from the published survival figure and narrative data, including
median follow-up, range, and the number of patients with known vital status at 5 and 10 years.
COMS, Collaborative Ocular Melanoma Study. NHS, Natural History Study.

Statistical Methods

Kaplan—-Meier survival curves were generated for the NHS and COMS cohorts using
the survival, survminer, and readxl packages in R (R Foundation for Statistical Computing,
version 4.4.1, Vienna, Austria). Survival distributions between the cohorts were compared
using the log-rank (Mantel-Cox) test. To ensure accuracy, the log—rank test results were
cross-verified using SPSS Statistics, version 29.0 (Armonk, NY, USA). To control for Type I
errors, the significance threshold was adjusted using the Bonferroni correction, dividing
the conventional 0.05 level by 3 (reflecting the number of statistical tests yielding p values).
Thus, a two-sided p-value of less than 0.017 was considered statistically significant. As
an additional measure of conservativeness, we required that the lower limit of the 95%
confidence interval (CI) for the Kaplan—-Meier curve we generated for the NHS cohort be
lower than the corresponding lower limit of the 95% CI reported in the original publication
at all time points [1]. This adjustment ensured that we were assessing a smaller survival
difference between the NHS and COMS cohorts than was reported in the original compari-
son. To verify this, we calculated 8-year risk ratios and Cox proportional hazards ratios
between the NHS and COMS cohorts. If these ratios for the NHS cohort were not lower
than those reported in the original publication, or if the 95% Cls of the Kaplan—-Meier curves
did not indicate a smaller survival difference, we iteratively adjusted the NHS cohort data
by reducing the 8-year cumulative mortality by one percentage point until these criteria
were met.

44



Cancers 2024, 16, 3839

3. Results
3.1. Descriptive Statistics

As reported in the original study, the 1317 patients enrolled in the COMS trial had a
mean age of 60 years at the time of enrollment, while the 42 patients in the NHS cohort had
a mean age of 66 years. Data on the anatomical extent of the primary tumor, such as ciliary
body involvement or extraocular extension, were not provided. However, patients with
predominantly ciliary body melanomas or extraocular extension greater than 2 mm were
excluded from both cohorts as dictated by the study design. At baseline, COMS tumors
were larger than NHS tumors, with a mean largest basal diameter (LBD) of 11.4 mm versus
10.3 mm and a mean thickness of 4.8 mm versus 3.8 mm, respectively.

3.2. Risk Ratios

The initial Cox proportional hazards model produced a hazard ratio of 1.51 (95% CI,
0.92-2.50) for NHS patients, with an 8-year risk ratio of 1.31 (95% CI, 0.69-1.93). Both
these estimates were lower than those reported in the original publication, consistent with
our pre-specified approach that required smaller survival differences than those in the
original study.

3.3. Initial Kaplan—Meier Curves

The Kaplan-Meier survival curve of the cumulative proportion of deaths in the NHS
and COMS cohorts, as reported in the original publication [1], was compared to the Kaplan—
Meier curves generated from our reverse-engineered datasets. The comparison confirmed
that the separation between our newly generated curves and their 95% confidence intervals
was smaller than in the original publication, supporting our more conservative approach.

Although the curves were less separated, the log-rank (Mantel-Cox) yielded a log-rank
p of 0.02, Figure 1. These results did not account for censoring, which will be addressed in
the next step, and are not fully reliable. However, as the primary effect of censoring is on
the variability and precision of the Kaplan—-Meier curve—particularly the 95% confidence
intervals—and given that these intervals in our analysis closely resembled those from the
original publication, the impact of properly accounting for censoring may be limited.

3.4. Censoring and Sensitivity Analysis

In the final step, we performed a Kaplan—Meier survival analysis incorporating cen-
soring rates for the COMS cohort based on the available number-at-risk table from the
original study (e.g., 1317 patients at 0 years, 1301 at 1 year, 1267 at 2 years, etc.). Since
explicit censoring data for the NHS cohort was not available, we estimated censoring
rates using information derived from the published survival curves, narrative data on
median follow-up time, range, and the number of patients with known vital status at 5
and 10 years, as reported in the original study. Specifically, the study stated: “Based on
time since COMS eligibility, vital status was known at 5 and 10 years for 32 and 20 of the
42 NHS medium melanoma patients, respectively, [...] a total of 16 medium melanoma
patients had died”. From this, we inferred that among the original 42 NHS patients, 16 had
died, 4 were still alive at 10 years, and 22 had unknown vital status, indicating that they
were censored earlier than 10 years post-COMS eligibility. At 5 years, 10 patients had
unknown vital status. The median follow-up was 5.3 years (range 4-10.7 years), suggesting
that 10 patients were censored between years 4 and 5, and the remaining 12 were censored
between 5 and 10.7 years. Therefore, in our reverse-engineered cohort, the 22 patients with
unknown vital status at 10 years were censored between 4 and 9 years, the 23rd patient
was censored at 10.7 years (to achieve an identical median follow-up of 5.3 years), and the
remaining 2 patients were censored at 11 years. The 720 COMS patients who remained at
risk at 8 years were also censored at 11 years. The reconstructed individual-level data are
provided in Supplementary Table S1. A Kaplan—-Meier analysis of this dataset yielded a
log-rank test p-value of 0.012 (Table 1, Figure 2). Even when accounting for the unclear
censoring pattern beyond 8 years through a life-table analysis restricted to the 0-8 year
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period, the NHS cohort demonstrated significantly worse survival than the COMS cohort
(Wilcoxon [Gehan] p = 0.008), reinforcing the robustness of this finding.

Table 1. Kaplan-Meier Overall Survival (OS) Point Estimates with 95% Confidence Intervals for
COMS and NHS Cohorts.

COMS NHS

Time Number at Kaplan-Meier 95% CI 95% CI Number at Kaplan-Meier 95% CI 95% CI

(Years) Risk OS Estimate Lower Upper Risk OS Estimate Lower Upper
1 1306 99% 98% 99% 40 95% 89% 100%
2 1267 96% 95% 97% 37 86% 76% 97%
3 1200 91% 90% 93% 34 79% 67% 92%
4 1127 85% 84% 87% 30 69% 56% 85%
5 1054 81% 79% 83% 20 69% 56% 85%
6 957 77% 74% 79% 14 65% 51% 82%
7 763 73% 70% 75% 8 53% 37% 77%
8 720 69% 66% 72% 6 53% 37% 77%

CI, Confidence Interval. COMS, Collaborative Ocular Melanoma Study. NHS, Natural History Study.

To further test the robustness of the survival difference to variations in censoring
assumptions, we performed a sensitivity analysis. In this analysis, censoring times for
both cohorts were randomly varied by +25% over 1000 iterations. For each iteration, we
generated a Kaplan—-Meier survival curve and performed a log-rank test to assess whether
the NHS cohort had worse survival than the COMS cohort. The sensitivity analysis revealed
that in 100% of the iterations, the NHS cohort exhibited worse survival outcomes compared
to the COMS cohort. This consistency across all iterations highlights that the observed
survival difference is robust to variations in censoring assumptions, confirming that NHS
patients consistently experienced poorer survival than COMS patients, irrespective of the
censoring strategy applied.

4. Discussion

In this study, we re-evaluated the results from the landmark Collaborative Ocular
Melanoma Study, particularly focusing on the Natural History Study cohort, comprising
patients who declined treatment. Despite several factors that could have reduced the
chances of observing a statistically significant survival benefit of treatment—such as smaller
baseline tumor sizes in NHS patients and our adjustments to minimize survival differences
beyond those reported in the original publication to reduce the risk of type I error—we
found that survival outcomes remained significantly worse for the NHS cohort. This
finding reinforces the hypothesis that primary tumor treatment provides a survival benefit
in uveal melanoma.

These findings have critical implications for the clinical management of primary uveal
melanoma. If treatment is believed to reduce the risk of metastasis and subsequent death,
it not only underscores the importance of primary tumor treatment—potentially shifting
the perception from ocular treatment being purely palliative to it having a curative role for
some patients—but also highlights the significance of early detection and treatment [15]. If
the prognosis worsens the longer a uveal melanoma remains untreated, timely intervention
becomes essential, given the high propensity of uveal melanoma to metastasize, typically
with fatal consequences [16,17]. On the other hand, if one argues against a survival benefit
from primary tumor treatment, the urgency of early detection diminishes, and the potential
adverse effects of prompt treatment, such as visual impairment, would weigh more heavily
in treatment decisions [3].

Assuming that treatment does confer a survival benefit, healthcare systems must
enhance screening protocols for early detection of small melanomas and refine strategies
to distinguish between low- and high-risk lesions. Decentralized surveillance programs,
utilizing optometrists or opticians with advanced imaging technologies such as fundus
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photography and optical coherence tomography (OCT), supported by remote consultations
with experts and deep-learning algorithms, could play a pivotal role in expanding early
detection efforts [18-20]. Furthermore, genetic and molecular profiling through biopsy
techniques and chromosome 3 testing of circulating tumor cells (CTC) could help identify
lesions with higher metastatic potential, providing critical insights for more personalized
treatment and surveillance strategies [21-23].

It is evident that treatment cannot be initiated for tumors that have not yet been
detected, and some observation for growth is necessary to differentiate between benign and
malignant choroidal melanocytic lesions. However, once melanoma is diagnosed, delaying
treatment may allow additional tumor cells to disseminate from the eye. Continued growth
of the primary tumor also provides the opportunity to acquire further aggressive traits,
potentially accelerating the growth rate of any metastases seeded after such events. By
treating the primary tumor promptly, we may prevent additional tumor cell spread and
mitigate further worsening of prognosis.

Some studies have not observed a significant relationship between treatment delays
and prognosis, including Damato et al., who concluded that “Deferring treatment of
choroidal melanomas until documentation of growth may delay iatrogenic visual loss
by months or years and is associated with minimal increase in metastatic mortality, at
least with small tumors with usual growth rates of up to 40% per year” [6,24]. However,
this interpretation now warrants reevaluation: The 4.3% yearly growth rate observed for
24 tumors by Damato et al. would correspond to a volume doubling time of approximately
2008 days, assuming a semi-spheroidal shape and similar growth in thickness and diameter,
which is in exceptionally slow, as demonstrated in our meta-analysis [8]. In fact, even the
reported worst-case scenario involving an annual growth rate of 40%, corresponding to a
doubling time of 752 days, is still rather slow. This rate aligns with a metastatic death risk
increase of 1.3% per month in 40-year-old females with a 10-mm diameter monosomy-3
melanoma. In other words, this analysis, performed by an independent research team with
independent datasets, draws similar conclusions about the prognostic impact of treatment
delays, when taking the differences in assumed growth rate into account.

Furthermore, some previous observations may have been slightly overinterpreted in
the field. For example, reports of BAP1 mutations and other canonical aberrations arising
in an early, punctuated burst do not necessarily preclude the possibility of later aberrations
that could further accelerate metastasis growth [25]. Similarly, findings of shared mutations
between primary tumors and metastases should not be misread as indicating that all
metastases ultimately cause patient death are invariably seeded very early. Nor should
calculations based on constant doubling time assumptions imply that metastases resulting
in patient death always “occur at a time when the primary uveal melanoma is too small to
be clinically detected” [26,27].

Shain and colleagues observed that while “metastatic dissemination occurred early
during the development of the primary tumor”, they also identified additional driver
mutations arising in later stages, which were shared with metastases [28]. These later
mutations included CDKN2A, loss of chromosome 3 (including PBRM1), gain of 8q, and
gain of 1p. Supplementary data from Shain’s study suggest that 5 of 35 (14%) patients had
metastases originating from later branches in the phylogenetic trees (cases Al1l, A16, A50,
A59, and A60). Two of these patients (A50 and A60) had small, potentially asymptomatic
tumors, making earlier detection less likely.

This suggests two important points: first, that if effective primary tumor treatment,
such as enucleation, had been performed in the three remaining cases with larger tumors
before these additional genetic aberrations developed, the specific metastases that were
analyzed could have been prevented (though not necessarily others); and second, that if
tumor cells had already been seeded from older parts of these three tumors and managed
to establish growing macrometastases, these cells may have carried fewer driver mutations,
potentially resulting in slower growth.
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Limitations

This study has several limitations. First, our results rely on reverse-engineered survival
data reconstructed to approximate the original COMS study outcomes. Despite consid-
erable efforts to ensure the validity of the simulated NHS cohort, discrepancies between
real-world data and the reverse-engineered data may have introduced bias. Although
the timing of mortality events could be deduced from the survival plots, the reverse-
engineering approach could not precisely capture the timing of censoring events in the
NHS cohort. Instead, these were estimated based on the available descriptive statistics,
including median follow-up, range, and the number of patients with known vital status
at 5 and 10 years. This means that while the exact timing of censoring events is not fully
accounted for, the estimated censoring should be reasonably accurate.

Additionally, comparing survival between two reverse-engineered cohorts cannot
account for potentially unbalanced risk factors between the COMS and NHS cohorts, as
data on additional risk factors were not available and thus could not be reverse-engineered.
This represents a significant limitation, similar to the Kaplan-Meier curves in the original
publication, which also did not account for risk factors.

Future studies could address the limitations of our approach by conducting prospec-
tive studies that collect real-world survival data directly from patients who decline treat-
ment. Such studies would enable a more accurate assessment of survival outcomes with-
out the potential biases of data reconstruction. Additionally, expanding access to large,
multi-institutional databases may allow for more robust comparisons between treated and
untreated cohorts, incorporating key genetic and molecular markers.

Lastly, the original COMS study itself had inherent limitations, including potential
selection bias. Patients who declined treatment may have differed from those who enrolled,
particularly in unmeasured factors such as chromosome 3 or 8q aberrations, BAP1 muta-
tions, and gene expression profiles—key prognostic markers in uveal melanoma. Notably,
NHS patients were older and presented with smaller tumors at baseline, which are positive
and negative prognostic factors, respectively [16,29,30].

5. Conclusions

In this re-evaluation, patients who declined treatment for medium-sized primary
choroidal melanomas had significantly worse survival compared to those treated promptly,
suggesting a potential survival benefit of primary tumor treatment.

Clinically, these findings indicate that treating uveal melanoma at an earlier stage
may reduce the risk of metastasis and improve overall survival. The results also suggest
that healthcare systems should prioritize early detection, focusing on identifying the few
malignant choroidal melanocytic lesions among the many benign counterparts to enable
prompt treatment.

However, factors such as patient age and tumor size may influence these findings, as
the original publication found that statistical significance was negated when adjusted for
in regression analyses. Future studies should address the limitations of reverse-engineered
data by focusing on prospective, real-world data collection. Ultimately, definitive evidence
of causality would require a randomized clinical trial, though such a study would present
ethical challenges.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers16223839/s1; Figure S1: Illustration of data collection from
the original curves. Table S1: Reverse-Engineered Raw data for the COMS and NHS cohorts.
Reference [1] is cited in the supplementary materials.
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Simple Summary: Separately sequencing morphologically distinct regions within large, high-risk
uveal melanomas provides deeper insights into tumour biology and identifies additional targets for
therapy. Uveal melanomas are rare intraocular malignancies that exhibit significant heterogeneity,
with macroscopic and microscopic differences between tumour regions. This study used microdissec-
tion and targeted sequencing to analyse melanotic and amelanotic regions within the same tumours.
In four of seven cases, distinct molecular profiles were identified, including a MET exon 14 skipping
transcript predictive of sensitivity to crizotinib. Additional variants were detected in genes relevant
to active clinical trials. These findings highlight the importance of analysing spatially distinct tumour
regions to identify actionable genetic alterations that may be missed in whole tumour aggregate
analyses. This approach has implications for the molecular testing of uveal melanomas, guiding
personalised therapies, and expanding eligibility for clinical trials in patients with advanced disease.

Abstract: Background/Objectives: Uveal melanomas (UMs) are rare but often deadly malignancies
that urgently require viable treatment options. UMs often exhibit tumour heterogeneity, with
macroscopic and microscopic differences in morphology between different regions of the same
tumour. However, to date, the clinical significance of this and how it may help guide personalised
therapy have not been realised. Methods: Using targeted DNA and RNA sequencing of a small
case series of large, high-risk primary UMs, we explored whether morphologically distinct regions
of the same tumour were associated with distinct molecular profiles. Results: In four of the seven
tumours analysed, we detected different sets of genetic variants following the separate analysis
of microdissected melanotic and amelanotic regions of the same tumour. These included a MET
exon 14 skipping RNA transcript that predicts sensitivity to crizotinib and variants in other genes
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that are important in active clinical trials for patients with UM and advanced solid tumours. The
integration of TCGA data also identified recurrent mutational events in genes that were not previously
implicated in UM development (FANCA, SLX4, BRCA2, and ATRX). Conclusions: Our findings show
that the molecular analysis of spatially separated and morphologically distinct regions of the same
tumour may yield additional, therapeutically relevant genetic variants in uveal melanomas and have
implications for the future molecular testing of UMs to identify targeted therapies.

Keywords: uveal melanomas; tumour heterogeneity; microdissection; sequencing; cancer

1. Introduction

Uveal melanoma (UM) is the most common primary intraocular malignancy among
adults [1]. Despite their shared embryonic neural crest origin, UM and mucocutaneous
melanoma differ substantially in their aetiology, molecular profile, and clinical course [2,3].
The advent of targeted therapies and immunotherapy has markedly improved the survival
of patients with metastatic cutaneous melanoma in the past decade [4]. There has been
no substantial improvement in survival for metastatic UM for over 30 years [5]; although,
clinical trials of new drugs are ongoing [6]. Despite effective primary treatment, nearly
50% of UM patients develop metastases. Due to a lack of available therapy, 20-30% of
patients diagnosed with a UM die of systemic metastases within 5 years of diagnosis and
45% within 15 years [7-9]. Reducing this stark disparity in survival rates is a priority in
ocular oncology.

The risk of UM metastasis can be accurately predicted using the American Joint
Committee on Cancer (AJCC) TNM staging system [10-13], as well as established clinical
and histopathologic features. Risk prognostication can be further refined by combining
clinical, histopathological, and copy number changes in chromosomes 3 and 8q [14,15].
Metastatic risk can be also stratified based on four molecular categories using data from
The Cancer Genome Atlas (TCGA) [3], confirmed in larger cohorts [16,17]. Unlike mu-
cocutaneous melanoma or other solid tumours, somatic variants in the UM driver genes
(GNAQ, GNA11, EIF1AX, SF3B1, PLCB4, CYSLTR2, and BAP1) are not molecular targets
of currently approved therapies. Trials of targeted cancer therapies in UM patients have,
thus far, shown disappointing results [18-21], as have trials of immunotherapy [22,23].

We hypothesised that identifying actionable targets in UM may require a more nu-
anced approach. Tumour heterogeneity is a well-documented phenomenon, whereby
populations of cells within the same primary tumour show different macroscopic, histolog-
ical, or molecular features. UM tumour heterogeneity has been demonstrated in multiple
studies using fluorescence in situ hybridisation, gene expression profiling, single-cell se-
quencing, and epigenetic analyses [24-32]. In our experience with UMs observed over time,
different tumour regions can often be discernible by way of pigmentation, growth pattern,
growth rate, and echogenicity. In larger UMs, macroscopic photography in the pathology
laboratory can reveal two or more conspicuous morphological regions. Furthermore, corre-
sponding histological differences may also be observed by way of cell type, extravascular
matrix pattern, growth pattern (solid versus diffuse), and differences in tumour-infiltrating
macrophages and lymphocytes.

In this study, we analysed different morphological regions of the same tumour to
investigate whether they are associated with different molecular features and whether this
can identify additional therapeutically relevant sequence variants.

2. Materials and Methods
2.1. Study Cohort Selection Criteria

Cases included in this series met the following criteria: (i) large choroidal or cilio-
choroidal tumour (at least TNM pT3, AJCC 8th edition [10]); (ii) tumour heterogeneity as
defined by at least two morphologically conspicuous regions on macroscopic assessment;
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(iii) high metastatic risk, as determined by the minimal or absent nuclear expression of BAP1
immunohistochemistry (IHC) and monosomy or chromosome 3 or loss of 3p by CGH/SNP
chromosome microarray; (iv) no previous treatment; and (v) tumour uncomplicated by
infarction, necrosis, or haemorrhage.

2.2. Patient and Tumour Characteristics

Patient and tumour variables determined at each patient’s pre-enucleation exami-
nation were age, intraocular tumour location (choroidal or cilio-choroidal), largest basal
diameter, and maximal thickness of the tumour in millimetres, as measured by B-scan
ultrasonography. Post-enucleation, tumour basal diameter and thickness were confirmed
by macrophotography in the laboratory (see below), as was the presence of heterogeneous
tumour clones. The presence or absence of extrascleral extension and vortex vein involve-
ment were determined at the time of specimen grossing and macrophotography. Each
pathological parameter was confirmed using microscopic examination. One of the patients
(Case 3) had a history of familial breast cancer and known germline BRCA2 mutation; none
of the other patients had a known cancer predisposition syndrome.

2.3. Enucleation Grossing

Enucleated eyes were oriented according to established protocols [33]. Transillumina-
tion was performed to localise each tumour, and the eye was opened to best demonstrate
the tumour mass within the pupil to the optic nerve block and to ensure that the tumour
was included in the first calotte removed. The location, thickness, and basal diameter of
the tumour were documented, including the involvement of the ciliary body and other
structures and the presence of extrascleral extension or vortex vein involvement. A fresh
tumour sample was harvested from the first calotte and submitted for CGH/SNP chromo-
some microarray analysis in RPMI medium. The open eye was then fixed for 48 h in 10%
neutral buffered formalin (NBF). Eyes were submerged in 70% alcohol before macropho-
tography (Olympus SZ61 dissecting microscope, DP22 camera and cellSense software v2.0;
Olympus Corporation, Notting Hill, VIC, Australia) to confirm tumour location, size, and
the presence of distinct clones. The second calotte was removed after fixation, and the
entire eye was subjected to paraffin embedding, sectioning, H&E staining, and microscopic
examination in the following blocks: (i) vortex veins, (ii) optic nerve margin, (iii) pupil to
optic nerve block, (iv) calotte #1, and (v) calotte #2.

2.4. Histology and Immunohistochemistry

Tissue cassettes containing tumours were processed on the Tissue Tek VIP 3 (Leica
Biosystems) overnight cycle (2 h additional 10% NBE, followed by progressive dehydration
with alcohol, xylol clearing, and paraplast (paraffin wax) embedding. Tissue blocks were
then sectioned at 3 um on a Leica RM2235 rotary microtome (Leica Biosystems, Wetzlar,
Germany) onto frosted glass slides (Trajan Scientific and Medical, Bethel, CT, USA), dried,
and stained with haematoxylin and eosin on a Tissue Tek Prisma Plus automated slide
stainer (Sakura Finetek, Torrance, CA, USA), and cover slipped on an automated Tissue
Tek Glas cover slipper (Sakura Finetek, USA).

Melanocytic differentiation was confirmed by haematoxylin and eosin (H&E) staining
and MART1 immunohistochemistry.

Histological tumour characteristics were reported in a synoptic format according
to the AJCC 8th edition [34] criteria. A set panel of immunohistochemical studies was
performed as part of the standard UM protocol. Paraffin-embedded tissues were cut at 3
pum onto charged glass slides (Trajan Scientific and Medical). Immunohistochemistry was
performed using the Ventana BenchMark Ultra platform (Roche Diagnostics, Basel, Switzer-
land). The primary antibodies, antigen retrieval, and incubation time are summarised in
Supplementary Table S1. Positive and negative control tissue (informed by the datasheet of
each primary antibody) was included on each slide submitted for immunohistochemistry.
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BAP1 immunohistochemistry was interpreted as “aberrant” when there was minimal or
absent staining in tumour nuclei.

2.5. Comparative Genomic Hybridisation (CGH)/Single Nucleotide Polymorphism (SNP)
Chromosome Microarrays

For tumour samples received prior to mid-2020, a CGH/SNP chromosome microarray
was performed at SydPath. Genomic DNA from fresh tumour samples was extracted using
the Gentra Puregene kit (Qiagen, Hilden, Germany) using the manual DNA extraction
method with overnight proteinase-K + buffer ALT (lysis buffer) tissue digestion at 56 °C,
followed by DNA purification and precipitation. CGH/SNP chromosome microarray was
performed using the Applied Biosystems Cytoscan 750K assay (Thermo Fisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol. Microarray data were
analysed as a CEL file using Chromosome Analysis Suite v3.1 (Thermo Fisher Scientific),
with an average copy number resolution of ~0.1 Mb.

CGH/SNP chromosome microarray of tumour samples received after mid-2020 were
tested at The Children’s Hospital at Westmead. Genomic DNA was extracted from fresh
tissue samples using the Wizard Genomic DNA purification kit (Promega, Madison, WI,
USA), but with slight modifications that involved overnight proteinase-K (Qiagen) buffered
tissue digestion at 56 °C, followed by DNA purification and precipitation. SNP microarray
analysis was performed using the CytoSNP 850K Beadchip v1.2 (Illumina, San Diego, CA,
USA) with microarray data analysed using BlueFuse Multi v4.5 (Illumina) using a mean
effective resolution of ~0.05 Mb for copy number and ~5 Mb for the copy-neutral loss of
heterozygosity.

2.6. Reporting Criteria for CGH/SNP Chromosome Microarray Abnormalities

Similar reporting criteria were applied for both CytoScan-750K and CytoSNP-850K
BeadChip assays (Illumina). Chromosome copy number abnormalities were reported when
involving non-mosaic whole chromosomes (gain, loss, or copy-neutral loss of heterozy-
gosity [CNLOH]) or segmental chromosome abnormalities (defined as >5 Mb in size).
Copy number imbalances < 5 Mb were reported in overlapping tumour-relevant consensus
cancer genes as per the Catalogue of Somatic Mutations in Cancer (COSMIC). Mosaic or
subclonal copy number imbalances and CNLOH were reported when present in >30% of
cells, as determined by assessment of the Log R and altered allele and B-allele frequency
plots of SNP probes [35].

2.7. Extraction of DNA and RNA from FFPE Tissue

Macrodissection was performed from a minimum of 12 pum tissue, and DNA and RNA
were extracted using the AllPrep DNA/RNA FFPE Kit (Qiagen, Hilden, Germany) and
QIAcube instrument (Qiagen, Hilden, Germany). DNA quantity was determined using a
Qubit dsDNA HS Assay kit (Thermo Fisher Scientific) and a Qubit 4 Fluorometer (Thermo
Fisher Scientific).

2.8. Targeted Sequencing of DNA and RNA

Libraries were built using Oncomine Comprehensive Assay v3 (OCAv3, Thermo
Fisher Scientific), which is an amplicon-based panel targeting the DNA or RNA of a total
of 161 genes relevant to solid tumours (see Supplementary Table S2 for a full description of
the targeted genes and gene fusion events). Briefly, DNA (20 ng) was subjected to multiplex
polymerase chain reaction (PCR) amplification using an Ion AmpliSeq Library Plus Kit
(Thermo Fisher Scientific) and DNA Oncomine Comprehensive Panel v3M (Thermo Fisher
Scientific). RNA (40 ng) was subjected to reverse transcription using a SuperScript IV
VILO Master Mix (Thermo Fisher Scientific), followed by library generation using an Ion
AmpliSeq Library Plus Kit (Thermo Fisher Scientific) and RNA Oncomine Comprehensive
Panel v3M (Thermo Fisher Scientific). The PCR products were ligated to the IonCode
Adapter (Thermo Fisher Scientific) and purified using Agencourt AMPure XP beads (Beck-
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man Coulter, Brea, CA, USA). DNA and RNA libraries were quantified on a QuantStudio 7
real-time thermocycler (Thermo Fisher Scientific) using an Ion Library TagMan Quantita-
tion Kit (Thermo Fisher Scientific). Each purified library sample (50 pM) was pooled and
prepared for sequencing on an IonChef instrument (Thermo Fisher Scientific) using an Ion
S5 Chef Kit and Ion 540 Chip (Thermo Fisher Scientific). Ion semiconductor sequencing was
performed using an S5 GeneStudio (400 flows or equivalent to ~200 bp, Thermo Fischer
Scientific). Sequencing was performed to a mean coverage of >1000x for DNA targets
and >0.5 M total mapped reads for RNA. DNA and RNA sequencing quality was assessed
using Torrent Suite v5.10.1 (Thermo Fisher Scientific).

2.9. Variant Calling, Annotation, and Curation

Reads were aligned to the hg19 human reference genome sequence using Ion Re-
porter™ Software v.5.8 (Thermo Fisher Scientific). Variant calling was performed using Ion
Reporter™ with a variant allele fraction (VAF) threshold of 5%. All variants were annotated
manually using Alamut Visual v2.15 software (Interactive Biosoftware, Sofia Genetics, Lau-
sanne, Switzerland) with reference to the RefSeq transcripts provided in Supplementary
Tables S2 and S3. The clinical actionability of variants was curated according to standards
and guidelines described by the Association for Molecular Pathology, American Society
of Clinical Oncology, and College of American Pathologists (AMP/ASCO/CAP) [36]. Al-
lele frequencies were determined using gnomAD (v3.1.2). Variants identified as Tier IV
(AMP/ASCO/CAP criteria) or with an allele frequency > 0.01 in any population were
excluded from the study.

3. Results
3.1. Tissue Heterogeneity in Large UMs

Of the 46 enucleated UMs submitted to our diagnostic pathology laboratory between
2017 and 2020, 39 were primary referrals, and 7 were second opinion consultations from
outside laboratories. Of the primary referrals, seven met the inclusion criteria for the
current study (see the study cohort selection criteria in Section 2). Six of the seven UMs
showed ciliary body involvement. None of the patients exhibited extraocular extension. At
the time of writing, three patients developed metastases, two died of metastatic disease, and
one received post-surgical fotemustine treatment. The patient and tumour characteristics
are summarised in Table 1.

Table 1. Patient and tumour characteristics.

Patient and Tumour Characteristics nlyears

Range 40-82
Age at enucleation (years)

Average 59.3

Male 6
Sex

Female 1

Alive 5
Patient status

Deceased 2

Left 4
Affected eye

Right 3

Yes 6
Ciliary body involvement

No 1

<12 mm 6
Tumour thickness

12-15 mm 1
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Table 1. Cont.

Patient and Tumour Characteristics nlyears
<15 mm 1
Tumour basal diameter 15-18 mm 5
>18 mm 1
Absent 7
Extraocular extension
Present 0
pT2 0
pT3a 0
pTNM stage pT3b 5
pT4a 1
pT4b 1
Present 3
Metastasis
Absent 4

pTNM stage was determined according to AJCC 2017 criteria [10].

Upon macroscopic assessment, at least two regions exhibiting clear pigmentation
differences were identified in each tumour (Figure 1), hereafter referred to as Region A
(melanotic) and Region B (amelanotic).

GNAQ ¢.626A>T (p.GIn208Leu)
ARID1A c.4550C>G (p.Ala1517Gly)
BAP1 ¢.1766_1770del (p.lle589Argfs*52)

MET exon 14 skipping transcript

GNA11 c.626A>T (p.GIn209Leu)
MLH1 ¢.1752C>G (p.Asp584Giu)

SF3B1.1873C>T (p.Arg625Cys)
Region A VAF = 0.43, Region B VAF = 0.26

GNAT1 c.626A>T (p.GIn200Leu)
CDK12 c.1339T>A (p.Leud47lle)

ATRX ¢.4525G>A (p.GIu1508Lys)
VAF = 0.07

BRCA2¢.3812C>T (p.Ser1271Leu)
VAF = 0.06

PIK3CA c.1714G>A (p.Val572lle)
VAF = 0.0

PPARG ©.392C>T (p.Ser131Cys)
VAF =0.05

GNAQ ¢.626A>C (p.GIn209Pro)
BAP1 c.518A>G (p.Tyr173Cys)
TSC1 ¢.727G>T (p.Asp243Tyr)

ATRX ¢.6677G>A (p.Arg2226Lys)
VAF = 0.06

Figure 1. Cont.
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GNA11 ¢626A>T (p.GIn209Leu)
BAP1 .172_179del (p.Ser58Lysfs"8)
NOTCH1 ¢.2636G>A (p Arg879GIn)
SLX4 c.506C>T (p.Ser188Leu)

NOTGH1 c.4129_4130insT (p.Pro1377Leufs"28)
VAF =0.26
FANCD2 ¢.2888C>T (p.Progé3Leu)
VAF =0.07
ATR ©.4454G>A (p. Ser1485Asn)
VAF = 0.06
B LerencsiicsT (p.oini7)
VAF = 0.05
GNA11 ¢.626A>T (p.GIn209Leu)
BRCA2 ¢.2803G>A (p.Asp935Asn)

B)

GNA11 ¢ 547C>T (p.Arg183Cys)
BAP1 c.1153C>T (p.Arg3857)
SMARCB1 ¢ 1130G>A (p Arg3T7His)
FANCA ¢ 480G>A (p. Met160lle)

ATR ¢.7792C>T (p.Arg2598°)
Region A VAF = 0,28, Region B VAF =0.13

Figure 1. Molecular heterogeneity between morphologically distinct regions of the same tumour.
Photographs on the left of panels (A-G) show the macroscopic appearance of each tumour investi-
gated (Cases 1 to 7). Region A indicates the highly pigmented region analysed; Region B indicates
the less pigmented region analysed. Schematic on the right of each panel represents a hypothesised
phylogenetic tree of the molecular events in each tumour with dark grey representing highly pig-
mented tissue (Region A) and light grey representing less pigmented tissue (Region B). Initiating
events found in the majority (>60%) of tumour cells based on VAF are indicated at the top (red
circle). Variants specific to Region A or B are indicated in respective branches with later molecular
events (lower VAF) appearing towards the end of the branch. The VAF for subclonal variants (<60%)
is indicated.

Histological examination also revealed microscopic differences between these regions.
Specifically, the tumour growth pattern was “solid” in Region B from all tumours but a
mixture of “solid and diffuse” in Region A from two tumours, and microvascular density
was lower in Region B when compared with Region A in five of seven tumours (Table 2).

Differences were also observed in the extravascular matrix pattern, tumour-infiltrating
lymphocytes, and tumour-infiltrating CD68+/CD163+ macrophage subsets; although,
these differences were not consistent between Regions A and B across the tumours.

3.2. Molecular Features of High Metastatic Risk in All Tumours Examined

Loss of BAP1 is associated with a high risk of metastasis in UMs. We investigated
BAP1 protein expression by immunohistochemistry, as well as BAP1 copy number and
mutation status. Copy number analysis by comparative genomic hybridisation/single
nucleotide polymorphism (CGH/SNP) chromosome microarrays was performed on bulk
tumour DNA extracts only (i.e., without microdissection), in accordance with routine
diagnostic testing. We observed aberrant BAP1 protein levels with immunohistochemistry
(IHC) in all seven tumours (Table 3). The biallelic loss of BAP1 was confirmed in four of the
seven tumours by a combination of monosomy 3 or loss of chromosome 3p and sequence
variants; whereas, in three tumours, only monosomy 3 or loss of chromosome 3p was
detected. In addition, chromosome 8q gain, another molecular feature of high metastatic
risk, was observed in five tumours (Table 3).
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Table 3. High metastatic risk features in all tumours examined.

Case #
1 2 3 4 5 6 7

BAP1 IHC Aberrant Aberrant Aberrant Aberrant Aberrant Aberrant Aberrant
Chromosome Loss of 3p Loss of 3p
3 Monosomy 3 (1 copy) * Monosomy 3  Monosomy 3  Monosomy 3  Monosomy 3 (1 copy) *

Chromosome Gain Disom Gain Gain Gain Disom Gain
8q (5 copies) y (3 copies) (4-5 copies) (3 copies) y (3 copies)

BAP1 Detected

Detected Detected Detected
ss;t;:;lf: c.17%6e_11 770 Not detected  Not detected 518ASC 172 179del Not detected c1153C>T

High metastatic risk features are defined as loss of monosomy 3 and chromosome 8q gain. CGH/SNP chromosome
microarray and BAP1 sequence variants, identified using targeted sequencing. BAP1 variants are described relative
to RefSeq transcript NM_004656.4. * Deletions encompass the BAP1 locus on 3p.

Taken together, these findings identify poor prognostic features indicative of high
metastatic risk in all seven tumours.

3.3. Molecular Heterogeneity Revealed by Microdissection and Targeted Sequencing

Regions A and B were separately microdissected (Supplementary Figure S1) and
sequenced using a gene panel targeting a total of 161 genes at the DNA and RNA levels,
including the known UM driver genes GNAQ, GNA11, SF3B1, and BAP1 (Table 4).

Table 4. Sequence variants identified by targeted sequencing in Regions A and B in each tumour.

gnomAD AF

Gene Implicated

Case Gene and Variant (HGVS) Region A VAF Region B VAF (Allele Count A.MP/ASCO/CAP Previously in
# Tier
[Homozygotes]) UM
NM_002072.4(GNAQ):c.626 A>T .
(p.GIn209Lew) 0.51 0.48 Not present Tier 2C Yes [3,34,37]
NM_006015.5(ARID1A):c.4550C>G .
(p.Ala1517Gly) 0.90 0.94 Not present Tier 2C No
1
NM_004656.4(BAP1):c.1766_1770del .
(p-11e589Argfs*52) 0.80 0.81 Not present Tier 2C Yes [3,34,37]
LR 27 VA T e ND Deteeted NA er2e No
skipping transcript variant
NM_002067.4(GNA11):c.626 A>T .
(p.GIn209Leu) 0.44 0.33 Not present Tier 2C Yes [3,34,37]
NM_012433.3(SF3B1):c.1873C>T .
9 (p.Arg625Cys) 043 0.26 Not present Tier 2C Yes [3,34,37]
NM_000249.3(MLH1):c.1752C>G .
(p.Asp584Glu) 0.87 0.72 Not present Tier 3 No
NM_002067.4(GNA11):c.626 A>T .
(p.GIn209Leu) 0.48 0.40 Not present Tier 2C Yes [3,34,37]
NM_016507.3(CDK12):c.1339T>A .
(p-Leudd7Ile) 0.51 0.51 0.0001315 (20[0]) Tier 3 Yes [3]
NM_000059.3(BRCA2):c.3812C>T .
(p.Ser1271Leu) 0.06 ND Not present Tier 2C Yes, [3]
NM_000489.5(ATRX):c.4525G>A .
3 (p.Glu1509Lys) 0.07 ND Not present Tier 2C Yes [37]
NM_006218.3(PIK3CA):c.1714G>A .
(p.Val572Ile) 0.06 ND Not present Tier 3 No
NM_138712.3(PPARG):c.392C>T 0.05 ND Not present Tier 3 No

(p-Ser131Cys)
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Table 4. Cont.

gnomAD AF Gene Implicated
gase Gene and Variant (HGVS) Region A VAF Region B VAF (Allele Count %ﬁP/ASCO/CAP Previously in
[Homozygotes]) UM
NM_002072.4(GNAQ):c.626A>C )
(p.GIn209Pro) 0.46 0.54 Not present Tier 2C Yes [3,37]
NM_004656.4(BAP1):c.518A>G )
(p-Tyr173Cys) 0.86 0.76 Not present Tier 2C Yes [3,37]
4
NM_000368.4(TSC1):¢.727G>T .
(p.Asp243Tyr) 0.48 0.47 Not present Tier 3 No
NM_000489.5(ATRX):c.6677G>A .
(p-Arg2226Lys) ND 0.06 Not present Tier 2C Yes [37]
NM_002067.4(GNA11):c.626 A>T -
(p.GIn209Leu) 0.33 0.39 Not present Tier 2C Yes
NM_004656.4(BAP1):c.172_179del )
(pSer58Lysfs*8) 0.41 0.78 Not present Tier 2C Yes
NM_017617 5(NOTCH1):c.2636G>A )
(p.Arg879GIn) 0.44 0.52 0.0001051 (16[0]) Tier 3 Yes [37]
NM_032444.3(SLX4):c.506C>T .
5 (pSer169Leu) 0.36 0.36 Not present Tier 2C Yes [34,37]
NM_017617 5(NOTCH1):c.4129_4130 .
(p-Prol377Leufs*28) ND 0.26 Not present Tier 3 Yes [37]
NM_033084.4(FANCD?2):c.2888C>T .
(p-Pro963Leu) ND 0.07 Not present Tier 3 No
NM_001184.3(ATR):c.4454G>A .
(p-Ser1485Asn) ND 0.06 Not present Tier 2C No
NM_000314.7(PTEN):c.511C>T .
(p-Gln171%) ND 0.05 Not present Tier 3 No
NM_002067.4(GNA11):c.626 A>T .
(p.GIn209Leu) 0.46 0.42 Not present Tier 2C Yes [3,34,37]
6
NM_000059.3(BRCA2):c.2803G>A )
(p-Asp935Asn) 0.48 0.50 0.0006506 (99[0]) Tier 2C Yes [3]
NM_004656.4(BAP1):c.1153C>T .
(p.Arg385Y) 0.64 0.75 Not present Tier 2C Yes [3,34,37]
NM_002067.4(GNA11):c.547C>T .
(p.Arg183Cys) 0.41 0.44 Not present Tier 2C Yes [3,34,37]
NM_003073.4(SMARCBI1):c.1130G>A -
7 (p.Arg377His) 0.36 0.44 0.000006568 (1[0])  Tier 3 No
NM_000135.4(FANCA):c.480G>A )
(p-Met1601le) 0.46 0.42 0.0002891 (44[0]) Tier 2C Yes [3,34,37]
NM_001184.3(ATR):c.7792C>T 0.28 0.13 Not present Tier 2C No

(p-Arg2598*)

Variants annotated according to Human Genome Variation Society (HGVS) nomenclature. Variants curated based
on potential therapeutic, diagnostic, or prognostic significance according to standards and guidelines from the
Association for Molecular Pathology, American Society of Clinical Oncology, and College of American Pathologists
(AMP/ASCO/CAP) [36]. Note that the AMP/ASCO/CAP tier provided may change over time as evidence and
literature accumulates. AF (allele frequency) was obtained using The Genome Aggregation Database (gnomAD,
v3.1.2). VAEF variant allele fraction. ND, not detected. NA, not applicable. UM, uveal melanoma. A The specific
DNA variant that results in this transcript (e.g., exon 14 deletion or splicing variant) was not identified. Grey
shading indicates region-specific variants.

All seven tumours contained a hotspot variant in either GNAQ (two tumours) or
GNA11 (five tumours), consistent with somatic variants in these genes being common
initiating events in UMs. The variant allele fraction (VAF) of these GNAQ and GNA11
variants indicated their presence in the majority (66-100%) of cells in both Regions A and
B of all tumours. We also detected BAP1 variants in both regions in four tumours, as
described above, each with a VAF consistent with their presence in most or all tumour cells
(82-100%) and concomitant deletion of the other BAP1 allele.
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We also detected a range of additional variants that are not typically associated with
UM (Figure 1 and Table 4). In Case 1, we identified a variant in ARID1A, located within
chromosome band 1p36, in both regions with a VAF of 0.90 and 0.94 (Table 4), consistent
with a concomitant deletion of the other allele. Inspection of the CGH/SNP chromosome
microarray data identified a heterozygous deletion in 100% of cells encompassing chromo-
some bands 1p36.33-p34.3 (37.88 Mb), which contains the ARID1A locus. In the RNA from
this tumour, we detected a MET exon 14 skipping transcript with a total of 1025 MET exons
13-15 spanning reads in Region B (0 reads were detected in Region A). Resequencing fol-
lowing RNA extraction without microdissection failed to detect the MET exon 14 skipping
transcript. Closer inspection of the raw data indicated that MET exons 13-15 spanning
reads were present; however, the number of reads (413) fell below the limit of detection for
the assay (1000 reads). This suggests that the MET exon 14 skipping transcript originated
from only a subset of cells analysed, which is consistent with the fact that this transcript
is present specifically in Region B of this tumour. In Case 2, a variant in MLH1, located
within chromosome band 3p22, was detected with a high VAF (0.87 and 0.72 in Regions A
and B, respectively). CGH/SNP chromosome microarray data showed that, in addition
to the heterozygous loss of chromosome 3p (3p26.3-p14.3 (55.28 Mb) in 80-100% of cells),
a region including BAP1 and MLH]1, this tumour also exhibited the heterozygous loss of
chromosome 3q (3q25.32-q29 (35.29 Mb) in 80-100% of cells) and heterozygous loss of
chromosome 6q (6q16.2-q27). Although a loss of a copy of MLH1 has been demonstrated
in monosomy 3 UM, and variants in PMS2 and MSH3 are extremely rare in UM, a variant
in the remaining MLH gene has not been reported [38]. Case 2 also contained an SF3B1
variant with a VAF of 0.43 in Region A and 0.26 in Region B. No variants that were specific
to Region A or Region B were identified. In Case 3, a CDK12 variant was detected in all
cells of Regions A and B; whereas, four variants in ATRX, BRCA2, PIK3CA, and PPARG
were detected specifically in Region A. All four variants displayed low VAFs (0.05-0.07),
indicating a late molecular event present in a small subset of cancer cells. In Case 4, a TSC1
variant was detected in all cells of Regions A and B (VAF 0.48 and 0.47, respectively), and
an ATRX variant was detected specifically in Region B with a VAF of 0.06, indicating a late
molecular event. This ATRX variant was different from that detected in Case 3. Case 5
contained a NOTCH1 and an SLX4 variant in all cells of Regions A and B; however, four
additional variants specific to Region B were also detected. This included a second variant
in NOTCH1 with a VAF of 0.26, suggesting that it arose early, following the divergence of
cells in Region B; whereas, the variants in FANCD2, ATR, and PTEN (VAF 0.07, 0.06, and
0.05, respectively) are late molecular events. In Case 6, no variants that were specific to
Region A or Region B were identified; however, a BRCA2 variant was detected in all cells
in both regions. In Case 7, SMARCBI and FANCA variants were detected in the majority
of cells (62-92%) in both regions; however, the VAF of an ATR variant (0.28 and 0.13 in
Regions A and B, respectively) indicated that this was a later event in the development of
this tumour. No variants that were specific to Region A or Region B were identified.

We determined which of the genes identified were listed in the eligibility criteria for
existing clinical trials. Variants in 10 of the genes implicated in our cohort of UMs served
as eligibility criteria for current phase I/1I clinical trials in UM or advanced solid tumours
(Table 5).

Importantly, four genes (MET, ATRX, ATR, and BRCA2) associated with active clinical
trials were mutated specifically in one region of the tumours investigated, suggesting that
may have been missed if tumour heterogeneity had not been considered.

3.4. Recurrently Mutated Genes in UM

The mining of data from TCGA [3] and Johansson et al. [39] identified 108 UMs profiled
for SNVs and indels, copy number alterations, and structural variants. We determined
the frequency of these types of genetic alterations in all genes identified as mutated in our
study (Figure 2). Five genes (GNAQ, GNA11, BAP1, SF3B1, and FANCA) were mutated
across all three studies. We also identified genes that were mutated once in our cohort of
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UMs and in at least one other study (CDK12, BRCA2, and SLX4) or multiple times in our
cohort of UMs (ATRX, NOTCHI1, ATR, and ARID1A). In summary, our data confirmed the
importance of known canonical genes but also identified novel recurrently mutated genes
in the development of UM.

Table 5. Mutated genes and associated clinical trials.

Clinical Trials (Phase) Tumour Type Gene(s)
NCT03947385 (Phase I/1I) UM GNAQ, GNA11
NCT02693535 (Phase II) Advanced solid tumours MET exon 14 skipping transcript *
NCT03207347 (Phase 1/1I) UM ARID1A, ATR *, BAP1, PTEN *, SLX4
NCT03767075 (Phase II) Advanced solid tumours DNA repair genes (ATRX *, ATR *, BAP1, BRCA2 *, SLX4, ARID1A)
NCT01971515 (Phase I) Advanced malignancies PIK3CA *, PTEN *, TSC1
NCT02961283 (Phase I) Advanced solid tumours PIK3CA *, PTEN *
NCT04171700 (Phase II) Advanced solid tumours BRCA2 *, FANCA

* Indicates genes with variants identified specifically in one region of a tumour investigated in this study. UM,
uveal melanoma. Clinical trial information was obtained from Clinical Trials.gov. Eligibility dependent on
inclusion and exclusion criteria for each trial. Grey shading indicates trials that were active and recruiting at time
of writing.
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Figure 2. Recurrently mutated genes in UM. Top panel, left: Gene mutations and chromosome copy
number changes as identified by * TCGA study [3] (n = 80) and Johansson et al. [39] (n = 28). Each column
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represents a TCGA single case. Top panel, right: Patients 1 to 7 in our study cohort (n = 7). Bottom
panel, left: Recurrent and rarer gene mutations identified by TCGA. Bottom panel, right: Mutations
identified in our study cohort. In addition to the common UM gene variants, we identified gene
variants not previously described in all 7 cases, 3 of which were recurrent. which are indicated by
the red, blue, and black boxes, respectively. Mutations include sequence variants (SNVs and indels),
inversions and translocations (structural), and copy number alterations (deletions or amplifications).
Gene fusions identified by RNA transcripts were not reported by TCGA. Recurrently mutated genes
were defined as those showing multiple alterations in these datasets. Percentage values next to each
gene symbol represent the frequency of alterations in data from TCGA [3] and Johansson et al. [39].
Genes are listed in order of mutation frequency. Note that deletions involving MLH1 have been
omitted, as these are part of chromosome 3 deletions also involving BAP1.

4. Discussion

There is no established cure for metastatic UM; therefore, the identification of potential
therapies and clinical trials for these patients offers a rare opportunity to extend disease-
free survival. We show that heterogeneity in pigmentation can be used to guide the
microdissection and molecular testing of UMs and to identify therapeutically relevant
variants that might otherwise be missed due to tumour heterogeneity. The rationale for
using heterogeneity in pigmentation as a guide for microdissection is that, in our experience,
it is a relatively common and conspicuous finding in larger, enucleated UMs, is readily
discerned on macrophotography, and lends itself well to microdissection on corresponding
paraffin sections. Since melanin production is a marker of melanocytic differentiation, loss
of melanin may indicate tumour progression via dedifferentiation. Enucleation is typically
reserved for advanced-stage tumours, too large for plaque brachytherapy; these UMs have
a higher risk of metastasis, presenting a compelling opportunity to investigate gene variants
associated with metastasis or those potentially amenable to available targeted therapies.

Molecular heterogeneity within primary UMs has been previously described [40-42].
Shain et al. [41] documented molecular heterogeneity in 16 of 35 primary UMs and showed
that, when separate regions were microdissected for sequencing, additional alterations,
such as BAP1 variants and chromosome 8q gain, were identified. Significantly, variants
found in liver metastases matched those found in specific regions of the primary tumour.
Our study extends on these findings by showing that molecular heterogeneity can be
captured through the analysis of macroscopically distinct regions. We used pigmentation
as a visible differential, but other differences across a tumour, such as histological or
immunohistochemical differences, may equally serve as adequate markers of molecular
heterogeneity. While our findings add to the emerging evidence that UM heterogeneity
may influence metastatic behaviour, proof of this concept will require the comparison of
the gene variants in matched, primary metastasis tumour pairs.

While tumour heterogeneity is unlikely to be restricted to large UMs, undertaking
proof of concept studies in smaller tumours is logistically challenging. While a tissue
diagnosis is a core tenet of best practice for managing all UMs, the tumour sample available
for patients with smaller tumours undergoing plaque brachytherapy is a small, fine-needle
aspiration biopsy. In the event there is sufficient tissue excess for routine diagnostic and
prognostic needs, detecting tumour heterogeneity (by single-cell sequencing technologies,
for example) cannot overcome the reality that an aspirate is unlikely to be representative of
the entire tumour.

Across many different tumour types, including UM, molecular heterogeneity and
the accumulation of additional molecular changes are the basis of tumour progression
and metastasis [37]. In UM, cellular and molecular heterogeneity within the primary
tumour has been linked to a molecular switch that drives metastasis [40]. Early evidence
confirms that the mutational signatures of metastatic UM closely match the phylogenetically
advanced regions of heterogenous primaries [41]. This heterogeneity suggests that no single
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targeted therapy will be effective in the treatment of all metastatic UM. Accounting for
this heterogeneity may become increasingly important when determining treatment and
prognosis. Though preliminary, our findings encourage the ongoing investigation of
heterogeneity in primary UM based on morphologically discernible tumour regions, with
the eventual goal of identifying additional treatment options for metastatic disease.

Our study presents the two following significant findings: (1) we identified thera-
peutically relevant variants in our cohort of UMs, and (2) we identified novel, recurrently
mutated genes associated with UM development. One of the most intriguing findings in
our study was the detection of a MET exon 14 skipping transcript in Region B of one tumour.
The MET exon 14 skipping transcript is an emerging biomarker in metastatic non-small
cell lung cancer [43—47] and other solid tumour types [48] that predicts sensitivity to cap-
matinib, crizotinib, and tepotinib. These targeted therapies are recommended by multiple
professional guidelines, including NCCN and ESMO, as treatment options for patients
with non-small cell lung cancer that harbour MET exon 14 skipping variants. The presence
of this biomarker specifically in one region indicates a later event in the development of
this tumour. The MET (Mesenchymal to Epithelial Transition) gene encodes the hepatocyte
growth factor receptor, a receptor tyrosine kinase that is important in embryogenesis, and
cellular survival, migration, and invasion. The expression of exon 14 skipping transcripts
results in constitutively active kinase activity due to the in-frame exclusion of a regulatory
juxtamembrane domain. While MET exon 14 skipping transcripts have not previously
been reported in primary UMs, there is emerging evidence of cMET protein overexpression
in primary and metastatic UM [25], indicating a promising therapeutic target for patients
with metastatic disease. Importantly, we identified this biomarker using targeted RNA
sequencing, which is currently not performed as part of the routine testing of UMs. Further
research utilising RNA sequencing or targeted gene fusion analysis should be performed
to determine whether this transcript, or gene fusions, are recurrent events. Finally, we iden-
tified four current (at the time of writing) clinical trials for patients with UM and advanced
solid tumours with eligibility criteria that included variants in genes that were identified
specifically in one region of a tumour in our study. This provides further support for the
analysis of multiple regions in heterogeneous tumours for identifying additional relevant
clinical trials or possible targeted therapies, such as capmatinib, crizotinib, or tepotinib.

Comparisons with previous studies allowed us to identify eight genes (FANCA, CDK12,
SLX4, BRCA2, ATRX, NOTCH1, ATR, and ARID1A) that were either not previously de-
scribed or very rarely reported in UM. Two of these genes (NOTCH1 and ARID1A) were
each targeted by two mutational events in two different tumours. The specificity of two mu-
tational events targeting the same gene in a single tumour suggests that they are important
in the pathogenesis of that particular tumour; whereas, the identification of genes that are
recurrently mutated across a relatively small cohort of UMs implicates them more broadly
in UM development. The importance of these novel genes is supported by another recent
study that used whole-genome sequencing to identify variants present in an additional
103 UMs [48]. When cases from our study (1 = 7), TCGA [3] (n = 80), Johansson et al. [39]
(n =28), and Johansson et al. [48] (n = 103) were combined (n = 218), four genes were
identified as mutated in <2% of UM cases: FANCA (1.8%, four cases), SLX4 (1.8%, four
cases), BRCA2 (1.4%, three cases), and ATRX (1.4%, three cases). None of the specific
variants identified were common among these studies, and the role of these genes in UM
development remains to be determined. However, the established role of FANCA, SLX4,
BRCA2, and ATRX in DNA repair pathways is unlikely to be coincidental, especially con-
sidering that we identified mutations in other DNA repair pathway genes, including ATR,
which was mutated in two tumours in our study. The association between germline BRCA2
mutations and UM risk requires further investigation; earlier literature suggests less than
2% of UMs is attributable to germline BRCA2 variants [49-51].

In three tumours, our analysis failed to identify variants that were specific to Region
A or Region B of the tumour. We attribute this to the possible presence of variants in
genes that were not targeted in our study. Specifically, our analysis did not target the
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other known driver genes involved in UM (PLCB4, CYSLTR2, and EIF1AX) or significantly
mutated genes that have recently been identified, such as TP53BP1, CSMD1, TTC28, DLK2,
KTN1, RPL5, and CENPE [2,48]. Nevertheless, a strength of our study is the depth of the
sequencing performed (mean coverage depth > 1000x) in different regions of the same
tumour, which enabled us to identify several novel genes not identified in previous studies.

5. Conclusions

Our observations support the approach of separately sequencing distinct morphologi-
cal regions within larger UMs to better identify therapeutically relevant mutations. This
includes the identification of existing targeted therapies that are approved in other tumour
types or the identification of relevant clinical trials. Our observations require confirmation
in a larger case series and prospective studies. This may include analysis using other
platforms, including transcriptome sequencing, to further characterise differences in the
mutational and transcriptional landscapes of UM.
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Simple Summary: Uveal melanoma (UM) is a rare eye cancer, especially in adolescent
and young-adult patients (AYAs), and it can significantly impact vision, quality of life,
and survival. This study examines the long-term clinical outcomes of AYA UM patients
(aged 13 to 45) treated with proton-beam (PBRT) and helium-ion radiation. We aim to
determine the effectiveness of these treatments by measuring clinical outcomes, including
local control, eye preservation, distant metastasis (DM), and overall survival. The results
confirm excellent long-term local control and eye preservation (15 years: 94% PBRT and
99% Helium cohort) and demonstrate better DM-free and overall survival rates at 15 years
in AYAs than older UM patients.

Abstract: Background: Limited long-term data exist regarding post-particle-beam radia-
tion (RT) for adolescents and young adults (AYA) with uveal melanoma (UM), and hence an
in-depth analysis of clinical outcomes is presented. Methods: We identified AYA patients
with UM (aged 13 to 45) treated with proton-beam radiation (PBRT, dose 56 GyE, n = 240)
and helium-ion RT (median dose 70 GyE, n = 78). Patients were analyzed for local control
(LC), eye preservation, distant metastasis (DM), and overall survival (OS) with univariate
and multivariate analysis. Results: For the PBRT cohort, the median age and follow-up
were 38.3 years (13.3-45.9) and 85.7 months (3-301), respectively. The 15-year (y) LC rate
was 94%. Ciliary body (CB) tumors showed lower LC (p = 0.01). Largest tumor diameter
(LTD) was the only independent predictor of LC (hazard ratio (HR) = 1.19, p = 0.017)). The
10-year eye preservation was 83%. Improved eye preservation was noted with a <50% dose
delivered to the lens (p = 0.004), disc (p = 0.001), and nerve (p = 0.0004), and <20% of CB
volume (p = 0.0002). Decreased tumor height (HR = 1.12, 95% CI: 1.01-1.2, p = 0.036),
dose < 20% to CB (HR = 1.04, 95% CI: 1.01-1.06, p = 0.0002), and tumor—disc
distance > 2 mm (HR = 0.27, p = 0.0003) were independent predictors of eye preserva-
tion. The 15-year DM-free rate was 73%, and the 15-year OS rate was 76%. The T category
was the most significant predictor of DM (p < 0.0001), followed by LTD (p = 0.04). For the
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Helium cohort, median age and follow-up were 37.1 years (18.1-45.5) and 256.7 months
(24-450), respectively. The Helium cohort 15-year LC was 99%, with 82% 10-year eye preser-
vation. The 15-year DM-free and OS rates for Helium patients were both 83%. Conclusions:
Excellent long-term LC and eye preservation can be seen in AYA UM patients treated with
proton and helium-ion radiation. AYAs with UM appear to have better DM-free and overall
survival rates than older patients with UM. Specific clinical and dose-volume parameters
can help improve treatment planning and prognosis for younger patients with UM.

Keywords: uveal melanoma; UM; proton-beam radiation therapy; PBRT; helium-ion radia-
tion; local control; LC; outcomes; adolescent and young adult; AYA

1. Introduction

Uveal melanoma (UM) is a rare tumor and a challenging diagnosis for adolescent and
young-adult (AYA) patients, as it can threaten vision, quality of life, and life expectancy.
Radiation therapy (RT) with charged particles, including proton (PBRT), helium, and carbon
ion therapy, as well as plaque brachytherapy and stereotactic photon techniques, is the
standard of care for UM [1]. Particle-beam radiotherapy with dedicated ocular beamlines is
associated with excellent local tumor control and eye preservation due to the uniform dose
distribution, minimal scatter, and sharp dose fall-off near critical structures [1]. Survival
rates post-radiotherapy are similar to those observed with enucleation [2]. However,
limited long-term data exist post-particle-beam radiation specifically for AYA UM patients,
with few studies detailing clinical characteristics in younger individuals [3-8].

UM is the most common primary intraocular tumor in adults, occurring in older
Caucasian individuals between 60 and 79 years of age [5,9,10]. The annual incidence is
estimated at 5-9 new cases per million persons in the US and Europe [11]. Uveal melanoma
is rare in younger populations, with children and teenagers representing approximately
1% of all cases [12,13]. The annual incidence of UM increases with age per million pop-
ulation: from 0.2 for ages 10-14 to 1.0 for ages 20-24, 3.4 for ages 30-34, and 6.3 for
ages 40—44 [14]. The rates jump significantly thereafter to 17 for ages 50-54, 26.6 for ages
60-64, and 42.3 for ages 70-74 [14]. Across the cancer continuum, there is an increasing
awareness of the differences in medical, psychological, and social needs and challenges for
younger-aged cancer patients and the gaps in knowledge regarding AYA oncology [15,16].
The AYA age cutoffs vary from 24 to 50 years for “young adults” in different cancer
studies [15,17,18]. For these reasons, the AYA cutoff in our cohort was set at 45 years old.

Previous UM reports studying children and teenagers found similar outcomes
to older cohorts, though metastatic prognosis is improved for very young patients
(<1620 years) [4,6,10,12,19,20]. A study of 8033 eyes with UM found smaller tumor
dimensions and lower tumor-related metastasis rates at 10 years in patients under 20 years
old (9%) than those aged 21-60 (23%) and over 60 years old (28%) [10]. An examination
of 43 patients aged <21 revealed superior metastatic control and survival rates compared
to matched adult counterparts (n = 129), with comparable responses in eye retention and
preservation of functional vision observed in both age groups [3]. One recent study with
proton therapy for patients 15-39 years old and matched adults over 40 years of age re-
ported that local tumor control, metastasis incidence, and overall survival were similar in
both groups [11].

The aim of this analysis was to report long-term clinical outcomes and patient-tumor-
planning characteristics for adolescent and young-adult UM patients aged 13 to 45 years
undergoing particle-beam treatment, to better inform patients and clinical teams. To our
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knowledge, this report is among the few long-term studies of post-proton treatment and is
the first study of helium ion to focus on this younger UM age group.

2. Materials and Methods
2.1. Patient Population

Patients were identified in a single institution’s prospectively maintained database
(n = 2558) of eye treatment with proton-beam radiation (PBRT, 1994-2020) and helium-
ion RT (He*, 1979-1992). All included patients were treated for non-metastatic UM. The
exclusion criteria included age below 13 or above 45 at the time of RT, subtherapeutic RT
dose, and patients treated with post-local eyewall resection or salvage RT. AYA patients
were aged 13 to 45 years (i.e., not yet turned 46 years of age) at the time of radiation,
resulting in 78 helium-ion RT and 247 PBRT patients evaluable for statistical analyses.

All patients received standard comprehensive uveal melanoma evaluation, detailed in
the prior literature [21-24]. All PBRT patients (n = 240) included in the analysis were treated
with our current standard protocol of 56 gray equivalent (GyE; proton relative biological
effectiveness, RBE = 1.1) in 4 fractions over 4 days. Median dose for He" ion RT was
70 GyE in 5 fractions (range, 48-80 GyE, RBE = 1.3). Patients were followed post-treatment
in a standardized manner, including complete clinical evaluation, fundus photographs,
and ultrasonography post-RT at approximately 3 months, 6 months, and then yearly, on
average. We conducted a retrospective review of the patients’ medical records to document
treatment outcomes, survival, and complications between August 2020 and August 2021.
This study was performed in accordance with the Declaration of Helsinki and with the
University of California, San Francisco’s Institutional Review Board’s approval.

2.2. Radiation Technique

The tumor base and spatial coordinates were outlined by tantalum markers placed
intraoperatively at 4 scleral points. The spatial coordinates were obtained from 2 orthogonal
X-ray films. Treatment utilized a customized facemask and dental bite block or chin rest for
immobilization. EYEPLAN® software (v3.06, Clatterbridge, UK) was used for treatment
planning, including eye and tumor modeling, gaze angle optimization, aperture design,
beam parameter delineation, dose—volume histogram (DVH) analysis, marker alignment,
and daily treatment positioning.

A 2.5-3 mm lateral aperture perimeter was placed around the tumor projection in the
beam’s-eye view, representing the 50% isodose line. This aperture margin accounts for
possible microscopic tumor extension, minor patient setup error or movement, and beam
penumbra. The distal margin on the tumor range was 3-4 mm, per standard protocol.

To reduce dose delivery to critical structures, modifications, including adjusting the
gaze angle to minimize dose to the lens, ciliary body (CB), optic disc, and/or macula, were
made when safe and clinically appropriate. The aperture margin at the lens, macula, or disc
was focally reduced to 2 mm to reduce the critical-structure dose in certain cases. Similarly,
the distal margin was reduced to 2-2.5 mm in particular cases to reduce the dose to the
disc, macula, or nerve.

The eye position was monitored throughout the treatment to ensure proper alignment
via a closed-circuit television camera system. Custom eyelid retractors helped withdraw
the eyelids from the beam path as much as possible. If a significant amount of eyelid
remained in the field, then the distal range was adjusted accordingly to compensate for the
additional tissue exposure. All patients were treated with a single anterior port using a
67.5-MeV horizontal proton beam generated by a 76-inch isochronous cyclotron or a helium
184" beam.
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2.3. Statistical Analysis

For each cohort, descriptive statistics were tabulated to characterize patient, tumor,
and outcome features. Patient data included age, sex, eye involved, date of treatment, and
co-existing medical issues. Tumor size and location were recorded along with the treatment
details, such as radiation dose, fractionation, and duration of follow-up.

Clinical outcomes included local control (LC), eye preservation, distant metastasis
(DM), and overall survival (OS) recorded post-RT. Durations were calculated from the
date of the start of RT until the date of recurrence for local and distant disease, the date of
enucleation, and the date of death due to any cause for OS. If the endpoint did not occur,
the duration was censored on the date of the last available contact. The probability of LC,
ocular retention, being free of DM, and OS were estimated and graphically displayed using
the Kaplan—-Meier product limit method [25]. Local control is defined as remaining free
of local failure post-RT and was recorded when tumor growth (base or thickness) was
detected post-RT by clinical examination, A-scan or B-scan ultrasonography, ultrasound
biomicroscopy, or serial comparison of fundus photographs and fluorescein angiograms.
For patients who had the UM eye enucleated, we recorded the reason for enucleation.
Metastatic disease was recorded through clinical and histopathologic examination at the
metastatic site. All reported DMs were confirmed to be of UM origin. Overall survival was
defined as not dying due to any cause.

A chi-square test was used to evaluate the association between categorical variables,
analysis of variance (ANOVA) methods were used to compare subsets for continuous
variables, and Pearson’s correlation was calculated to evaluate the relationship between
continuous variables. Univariate analyses for time-to-failure outcomes were performed
using the log-rank test for categorical variables and Cox’s proportional hazard model
using the likelihood ratio (LLR) test for continuous variables. Variables evaluated included
gender, age, right/left eye, tumor location, height, largest tumor diameter (LTD), tumor T
category, distances to disc and fovea, CB involvement, and dose—volume relationships for
the lens, CB, macula, disc, and optic nerve. Multivariate analyses using Cox’s proportional
hazard model identified independent predictors of each clinical outcome using a forward
stepwise approach with a probability of 0.05 to enter the model and 0.10 to be removed.
Only variables not significantly related to each other were considered as predictors in a sin-
gle analysis, with the model LLR test determining the best fit. Results were summarized by
the hazard ratio (HR) and 95% confidence interval (CI) for each predictor in the model. For
all analyses, a probability of <0.05 was considered to be statistically significant. Analyses
were performed using Stata (v12.1 StatCorp, College Station, TX, USA) and Statistica (v12,
StatSoft, Inc., Tulsa, OK, USA) Graphs were generated using Statistica statistical software.

3. Results
3.1. AYA UM Proton Patient and Tumor Characteristics

The final PBRT cohort included 240 patients treated with 56 GyE in four fractions. Of
247 PBRT patients meeting inclusion criteria, 7 early patients treated between 1994 and
1995 were excluded from the analysis due to the lower RT dose (48 GyE in four fractions).
The patient and tumor features of the UM PBRT cohort are shown in Table 1. The median
follow-up was 85.7 months (range, 3-301 months). Of the 240 patients, 47.5% were male,
and 55% of tumors affected the left eye. The median age at RT was 38.3 years (13.345.9), the
median tumor height was 4.5 mm (0.8-15.8), and the median LTD was 10.5 mm (2.3-25.1).

Of the 240 patients, 119 (49.6%) had an FNA biopsy at the time of initial treat-
ment. Of the accessible pathology results (n = 98), 68 (69.4% of 98) were confirmed as
spindle cell/low-grade, 21 (21.9%) had epithelioid features, and 9 (9.2%) had mixed-
cell features. Of the specific gene expression profiling (GEP) results available (n = 64),
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38 (59.4% of 64) patients had class 1A tumors, 12 (18.8%) had type 1B, and 14 (21.9%) had
type 2 tumors. Next-generation sequencing for 13 patients showed that the specific somatic
genetic mutations were most commonly GNAQ (n = 6), SE3B1 (n = 5), EIF1AX (n = 3), and
GNA11 (n = 3). Three pathogenic germline mutations were identified in two patients and
included CDH1 (n = 1), PABL2 (n = 1), and NF1 (n = 1).

Table 1. Features of uveal melanoma (UM) and characteristics of adolescents and young adults
(age 13 to 45) with UM treated with proton-beam radiation therapy (n = 240).

Median Range
Follow-Up (months) 85.7 3-301
Age at RT (years) 38.3 13.3-45.9
Tumor Height (mm) 45 0.8-15.8
Largest Tumor Diameter (mm) 10.5 2.3-25.1
Tumor Distance to Disc (mm) 3.2 0-24.0
Tumor Distance to Fovea (mm) 2.0 0-24.0
%Tumor 0-2 mm of Disc 41%
%Tumor 0-2 mm of Fovea 52%
%Ciliary Body Tumors 11%

Abbreviations: GyE = gray equivalent; RT = radiation therapy.

The primary tumor location was 87% choroidal, 12% ciliary body, and 1% iris only.
Patients with ciliary body tumors were more likely to have higher category tumors
(p < 0.001); choroidal tumors had a significantly shorter tumor height and LTD than
ciliary body tumors (p = 0.02 for each). Of patients with ciliary body tumors (n = 20),
65% were over 40 years of age at RT (p = 0.015).

The LTD was significantly correlated with the tumor height (r = 0.66, p < 0.001). The
median tumor distances to the fovea and disc were 2.0 mm and 3.2 mm, respectively, with
52% of tumors within 0-2 mm of the fovea and 41% within 0-2 mm of the disc. There was
no relationship between age and any of the distances or dimensions. Table 2 shows the
comparison of tumor dimensions by age.

Table 2. Comparison of tumor dimensions in the proton-beam radiation therapy (PBRT) and helium-
ion RT cohorts by age: mean (SD).

PBRT <30 >30-35 >35-40 >40-45 ANOVA
n =46 n=43 n=>59 n=92 Probability Value
Height 5.5(3.2) 5.3 (2.5) 4.6 (2.4) 5.5(3.1) p=024
Max Diameter 11.4 (4.6) 10.3 (2.9) 10.4 (3.7) 11.0 (3.9) p=041
Helium-Ion RT <30 >30-35 >35-40 >40-45 Kruskal-Wallis
n=14 n=19 n=18 n=27 Probability Value
Height 5.5(3.2) 5.3 (2.5) 4.6 (2.4) 5.5(3.1) p=0.30
Max Diameter 11.4 (4.6) 10.3 (2.9) 10.4 (3.7) 11.0 (3.9) p=074

Abbreviations: ANOVA = analysis of variance, SD = standard deviation.

3.2. Local Control PBRT

Figure 1 shows post-radiation Kaplan-Meier LC estimates for proton-irradiated AYA
patients at RT. In total, 11 patients had a local recurrence (LR) in the PBRT cohort, with
a 5-year LC of 96% (92-98%), 10-year LC of 95% (95% CI: 91-98%), and 15-year LC of
94% (95% CI: 87-97%).
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Figure 1. Kaplan—Meier estimates of local control for young-adult and adolescent (age 13 to 45) uveal
melanoma patients treated with proton beam radiation therapy (PBRT).

With the univariate analysis, patients with ciliary body tumors alone showed a lower
LC (p = 0.01) than those with choroidal tumors. Patients with tumors closer to the fovea
(0-2 mm vs. >2 mm) had better local control (p = 0.02). As a continuous variable, increasing
LTD was associated with an increased likelihood of local recurrence (p = 0.017).

In the multivariate analysis, LTD was the only independent predictor of LC, with
greater LTD having lower LC (HR = 1.19, 95% CI: 1.04-1.36, p = 0.017). For patients with
no iris involvement (n = 229), tumors closer to the fovea (<2 mm vs. >2 mm) had better
local control (HR = 5.53, 95% CI: 1.19-25.65; p = 0.01). The PBRT cohort had limited late
failures, with three patients having very late local failures at 13.2, 16.1, and 17.5 years,
with all three tumors showing spindle-cell cytology on biopsy (one at initial diagnosis and
two at recurrence).

3.3. Eye Preservation in PBRT

The 5-year and 10-year eye preservation in the PBRT cohort was 85% (95% CI: 79-89%)
and 83% (95% CI: 77-88%), respectively. Table 3 summarizes the variables predicting
improved eye preservation. In total, 84% of all enucleations (31 out of 37) occurred within
five years post-PBRT. Specifically, the time to enucleation after proton therapy ranged
from 0.3 to 17.7 years, with 16 patients undergoing enucleation within two years of RT,
31 patients within five years of RT, and 6 patients after five years of RT. The reasons for
enucleation included painful eye in 24 (65%) patients, frequently secondary to neovascular
glaucoma, and local recurrence in 10 (27%) eyes. One eye (3%) was enucleated due to
presumed LR, but there was no evidence of LR on pathologic examination. The reason for
enucleation was unknown in 2 eyes (5%), but there was no evidence of LR in either eye.

Based on the American Joint Committee on Cancer classification [26], the UM T-
categories were 95 T1 (39.6%), 89 T2 (37.1%), 46 T3 (19.2%), and 10 T4 (4.2%). Patients with
category T1-T2 tumors showed better eye preservation than those with category T3-T4
(p = 0.002). Patients with increased tumor-to-disc distance (0-2 vs. >2 mm) had better eye
preservation (p = 0.0007). Univariately, decreased enucleation was predicted by decreased
tumor height (HR = 1.21, 95% CI: 1.10-1.33; p = 0.0003) and increased tumor-disc distance
(HR = 0.32, 95% CI: 0.16-0.65; p = 0.0008), as shown in Table 3. Improved eye preservation
was also observed with certain tissue dose parameters (Table 3), including <50% dose
to the lens (p = 0.004), disc (p = 0.001), nerve length (p = 0.0004), macula (p = 0.06), and
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<20% CB volume (p = 0.0002) (LLR tests). Figure 2 shows eye preservation by distance
to disc.

Table 3. Variables predicting improved eye preservation for adolescent and young-adult
(age 13 to 45) patients with uveal melanoma (UM) treated with proton-beam radiation therapy.

Significant Univariate Predictors g;oz/:lgI)R atio ?’:i:gifity Value
| Tumor Height 1.21 (1.10-1.33) 0.0003
1 Tumor-Disc Distance (<2 vs. >2 mm) 0.32 (0.16-0.65) 0.0008
J Dose to:
<50% Nerve 1.17 (1.07-1.26) 0.0004
< 50% Lens 1.02 (1.01-1.03) 0.004
<50% Disc 1.01 (1.004-1.02) 0.001
<20% Ciliary Body 1.04 (1.02-1.06) 0.0002
Multivariate Independent Predictors
| Tumor Height 1.12 (1.01-1.25) 0.036
1 <20% Dose to Ciliary Body 1.04 (1.01-1.06) 0.0002
1 Tumor-Disc Distance (<2 vs. >2 mm) 0.27 (0.13-0.54) 0.0003

Abbreviations: CI = confidence interval; LLR = likelihood ratio, 1 = increasing, | = decreasing
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Figure 2. Kaplan—Meier estimates of eye preservation by tumor—disc distance for young-adult and
adolescent (age 13 to 45) patients with uveal melanoma (1 = 240) treated with proton-beam radiation
therapy (PBRT).

Using multivariate methods (Table 3), decreased tumor height (HR = 1.12, 95% CI:
1.01-1.2, p = 0.036), decreased dose to 20% to the ciliary body (HR = 1.04, 95% CI: 1.01-1.06,
p =0.0002), and tumor distance to disc > 2 mm (HR = 0.27, 95% CI: 0.13-0.54, p = 0.0003)
were independent predictors of eye preservation. For patients without iris involvement,
decreased dose to 20% to the ciliary body (p = 0.0001) and distance to the disc > 2 mm
(p = 0.0008) were independent predictors of eye preservation.
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3.4. Distant Metastasis and Ouverall Survival

The 5-, 10-, and 15-year DM-free rates in the PBRT cohort were 87% (95% CI: 82-91%),
81% (95% CI: 74-86%), and 73% (95% CI: 64-80%), respectively. The 5-, 10-, and 15-year OS
rates were 90% (95% CI: 85-94%), 84% (95% CI: 78-89%), and 76% (95% CI: 67-83%). Of
the 240 patients at the time of the last available follow-up during the study, 189 were alive
without recurrence, 6 were alive after LR, 6 were alive after DM, 2 were alive after LR and
DM, 3 died without any recurrence, 3 died after LR and DM, and 31 died after DM.

Univariate analysis indicated that patients with T1 tumors had better overall survival
than those with category T2-T4 UMs (p = 0.0006). Patients with early-category tumors
also had decreased DM (p < 0.001). Patients with choroidal tumors had better overall
survival (p = 0.037) and decreased risk of DM (p = 0.02) than those with ciliary body
tumors without iris involvement. None of the 11 patients with tumors invading the iris
(8 with CB involvement and 3 with iris alone) died or had DM recurrence. The median
OS for these patients was 83 months (range, 5 to 215). Patients with tumors closer to
the fovea (0-2 mm vs. >2 mm) had better overall survival (p = 0.007) and decreased DM
(p = 0.01). Increased LTD was associated with decreased overall survival (HR = 1.15,
95% CI: 1.07-1.24; p = 0.0006) and decreased DM control (HR = 1.17, 95% CI: 1.09-1.25;
p <0.0001). Figure 3 shows the proportion of patients free of DM by LTD.
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Figure 3. Kaplan-Meier estimates of distant metastasis control by largest tumor diameter for young-
adult and adolescent (age 13 to 45) patients with uveal melanoma (1 = 240) treated with proton-beam
radiation therapy (PBRT).

The most significant predictor of overall survival was T category, with patients with
T1-category tumors having better overall survival compared to those with T2, T3, and
T4 tumors combined (HR = 4.04, 95% CI: 1.69-9.70; p = 0.0003). T category was also the
most significant predictor of DM (p = 0.0001), with T1-category tumors having better DM
control compared with category T2-T4 (HR = 3.65, 95% CI: 1.28-10.40; p < 0.0001) followed
by better DM control with a decreased LTD (HR = 1.09, 95% CI: 1.01-1.20, p = 0.04). The
age < 30 subgroup (n = 46) had a 5-year DM-free rate of 97% and had only 4% CB tumors.
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3.5. Helium-Ion RT Cohort

Patient and tumor features for the Helium cohort are summarized in Table 4. In total,
78 patients were treated between 1979 and 1992. There were slightly more female (53%)
than male patients (47%), and tumors were found mostly in the left eye (56% left vs.
44% right). The Helium cohort’s median follow-up was 256.7 months (24-450). The
median age at RT was 37.1 (18.1-45.5), the tumor height was 6.0 mm (2.9-14), the LTD was
10.5 mm (5-25), the distance to disc/fovea was 3.5/3.0 mm, and 22% had tumors with
ciliary body involvement. The LTD was larger for ciliary body tumors (p < 0.0001) and
smaller for tumors near the disc (p = 0.03) or fovea (p < 0.0001). The median (range) dose
for helium RT was 70 GyE (48-80).

The Helium cohort had a 5-, 10-, and 15-year LC of 98.6% (95% CI: 90.3-99.8%) with
only one failure at 58.6 months after helium-ion RT. Figure 4 shows the Kaplan-Meier
curves for local control after helium-ion RT. The 5- and 10-year eye preservation rates were
84% (95% CI: 74-91%) and 82% (95% CI: 71-89%), respectively. The 5-, 10-, and 15-year
estimates of overall survival were 90% (95% CI: 81-95%), 86% (95% CI: 76-92%), and
83% (95% CI: 73-90%), respectively. There were a total of 21 deaths in the Helium cohort;
17 patients died with distant metastases, and 4 died without recurrence or DM. The 5-,
10-, and 15-year estimates of DM-free survival were 87% (95% CI: 77-93%), 85% (95% CI:
74-91%), and 79% (95% CI: 68-87%), respectively.
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Figure 4. Kaplan-Meier estimates of local control for young-adult and adolescent (age 13 to 45)
patients with uveal melanoma (1 = 78) treated with helium ion radiation therapy (RT).

Table 4. Characteristics of adolescents and young adults (age 13 to 45) with uveal melanoma (UM)
treated with helium-ion radiation therapy (1 = 78) and UM features.

Median Range
Follow-Up (months) 256.7 24-450
Age at RT (years) 37.1 18.1-45.5
Median Dose (GyE) 70 48-80
Tumor Height (mm) 6.0 2.9-14.0
Largest Tumor Diameter (mm) 10.5 5.0-25.0
Tumor Distance to Disc (mm) 3.5 0-13.0
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Table 4. Cont.

Median Range
Tumor Distance to Fovea (mm) 3.0 0-10.5
%Tumor 0-2 mm of Disc 33%
%Tumor 0-2 mm of Fovea 44%
%Ciliary Body Tumors 22%

Abbreviations: GyE = gray equivalent; RT = radiation therapy.

4. Discussion

Uveal melanoma presents a rare and challenging diagnosis for adolescents and young
adults, considering the potential for dramatic implications on vision, quality of life, and
life expectancy [1,9,27,28]. Uveal melanoma typically presents in advanced age, and the
unique characteristics and outcomes of younger patients may aid in personalized care
for this subset of patients. Limited long-term data exist on post-particle-beam radiation
for this age group, though there is increasing awareness of the need to study the cancer
course and outcomes in AYAs [3,4,7,11,13]. Additionally, outcomes for AYAs are frequently
grouped with a broader adult category, masking unique characteristics of this understudied
population [29]. In this work, the study presented at the American Society for Radiation
Oncology meeting [30] is expanded upon. Our study adds to this body of work by including
a detailed analysis of long-term outcomes for AYAs with UM treated with proton and
helium-ion RT. This age group had a more favorable genetic and cytologic UM profile
and demonstrated excellent 15-year local control (94% PBRT, 99% helium RT) and higher
15-year overall survival (76% PBRT, 83% helium RT) post-particle RT compared to older
UM patients.

Local control was high for proton-irradiated AYA patients, with LC at 95% at 10 years
and 94% at 15 years. These results are consistent with the limited current research in young
UM populations [3-5,11]. In our population, greater LTD was the most important predictor
for lower LC. Ciliary body tumors tended to have a higher T category, larger size, and lower
local control in our young patient cohort. The incidence of CB tumors increased with age
and was more commonly seen in patients > 40 years of age at RT. For non-iris tumors, those
closer to the fovea were smaller and had better LC, OS, and DM control, likely due to earlier
detection with visual disturbance. Additionally, considering that T1-category tumors have
significantly better OS and DM control, it is imperative to develop risk-assessment tools to
identify AYAs at risk of UM and introduce regular screening and earlier intervention to
reduce the disease burden in this age group [7,31]. A recent case-control study identified
novel risk factors and confirmed established risk factors for AYAs with UM; thus, continued
research is critical to delineate particular characteristics of this understudied population [7].

The PBRT dose was consistent at 56 GyE in four fractions, resulting in high local
control; however, seven early proton patients not included in the analysis received 48
GyE total in four fractions and had local recurrences. The institutional team had made
the empirical clinical adjustment to 56 GyE due to these early failures. At Massachusetts
General Hospital (Boston, MA, USA), the standard dose is 70 GyE in five consecutive daily
fractions, and small posterior macular tumors may be given 50 GyE in five fractions [32].
A nonrandomized study at Lawrence-Berkeley Laboratory (median follow-up 8.5 years)
found that reduction from 80 GyE in five fractions to 48 GyE in four fractions with helium
resulted in no LC difference (96%) at 80, 70, 60, or 50 GyE in five fractions [33]. However,
LC fell to 87% with 48 GyE in four fractions [33]. If 50 GyE in five fractions is utilized for
non-macular tumors at select institutions, the biologic equivalence of 48 GyE/four fractions
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and 50 GyE/five fractions may need to be further studied, and local control should be
followed long-term for young UM patients [34].

Five- and 10-year eye preservation rates in our PBRT cohort were 85% and 83%, re-
spectively, with most enucleations (84%) occurring in the first 5 years post-PBRT. The
average overall enucleation rate for general UM patients is ~10% (range, 0-25%) at 5
years and ~15% at 15 years [35,36]. The most significant factors predicting eye preser-
vation were decreased dose to 20% of the ciliary body, distance to disc > 2 mm, and
decreased tumor height. Similarly, dose-volume parameters at the 50% dose level to the
nerve/disc have shown an important association with side effects, such as neovascular
glaucoma and enucleation [20,21]. Utilizing such parameters can assist in communicat-
ing patient prognosis and in treatment planning choices regarding margins and normal
tissue-sparing techniques.

The 10-year DM free rate in our PBRT cohort (81%) is consistent with Pica et al.’s
proton data showing a similar 10-year DM free rate of 80.3% in patients aged 15-39 [11].
In our cohort, the 10-year OS rate was 84%, reflecting the lower metastatic rate compared
to older adults and close follow-up after metastatic diagnosis. Although our group had
a lower 10-year OS rate (84%) than reported for the AYAs by Pica et al. (94.6%) [11], the
Pica et al. comparative data may have under-reporting of deaths, given that the 10-year
metastatic incidence was 19.7%, potentially due to their international population and
geographical circumstances [37]. The OS rate was well within the range of other younger
UM patient studies post-plaque and proton irradiation (10-year rate of 52-100%), most of
which have much smaller cohort sizes [3-6,9-13,15,38].

Analysis showed LTD as a significant predictor for DM, similar to Kaliki et al. [19].
Using multivariate methods, tumor T category was the most significant predictor of DM
in our cohort. This was followed by LTD. The age < 30 subgroup had a 5-year DM-free
rate of 97% and had only 4% CB tumors. Previous UM reports on children and teenagers
had found better metastatic prognosis in patients under 16-20 years of age [3,4,10,13,19].
A study of 8033 patients showed smaller tumor dimensions and lower tumor-related
metastasis rate at 10 years: 9% (age < 20) vs. 23% (age 21-60) vs. 28% (age > 60) [10].
The recent age-matched study (15-39 vs. >40 years) reported that LC, DM, and OS rates
were similar [11], in contrast to these prior studies showing improved survival in younger
UM series.

The modern workup of uveal melanoma includes FNA biopsy for risk
stratification [39-41]. Among the PBRT cohort, approximately half had an FNA biopsy.
The majority of UMs in this cohort had spindle-cell cytology, contrary to the cytologic
distribution reported for the general UM population, with most tumors generally being of
mixed or epithelioid features [42,43]. Epithelioid cytology is an established predictor of
poor prognosis [42—44] but was identified in only 21.4% of the tested cohort. Additionally,
the majority of the tested patients in our cohort had GEP class 1 tumors, which have a low
metastatic risk [44]. These findings suggest that UM in AYAs may have a more favorable
cytologic portfolio and, by extension, better prognosis, although for unclear reasons. These
results require validation in larger cohorts, and future research may further delineate
genetic patterns, risk factors, and potential therapeutic targets to support younger UM
patients better.

The Helium cohort had a similar age distribution and tumor dimensions to those of
the PBRT group. The group exhibited excellent 15-year LC at 99%, 10-year eye preservation
of 82%, and 15-year OS rate of 83%, similar to the PBRT patients. No other similar study
exists for younger helium-RT-treated UM patients.

The limitations of this study are the retrospective nature of the report and the lack
of an age-adjusted cohort for comparison. The survival estimates may be overestimated
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since we relied on the availability of information in the medical records for DM and death
reports. However, given the rarity of this disease and the importance of further study in
this unique population, the current study provides insight into an important subset of
patients. Further work in genetic testing and molecular therapeutic targets needs to be
assessed for UM patients, specifically younger patients at risk for metastatic disease.

5. Conclusions

Excellent long-term local control (at 15 years, 94% for PBRT and 99% for Helium
cohort) and good eye preservation (at 10 years, 83% for PBRT and 82% for Helium cohort)
are seen in AYA UM patients aged 13 to 45 treated with proton and helium-ion radiation.
Long-term survival rates were comparable to those reported in multiple other younger
cohorts, and adults under 30 demonstrated notably higher DM-free survival. Tumor height,
tumor—disc distance, and decreased dose to the ciliary body were independent predictors
of eye preservation. Thus, specific clinical and dose—volume parameters may be used
to assess patient prognosis, aid in treatment planning, and anticipate secondary compli-
cations. LTD and tumor T category were the most important predictors of OS and DM
control, underscoring the need for early detection through developing and implementing
standardized risk-assessment tools for UM, particularly in AYAs. To our knowledge, this
report is one of the few long-term studies focusing on the adolescent and young-adult
UM age group post-proton treatment and is the first study of this age group in helium-ion
treatment. Results demonstrate particle therapy to be an effective therapy for younger
UM patients, and further study into the genetic markers, risk factors, quality of life, and
long-term effects of treatment may add to the personalized care of younger patients with
uveal melanoma.
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AYA Adolescent and young-adult
CB Ciliary body

CI Confidence interval

DM Distant metastasis

DVH Dose-volume histogram

GEP Gene expression profiling

GyE Gray equivalent

HR Hazard ratio

LC Local control

LLR Likelihood ratio

LR Local recurrence

LTD Largest tumor diameter

(O1) Overall survival

PBRT Proton-beam radiation therapy
RBE Relative biological effectiveness
RT Radiation therapy

UM Uveal melanoma
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Simple Summary: Proton beam therapy is a well-established precision radiotherapy treat-
ment for cancers of the eye (uveal melanoma) that minimises damage to the surrounding
normal tissues and preserves vision. The treatment effectiveness stems from the induction
of DNA damage in tumour cells, which can overwhelm the repair mechanisms, driving
cellular death. Despite the success of proton therapy, a subset of patients exhibit suboptimal
responses, with some experiencing local recurrence and/or development of metastasis.
This review presents current evidence on the biological factors, such as DNA repair mecha-
nisms and reduced oxygen (hypoxia), that drive the responses of uveal melanoma to proton
therapy. We also discuss emerging strategies aimed at treatment effectiveness, including
targets for combination therapies. Understanding these aspects is critical for optimising
treatment outcomes for eye cancer patients.

Abstract

Uveal melanoma (UM) is the most common primary intraocular malignancy in adults,
associated with a high tendency for metastasis to the liver. Proton beam therapy (PBT)
is the preferred external radiotherapy treatment for primary UM of certain sizes and
locations in the eye, due to its efficacy and good local tumour control, as well as its
precision to spare surrounding ocular structures. PBT is an effective alternative to surgical
enucleation and other non-precision-targeted radiotherapies. Despite this, the radiobiology
of UM in response to PBT is still not fully understood. This enhanced knowledge would
help to further optimise UM treatment and improve patient outcomes through reducing
radiation dosage to ocular structures, treating larger tumours that would otherwise require
enucleation, or even offering a treatment strategy for the otherwise fatal liver metastases.
In this review, we explore current knowledge of the treatment of UM with PBT, evaluating
the biological responses to the therapy. Molecular factors, such as tumour size, oxygen
tension levels, DNA damage proficiency, and autophagy, are known to influence the cellular
response to radiotherapy, and these will be discussed. Furthermore, we examine innovative
strategies to enhance radiotherapy outcomes, such as combination therapies with DNA
damage repair and autophagy modulators, as well as advancements in PBT planning and
delivery. By integrating current research and emerging technologies, we aim to provide
opportunities to improve the therapeutic effectiveness of PBT in UM management.

Cancers 2025, 17, 3104 https://doi.org/10.3390/ cancers17193104
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1. Introduction

Uveal melanoma (UM) is a rare and aggressive malignancy that originates from trans-
formed melanocytes in the eye. It is the most common primary intraocular cancer in adults,
with approximately 2-8 cases per million population per year [1,2]. Approximately 50%
of UM patients will eventually develop metastases, most commonly to the liver, with a
median survival of around 4-7 months once metastatic disease is detected [3,4]. The sur-
vival of UM patients with metastases has not greatly improved over the last three decades,
with recent clinical trials involving chemotherapies and immunotherapies showing limited
clinical efficacy and severe adverse effects [2,5,6]. Standard-of-care treatment for primary
UM is typically radiotherapy administered as ocular brachytherapy, involving the surgical
placement of a radioisotope plaque onto the tumour site, if the size and location of the
tumour permit. Alternatively, the primary tumour may be treated with proton beam ther-
apy (PBT), an external form of radiation [7,8]. Stereotactic radiosurgery, Gamma Knife and
CyberKnife have also been shown to be effective; however, they are reportedly associated
with higher rates of adverse effects to other ocular structures [9]. Local surgical resection of
the tumour can be performed with the eye remaining intact; however, this is performed
only on a small percentage of UM patients and only in some ocular oncology centres [10].
Otherwise, surgical removal (enucleation) of the eye is still performed regularly; this causes
permanent vision loss and often psychological, social, and emotional distress [11,12]. There
is no current proven survival advantage between any of these treatment options [7,13].

In the UK, approximately 70% of UM patients receive radiotherapy as their initial
treatment, with 40-50% receiving Ruthenium-106 plaque brachytherapy and between
20 and 40% of patients treated with PBT [14]. The remaining 30% of patients undergo
enucleation. Treatment trends for UM patients in the UK varies depending on which
of the four ocular oncology centres are managing the case. These centres are located in
Sheffield, Glasgow, London, and Liverpool, and treatment decisions depend on surgeon
preference, experience, and accessibility [15]. The Clatterbridge Cancer Centre in Liverpool
is home to the UK’s only Eye PBT centre, which has been delivering treatment for ocular
melanomas since 1989. Patients registered at the Liverpool Ocular Oncology Centre have
higher use of PBT as their initial treatment compared to patients in Ireland, a reflection of
the increased access to this modality [15]. PBT is well-established as a core radiotherapy
treatment for UM, as opposed to conventional X-ray/photon radiotherapy used to treat
most other cancer types. Amongst PBT centres across the globe, an estimated 43,000 UM
patients have been treated with targeted PBT [14,16]. In the US, more than 1600 patients
have been treated at the Crocker Nuclear Laboratory at the University of California, San
Francisco, another specialised facility for ocular radiotherapy [16]. There is a wealth of
knowledge and experience in utilising PBT for UM.

Despite PBT forming a large part of the primary treatment of UM, surprisingly, the
radiobiology of the tumour response to this modality is still not well understood. PBT is a
precision-targeted treatment where much of the radiation dose can be delivered directly to
the tumour. However, there is uncertainty regarding the biological mechanism of action
and clinical response, which are influenced by the linear energy transfer (LET) of the proton
beam. With PBT, there are known increases in LET at and around the Bragg peak, where
the radiation dose is deposited, which influences the biological (DNA) damage created.
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This also affects the cellular mechanisms that respond to the damage, although these details
are not well understood.

In this review, we present current knowledge surrounding the use of PBT in the treatment
of UM and provide an overview of the key biological processes reported to influence treatment
efficacy. By increasing our understanding of the response of UM to PBT, strategies to enhance
the effectiveness of the radiotherapy treatment can be developed, with the goals being to
preserve the eye and vision and to prevent tumour recurrence and metastasis.

2. Proton Beam Therapy

PBT is a highly precise form of external beam radiotherapy that uses protons to
precisely deliver ionising radiation within the tumour. PBT for UM patients is typically
delivered in four fractions over four consecutive days, up to a final dose of approximately
60 Gy [17,18]. The major advantage of PBT is the accurate targeting of the tumour via dose
deposition through the Bragg peak (Figure 1A). PBT delivers a low entrance and exit dose,
which minimises the irradiation risk to surrounding normal tissues and structures proximal
to the tumour being treated. Furthermore, the energy deposition can be modulated to
a defined narrow depth, specifically targeting only the tumour and thereby reducing
radiotherapy-induced side effects [19,20]. However, energy deposition via the Bragg peak
also leads to an increase in LET as the protons reduce in speed and lose energy as they
pass through the tissue. The increase in LET leads to a higher frequency of ionisation
events along the radiation track, which, in the context of cellular DNA, can lead to elevated
levels and complexity of DNA damage (Figure 1B). Complex DNA damage (CDD) is more
challenging for cells to repair than isolated DNA damage, contributing to increased cell
death and a greater relative biological effectiveness (RBE) [21]. Combining beams with
different initial energies can create a spread-out Bragg peak (SOBP), thus allowing the
targeting of tumours with large size and volume. PBT can be utilised for UM in any location
in the eye and with any tumour thickness. This is a significant advantage compared to

H
|
|
;

brachytherapy, which cannot be placed too close to the optic nerve [22-24].
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Figure 1. Depth—dose distribution of PBT relative to the Bragg peak and the relationship to ionisation
density /LET. (A) PBT shows a relatively low entrance and exit dose (blue solid line), with the maximal
energy being deposited in a well-defined region called the Bragg peak, that can be targeted to the
tumour. This is in comparison to X-rays/photons where the dose is highest close to the source (orange
line). LET (dashed blue line) increases at and around the Bragg peak. Several proton beams can be
modulated and combined to create a spread-out Bragg peak (green line) to target larger tumours.
(B) Low-LET radiation tracks cause regions of isolated DNA damage, such as NDA breaks within
the tumour cell, whereas more densely ionising high-LET tracks cause regions of CDD. Created in
BioRender. Hawkins, L. (2025) https:/ /app.biorender.com/illustrations/6724f4364b0df48f0107bd27?
slideld=4ed920ab-b703-4e06-a8cf-d1f8ea75740d (accessed on 13 September 2025).
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3. Evaluating the Clinical Response to Proton Beam Therapy

There are no current prospective randomised trials that have evaluated the efficacy
of PBT for UM, but there are multiple reviews and meta-analyses that demonstrate good
survival rates and the safety of this treatment [25-27]. The most relevant reports of patient
outcomes following PBT, including studies containing at least 50 patients, are summarised
in Table 1. This table has been modified from Yilmaz et al., 2024 [28].

Table 1. A table of reviews evaluating UM patient outcomes after PBT.

. Patient Median Eye Overall ..
Time Numbers Dose Follow up Local Control Preservation Survival Toxicity Ref
60 Gy in 5-year 95.8% o o
1984-1999 2648 5 fractions 24 months 10-year 94.8% 91.8% 10-year 73% [29]
17.9% glaucoma
12.8% rubeosis
. 16.7% pain
1993-2003 349 5B31Gyin gy onths S-year 92% S-year 9% vitreous [30]
4 fractions 96.5% 90%
haemorrhage
38% retinal
detachment
66.5% maculopathy
23.4% papillopathy
. 28.6% glaucoma
1991-2001 1406 60 Gy in 73 months 5-year 92.3% 5-year 61.8% cataract [18]
4 fractions 96% 79% o -
11.5% keratitis
13.9% vitreous
haemorrhage
. s o 5-year 79.4% 7% glaucoma
1991-2007 886 Sooy  eamonths YOI 92.2% 10-year  27.5% retinopathy  [31]
Y o 64.1% 31.7% cataract
58 Gy in o 5-year
1993-2008 147 4 fractions 53 months 5-year 71.3% 87 8% [32]
74% radiation
. 3 retinopathy
1995-2007 59 60GyIn 155 months 5-year 5-year93.2%  5-year85%  64% optic nerve 33]
4 fractions 91%
neuropathy
29.6% cataract
5-year
60 Gy in 96% 5-year >-year 12.1% neovascular
1998-2008 982 . 60.7 months o 80% ’ [34]
4 fractions 10-year 95% o glaucoma
o 10-year 60%
94%
5-year 39.8% cataracts
1991-2015 492 60Gyin 1 9 months 60% 80.5% 27% neovascular [35]
4 fractions 10-vear 479 glaucoma
yea ? 23.4% retinopathy

This evidence demonstrates that there is a consistent similarity in dosing protocols,
with most tumours receiving a fractionated dose of 50-60 Gy RBE. PBT has been evidenced
to be effective at controlling the primary tumour with reported local control rates of
91-96.5% over 5 years and 92.1-94% over 10 years [18,29,33,34]. This is coupled with
good rates of eye preservation ranging from 91 to 93.2% [29,33]. Collectively, these results
show that PBT is excellent at controlling the primary tumour, with high levels of local
tumour control and eye retention rates. Despite this, some degree of toxicity has been
reported in patients treated with PBT, although the rates are quite variable and likely
attributed to tumour location and volume. It is also worth noting that some of these
studies are over twenty years old. Among reported toxicities, radiation retinopathy, a
common and devastating visual side effect causing disruption of vascular structures in
the eye [32,33], is most frequently observed at rates of 27-74%. Secondary neovascular
glaucoma has also been recognised as a side effect of PBT, with rates of 7-28%, because of
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the so-called ‘toxic tumour syndrome’, i.e., the release of enzymes and factors from the
dying melanoma cells that induce tissue lysis as well as neovascularisation [36]. Toxic
tumour syndrome often necessitates either prompt removal of the tumour via local resection
or, more often, secondary enucleation [24,37]. It is, however, difficult to determine whether
other complications, such as haemorrhage and retinal detachment rates, are caused by the
PBT or the tumour itself.

Despite PBT being a relatively effective treatment for primary UM, as seen in Table 1,
approximately 10% of patients fail in local control [31,33,34]. The rate of metastasis follow-
ing treatment is up to 50%, and PBT-treated UM patients have a 74-91% survival rate for
10 years; however, these outcomes are comparable across all primary treatment methods,
including enucleation and plaque brachytherapy [7,13]. This suggests that metastasis and
long-term survival rates are influenced more by underlying factors such as chromosomal
aberrations and genetic mutations, rather than the choice of treatment modality [38-42].
Importantly, PBT offers distinct advantages: it can reduce the need for enucleation, limit
certain side effects such as pain, and is equally effective in treating primary tumours in
terms of patient outcomes when compared to other established therapies. Research is
needed to assess the variability in response to PBT, identify the underlying factors, and
determine whether combinatorial treatments may improve the long-term survival of UM.
Understanding the radiobiological response to PBT is therefore critical to optimising the
treatment to enable good tumour control for eye and vision preservation as much as
possible.

4. Key Molecular Factors Known to Influence Cellular Response to PBT

The radiobiological responses to PBT depend on several cellular and molecular factors,
which are discussed below.

4.1. DNA Damage Repair Proficiency

The therapeutic efficacy of PBT primarily depends on inducing substantial DNA
damage in tumour cells, overwhelming their capacity for repair, and ultimately driving
them towards cell death. A variety of DNA lesions can form along the radiation track of the
proton beam, including DNA base damage and DNA single-strand breaks (SSBs). However,
the most critical lesions contributing to PBT-induced cell death are DNA double-strand
breaks (DSBs) and CDD, due to the difficult nature of their repair [43]. These lesions
increase in frequency at and around the Bragg peak due to the increasing LET, that causes
clustering of the radiation-induced events [44]. There are several important cellular DNA
damage response (DDR) pathways that are utilised to resolve the DNA damage induced
by PBT (summarised in Figure 2).

Despite the abundance of SSB and DNA base lesions after PBT, they are relatively
quick and easy for the cell to repair, with an approximate half-life for accurate repair of
several minutes in most cells [45-47]. These lesions, including oxidative base damage and
abasic sites, are repaired through the base excision repair (BER) pathway [48]. The more
complicated the DNA damage, the more challenging the repair and the more harmful
these lesions are for the cell. Indeed, DSBs and CDD are lethal lesions induced by PBT,
and it is thought that just one unrepaired DSB can be fatal to the cell [44,49]. Cells have
evolved two main pathways to repair DSBs: non-homologous end joining (NHE]) and
homologous recombination (HR). NHE] is active throughout the cell cycle and therefore
thought to be the most utilised DSB repair pathway, which can be sub-classified into
classical NHE] (cNHE]) and alternative NHE] (aNHE]), which differ in speed, accuracy of
repair, and mechanism [50,51]. Whilst NHE] enables rapid repair of the lesion, it is also
error-prone, as there is no homologous template available during repair, and so there can
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be small insertions or deletions [52,53]. HR, in contrast, utilises the sister chromatid for
more accurate repair and is therefore error-free, although this pathway can only occur in
the S and G2 cell cycle phases [44,54].
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Figure 2. The major cellular DDR pathways responsive to PBT-induced DNA damage. Ionising
radiation induces a variety of DNA lesions that are repaired by DDR pathways. SSBs and base
damage are repaired by base excision repair (BER), where damage-specific DNA glycosylases create
abasic sites, which are cleaved by APE1, generating SSBs recognised by PARP-1. DNA polymerase 3
and the XRCC1-DNA ligase Il complex fill and seal the gap. DSB repair depends on the cell cycle
stage: NHE]J (classical and alternative) is active throughout the cell cycle, with cNHE] initiated by
Ku70/80 binding and recruitment of DNA-PKcs and XRCC4-DNA ligase IV; A-NHE] involves MRN
complex resection, PARP-1 binding, and ligation by DNA ligase I or XRCC1-DNA ligase Illx. In the
S/G2 cell cycle phase, HR repairs DSBs via MRN complex resection, RPA and RAD51 binding, strand
invasion by RAD52 and RAD54, and Holliday junction resolution. CDD requires multiple pathways
to resolve the lesions, which will depend on the specific nature of the damage. Efficient coordination
of these pathways is crucial for the timely repair of PBT-induced damage, promoting cell survival.

CDD is defined as two or more DNA lesions within one to two helical turns of the
DNA, and like DSBs, is a major contributor to PBT-induced cell death [20]. The nature of the
CDD induced by PBT can be generally classified into either non-DSB or DSB clusters and is
therefore likely to require both BER and DSB repair pathways. However, the contribution
of different DNA repair pathways to the CDD generated by PBT is unclear. Recent research
has demonstrated that BER/SSB repair proteins, including PARP-1, PARG, and OGG1 are
critical for the repair of DNA damage induced by relatively high-LET protons delivered
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via the Bragg peak, indicating that this is largely SSB-associated [55,56]. However, there is
conflicting evidence in the literature for the increased involvement of either NHE] or HR in
the repair of DSBs induced by protons with increasing LET [21,57-59].

Despite the clinical relevance of PBT in UM, the efficiency of the cellular DDR to
PBT-induced damage remains surprisingly underexplored. Emerging evidence suggests
that variability in treatment response may be influenced by altered levels of key DNA
damage-coordinating proteins, some of which are associated with poorer prognosis [59,60].
Downregulation of ATR, or even a complete absence of this protein, has been associated
with significantly worse overall survival in UM [60]. ATR is a master protein kinase
regulator in response to DSBs and replication fork stabilisation during HR [60]. DNA-
PKcs is another crucial kinase involved in facilitating cNHE] of DNA DSBs, and its gene
expression has been shown to be highly expressed in metastatic UM and associated with
poor survival [61]. This study also found that low PARP-1 expression could be used
to predict better disease-free survival [61]. Collectively, these data suggest there is an
important potential role for DNA-PKc and PARP-1 in the initial response to primary UM
treatment. Loss of nuclear ATM has additionally been linked with reduced disease-free
survival, which is important as ATM is a master regulator kinase involved in DSB repair
detection and transduction, cell cycle control, and pathway selection [44,49,62]. Data from
our group has recently shown that different UM cell lines show altered expression of
ATM, which partly correlates with their response to both X-rays and PBT [63]. Here, high
ATM-expressing UM cells were demonstrated to display increased radioresistance driven
through enhanced DSB repair rates, compared to lower ATM-expressing cells. Further
studies are nevertheless needed to explore the efficiency of the DDR in UM cells, specifically
following PBT. Noteworthy is that the majority of studies investigating the role of DDR
proteins in mediating ionising radiation-induced cell death have been conducted using
X-rays or y-rays. In contrast, there is a notable lack of evidence elucidating the specific
mechanisms underlying PBT-induced cell death. This discrepancy is partly attributable
to the limited accessibility of PBT, which requires specialised infrastructure, incurs higher
costs, and is subject to geographic disparities compared to more widely available ionising
radiation modalities [64]. Nevertheless, given the shared physical and biological principles
underlying different forms of ionising radiation, findings from studies using X-rays or
other conventional sources are likely to yield comparable insights and should not be
disregarded [49]. However, evaluating DNA damage proficiency of UM cells is essential
for understanding their response to PBT radiation-induced injury, as any deficiencies or
abundance in any of these pathways can significantly influence the therapeutic efficacy
of PBT.

4.2. The Autophagy Response

Autophagy is a highly conserved process responsible for breaking down damaged
macromolecules, cellular structures, and organelles through lysosomal degradation to
maintain cellular homeostasis, promoting either cell survival or cell death (Figure 3) [65,66].
Ionising radiation, including PBT, also increases reactive oxygen species (ROS) levels,
impairing mitochondrial function, causing protein misfolding, and triggering the release
of calcium from the endoplasmic reticulum to the cytoplasm, all of which are factors
shown to induce autophagy [65,67]. Cancer cells exploit autophagy pathways to enhance
stress tolerance and act as a protective mechanism against therapeutics, including ionising
radiation [67,68]. Autophagy can act as a cryoprotective mechanism against PBT-induced
stress through the clearing of damaged organelles and proteins, the maintenance of cellular
energy levels, and the modulation of apoptotic pathways [69,70]. However, if cellular
damage and metabolic stress exceed the cellular repair capacity, extensive autophagic flux
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can lead to accelerated cell death. Autophagy-driven cell death may occur directly or
involve other key cell death pathways, such as apoptosis or necrosis, particularly under
severe damage [71,72]. Therefore, the cellular balance of protective autophagy compared
to extensive autophagy is likely to play a huge role in the impact of PBT damage and the
cellular response.
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Figure 3. Autophagy can have a major influence on cell fate after ionising radiation. In response
to radiation, such as PBT, autophagy can be activated to promote either tumour cell survival or
death. Protective autophagy can lead to inhibition of apoptosis and the mitigation of oxidative
stress, whilst maintaining the integrity of energy homeostasis. Conversely, extensive autophagy,
stimulated through either excessive damage or individual cellular preferences, can lead to un-
controlled degradation of essential cellular components, disrupt homeostasis, and trigger cell
death either directly through crosstalk with apoptosis, or indirectly through amplifying necrop-
tosis and autophagy-dependent cell death pathways. The dark blue of the cell represents the
nucleus, whereas the lighter blue represents the cytoplasm. Image created in BioRender. Hawkins, L.
(2025) https:/ /app.biorender.com/illustrations/67373569041045f9a52893¢7?slideld=9ffb5c00-6e63-
43ff-8466-b9f117882195 (accessed on 13 September 2025).

Precisely how autophagy mediates and influences the impact of PBT and the cellular
response in UM remains largely unclear. It has been suggested that autophagy plays an
important role in UM cells, as it has been estimated that these cells increase autophagic
activity by around 40-50% above basal levels in their non-cancerous counterparts [73]. This
increase in autophagy activity could be a byproduct of the hypoxia-induced metabolic stress
in tumour cells or may suggest that autophagy offers significant survival and tumorigenic
advantages. Evidence indicates that autophagy may play an actively protective role in
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UM, as shown with the inhibition of autophagy with chloroquine, which led to enhanced
apoptosis and increased autophagic flux (64). Chloroquine has also been shown to sensitise
UM cells and tumours harbouring GNAQ/GNA11 mutations, which are present in over
90% of UM cases, to the MEK1/2 inhibitor trametinib [74]. Although data remain limited,
existing evidence suggests that UM cells may exhibit elevated autophagy activity and are
partially dependent on its protective functions, such as inhibiting apoptosis, preserving
energy stores, and maintaining cellular integrity, to support tumour cell survival under
normal conditions. This reliance on the protective mechanisms of autophagy could reduce
the effectiveness of PBT in some UM, as enhanced autophagic responses may help cells
better withstand the stress induced by the radiation. However, it is currently impossible
to rule out the dual roles that autophagy may play in the biological effect of PBT. To fully
understand the therapeutic implications, further research is needed, especially with PBT.

4.3. Hypoxia and the Tumour Microenvironment

Hypoxia is defined as the reduction of oxygen in tissues and is often the result of the
metabolic demands of the growing tumour exceeding the supply of oxygen [75]. Reductions
in cellular oxygen levels can also strongly impact the effectiveness of radiotherapy [76,77].
Under normal physiological conditions, ionising radiation reacts with molecular oxygen in
the tissue, producing ROS, which in turn cause further damage to vital cellular components
such as DNA and organelles [76]. Molecular oxygen also enables the creation of fixed
peroxyl adducts onto the DNA structure, which are incredibly difficult for the cell to repair,
termed the “oxygen fixation hypothesis”, and are dangerous if these lesions are carried
through to DNA replication [76,78]. During hypoxia, less molecular oxygen is available as
a substrate for ROS generation, resulting in decreased DNA damage, theoretically reducing
the efficacy of PBT in hypoxic tumours. Therefore, the levels of oxygen in the tumour at
the time of PBT are a crucial factor in the biological response of this treatment.

A hypoxic microenvironment is an important feature of UM and is strongly associated
with malignant progression, tumour aggressiveness, and reduced overall survival [75,79].
Studies have shown that hypoxia correlates with elevated genomic instability and BAP1
mutations, resulting in promotion of cell survival through cell cycle checkpoint interference
and less favourable clinical outcomes [75,80]. The development of a hypoxic tumour
microenvironment is also associated with modulation of the immune response and results
in reduced immune cell infiltration, due to newly formed leaky blood vessels, which further
enables cell proliferation and metastasis [75,81]. The adaptation to hypoxia is regulated
by hypoxia-induced-factors (HIF), where HIF-1« stabilisation is a crucial early event in
the cellular response to hypoxia [82,83]. HIF-1a protein is reportedly highly expressed
in UM and supports cell survival through regulation of DNA damage pathways, cellular
metabolism, apoptosis, and autophagy [75,84]. The cellular and metabolic response to PBT
in a hypoxic cell compared to a normoxic cell may be different based on these transcriptional
changes and enrichment of pro-survival pathways. However, the impact that this has on
the efficacy of PBT, and importantly how this can be harnessed to enhance treatment
effectiveness, is not known.

5. Strategies to Exacerbating the PBT Response in UM

There is an urgent need to explore options to further enhance the radiotherapeutic
response to PBT in UM in a safe manner, as current treatments can cause unpleasant adverse
effects, such as toxic tumour syndrome and radiation retinopathy, which greatly diminish
quality of life [33,35,85]. Some primary tumours also do not respond well to treatment or
relapse and reoccur shortly after PBT, events which are associated with a poorer prognosis
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and increased tendency to metastasise [86]. The most promising approaches to improve
the radiobiological effectiveness of PBT in UM are evaluated below.

5.1. Targeting DNA Damage Repair

Given that the primary therapeutic effect of PBT relies on inducing DNA damage,
targeting the DDR with specific inhibitors represents a promising strategy to enhance
treatment efficacy and improve patient outcomes. Some of the major cellular targets for
drugs and inhibitors that have been developed to date are shown below (Figure 4).
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Figure 4. Cellular proteins within the DDR currently under investigation for drug/inhibitors to
enhance radiotherapy efficacy. The major repair proteins within the key pathways responsible
for co-ordinating the signalling and/or repair of DNA damage induced by PBT are shown. The
proteins highlighted in pink have been studied as radiosensitisation targets, and inhibitors have been
developed against them with the aim to further increasing the cellular response to radiation. Created
in BioRender. Hawkins, L. (2025) https:/ /app.biorender.com/illustrations/662e6ad9a3cc858692ca7
beb?slideld=c85d73e2-92cc-40d6-a481-b6f1809d2103 (accessed on 13 September 2025).

Inhibiting the proteins governing the repair of lethal lesions such as DSBs and CDD
is a promising therapeutic strategy to sensitise UM cells to PBT [21,60,87]. These include
the three major protein kinases ATM, DNA-PKcs, and ATR, which are involved in the
signalling and coordination of the DDR [63,88]. Recent evidence indicated that targeting
ATM with a potent and specific inhibitor can increase the radiosensitivity of four different
UM cell lines with different genetic backgrounds to both X-rays and PBT, mediated through
inhibition of DSB repair [63]. Inhibition of DNA-PKcs has also been demonstrated to
radiosensitise UM cell lines and xenograft mouse models to y-radiation [89,90]; theoretically,
this radiosentisation effect could also apply to the radiation-induced damage caused by PBT.

PARP inhibitors are another class of promising radiosensitisers and have already been
approved for the treatment of BRCA-mutated breast and ovarian cancers [91]. Inhibiting
this key SSB repair protein results in increased DSBs formed through the collapse of the
DNA replication forks, which are particularly toxic to cells with HR deficiency, a concept
known as ‘synthetic lethality’ [92,93]. In UM, HR deficiency is not usually present [89,90];
however, there is a growing amount of research that suggests that some genetic alterations,
such as loss of BAP1 or the SF3B1 hotspot mutations, may confer sensitivity to PARP
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inhibitors [94-96]. The combination of PARP inhibitors plus radiation, particularly PBT,
therefore requires further research to determine potential synergistic effects. Combining
the precision of PBT with the favourable toxicity profile of PARP inhibitors presents a
particularly promising therapeutic strategy, potentially offering enhanced radiobiological
effects with minimal adverse outcomes.

Nevertheless, evidence examining the impact of DDR inhibitors to radiosensitise UM
models is very limited. Investigating this approach is crucial, as enhancing the radiobi-
ological effects of PBT by disrupting efficient DNA repair could have significant clinical
implications, such as enabling lower radiation doses to minimise side effects or expanding
treatment options for larger tumours, potentially preserving the eye and vision.

5.2. Other Potential Radiosensitisation Targets

Since autophagy can either support cell survival or promote cell death, its role in
enhancing the efficacy of PBT in UM remains uncertain, making it a challenging thera-
peutic target. One study has reported that elaiophylin, an inhibitor of autophagosome
formation, has demonstrated potential as a monotherapy in UM cell lines, inducing au-
tophagic cell death via mitophagy suppression and the accumulation of oxidative stress [97].
Chloroquine and hydroxychloroquine, as autophagy inhibitors, have been investigated in
other tumour types, but with no clear clinical benefit established [98]. mTOR inhibition,
a central negative regulator of autophagy, has been explored as a strategy to promote
autophagy [99,100]. Rapamycin is a potent mTOR inhibitor that has shown some potential
in enhancing tumour cell responses to radiation by increasing autophagic activity [101].
However, the lack of reliable biomarkers to predict patient responses to autophagy agents
further complicates their clinical utility. Regardless, it would be interesting to examine
whether modulating autophagy through these promising targets could increase the effect
of radiation in UM cells and tissues, and their subsequent response, particularly with
targeted PBT.

Overcoming radioresistance caused by tumour hypoxia is another strategy to promptly
drive an increased PBT response. An early approach used to achieve this was through
carbogen to directly increase the oxygen inside the tumour, although this may paradoxically
increase the sensitivity of healthy tissues to radiation, potentially worsening adverse side
effects [102]. More recent strategies have focussed on inhibiting key proteins involved in
the hypoxic response, such as HIF1«, which is a promising target in UM as it is known to
be overexpressed in metastatic tumours [84]. An inhibitor of HIF1« in mouse models has
been shown to suppress UM primary tumour growth, liver metastasis, and subsequent
survival as a monotherapy whilst being well tolerated [103]. Unfortunately, there is no
further evidence in UM to investigate HIF1«x as a target for radiosensitisation. Additionally,
it is thought that HIF2« is involved in more of a chronic response to hypoxia, whereas
HIF1 o rapidly mediates the acute response [104,105]. Therefore, investigating HIF2« as a
target in UM is also a potential strategy that warrants future research. Targeting the hypoxic
response presents a promising strategy to enhance the effectiveness of PBT, as alleviating
hypoxia could increase DNA damage and diminish the cell’s ability to manage radiation-
induced stress. By disrupting this adaptive survival mechanism, tumour cells may become
more vulnerable to treatment, potentially leading to improved therapeutic outcomes.

5.3. Radiotherapy Advances

Advances in treatment planning and delivery of precision-targeted PBT could further
improve the outcomes of UM treatment whilst still sparing the eye. The efficacy of PBT is
highly dependent on the accurate positioning of the Bragg peak to the tumour, although
issues such as complex dose calculations and limited optimisation algorithms hinder this
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process [106]. Advancing already established radiotherapy techniques is another method
to improve treatment for UM patients. This includes stereotactic radiosurgery using the
Gamma Knife (GK-SRS), an alternative globe-sparing radiotherapy for UM. A large system-
atic analysis found that this GK-SRS treatment is as effective as PBT in achieving five-year
survival rates [107]. While GK-SRS offers similar local tumour control to PBT, it is associated
with higher rates of adverse side effects, including vitreous haemorrhage and secondary
glaucoma, occurring in up to 47% of patients [108,109]. An in-silico study comparing
GK-SRS and PBT found that, whilst both therapies offer precise tumour targeting, PBT
provides better retina sparing and reduces toxicity, particularly haemorrhage [108]. This
underscores the advanced precision of PBT and the ongoing challenge of optimising its
delivery in UM treatment.

5.4. FLASH Radiotherapy

FLASH radiotherapy, characterised by ultra-high dose rates (>40 Gy/s), has emerged
as a promising technique to reduce normal tissue toxicity while maintaining effective
tumour control [110]. This approach is particularly relevant for tumours such as UM,
which are typically small, thin lesions located near critical structures like the optic nerve
and the retinal pigment epithelium (RPE) [85]. Combining the precision of PBT with the
ability of FLASH delivery to spare surrounding healthy tissue could offer a powerful
alternative to further reduce adverse side effects in UM treatment. Although PBT is highly
accurate, it can still cause vision-threatening complications, including radiation retinopathy
and optic neuropathy (as shown in Table 1). FLASH radiotherapy may help protect the RPE
during UM treatment, which is essential for maintaining the survival of photoreceptors
crucial for vision [85]. Recent studies have demonstrated that FLASH treatment enhances
the viability of ARPE-19 cells and results in a milder decline in motor function in treated
mice compared to conventional irradiation [111].

However, preclinical and clinical data on the use of FLASH in ocular applications
remain limited. Neither FLASH nor conventional irradiation was shown to affect depth
perception in a mouse model, although the radiation dose was delivered to the brain,
not the eye, which may explain the lack of sensitivity in the assay [111]. Moreover, the
development of FLASH was not ranked as a high priority in the 2022 Second International
Survey of ocular proton centres. Instead, increased access to PBT and the creation of a
commercially available, sustainable treatment planning system were considered more
critical for ongoing development [112]. So, while FLASH PBT shows promise for UM
treatment and early data are generally encouraging, further research is needed to fully
explore its potential in mitigating the adverse side effects associated with PBT in UM.

6. Concluding Remarks and Future Directions

UM is a sight-threatening and often fatal intraocular cancer. Primary treatment with
PBT is effective, resulting in high local control and overall survival rates of ~80-90%.
However, some patients still experience poor outcomes due to treatment resistance, relapse,
or metastasis. Whilst the precision of PBT allows for the treatment of tumours regardless of
size or location within the eye, the biological factors influencing differential responses are
not yet fully understood. Emerging evidence suggests that cellular mechanisms such as the
DDR, tumour hypoxia, and autophagy play important roles in modulating the effectiveness
of radiotherapy. Yet, there is a surprising lack of data identifying the specific proteins and
pathways involved in the response of UM to PBT. This gap in knowledge limits our ability
to optimise treatment strategies and personalise therapy. Future research should focus on
dissecting the molecular landscape of UM using both immortalised and patient-derived cell
models with diverse genetic backgrounds to better understand how genetic and cellular
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processes influence radiation sensitivity. In particular, exploring the potential of DDR
inhibitors, hypoxia-targeting agents, and autophagy modulators in combination with PBT
could pave the way for more effective, tailored therapeutic approaches that improve patient
outcomes while minimising the significant adverse effects.

It is accepted that the most lethal lesions induced by PBT are DSBs and CDD. There-
fore, targeting the DDR is considered a primary strategy through which radiotherapy
effectiveness could be enhanced. Whilst not studied in great depth, there is some evidence
to suggest that ATM and DNA-PKc inhibition can increase the sensitivity of UM models to
PBT. However, there is also the potential for the use of autophagy or hypoxia modulators
to enhance cell death after radiation treatment. Despite this, there is generally limited data
for the application of these treatment strategies in UM to enhance the PBT response, where
more extensive preclinical research is needed to identify their potential. These strategies
need to be explored in vitro, using both cultured cell lines and also more advanced models
including patient-derived organoids, as well as in vivo using the appropriate animal mod-
els. Such research is vital for identifying strategies in enhancing the effectiveness of PBT
in the treatment of patients with UM, contributing towards improving patient outcomes
and quality of life. This could also lead to preventing tumour recurrence and/or fatal
liver metastasis.
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Simple Summary: Melphalan-based percutaneous hepatic perfusion (M-PHP) was ap-
proved in 2023 as liver-directed treatment for patients with liver-dominant metastatic uveal
melanoma (mUM), which has an overall survival (OS) < 12 months. However, the reported
M-PHP-related OS benefit varies between 9.6 and 27.4 months and remains poorly defined.
Here, we retrospectively assessed the OS outcome in our 10-year experience comprising 99
M-PHP procedures in 38 patients with liver-dominant mUM. The analysis demonstrated
a median OS of 29.1 months after first M-PHP treatment; the OS at 1, 2, and 3 years was
79.5%, 53.2%, and 28.5%, respectively. In conclusion, our center’s experience demonstrates
nearly 2.5-year median OS for M-PHP-treated patients with liver-dominant mUM, which
surpasses previously reported OS data. This finding implicates a possible OS benefit from
M-PHP treatment in specialized centers, supports the need to account for institutional
volume in clinical trials, and provides an OS reference for various novel management
strategies for mUM.

Abstract

Background/Objectives: Melphalan-based percutaneous hepatic perfusion (M-PHP) be-
came approved in 2023 for treatment of liver-dominant metastatic uveal melanoma (mUM).
Patients with liver-dominant mUM have a poor overall survival (OS) < 12 months; however,
the reported OS benefit from M-PHP varies in clinical trials from 9.6 to 27.4 months and
remains uncertain. Here, we report the OS outcome after 10 years” experience with M-PHP
treatment of patients with liver-dominant mUM. Methods: A total of 38 consecutive pa-
tients (19 women, median age 57.7 years) with liver-dominant mUM underwent 99 M-PHP
procedures (median: 2.6 M-PHP/patient) between April 2014 and March 2024 at our in-
stitution. OS outcomes were retrospectively analyzed using Kaplan-Meier methods and
Cox proportional hazard models. Results: Median OS was 29.1 months after first M-PHP
treatment (median follow-up: 25.8 months). The estimated percentage of patients surviving
at 1, 2, and 3 years was 79.5%, 53.2%, and 28.5%, respectively. Each additional M-PHP
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cycle was associated with about 40% reduction in the risk of death (hazard ratio = 0.414).
Median OS was numerically improved by 8.4 months with >3 versus <2 cycles of M-PHP
administered (29.8 versus 21.4 months, p = 0.058). No treatment-related deaths occurred.
Conclusions: This study found a clinically meaningful OS benefit in M-PHP-treated pa-
tients with liver-dominant mUM, reaching nearly 2.5-year median OS with >3 M-PHP
cycles administered. This finding supports the need to account for the institutional volume
and experience with the M-PHP procedure in both clinical practice and research, and may
provide an OS reference for estimating OS gains in the evolving therapeutic landscape for
mUM patients.

Keywords: uveal melanoma; liver metastasis; percutaneous hepatic perfusion; melphalan;
chemosaturation; survival outcome

1. Introduction

Uveal melanoma (UM) represents 3% of all melanomas and differs profoundly from
cutaneous melanoma (CM) in molecular, immunologic, and clinical features [1-5]. Almost
50% of uveal melanoma (UM) patients develop metastatic UM (mUM), usually involving
the liver as the prognostically crucial site of disease [6,7]. For those selected patients with
resectable mUM, surgery provides a median overall (OS) of ~27 months [8-10]. However,
the majority of mUM patients present with unresectable liver metastases, which is usually
fatal within 3-12 months due to progressive liver metastases with hepatic failure [11,12].
For mUM patients, hepatic disease control and even slower hepatic progression matters,
and therefore OS, rather than response, is the most meaningful endpoint to estimate
treatment efficacy in mUM. Until recently, the median OS of mUM patients had been only
~12 months, as consistently assessed in two meta-analyses across all non-surgical treatment
modalities [13,14].

While chemotherapy and immune checkpoint inhibitor (ICI) monotherapy have lim-
ited efficacy in mUM, dual-ICI regimens with anti-PD-1 and anti-CTLA-4 drugs increase
median OS to ~16 months [15-17]. However, considering the risk of ~30-35% serious
immune-related adverse events, treatment discontinuation (13.3-28.3%) and treatment-
related deaths (0.7-1.0%) associated with the dual-ICI treatment [18,19], the benefit-risk
ratio and cost-effectiveness deserve further exploration in mUM [20]. In the subgroup
of ~35-45% HLA-A*02:01-positive mUM patients, a phase III study of tebentafusp, a
bispecific HLA-directed T-cell engager, showed significantly improved OS compared to
chemotherapy or ICI monotherapy (21.6 vs. 16.9 months) [21-23]. However, beyond HLA
restriction, the high costs of tebentafusp put considerable financial pressure on the potential
beneficiaries and limit clinical access [24].

Given the hepatotropism and limitations of systemic treatments, patients with liver-
dominant and liver-only mUM frequently undergo liver-directed therapies (LDT), which
have been associated with ~14-16-month median OS across all LDT approaches [13,25,26].
In limited disease, liver lesions can be treated with thermal ablation [27,28] or transarterial
chemoembolization (TACE) [29], whereas in cases of multiple liver lesions, selective intersti-
tial radiation therapy (SIRT) [30] and percutaneous hepatic perfusion delivery of high-dose
melphalan (M-PHP) [31] are typically employed. M-PHP isolates the hepatic arterial blood
flow from the systemic circulation via a double balloon vena cava catheter, saturates the
liver with high-dose melphalan, and purifies the venous outflow from residual melphalan
by an extracorporeal filtration system [32]. Several phase II trials support the feasibility,
safety and efficacy of M-PHP in controlling liver-dominant disease in mUM, but there are
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inconsistencies in replicating the same median OS outcome. The reported median OS spans
a broad range from 9.6 to 27.4 months [31,33—-41], and potential relationships between the
number of M-PHP cycles and OS have thus far been poorly investigated.

In the present study, we retrospectively assessed the OS outcome from our 10-year
single-center experience using M-PHP as the standard of care (SOC) for patients with
liver-dominant mUM. We aimed to correlate our OS estimates to OS efficacy estimates
reported in the previous literature to provide information on the potential magnitude of
OS benefit from M-PHP in mUM patients for clinical practice and future research.

2. Materials and Methods
2.1. Study Design

This retrospective study included consecutive adult patients (age > 18 years) with his-
tologically confirmed liver-predominant mUM who underwent M-PHP in the radiology de-
partment of the Asklepios Hospital Barmbek between April 2014 and March 2024. Patients
were allocated for M-PHP treatment based on multidisciplinary tumor board decision; the
decision-making for M-PHP treatment was supported by a case-by-case discussion among
surgical, radiological, interventional and oncological specialists at our institution. Inclusion
criteria and specific thresholds for eligibility of M-PHP treatment were (1) Eastern Coopera-
tive Oncology Group (ECOG) performance status of 0-1, (2) hemoglobin levels > 10 g/dL,
platelet counts > 150,000/ uL, and bilirubin levels < 2 times the upper limit of normal
(ULN), and (3) <70% liver tumor involvement. Patients could have limited extrahep-
atic disease (EHD). Any number and type of prior treatments were permitted. Patients
were excluded if they had (1) extrahepatic metastases larger than 10 mm in lymph nodes
(size > 10 mm measured in the short axis) and/or uncontrollable, progressive, and/or pre-
dominant EHD at other organ sites, (2) a recent history of transient ischemic attacks or heart
failure with a left ventricular ejection fraction < 40%, (3) significant chronic obstructive or
restrictive pulmonary disorders, and/or (4) contraindications to general anesthesia.

Baseline imaging was obtained within 6 weeks prior to M-PHP treatment with contrast-
enhanced computed tomography (CT) of the chest, abdomen, and pelvis and contrast-
enhanced liver magnetic resonance imaging (MRI) to determine vascular anatomy, baseline
volume, and distribution of measurable disease; identify extrahepatic disease; and facilitate
procedural planning. Patient histories including additional therapies, imaging findings,
laboratory tests and values, clinical reports during in-hospital stay and follow-up exams
were retrospectively assessed using the institutional medical records, PACS database,
and tumor board protocols on e-health platforms. Extracted data were anonymized and
transferred into a data sheet for statistical evaluation. The observational follow-up period
ended in September 2024, with a recorded date of death or last recorded contact.

2.2. Procedural Details

As described in previous research [42], this approach involved isolating the hepatic
circulation using a specialized filtration device, CHEMOSAT® (CHEMOSAT® Second
Generation; Delcath Systems Inc., New York, NY, USA), to enable extracorporeal drug
removal from the blood. For arterial access, a catheter was inserted into the femoral
artery and advanced to the left/right hepatic artery, where a microcatheter administered
melphalan at a dose of 3.0 mg/kg ideal body weight, up to a maximum of 220 mg. Venous
isolation was achieved using a double-balloon catheter inserted through the contralateral
femoral vein, with one balloon positioned below the hepatic veins and the other in the
atrium adjacent to the diaphragm portion of the inferior vena cava. The infusion delivered
the melphalan solution at a controlled rate, monitored by angiograms to ensure proper flow.
This was followed by a 30 min filtration period whereby blood exiting the liver was filtered
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extracorporeally to remove the melphalan agent. The filtered blood was then re-infused via
the right jugular vein. The procedure, performed under general anesthesia, required close
postoperative monitoring, including coagulation status, blood pressure, and laboratory
parameters. All patients also received G-CSF to support hematologic recovery and were
monitored in intensive care for one night as a precaution.

2.3. Endpoints and Assessments

The primary efficacy endpoint was the median OS after M-PHP treatment. This time-
to-event endpoint was defined as the time from the first PHP treatment to date of death for
any case, the study cut-off date if still alive in follow-up (30 September 2024), or the last
known follow-up date alive; for the latter patients, the OS was assigned censored in the
analysis. The secondary exploratory endpoint analysis addressed the impact of the numbers
of M-PHP cycles administered on the efficacy endpoint median OS and the risk reduction of
patient death by each additional M-PHP cycle administered. For correlation to the efficacy
endpoint median OS, patients were stratified in terms of two patient groups who received
<2 or >3 cycles of M-PHP treatment. Adverse events (AEs) and severe AEs (SAEs) were
assessed and graded according to the Clavien-Dindo (CD) [43,44], and Cardiovascular and
Interventional Radiological Society of Europe (CIRSE) classification [45].

2.4. Statistical Analysis

Descriptive summary statistics for continuous variables were presented as median
and range (minimum/maximum), and categorical variables as frequency, counts and
percentages. Time-to-event variables and endpoints were assessed using Kaplan—-Meier
methods. OS curves and median OS, as well as corresponding 95% confidence intervals
(Cls), were generated and estimated with the start date of first M-PHP application. To
adjust OS probabilities to each time point, OS data were censored if patients were stated as
alive at their last follow-up before the study cut-off follow-up date. The log-rank test was
applied to test for significant differences between OS estimates and OS curves; two-sided p
values of < 0.05 were considered to indicate statistical significance. Hazard ratios (HRs)
from Cox proportional hazard models adjusted to the number M-PHP cycles administered
were correlated with efficacy endpoints in terms of risk of death; an HR of <1 indicated
a decreased risk of death. Analyses were performed with R 2025 https:/ /r-project.org
(accessed on 30 October 2025) and Rstudio IDE 2025 https:/ /posit.co/ (accessed on 30
October 2025). [46,47]

3. Results
3.1. Patient and Study Characteristics

The study included a total of 38 patients (19 [50%] women, median age: 57.5 years;
age range: 29-77 years) who underwent a total of 99 M-PHP cycles, with an average
of 2.61 M-PHP cycles administered per patient (range 1-6). Exactly half of the cohort
(19 patients) received 1 or 2 M-PHP cycles, while the other half (19 patients) underwent
> 3 cycles (range: 3-6 cycles). At first M-PHP, 34 patients (89.4%) had a liver tumor
involvement of <25%, 6 patients (15.8%) exhibited EHD, and 20 (2.6%) had an elevated
(>ULN) LDH level. Before and/or after M-PHP, 21 patients (55.2%) had received additional
systemic treatments (chemotherapy, immune checkpoint inhibitors, tebentafusp), and
8 patients (21.0%) had received local liver-directed interventions (transarterial, ablative, or
surgical approaches). The demographics and baseline disease characteristics of the patients
are described in Table 1.
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Table 1. Baseline patient characteristics of patients undergoing melphalan-based percutaneous
hepatic perfusion (M-PHP).

Parameters Entire Cohort
Sample size (n) 38
Age, ! year 57.5 (29-77)
Male 3 Count (%) 19 (50)
ECOG-PS, 3 score <1 Count (%) 38 (100)
Extent of liver involvement at first M-PHP
<10% 3 Count (%) 29 (76.3)
10-25% 3 Count (%) 5(13.2)
25-50%, 3 Count (%) 3(7.9)
>50% 3 Count (%) 1(2.6)
Extrahepatic disease at first M-PHP
Yes 34 Count (%) 6 (15.8)
Median time since primary diagnosis to
first M-PHP
Time, 2 years (initial diagnosis uveal Median 3.08
melanoma—Iast contact) (IQR)
Time, 2 years (initial diagnosis hepatic Median 1.95
metastasis/es—last contact) (IQR)
Lactate dehydrogenase (LDH) before first
M-PHP
>ULN ® at first M-PHP 3 Count (%) 20 (52.6)
Additional systemic therapy before/after
M-PHP
Chemotherapy, 36 Count (%) 7 (18.4)
Immune checkpoint inhibitors, 37 Count (%) 11 (28.9)
Tebentafusp only 3 Count (%) 3(7.9)

Additional liver-directed therapy
before/after M-PHP

Transarterial approaches, 38 Count (%) 2 (5.26)
Ablative approaches, 39 Count (%) 2 (5.26)
Surgical resection 3 Count (%) 4(10.5)

No additional treatments

Best supportive care (BSC) 3 Count (%) 17 (44.7)

1 Mean (standard deviation) [normal data distribution]; > median (quartile 1, quartile 3) [outside normal distri-
bution]; 3 count (percentage); 4 lymph node, lung, bone, other visceral, soft tissue, brain; 5 ULN, upper limit
of normal; © dacarbazine, temozolomide, gemcitabine, platinum, and/or taxane; 7 dual-agent ICI ipilimumab
and nivolumab, or monotherapy ipilimumab, nivolumab, or pembrolizumab; 8 transarterial chemoembolization
(TACE), or selective internal radiotherapy (SIRT); 9 radiofreqency ablation (RFA), microwave ablation (MWA).

3.2. Survival Outcome

Patient status evaluation at the last study cut-off follow-up date on 30 September 2024
identified 23 (60.5%) patients who had died during the follow-up period. None of the
deaths were considered related to M-PHP treatment, device, or procedure. Furthermore,
11 (29%) alive patients were in active follow-up, and 4 patients (10.5%) who were lost to the
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last follow-up date were censored as alive. These four patients are international patients
who returned to their home countries after completing M-PHP treatment; all four patients
were alive at their last known follow-up dates within 6 months after their last M-PHP cycle,
and there was no evidence of death. After a median follow-up from the date of first M-PHP
treatment of 25.8 months, the estimated median OS for the entire cohort was 29.1 months
(95% CI: 18.4-38.9 months), and 1-, 2-, and 3-year OS rates were 79.5% (95% CI: 67.0-94.3%),
53.2% (95% CI: 38.2-74.0%), and 28.5% (95% CI: 15.4-52.8%) (Figure 1).

6 12 18 24 30
Follow up (months)

Number at risk

38 33 26 22 15 12

Figure 1. Kaplan-Meier graph of overall survival of the entire study population calculated from first
M-PHP treatment. (Median; 95% CI).

3.3. Number of M-PHP Cycles and Survival Outcome

Patients receiving >3 M-PHP cycles exhibited a median OS of 29.8 months (95% CI:
21.9-N/A), compared to 21.4 months (95% CI: 8.87-N/ A) for those receiving <2 cycles of
M-PHP; the corresponding 1-, 2-, and 3-year OS rates were 89.5% (95% CI: 76.7-100%), 59.7%
(95% CI: 40.3-88.5%), and 28% (95% CI: 11.7-67.1%) versus 66.5% (95% CI: 46.2-95.7%),
44.3% (95% CI: 24.6-79.8%), and 27.7% (95% CI: 11.4-67.5%) (Figure 2). In comparative
analysis, the trend towards numerically improved median OS by 8.4 months failed to show
statistical significance (p = 0.058). Further, especially for the longer-term 3-year OS rates,
the 95% Cls were largely overlapping (Figure 2). Cox proportional hazards models showed
that each additional M-PHP cycle was associated with about 40% reduction in the risk
of death (HR = 0.414), which supports the observed trend towards an improved OS with
increasing numbers of M-PHPs administered.
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== NPHP:1/2 == NPHP:3-6

Number at risk

19 14 9

19 19 17

18 24 30 36
Follow up (months)

8 6 6 3

14 9 6 3

Figure 2. Kaplan—-Meier graph of overall survival difference calculated from first M-PHP treatment
for a total of 1-2 versus 3-6 M-PHP cycles administered. (Median; 95% CI).

3.4. Safety

Out of the 38 M-PHP-treated patients, 4 patients (10.5%) experienced procedure-
related AEs graded > 2 according to CD and CIRSE classification. Post-M-PHP AEs
included one heparin-induced thrombocytopenia type Il managed appropriately with alter-
native anticoagulation strategies (CD grade 2, CIRSE grade 2), one pulmonary embolism
treated successfully by thrombolytic therapy (CD grade 2, CIRSE grade 3), one non-ST
Elevation Myocardial Infarction (NSTEMI) due to an intravasal coronary thrombus treated
successfully by coronary stenting and thrombolysis (CD grade 3, CIRSE grade 3), and
one cerebral artery basilar embolism in conjunction with bilateral pulmonary embolism
requiring interventional neuroradiological thrombectomy and systemic thrombolysis, and
leaving the patient with long-term mild sequelea (CD grade 4, CIRSE grade 4). There were
no procedure-related deaths. Detailed AE data are summarized in Table 2.

Table 2. Adverse events (AEs) graded > 2 according to the Clavien-Dindo (CD) and Cardiovascular
and Interventional Radiological Society of Europe (CIRSE) classification after melphalan-based
percutaneous hepatic perfusion (M-PHP) for liver-dominant metastatic uveal melanoma.

Grade

CD No.

Grade CIRSE No

Deviation from
normal postoperative
course without need
for pharmacological
treatment or surgical,
endoscopic and
radiological
interventions

NA

Complication during
the procedure which

could be solved

1 within the same
session; no additional

therapy, no
post-procedure
sequelae

NA
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Table 2. Cont.

Grade CD No. CIRSE No
Prolonged
Requiring observation including
pharmacological overnight stay as a
2 treatment with drugs 2ab deviation from the 14
other than such normal
allowed for grade I post-therapeutic
course <48
Additional
.. . post-procedure
Requérmg sqrglcal, therapy or prolonged
3 endoscoplc or 1¢ hospital stay (48 h) 2be
radiological red-
intervention requured; 1o
post-procedure
sequelae
Life-threatening
complication Complication causing
(including central a permanent mild
4 nerve system 1d sequelae (resuming 1d
complications) work and
requiring Intensive independent living)
Unit Care
Complication causing
permanent severe
5 Death 0 5 sequelae (requiring 0
ongoing assistance in
daily life)
6 Death
All Grades 2-5 4 Grades 2-6 4

@ Heparin-induced Thrombocytopenia Type Il managed appropriately with alternative anticoagulation strategies
(CD grade 2, CIRSE grade 2). b Pulmonary embolism treated successfully by thrombolytic therapy (CD grade 2,
CIRSE grade 3). © Non-ST Elevation Myocardial Infarction due to intravasal coronary thrombus treated successfully
by coronary stenting and thrombolysis (CD grade 3, CIRSE grade 3). ¢ Cerebral artery basilar embolism in
conjunction with bilateral pulmonary embolism requiring interventional neuroradiological thrombectomy and
systemic thrombolysis, and leaving the patient with long-term mild sequelae (CD grade 4, CIRSE grade 4).

4. Discussion

In the present study, we found a median OS of 29.1 months after first administration

of M-PHP in 38 patients with liver-dominant mUM. The estimated percentages of patients’

1-, 2-, and 3-year OS were 79.5%, 53.2%, and 28.5%, respectively. The clinical significance
of our study lies in providing long-term outcome data for M-PHP in mUM, supporting
the procedure’s potential OS benefit. Notably, no treatment-related mortality occurred,
and serious procedure-related complications were infrequent (4 out of 38 patients) and
manageable, supporting the procedure’s safety. However, the OS estimates presented
are observational and, as such, are exploratory and intended to provide information on
potential M-PHP-related OS benefits for clinical practice and future research.

When estimating potential M-PHP-related OS benefits from our OS data, it seems
helpful to refer to OS benchmarks in the evolving therapeutic landscape for mUM. First,
until recently, the valid historical median OS of mUM patients was ~12 months, which
has been consistently assessed in two meta-analyses across all non-surgical treatment
groups [13,14]. Second, dual-ICI, which has become the first-line therapy for a considerable
proportion of patients with mUM, was associated with ~16-month median OS in a recent
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meta-analysis [17]. Third, the median OS of 21.6 months, and the OS rates at 1, 2, and 3 years
of 72%, 45%, and 27%, respectively, for tebentafusp in the landmark approval phase III trial
are even slightly lower than those receiving M-PHP in our study [21,22]. Notably, use of
tebentafusp is limited to ~35-45% HLA-A*02:01-positive mUM patients, and puts consider-
able financial pressure (additional 0.47 quality-adjusted life years [QALYs], incremental
costs of USD 444.280, and incremental cost-effectiveness ratio of USD 953.230/QUALY) on
the OS beneficiaries [24]. Collectively, the median OS found in our observational study
(29.1 months) is more than twice as high as the historical OS (~12 months), and nearly
8 months higher than the median OS observed with the currently best pharmacotherapy
of mUM (21.6 months). Although cross-trial efficacy comparison is methodically difficult,
these OS differences are large enough to be considered clinically meaningful, and they
apply to ~90% of mUM patients, as the liver is the primary (~90%), only (~50%) and
prognostically crucial site of disease [6,7,11,12]. Notably, M-PHP received approval in 2023
for liver-dominant mUM based on the FOCUS trial, which demonstrated consistent efficacy
across patients with exclusively hepatic and limited extrahepatic disease [31].

The multicenter phase III FOCUS (M-PHP) and SCANDIUM trial (M-IHP) evaluated
hepatic perfusion with high-dose melphalan in mUM patients compared to a control
group receiving best alternative care (BAC) according to investigators’ choice (TACE,
chemotherapy, ICI monotherapy) [48,49]. Both trials found a clinically meaningful albeit not
significantly improved median OS by ~4 months in favor of M-PHP (18.5 vs. 14.5 months)
or M-IHP (21.7 vs. 17.6 months). The final results from these two phase III trials, published
in 2025, provide the current strongest evidence for a disease-modifying effect and OS
gain from hepatic perfusion with high-dose melphalan in mUM patients. Notably, the
FOCUS trial closed early due to slow recruitment (85 patients enrolled vs. 240 planned),
which illustrates the difficulty to conduct randomized trials aimed at comparing treatments
head-to-head in low-prevalence mUM.

There were no M-PHP procedure-related deaths in our study cohort. However, post-
M-PHP thromboembolic events were a notable complication in 10.5% of our patients,
indicating cautious use of protamine sulfate infusion to reverse heparinization in the post-
M-PHP phase. A recent meta-analysis found, on average, a similar OS (17.1 vs. 17.3 month)
but higher 30-day-mortality (5.5% vs. 1.8%) for surgical M-IHP compared to minimally
invasive M-PHP as loco-regional treatment for liver metastases in mUM [50]. In addition
to that, M-PHP has advantages over [-PHP in terms of patient recovery and procedure
repeatability. A recent systematic review reported a median OS of 12.3 months for SIRT,
an alternative LDT for unresectable liver metastases in mUM [51]. Further, a retrospective
single-center study found a significantly longer OS for mUM patients treated with M-PHP
than with SIRT (17.2 vs. 10.0 months) [33]. Altogether, these data support M-PHP as the
preferred whole-liver LDT to target evident and occult liver metastases in mUM, either for
safety (vs. M-IHP) or efficacy (vs. SIRT) reasons.

Over the last decade, published OS data on M-PHP for mUM have been heterogeneous.
An earlier phase III trial showed no difference between M-PHP and BAC in mUM patients
(10.6 vs. 10.0 months) [34], and non-randomized studies investigating the feasibility, safety,
and efficacy of M-PHP in mUM reported different median OS results, ranging between
9.6 and 27.4 months [31,33,35-41]. The inconsistencies in replicating the same OS outcome
may come from multiple sources, such as small sample size, differences in study design
and/or conduct, variability of patient selection, study cohorts and/or prognostic factors,
and technological improvements of the M-PHP procedure over time [26,32,39]. The same
between-study variations bias individual cross-trial comparisons, but it is legitimate to
compare our median OS (29.1 months) to the aggregated median OS (17.3 months) found
in a meta-analysis of M-PHP trials in mUM [50]. Compared to this fairly objective effect
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size for M-PHP, and the OS estimate in the approval-relevant FOCUS trial [48], the median
OS estimate in our study is even longer. This OS difference may in part be attributed to
center experience, case volume, and multidisciplinary patient selection. The impact of such
factors on the OS outcome of the demanding M-PHP procedure-related patient care may
be underestimated and should receive greater attention in future research.

In this study, a total of 38 patients received 99 M-PHP procedures. While our av-
erage number of M-PHP cycles per patient (2.6) is within the range (1.8-4.0) of previ-
ous studies [31,33,35-41], we found that each additional M-PHP cycle was associated
with ~60% reduced risk of death (HR = 0.414). Moreover, the median OS was numeri-
cally 8.4 months higher in patients treated with 3-6 (29.8 months) versus 1-2 M-PHPs
(21.4 months). This OS difference showed a trend, but failed to achieve statistical signifi-
cance (p = 0.058), which could in part be attributed to the limited sample size. Otherwise,
the almost similar OS rates and overlapping 95% Cls at 3 years (28.0% [11.7-67.1%] vs.
27.7% [11.4-67.5%]) demand caution as to whether the OS trend will persist in the long
term. The literature provides little data on the correlation between the number of M-PHPs
and OS. Further, there are likely confounding effects from patient management at play,
making it difficult to disentangle the M-PHP cycle number as a cause or effect of prolonged
OS. For example, the landmark FOCUS trial attempted to complete six M-PHP cycles
per protocol (45% of patients completed six cycles) and discontinued M-PHP treatment in
case of disease progression [31,48]. In contrast, we personalized the treatment goals and
indications before each M-PHP cycle in a multidisciplinary manner, which could also mean
continuing M-PHP to slow hepatic disease progression. However, association does not
mean causation, and our data do not prove that additional M-PHP cycles cause longer
survival. Reverse causation could also be possible, and that slower-progressing patients
can receive more M-PHP cycles. However, M-PHP holds an advantage in its repeatability,
and our observed trend towards improved OS with higher numbers of M-PHP treatments
warrants further investigation in larger, prospective trials.

Our study has limitations. First, major limitations stem from its retrospective design
and lack of a control group. Thus, the OS efficacy analyses presented in this study are
exploratory. Second, the single-center nature and our strict selection criteria introduce
potential selection bias. This could limit the generalizability of our results to a broader mUM
population. Third, the sample size is modest, and ~55% of patients received additional
therapies before or after M-PHP. This could confound the observed OS outcomes; however,
the high diversity of additional periprocedural treatments, along with the small sample and
subgroup sizes, limited to produce meaningful data on the effect of additional therapies.
Altogether, all efficacy analyses presented in this report are exploratory. Further prospective,
larger-scale, multicenter studies in independent patient populations are required to explore
the role of additional therapies, to evaluate whether more M-PHP cycles cause longer OS,
and to verify the extent to which the findings presented here are generalizable. However, as
for its strengths, the OS calculations in our analysis are based on sufficient long-term follow-
up, and the magnitude of M-PHP-associated OS effects contributed to the significance
of findings. Despite the aforementioned study limitations, we believe that our OS data
may provide a source for cross-trial comparison to reported OS efficacy estimates and /or
OS advances of various novel management strategies for mUM. In particular, it might be
valuable to compare our OS data (median OS: 29.1 months; 2-years OS: 53.2%) with OS
data from recent studies on combining M-PHP with immunotherapies and/or targeted
therapies [52-54], immunotherapy combinations in tebentafusp-naive and tebentafusp-pre-
treated mUM cohorts [55], and novel strategies such as (PRAME)-directed T-cell therapy in
HLA-A*02+ mUM patients [56].
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5. Conclusions

In the challenging treatment of liver-dominant mUM, we found a median OS of
29.1 months after the first M-PHP administration. This OS result is more than twice as high
as the historical OS that was valid until 2020 (~12 months), and reaches the OS data for
tebentafusp in the approval landmark phase III trial in 2021. Limitations of our analysis
include its exploratory character, retrospective design, and the lack of a control group. A
prospective evaluation is necessary to confirm our findings. Nevertheless, our long-term
outcome results suggest a clinically meaningful OS benefit from M-PHP in the treatment of
patients with liver-dominant mUM. Further, our results may also indicate that institutional
experience, operators’ skills, case volume, and multidisciplinary patient selection will be
essential to fully harness the OS benefits of M-PHP in clinical practice and future research.

Author Contributions: Conceptualization, C.M.R., M.A.S. and R.B.; methodology, CM.R., M.A.S.
and R.B.; validation, A.S., HW., KW. and ].H.; formal analysis, C.M.R., M.A.S. and R.B.; investigation,
M.AS., AS.,, HW., K.W,, ].H. and R.B.; resources, M.A.S. and R.B.; data curation, CM.R., M.AS,, A.S.,
K.W. and R.B.; writing—original draft preparation, CM.R., M.A.S. and A.S.; writing—review and
editing, CM.R,, M.AS,, AS., HW.,, RB. and A.H.M,; visualization, CM.R. and M.A.S.; supervision,
A.S., R.B. and A.H.M,; project administration, M.A.S., A.S., R.B. and A.H.M. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki. Ethical review and approval were waived for this study, due to the retrospective nature
of the study.

Informed Consent Statement: Patient consent was waived for this study due to the statement of the
Institutional Review Board.

Data Availability Statement: The data presented in this study are available on reasonable request
from the corresponding author. The data are not publicly available due to privacy.

Acknowledgments: The authors thank Peter Wohlmuth and Dagmar Pilz for excellent support for
the analysis of data.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

M-PHP Melphalan-based percutaneous hepatic perfusion

mUM Metastatic uveal melanoma

OS Overall survival

M Cutaneous melanoma

ICI Immune checkpoint inhibitor

LDT Liver-directed therapies

SOC Standard of care

ECOG Eastern Cooperative Oncology Group
ULN Upper limit of normal

EHD Extrahepatic disease

CT Computed tomography

MRI Magnetic resonance imaging

AEs Adverse events

SAEs Severe adverse events

CD Clavien-Dindo classification

CIRSE Cardiovascular and Interventional Radiological Society of Europe classification
Cls Confidence intervals
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HRs Hazard ratios

NSTEMI  Non-ST elevation myocardial infarction
QUALYs  Quality-adjusted life years

M-IHP Melphalan-based isolated hepatic perfusion
BAC Best alternative care

TACE Transarterial chemoembolization

SIRT Selective internal radiotherapy
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Simple Summary

Uveal melanoma is an aggressive ocular malignancy with high mortality rates. Although
localized interventions such as surgical resection or radiotherapy effectively control the
primary tumor, many patients ultimately develop metastatic disease. Current therapies
targeting principal oncogenic drivers often fail to provide durable responses, underscoring
the need to elucidate alternative survival pathways that confer resistance. In this study, we
systematically evaluated gene function in laboratory models of uveal melanoma, identify-
ing critical contributions from signaling pathways including JAK/STAT, BCL2/BCL-XL,
PIBK/mTOR, and Hippo. These results highlight novel molecular mechanisms under-
pinning therapeutic resistance and support the development of combinatorial treatment
strategies. Such approaches may offer improved clinical outcomes for patients with ad-
vanced uveal melanoma by effectively targeting both primary oncogenic drivers and
resistance mechanisms.

Abstract

Background/Objectives: Uveal melanoma (UVM), the leading primary intraocular cancer
in adults, is driven by GNAQ/GNA11 mutations, encoding the active forms of Gaq proteins.
While local treatments like surgery or radiation can control primary tumors, nearly half
of patients die from metastasis. Our aim was identifying potential pathways involved in
resistance to targeted therapy in UVM. Methods: Here, we screened 100 pathway-activating
mutant complementary DNAs by lentiviral overexpression to identify those that enhance
the survival of cancer cells in the presence of clinically relevant targeted therapies, using
BAP1 wild-type UVM cells and validated the most significant results in BAPI-mutant cells.
Results: This revealed JAK/STAT activation, overexpression of anti-apoptotic BCL2/BCL-
XL, and dysregulated PI3K/mTOR or Hippo pathways as escape routes under MEK-ERK
or FAK inhibition. Bioinformatic analysis of UVM transcriptome in TCGA further showed
that high expression of the hallmark PI3K/AKT/mTOR pathway and IL6/JAK/STAT
signaling correlates with poor prognosis. A similar correlation was shown by YAP and
anti-apoptotic signatures. The analysis of individual representative genes from these
signatures revealed that MTOR, BCL2L1 (BCL-XL), and TEAD4 gene expression are linked
to poorer survival, underscoring the potential clinical impact of these adaptive pathways.
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Proliferation and apoptosis assay demonstrated that aberrant activation of AKT and YAP
promotes resistance to FAK and MEK inhibitors. Conclusions: These findings support the
adaptability of UVM lesions and suggest rational combination therapies targeting both
primary GNAQ/GNA11-driven oncogenic signals and their compensatory networks as a
more effective, personalized treatment approach for advanced UVM.

Keywords: uveal melanoma; resistance; MEK; FAK; AKT, mTOR; BCL-XL; YAP/TEAD;
hippo pathway

1. Introduction

Uveal melanoma (UVM) originates from melanocytes within the uveal tract (choroid,
ciliary body, and iris), and it is the most common primary intraocular malignancy in
adults [1], with an incidence of approximately 5 cases per million per year [2]. Despite
modern surgical, laser, and radiotherapeutic modalities achieving satisfactory local tumor
control, nearly half of patients eventually develop metastatic disease, most notably in the
liver, where survival typically drops to less than 12 months from the time of diagnosis [3].
Current systemic therapies offer only limited benefit in the metastatic setting [4,5], high-
lighting an urgent need for strategies to overcome intrinsic and acquired therapy resistance
mechanisms, and thereby improve patient treatment outcomes.

In contrast to cutaneous melanoma, which frequently harbors UV-induced mutations
in BRAF and NRAS [6,7], UVM is driven by distinct oncogenic events that reflect a different
pathophysiological profile. The majority of UVM cases (over 90%) harbor mutations in
GNAQ or GNA11, which encode Goq subunits that instigate constitutive signaling through
downstream pathways such as MEK-ERK and YAP [8-10]. These alterations create a tumor
microenvironment and signaling architecture distinct from other melanoma subtypes, em-
phasizing the need for specialized therapeutic approaches. A particularly notable genetic
event involves the inactivation of the tumor suppressor BAP1 in nearly 50% of patients,
which strongly correlates with a high-risk, metastatic phenotype [11]. This leads to dys-
regulated DNA damage responses, driving tumor aggressiveness and disease progression;
however, how these changes integrate with or modulate critical survival pathways remains
only partially understood. Recent studies have highlighted the centrality of focal adhesion
kinase (FAK) [12] in the context of oncogenic GNAQ/GNA11 alterations, which converge
on FAK, AKT, and YAP activation concomitant with components of the MEK-ERK axis
to initiate proliferative signals, maintain cell viability, and promote resistance to targeted
therapies. Nonetheless, the intricate interplay among these nodal pathways and how they
collectively establish a dynamic, adaptive signaling circuit capable of evading single-agent
therapies remains poorly defined.

Targeted therapies have revolutionized cancer treatment by selectively inhibiting
oncogenic drivers. However, a persistent and difficult challenge is the ability of tumor
cells to engage compensatory bypass pathways that neutralize or circumvent the inhibitory
effects of these agents. Specifically, the prolonged blockade of signaling hubs, such as
EGFR, PI3K, or BRAF, has been shown to activate intricate feedback loops that disrupt
or rewire signal transduction, ultimately conferring therapeutic resistance and promoting
disease progression [13-17]. In response, there is a growing consensus that combinatorial
strategies targeting both the principal oncogenic node and its critical compensatory path-
ways are necessary to achieve sustained clinical benefit [18]. Yet major questions remain
unanswered regarding which Gaqg-regulated routes underlie resistance to canonical (e.g.,
MEK inhibitors, MEKi [19-21]) and non-canonical (e.g., FAKi [8,12,22]) targeting agents,
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and which feedback mechanisms should be precisely co-targeted to optimize therapeutic
efficacy. Specifically, despite preclinical evidence that MEKi and FAKi may reduce UVM
cell proliferation, these interventions often yield cytostatic rather than cytotoxic responses.
Over time, the surviving tumor cells acquire or exploit alternative molecular programs,
rendering the tumor refractory and enabling tumor progression or relapse after an initial
favorable response. In the present study, we used a recently described “signaling toolkit”
strategy to identify mechanisms of resistance to MEKi or FAKIi, and explored the status of
activation of the emerging adaptive resistance pathways by transcriptome analysis of large
RNA sequencing datasets from UVM lesions.

2. Materials and Methods

2.1. Cell Lines, Culture Procedures and Chemicals

HEK293 cells were maintained in DMEM (D6429, Sigma-Aldrich Inc., St. Louis, MO,
USA) supplemented with 10% FBS (F2442, Sigma-Aldrich Inc., St. Louis, MO, USA), 1X
antibiotic-antimycotic solution (A5955, Sigma-Aldrich Inc., St. Louis, MO, USA), and 1X
Plasmocin prophylactic (ant-mpp, InvivoGen, San Diego, CA, USA). Uveal melanoma cell
line 92.1 was maintained in RPMI-1640 medium (R8758, Sigma-Aldrich Inc., St. Louis,
MO, USA) supplemented with 10% FBS, 1X antibiotic/antimycotic solution, and 1X Plas-
mocin prophylactic. Uveal melanoma cell line MP46 was cultured in RPMI-1640 medium
(R8758, Sigma-Aldrich Inc., St. Louis, MO, USA) supplemented with 20% FBS,1X antibi-
otic/antimycotic solution, and 1X Plasmocin prophylactic. All the uveal melanoma cell lines
were provided by Dr. Andrew Aplin (Thomas Jefferson University, Philadelphia, PA, USA).

Trametinib (GSK1120212) #52673 and VS-4718 (PND-1186) #S7653 were obtained from
SelleckChem (Houston, TX, USA).

2.2. Library and Transfections

Lentiviral cDNA library containing 100 distinct both gain-of-function and loss-of-
function (dominant-negative) mutants was generously provided by Dr. Wood [23]. All
pathway-activating constructs were generated in lentiviral format, and the viruses were
produced in HEK293 cells. All 100 distinct lentiviruses were aliquoted and stored at
—80 °C. As negative controls, we used the lentiviral HCRed (Addgene, Watertown, MA,
USA, 25892) and luciferase (Addgene, Watertown, MA, USA, 25894). To generate cell
populations overexpressing each cDNA construct, 92.1 cells were seeded at a density of
500,000 cells per well in a 6-well plate, with one well designated for each lentivirus to be
transduced. After 24 h, each well was infected with a single virus from the library at a
multiplicity of infection (MOI) of 0.3, ensuring that most infected cells contained only one
viral integration. The lentivirus was added directly to the cells in the presence of polybrene
(7.5 pg/mL), and the plates were centrifuged at 1200x g for 1 h at 37 °C. Twenty-four
hours post-infection, the medium was replaced with fresh medium containing puromycin
(2 pg/mL) to initiate the selection process. After 48 h of puromycin selection, the cells
were split into approximately six equal portions to be frozen at —80 °C and to prepare the
viability experiments.

2.3. Concentration—Response Curves in Viability Assays

Cells (8000 per well) were plated in 96-well white plates in supplemented medium.
For viability screening, cells expressing oncogenic mutants and controls were seeded in
parallel. The next day, the cells were treated with increasing inhibitor concentrations.
Each inhibitor was tested in seven serial dilutions, with technical triplicates, for 72 h. For
trametinib (MEKi), we used 0.003, 0.01, 0.03, 0.1, 0.3, 1, and 10 nM, and for VS-4718 (FAKi),
0.003, 0.01, 0.03, 0.1, 0.3, 1, and 10 uM concentrations in supplemented medium. Cell
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viability was assessed using the AquaBluer Cell Viability Reagent and measured with a
Spark microplate reader (Tecan). Briefly, after 72 h of incubation, the supernatant was
aspirated, and supplemental media was added with Aqua Bluer at a 1:100 dilution and
incubated for at least 3 h at 37 °C in a 5% CO, atmosphere. G5y values were calculated with
GraphPad Prism (v10.4.1, GraphPad Software, Inc., Boston, MA, USA) using a nonlinear
regression model (log[inhibitor] vs. response, three-parameter variable slope).

2.4. Acridine Orange/Ethidium Bromide Apoptosis Staining

Uveal melanoma cells (92.1 parental, and YAP-5SA and myr-Flag-AKT expressing
cells) were seeded in 12-well plates to ~80% confluence and then treated with FAK or
MEK inhibitors for 24 h. Cells were washed with 1X PBS and stained with acridine
orange/ethidium bromide (50 pg/mL each in PBS). Acridine orange (cat. A3568) and
ethidium bromide (cat. 15585011) were obtained from Invitrogen (Carlsbad, CA, USA).
Fluorescent images were captured using an inverted microscope (10x) (Echo Revolve,
BICO Company, San Diego, CA, USA). Two fields per condition (>100 cells/field) were
imaged in triplicate. Finally, the cells were manually classified as live (green fluorescence)
and apoptotic (red and green fluorescence). Acridine orange is permeable in live cells, and
ethidium bromide only influxes dying cells.

2.5. Proliferation

Cells (10,000 per well) were plated in 96-well clear plates in supplemented medium;
parental 92.1 cells and myr-AKT or YAP-55A expressing cells were seeded in parallel.
The next day, the cells were treated in 200 puL supplemented medium with vehicle, FAK
inhibitor (0.3 uM, VS-4718), or MEK inhibitor (3 nM, trametinib). Cell confluency was
measured using the Cellcyte 3 microscope (Echo, BICO, San Diego, CA, USA) in live cells
in real-time during 72 hrs. The analysis of confluency was performed using the Cellcyte 3
software, and the normalized data were plotted.

2.6. Western Blot

Cells were seeded in 6-well plates at a density of 300,000 cells (parental cells and
myr-AKT or YAP-55A cells). When they reach an appropriate confluency, cells were
serum starved and treated with the FAK inhibitor (1 uM, VS-4718), MEK inhibitor
(10 nM, trametinib) for 24 h. For cell lysates, cells were washed with cold 1X PBS and then
lysed using Pierce™ RIPA buffer (Thermo Scientific, Waltham, MA, USA, catalog #89900)
supplemented with HaltTM Protease and Phosphatase Inhibitor Cocktail (ThermoFisher
Scientific, Waltham, MA, USA, 78440) and 1mM sodium orthovanadate (New England
Biolabs, Ipswich, MA, USA, P0758S). The lysates were centrifuged at maximum speed
at 4 °C, and protein concentrations were determined using DC Protein Assay (BioRad
Laboratories, Hercules, CA, USA, catalog #5000111). Finally, lysates were mixed with
4x Laemmli Sample Buffer (BioRad Laboratories, Hercules, CA, USA, 1610747) containing
-mercaptoethanol and boiled for 5 min at 98 °C. The protein samples were resolved
by SDS-PAGE gels at 20-30 mAmps and transferred to PVDF membranes (Immobilon-P
membranes, Millipore, St. Louis, MO, USA, catalog no. IPV00010) at 25 V overnight. The
membranes were blocked with 5% (w/v) skim milk in 1X TBS-T for 1 hr, and after washing
with TBS-T, incubated with the corresponding primary antibodies from Cell Signaling
Technologies. Antibodies were used at a 1:1000 dilution: cI-PARP (#5625), ERK1/2 (#9102),
pT202/Y204-ERK1/2 (#9101), AKT (#9272), YAP (#14074), and GAPDH (#5174). HRP-
conjugated goat anti-rabbit and anti-mouse IgG (Southern Biotech, Birmingham, AL, USA)
were applied at a 1:10,000 dilution. Chemiluminescence was detected using Immobilon
Western Chemiluminescent HRP substrate (Millipore, St. Louis, MO, USA) and with the
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ChemiDoc imaging system (Bio-Rad, Hercules, CA, USA). All representative Western blots
were conducted in at least 3 independent experiments.

2.7. Caspase Activity

We performed CaspaseGlo3/7 assays to measure caspase activity. 92.1 cells were
plated at a density of 10,000 cells/well in 96-well white plates one day before the treatments.
After 24 h incubation in supplemented 10% FBS medium, the cells were starved and treated
with FAK inhibitor (1 uM, VS-4718), MEK inhibitor (10 nM, trametinib), or vehicle control
in 100 uL per well. Apoptosis was evaluated 24 h after treatment using the Caspase-Glo
3/7 Assay System (Promega G8090) according to the manufacturer’s guidelines. Briefly,
reagents were added to each well with a final dilution of 1:8, and the plates were maintained
in darkness at room temperature for 1 hr. Finally, we read the fluorescence in the Spark
microplate reader (Tecan, San Jose, CA, USA).

2.8. Wound Closure

Cells were seeded on 0.02% gelatin (pre-coated for 1 h) in 12-well plates. After 24 h,
the confluent cell monolayers were wounded in the middle with a pipette tip, the cells
were washed with 1X PBS to remove the debris on the wound and stimulated with serum-
free or supplemental medium (10% FBS). Inhibitors for FAK (1 uM, VS-4718), or MEK
(10 nM, trametinib) were incubated for 2 h before wounding and during cell migration.
After 18 h, cells were fixed with 4% PFA, stained with crystal violet, washed with PBS,
and photographed.

2.9. Survival Analysis in TCGA Uveal Melanoma (UVM) Data

RNA-seq and clinical data for the TCGA-UVM dataset were downloaded from the Na-
tional Cancer Institute Genomic Data Commons using the TCGAbiolinks R package, Re-
lease 3.22. Gene signature scores for each patient sample were calculated using the YAP
target genes described previously [24] or curated gene sets in MSigDB (https://www.
gsea-msigdb.org/gsea/msigdb, accessed 12 December 2025) by single-sample gene set
enrichment analysis (ssGSEA) implemented in GenePattern (www.genepattern.org, ac-
cessed 12 December 2025). For survival analysis, we first modeled the pathway activity
as a continuous variable in Cox proportional hazards regression, utilizing ssGSEA scores
generated above. For visualization (Kaplan-Meier plots), patients were divided into
“high” and “low” groups, using maximally selected rank statistics as implemented in the
survminer R package. This method identifies the optimal cut-off point for a continuous
variable, while formally correcting for the multiple testing inherent in scanning all possi-
ble thresholds. Unlike naive repeated log-rank testing, this approach provides adjusted
p-values and controls type I error. For survival analysis in (see below), the same approach
was applied to determine the cutoff for “high” or “low” patient groups utilizing individual
gene expression values (Transcripts Per Million; TPM) from TCGA-UVM dataset. All
statistical analyses were performed in R version 4.4.1.

2.10. Statistical Analysis

All experiments were repeated at least three times. Data are presented as mean =+ stan-
dard deviation (SD). Multiple comparisons were assessed by one-way or two-way ANOVA
following Tukey post hoc, as indicated. Statistical significance in survival curves (Kaplan—
Meier plots) was evaluated by the log-rank test. Hazard ratios were computed where
relevant. A p-value < 0.05 was considered statistically significant. All analyses were
performed in GraphPad Prism (Version 10.4.1, GraphPad Software, Boston, MA, USA,
www.graphpad.com).
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3. Results
3.1. Unbiased Lentiviral Signaling Pathway Activation Screen in UVM Cells

To address the urgent need for a systematic map of resistance-mediating pathways,
we first employed an unbiased lentiviral signaling pathway activation screen in 92.1 UVM
cells (BAP1 wild-type). This screen was designed to capture a broad spectrum of sig-
naling architecture commonly implicated in oncogenic processes [23]. Specifically, we
took advantage of a library of 100 constructs (puromycin-selectable), primarily encoding
constitutively active variants of key nodes for signaling pathways known to be pivotal in
tumorigenesis (e.g., Ras/MAPK, PI3K/AKT/mTOR, STAT3, Wnt, Notch, TGEF3, Hippo,
and oncogenic transcription factors). The library also included a small number of loss-of-
function or dominant-negative constructs (e.g., LATS-K697R), whose net effect likewise
drives signaling activation. The use of constitutively active mutants, dominant active
mutants for pathway repressors, or chimeric fusion active proteins ensured robust and

4

durable signaling output from each node (Figure 1, Table 1).

VIABILITY SCREENING

Percentage respongeq (\)

Percentage responeq (V

i
Constitutively active mutant or WT
Dominant-negative mutant E:srs?z \}%ﬁh
T

=

l
\ / S177/181E
.
) () o) D | =
& ‘ e
Q64L
&

N
@/
il

NFkB pathway TGFB pathway RhoGTPase

pathway
K8SA

=) D)
s R IED,
WNT pathway 5

§

mTOR pathway

q

<
e

]

3

°

fam—— 3

1%}
) c——
sod

T

§

B

g

e

X
g2
3q
33
SQ
s
57 (53
;‘h SR
S\~
GRS <
<3

)

B
83

‘ ™\ c163a
Apoptosis pathway \ Nucleus
| S

Figure 1. Schematic depicting for mutant library screening to identify resistance mechanisms to
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Table 1. List of genes included in the mutant library screen, grouped by pathways involved in
resistance mechanisms, including PI3K/AKT/mTOR, RAS/MAPK, TGF-3/SMAD, NF-«B, and

apoptosis pathways.
Pathway Genes and Expression Constructs

AKT1, MTOR, PTEN, PIK3CA, PIK3CG, PIK3R1,

PI3K/AKT/mTOR Pathway myr-FLAG-PI3K, myr-FLAG-Akt, FLAG-Rheb
(Q64L)
BRAF, KRAS, NRAS, MAP2K1, MEK1, MAP2K4,
MEKT1 (5218D/5222D), HRas (G12V), Kras

RAS/MAPK Pathway (G12V), JNK2 WT O/E (MAPK9), p38 WT O/E
(MAPK14), MKK6(S207E /T211E), Mkk7-JNK2
fusion

Cell Cycle Regulation CCND1, CDKN1A, CDKN1B, RB1, STAG2

Receptor Tyrosine Kinases

EGFR, FGFR2, FGFR3, FLT3, PDGFRA, RET, HGF

WNT/ 3-catenin Pathway

CTNNBI, B-catenin (S33A, S37A, T41A),
[-catenin (S33Y), GSK3b(K85A)

Notch Signaling

Notchl intracell. domain, Notch3
intracell.domain

TGF-B/SMAD Pathway

SMAD2, SMAD4, ACVR1B, TGFBR1 (T204D)

Epigenetic Regulation

EZH?2, HIST1H1C, H3F3B, KLF4, BAP1, TET2

DNA Damage Response CHEK2, MLH1, MSH?2
Oxidative Stress Response NFE2L2, KEAP1

. BCL2, BCL-XL, Caspase-8 (C360A), Caspase-3
Apoptosis (C163A)

Transcription Factors

FOXA1, ELF3, GATA2, GATA3, RUNX1, VHL

NF-«B Pathway

IKKa (S176E/S180E), FLAG-IKKb
(S177E/S181E), CYLD, MYDSS8

RNA Splicing Pathway U2AF1

Jak/Stat Pathway {ZA-’g:fr;YI?EZFC)}’—StatB(A661C /N663C)

JNK Pathway JNK2 WT O/E (MAPK9), Mkk7-JNK2 fusion
ERKS Pathway MEKS5 DD, myr-MEK5

p38 MAPK Pathway p38 WT O/E (MAPK14), MKK6(S207E /T211E)
Hedgehog Pathway Gli2 truncation, 4x myc Gli2 truncation, SmoM2

Estrogen Receptor Pathway

ER«x (Y537S mutant)

Hippo Pathway

YAP2 55A, LATS2(K697R) kinase dead

P53 Pathway

P53 (R175H mutant DN)

Ral-GEF Pathway

H-Ras (G12V, E37G), Rgl2-CAAX,
RalA(G23V)(two forms—full and mature
peptide), MEK1

Each lentivirus was introduced into UVM cells to generate 100 unique lines, each stably

overexpressing a single construct. Following puromycin selection, the lines were subjected
to full dose-response curves for both MEK (trametinib) and FAK (VS-4718) inhibitors.
We derived independent ICsy values for each inhibitor and measured cell viability at

maximal inhibitory doses (Ciax) (Figure 1). This approach enabled us to capture shifts in
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dose-response kinetics (i.e., increased ICs values) and any changes in maximal achievable
cytostatic or cytotoxic effects.

3.2. Emerging Pathways Driving Resistance to MEK and FAK Inhibition

As anticipated, constructs that augment MAPK signaling emerged prominently in our
screens. For example, overexpression of HRAS-G12V or BRAF-V600E, well-established
oncoproteins driving ERK hyperactivation, provided robust rescue from MEKi (Figure 2A
and Supplementary Table S1). These same constructs also partially conferred protection
against FAKi (Figure 3A and Supplementary Table 52). In line with our prior work demon-
strating synergy between MEK and FAK dual inhibition in UVM [25], these observations
highlight ERK reactivation as a recurrent and potent escape route for GNAQ-driven tumor
cells, and also reveal that the constitutively active FAK-Y180I/M183A mutant can preserve
cellular viability when MEK activity is pharmacologically suppressed (Figure 2A-C).
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Figure 2. Signaling library toolkit screening reveals candidates as resistance-promoting pathways for
MEK inhibition. (A) MEKi screen shows cell viability responses of individually virally transduced cell
populations in 92.1 cells. Notable resistance mutations include AKT E17K, HRAS G12V, BCL2, and
FAK Y180/M183A, which exceed the control threshold. CTL + 3SD: mean viability of control samples
plus three times the standard deviation used as a cut-off for resistance. (B) Dose-response curves for
MEKIi (trametinib) in 92.1 cells demonstrate enhanced resistance in populations expressing AKT E17K,
BCL2 R98H, LATS K697R, and FAK Y180/M183A compared to parental cells. (C) Dose-response
curves for MEKi (trametinib) in MP46 cells validate resistance phenotypes driven by LATS K697R,
BCL2, FAK Y180/M183A, and MEK5-DD compared to parental MP46 cells. Two-way ANOVA
followed by Tukey post hoc, **** p < 0.0001.
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Figure 3. Signaling activation library screening reveals candidates as resistance-promoting pathways
for FAK inhibition. (A) FAKi screen shows cell viability responses of individually virally transduced
cell populations in 92.1 cells. Resistance mutations identified include AKT E17K, mTOR S2215Y,
PTEN R130Q, JAK3 L527R, p53 R157H, BCL2, and KRAS G12V, exceeding the control threshold.
CTL + 3SD: mean viability of control samples plus three times the standard deviation used as a cutoff
for resistance. (B) Dose-response curves for FAKi (VS-4718) in 92.1 cells demonstrate resistance
phenotypes driven by AKT E17K, BCL2 R98H, LATS K697R, and KRAS G12V compared to parental
cells. (C) Dose-response curves for FAKi (VS-4718) in MP46 cells confirm resistance driven by LATS
K697R, BCL2, FAK Y180/M183A, and MEK5-DD compared to parental MP46 cells. Two-way ANOVA
followed by Tukey post hoc, **** p < 0.0001.

Beyond the canonical and FAK-centric mechanisms, our unbiased approach identified
additional molecular events that can override MEKi or FAKi growth suppression. Overex-
pression of BCL2 or BCL-XL (also known as BCL2L1) profoundly bypassed the cytostatic
effects of either inhibitor. Similarly, the oncogenic gain-of-function mutant p53-R175H de-
creased sensitivity to both MEKi and FAKj, indicating that the acquisition of p53 alterations
(as p53 is rarely mutated in UVM) might be relevant for tailoring therapy and predicting
resistance (Figure 3A-C).

We found that PI3K/AKT/mTOR-activating constructs were among the top hits that
were rescued from FAKIi (Figure 3A-C). For instance, myr-AKT, AKT E17K and mTOR
S2215Y, suggest a central and yet underexplored role for PI3K pathway regulation by GNAQ
via FAK in UVM, which we have recently described based on genome-wide CRISPR-Cas9
screens using FAKi in UVM cells [26]. Interestingly, constitutively active JAK3-L527R
and kinase-dead LATS-K697R also emerged as resistance nodes. The LATS-K697R con-
struct, part of the Hippo tumor suppressor pathway, abolishes the LATS kinase function
by disrupting the ATP-binding site (lysine-to-arginine mutation), preventing it from phos-
phorylating and inactivating YAP/TAZ. This loss of LATS activity, in turn, promotes
hyperactive YAP/TAZ signaling, offsetting the growth-inhibitory signals triggered by MEK
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or FAK blockade. Aligned with these results, constitutively active YAP (YAP2-55A) was
also among the top resistance hits.

These findings collectively extend our mechanistic scope, highlighting potential targets
that could be explored to optimize therapeutic response. We then validated the most
significant hits in MP46 cells (BAP1-mutated), rather than performing a full screen, to
confirm that these top resistance mechanisms could similarly emerge despite their distinct
genetic background (Figures 2C and 3C).

3.3. Gene Set Enrichment Analysis Identifies Key Oncogenic Pathways Correlating with Poor
Survival in Uveal Melanoma

Based on the resistance mechanisms identified in our in vitro models under FAK or
MEK inhibition, we next sought to determine whether these same pathways are clinically
relevant in UVM. To that end, we queried the TCGA UVM cohort (1 = 80) and performed
Gene Set Enrichment Analysis (GSEA) focusing on curated pathway signatures encom-
passing Hippo/YAP, PI3K/AKT/mTOR, and IL6/JAK/STAT and anti-apoptosis signaling.
Specifically, we used publicly available Hallmark and Reactome gene sets from the Molec-
ular Signatures Database (MSigDB) that capture the core components and downstream
targets of each pathway [27,28].

Our GSEA revealed that high expression of the Hallmark PI3K/AKT/mTOR pathway
(Figure 4A) or Hallmark mTORC1 signaling (Figure 4B) correlated with significantly worse
overall survival (p = 0.0051 and p = 0.0021, respectively), aligned with our in vitro data
that mTOR pathway activation drives therapeutic resistance. Moreover, tumors with
a high anti-apoptosis gene signature (Figure 4C) showed markedly reduced survival
(p =0.0076), in line with our identification of BCL2 /BCL-XL upregulation as a key resistance
mechanism. High IL6/JAK/STAT signaling (Figure 4D) was even more strongly associated
with adverse outcomes (p < 0.0001), further underscoring that JAK/STAT blockade may
represent an important complementary strategy in UVM therapy. Notably, a high YAP
signature (e.g., CTGF, CYR61, and other canonical YAP targets) (Figure 4E) also tracked
with significantly inferior survival (p = 0.0019), highlighting the clinical importance of
Hippo pathway dysregulation in UVM.

Collectively, these results underscore that the same pathways identified in our mech-
anistic screen, PI3K/AKT/mTOR, anti-apoptosis (BCL2 family), IL6/JAK/STAT and
Hippo/YAP, are not only active in primary UVM tumors but are also associated with
worse survival profiles in large patient cohorts (n = 80).

3.4. Correlating Key Resistance-Associated Genes with Patient Survival in Uveal Melanoma

To investigate the translational implications of these observations, we next assessed
whether expression levels of key resistance-associated genes correlated with patient out-
comes in a cohort of 80 individuals diagnosed with UVM. Focusing on MTOR, BCL2, and
TEAD, each patient was categorized as having “high” or “low” transcript levels (TPM).
The Kaplan—-Meier survival curves uncovered distinct patterns among the three genes
(Figure 5). High MTOR expression was associated with a steep decline in overall survival
(OS) between 20 and 60 months (log-rank p = 0.044). By five years, survival in the high-
MTOR group approached 20%, whereas the low-MTOR cohort exceeded 60%. These data
highlight a potential role for upregulated mTOR signaling in aggressive disease pheno-
types and underscore the plausibility of integrating mTOR inhibitors with MEKi or FAKi
to counteract emergent resistance (Figure 5A).
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Figure 4. Pathway activity impacts overall survival in uveal melanoma. Gene Set Enrichment
Analysis (GSEA) of the TCGA UVM cohort (n = 80) using Hallmark and Reactome gene sets from
MSigDB reveals clinical relevance of key pathways identified in resistance mechanisms under FAK or
MEK inhibition. (A) High activity of the PI3K/AKT/mTOR pathway is associated with significantly
worse overall survival (p = 0.0051). (B) Elevated mTORC1 signaling correlates with poor survival
outcomes (p = 0.0021). (C) High anti-apoptosis pathway activity is linked to reduced survival
(p = 0.0076). (D) Increased IL6/JAK/STAT signaling is associated with worse survival (p < 0.0001).
(E) High YAP signature activity predicts poorer survival outcomes (p = 0.0019).

Analysis of BCL2L1, a key anti-apoptotic gene, showed elevated transcript levels were
linked with significantly worse survival (p = 0.04), suggesting that tumors with heightened
anti-apoptotic capacity may rapidly evade cancer therapies (Figure 5B). Targeting BCL-XL
(e.g., via BH3 mimetics) combined with existing inhibitors could disrupt this powerful
survival shield. Notably, high TEAD4 expression was associated with a pronounced risk
of mortality (log-rank p = 0.00087), with a hazard ratio of 4.8 (p = 0.0025), highlighting
the critical involvement of Hippo pathway effectors in driving UVM aggressiveness and
potential therapy escape (Figure 5C).
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Figure 5. Elevated expression of mTOR, BCL2L1 (BCL-XL), and TEAD4 correlates with worse overall
survival. Kaplan—-Meier survival curves illustrate the difference in patient outcomes in the TCGA
Uveal Melanoma cohort (n = 80) when classified into high (red) versus low (blue) transcript expression
groups for each gene. (A) High mTOR expression is associated with reduced overall survival
(log-rank p = 0.012). (B) High BCL2L1 expression (anti-apoptotic BCL-XL) significantly predicts poorer
survival (log-rank p = 0.00014). (C) High TEAD4 expression, reflecting active Hippo-YAP/TEAD
signaling, correlates with inferior patient outcomes (log-rank p = 0.00019). Numbers at risk for each
subgroup are shown below the x-axis.

Although UVM is predominantly driven by GNAQ/GNA11 mutations, these data
illuminate an additional, non-mutational layer of plasticity that may arise during therapy.
Taken together, our screen and correlative analyses delineate potential biomarkers for
patient selection or exclusion (based on high expression of MTOR or BCL2L1), real-time
monitoring of therapeutic response (assessing upregulation of PI3K/mTOR or BCL2-family
members), and design of next-generation combination strategies aimed at delaying or
preventing resistance. Indeed, prior work in other malignancies supports that concurrent
PI3K/mTOR inhibition can enhance the efficacy of MEK blockade [29,30]. Our findings now
extend these insights to UVM and underscore the translational relevance of targeting these
pathways (e.g., with PI3K/mTOR inhibitors, BH3 mimetics, or JAK inhibitors) alongside
MEK or FAK blockade to prevent or delay resistance.

127 https://doi.org/10.3390/ cancers18010074



Cancers 2026, 18, 74

3.5. Aberrant Activation of the AKT and YAP Pathways Induces Resistance to the Antiproliferative
Effects of MEKi and FAKi

Building on our results, we selected the two most representative candidate oncogenic
mechanisms to explore the effect of aberrant PI3K/AKT (myr-AKT) and YAP/TEAD (YAP-
55A) pathway activation on resistance to the cytotoxic effects of FAKi and MEKi. We initially
analyzed the proliferation of parental 92.1 cells and myr-AKT and YAP-55A-expressing
cells treated with FAKi or MEKi (Figure 6A-D) (see Western blots below, Figure 7). We
observed that myr-AKT and YAP-55A-expressing cells resist FAKi and MEKi treatment,
proliferating efficiently in contrast to parental cells, where proliferation was inhibited
by these treatments. Interestingly, the proliferation of myr-AKT cells was significantly
greater than that of parental cells (Figure 6B). Aligned with these findings, cell migration in
wound-closure assays showed that the oncoproteins myr-AKT and YAP-5SA also increase
cell motility in serum-containing medium (Supporting Figure S1). At the same time, FAKi
decreased cell migration and MEKi increased cell motility, consistent with the previously
reported increased FAK activation in response to MEK inhibitors in uveal [25] and cuta-
neous melanoma [31]. The AKT and YAP pathways did not affect the effect of FAKi and
MEKIi on cell migration, in contrast to promoting resistance to the anti-proliferative effects
of these treatments (Supporting Figure S1).
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Figure 6. Expression of myr-AKT and YAP-5SA oncoproteins promotes resistance to MEKi and FAKi.
(A) Proliferation assays of parental cells and myr-AKT with or without treatment with MEKi (3 nM,
trametinib) or (B) with FAKi (0.3 uM, VS-4718). Two-way repeated measures ANOVA followed by
Tukey post hoc, * p < 0.05, ** p < 0.001. (C) proliferation of parental and YAP-5SA cells treated with
MEK:i (3 nM, trametinib) or (D) with FAKi (0.3 uM, VS-4718). Two-way repeated measures ANOVA
followed by Tukey post hoc, **** p < 0.001.
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Figure 7. Activation of YAP and AKT pathways promotes resistance to apoptosis induced by
MEK and FAK inhibitors. (A) Quantification of live cells and (B) apoptotic cells treated with
FAKi or MEKi in parental cells and myr-AKT cells. FAKi (VS-4718) 0.3 and 1 uM; MEKi (tram-
etinib) 3 and 10 nM. One-way ANOVA followed by Tukey post hoc; ns, not significant, ** p < 0.01,
***p <0.001, *** p < 0.0001. (C). Quantification of live cells, (D) apoptotic cells treated with FAKi or
MEKIi in parental cells and YAP-55A cells. FAKi (VS-4718) 0.3 and 1 uM; MEK:i (trametinib) 3 and
10 nM. One-way ANOVA followed by Tukey post hoc; ns, not significant, * p < 0.05, ** p < 0.001,
**** p < 0.0001. (E) Caspase-3/7 activity assays in parental, myr-AKT, and (F) YAP-5SA cells treated
with MEKi (10 nM, trametinib) and FAKi (1 uM, VS-4718). One-way ANOVA followed by Tukey post
hoc; ns, not significant, * p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.001. (G) Western blot of cI-PARP
in myr-AKT and (H) YAP-5SA expressing cells treated with MEKi (10 nM, trametinib) by 24 h. The
uncropped blots are shown in Figure S3.
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3.6. Myr-AKT and YAP-55A Protect UVM Cells from FAKi- or MEKi-Induced Apoptosis

We hypothesized that the protective effects of myr-AKT and YAP-55A in UVM cells
against the cytotoxicity of FAKi and MEKi may result from counteracting their effectiveness
in promoting cell death. We evaluated the impact of FAKi and MEKi on apoptotic cell
death using ethidium bromide and acridine orange fluorescence staining of cells, where the
live cells stain only the nucleus with green fluorescence (acridine orange), in contrast the
apoptotic cells have green and red fluorescence (acridine + ethidium bromide) because the
integrity of the plasma and nuclear membrane was compromised (Supporting Figure S2).
FAKi and MEKIi drastically decreased the percentage of parental 92.1 live cells, with the
majority of cells showing membrane permeability for ethidium bromide influx (Figure 7A,C,
Supporting Figure S2). When cells express myr-AKT or YAP-55A and are treated with
FAKi and MEKIi, the apoptotic cells decreased significantly (Figure 7B,D). Subsequently,
we also analyzed caspase 3/7 activity. MEKI] increased caspase activity in the treated
parental cells, while FAKI], as a single agent, was less effective. UVM cells expressing
myr-AKT (Figure 7E) and YAP-55A (Figure 7F) were resistant to the induction of caspase
by MEKI|, suggesting that the oncoproteins promote pro-survival pathways resulting in
reduced caspase activation. Consistently, when analyzing cleaved-PARP, we confirmed that
myr-AKT (Figure 7G) and YAP-55A (Figure 7H) reduce cell death, without considerably
altering the effect of MEKi on reducing pERK; therefore, the AKT and YAP pathways
induce resistance mechanisms independent of ERK reactivation.

4. Discussion

Targeted therapies are essential in precision oncology, but their success in uveal
melanoma is limited by the rapid emergence of adaptive resistance. By screening 100 ac-
tive or dominant-negative mutants resulting in persistent activation of cancer-associated
signaling nodes in a BAP1 wild-type UVM model (92.1) and validating the top hits in a
BAP1-mutated cellular model (MP46), we characterized potential signaling mechanisms
that modulate sensitivity to GNAQ-pathway inhibition. While the use of ectopic gene
expression in UVM cells may have some limitations with respect to the activation of en-
dogenous signaling events; nonetheless, this approach, this approach allowed for the
identification of pathways whose activation is sufficient to attenuate drug response under
these defined experimental conditions.

Earlier clinical trials with MEK inhibitors have shown limited benefit [19-21]. Accu-
mulating evidence suggests that adaptive compensatory signaling may contribute to the
insufficient therapeutic effect. Our study highlights several canonical and non-canonical
signaling pathways that, when experimentally activated, are capable of modulating sen-
sitivity to MEK and FAK inhibition, outlining a network of potential adaptive signaling
responses in uveal melanoma cells.

Among the pathways identified, the Hippo/YAP pathway appeared as a notable
modulator of drug sensitivity. The oncogenic role of YAP in UVM is well established [8,32].
In the context of our in vitro models, we observed that YAP hyperactivation, either through
loss of upstream Hippo pathway regulator LATS or directly activated by expression of a
phosphorylation-defective YAP mutant, was associated with reduced sensitivity to FAK
and MEK inhibition. These findings are consistent with YAP/TEAD-mediated transcription
acting as a downstream transcriptional output for multiple signaling inputs associated
with reduced drug sensitivity in our experimental models.

Our results also highlight the PI3K/AKT/mTOR axis in the modulation of response
to both MEK and FAK inhibition. Previous studies suggested a role for AKT/mTOR
reactivation in limiting the activity of MEK inhibitors [33], but which component within
this pathway could restore survival signaling functionally remained unclear. Through an
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unbiased screen, we observed that constitutive activation of this pathway (e.g., by myr-AKT
and mTOR variants) is sufficient to partially restore cell viability under combined inhibition
in both BAP1-wildtype and BAP1-mutant cell lines. These findings provide a mechanistic
rationale for further investigating combination strategies that concurrently target MEK,
FAK, and mTOR and may help clarify the synergy reported in previous in vivo studies [33].

In addition to signaling pathways regulating proliferation and survival, our data
indicate that modulation of apoptotic thresholds can influence drug response. Specifically,
overexpression of BCL2 or BCL-XL protected UVM cells from therapy-induced cell death
in our assays. This is consistent with the sensitivity of UVM patient-derived xenograft
(PDX) models to BH3 mimetics in [34]. In addition, our data demonstrate that BCL-2 family
upregulation is not only associated with resistance but also a functional determinant of
cancer cell survival in vitro that can be pharmacologically reversed. In this regard, we have
recently demonstrated the increase in BCL-XL, BCL2, and MCL1 during the treatment with
MEK and FAK inhibitors [35]. Specifically, we observed that BCL2 promotes resistance
to MEKi and FAKi combination, which can be exploited pharmacologically using BCL2
inhibitors (venetoclax) that act synergistically to promote UVM cell death [35]. Therefore,
BCL-2 inhibition represents a promising strategy to convert the cytostatic effect of current
therapies into a cytotoxic response. In addition, emerging data suggest that BCL-XL
expression may contribute to resistance to FAKi and MEKi, in conjunction with BCL2.

Limitations and future directions: In summary, this study examines the signaling
plasticity of uveal melanoma cells by systematically mapping pathways that allow cells
to evade growth suppression and cell death upon MEK and FAK inhibition in controlled
in vitro experimental settings. We report multiple resistance mechanisms (including acti-
vation of PI3K/mTOR, BCL-2 family proteins, YAP/TEAD, and potentially JAK/STAT)
within a coherent framework, and delineate specific signaling nodes that modulate cellular
responses to pathway inhibition.

The concordance between our findings and the adaptive mechanisms reported across
multiple UVM models supports the biological relevance of the pathways identified in
our screen, yet we acknowledge that the present analyses were performed in a limited
number of cell lines and relied on ectopic expression levels that may exceed physiological
thresholds. In addition, our experimental approach relied exclusively on in vitro models
and did not include in vivo or patient-derived systems, which will be important to further
evaluate the relevance of these findings in more complex biological contexts

Going forward, it will be crucial to validate our findings across additional UVM
models and expanded patient cohorts to prioritize the most tractable molecular targets and
develop multimodal therapeutic strategies that aim to prevent resistance before it emerges.

5. Conclusions

These insights pave the way for the development of customized therapeutic regimens
that anticipate and minimize resistance, creating an opportunity for deeper and more
durable responses and potentially curative outcomes in patients with advanced UVM. No-
tably, by focusing on validating the most significant results in MP46 (BAP1-mutated) UVM
cells, we observed consistent mechanisms of resistance, reinforcing the notion that target-
ing shared compensatory pathways (e.g., BCL-2 family, PI3K/mTOR, YAP/TEAD) along-
side GNAQ/GNA11-driven signaling networks represent a critical strategy for advancing
UVM therapy.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/cancers18010074/s1, Table S1: MEKi screen shows Cell Viability
Max Response of individually virally transduced cell populations with mutant library in 92.1 cells;
Table S2: FAKi screen shows Cell Viability Max Response of individually virally transduced cell
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populations with mutant library in 92.1 cells. Figure S1: The myr-AKT and YAP5SA oncoproteins
increase cell migration in wound closure assay; Figure S2: Cytotoxicity of FAKi and MEKi in myr-AKT
and YAP-55A 92.1 cells; Figure S3: Uncropped Western blot images corresponding to the blots shown
in Figure 7.
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Simple Summary

Most effective immunotherapeutics rely on activation of a patient’s immune system to
tight cancer; however, they are only somewhat effective against metastatic uveal melanoma
(MUM). This study explored DNA vaccination as a way to teach the immune system
to recognize tumors and prevent the progression of metastatic lesions from dormant
malignant cells and tumor seeds. Our findings indicate that cancer-fighting immune cells
activated by DNA vaccines in animals and human cells can recognize and attack tumor
cells characterized by the common UM-associated cancer-driving mutation. An enhanced
form of this vaccine containing multiple parts and improved structure was even more
effective in activating cancer-fighting immune cells. These data suggest that such a vaccine
could be further improved toward the design of a novel MUM-preventive strategy.

Abstract

Background/Objectives: Uveal melanoma (UM) is the most common intraocular malig-
nancy in adults. Although brachytherapy of the primary tumor provides an approximate
80% five-year survival, with time, nearly half of patients experience predominant liver
metastases. It was proposed that malignant cells migrate early and stay dormant as they
adapt to the liver microenvironment. We propose that cancer vaccine-mediated activa-
tion of UM-targeted immunity in primary UM patients could prevent progression of
metastatic disease from dormant cells or malignant seeds. Thus, this study explored DNA
vaccination as a measure to educate the immune system to recognize the most common
UM-associated Q209L tumor driver mutation in GNAQ and GNA11 G-alpha proteins.
Methods: Several DNA constructs encoding mutated GNAQ were developed and tested
for activation of UM-reactive T cells in HLA-A2/Hd transgenic mice and human T cells
ex vivo. Results: Constructs containing immune-enhancing PADRE and VP22-derived
epitopes boosted T cell responses against mutant GNAQ, which correlated with reduced
experimental lung metastases. Ex vivo dendritic cell-mediated T cell activation with vac-
cine constructs containing optimized structure produced cytolytic T cells that secreted IFN
gamma and killed mutated GNAQ-expressing UM cells in vitro. Conclusions: These find-
ings propose the utility of the fusion DNA vaccines in eliciting T cell immunity against UM
cells bearing the Q209L mutation in GNAQ/GNA11 protein to prevent the establishment
and progression of metastatic disease.
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1. Introduction

Uveal melanoma (UM) is the most common intraocular malignancy in adults, account-
ing for 3.1% of all recorded cases of melanoma [1,2]. Although treatment of the primary
intraocular lesions provides a favorable outcome for most of the patients [3], up to 50% of
patients subsequently develop metastatic UM (MUM), most commonly in the liver, and
succumb to the disease [4] even with the most advanced immunotherapies. The overall
response rate in immune checkpoint inhibitors (ICIs) was low (3-18%), and median overall
survival (OS) and progression-free survival (PFS) were reported to be 12-16 months and
2.7-3.0 months, respectively. Objective response rate to a novel T cell engager, Tebentafusp,
was also low (9%) with a median PFS of 3.3 months and a median OS of 21.7 months
in treatment-naive MUM patients [5-7]. Low response to ICI and Tebentafusp therapies
could be caused by the lack or paucity of the naturally occurring MUM-recognizing T cells
and by the lack of T cell recruitment to MUM and quiescent/exhausted phenotype of the
intratumoral T cells. These findings suggest that new modalities are needed to activate
UM-specific T cell response or educate the immune system to recognize UM-associated
antigens. Most primary UM and MUM share a tumor driver activating point mutation
in highly homologous GNAQ and GNA11 G« proteins, a substitution of glutamine at
position 209 with leucine (Q209L) [8,9]. In our clinic, 62.5% of MUM cases are character-
ized by Q209L mutation in G« proteins [10]. Given that branched amino acids, such as
leucine, enhance binding of the peptides to HLA-A*02:01, we aimed this proof-of-concept
study at evaluating immunogenicity of the Q209L-harboring GNAQ and at the poten-
tial to elicit T cell-mediated immunity using the deoxyribonucleic acid (DNA) vaccine
platform. Multiple clinical studies highlight the advantages of DNA vaccines over other
cancer vaccine platforms (reviewed in [11]). They elicit systemic, antigen-specific immune
responses and durable immunologic memory while remaining safe, well-tolerated, and
suitable for repeated administration. Unlike viral vaccines, they pose no risk of pathogenic
infection or neutralizing antibody induction, and unlike RNA vaccines, they are stable and
easily scalable. Moreover, DNA vaccines could be customized using standard molecular
techniques for personalized therapies. Combining different immune-enhancing epitopes
and mutated GNAQ (mtGNAQ), we optimized vaccine composition and assessed vaccine-
mediated activation of UM-recognizing T cells ex vivo and in vivo. Despite the limitations
(listed in the Section 4), our findings support mtGNAQ as a promising target for tumor-
directed immunity.

2. Materials and Methods

2.1. DNA Vaccine Construction and Vaccination

To generate the mtGNAQ-specific DNA vaccine, full-length mouse GNAQ ¢cDNA
was amplified from total RNA isolated from Melan-a mouse melanocytes [12] using the
Superscript III RT kit (Thermo Fisher, Waltham, MA, USA, #18080051) and PfuUltra II
DNA polymerase (Agilent, Santa Clara, CA, USA, # 600670). There is 99.9% homology
between mouse and human GNAQ protein sequences with exception of the hydrophobic
alanine (A171) in human GNAQ that changes to polar serine in the mouse protein (Figure
S1); therefore, a DNA vaccine targeting Q209L mutation could be used in both humans
and mice. The cDNA was ligated into the pEF6/V5-His TOPO vector (Thermo Fisher, #
K961020). Q209L and anchoring substitutions were introduced into the cDNA using a
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Phusion site-directed mutagenesis system (Thermo Fisher, #F541). Four vaccine vectors
containing full-length wild-type and mutant GNAQ (mtGNAQ) cDNA alone or fused
in-frame with PADRE (mtGNAQ-PADRE) with and without VP22 cDNA at the 5’ end
(VP22-mtGNAQ-PADRE) were constructed (Figure 1a) using standard molecular cloning
techniques. PADRE- and VP22-encoding sequences have been used to enhance the activa-
tion of T helper cells and cytotoxic T cells [13,14]. In vivo DNA vaccination was performed
using the BTX ECM 830 system as described in our prior studies [15].

Q209L
' 3 > C1 c3
%
I * >§ C2 Targets:
B | 3 wtGNAQ
* >§ C3 e, A0 -xtGNAQ
(]
VeV >§ c4 5‘5. 300/
2
" g 200
) c5 ¢
VP22 thNAQ PADRE = 100
2l /( '_‘ ‘;‘:.ﬂ.’.; L ) 3
/ / / / Analysis of St 4 O W
spemwtes Control C1 C2 C3
Days 0 14 21

(b) (c)

Figure 1. Design and testing of mtGNAQ DNA vaccine-induced T cell activation in vivo. (a) Dia-
gram illustrating designs of the fusion vaccines containing VP22 and mtGNAQ ORFs and PADRE.
Asterisks and down triangles indicate the position of the Q209L mutation and anchoring substitu-
tions, respectively. (b) Timeline of DNA vaccinations via intradermal electroporation (ID EP, zigzag
arrows) and collection of the splenocytes. (¢) Column chart illustrating enumeration of IFNy spot
forming cells in differently vaccinated mice. Data are presented as an average of five independent
measurements + SD. Images of representative ELISpot wells corresponding to respective treatments
are shown below the columns. In panels, statistical significance (p < 0.05) is indicated by asterisk.

2.2. Cells

HLA-A*02:01-positive human periferal blood mononucleated cells (PBMC) were iso-
lated from human whole periferal blood (StemCell Technologies, Vancouver, BC, Canada,
Leukopack, Cat#200-0043). Primary monocytes and T cells were isolated from PBMC by
negative selection using cell type-specific negative selection kits (StemCell Technologies,
Cat# 19359 (CD14+ monocytes) and Cat#19359 17961 (naive pan-T cells)).

HLA-A*02:01-positive UMO002 cells were isolated in the laboratory from uveal
melanoma metastasis; 92.1 cell line was purchased from Millipore Sigma (Cat.# 13012458,
Burlington, MA, USA); primary human melanocytes 1801c were kindly provided by Dr.
Zalfa Abdel-Malek (University of Cincinnati, Cincinnati, OH, USA). CM006 cutaneous
melanoma cells were isolated from cutaneous melanoma metastasis in the laboratory.

2.3. IFN+y ELISpot Assay

Mouse and human T cell activation was evaluated by IFNy ELISpot assays us-
ing species-specific kits (eBioscience Santa Clara, CA, USA, #88-7384-88; ImmunoSpot,
Rutesheim, Germany, #hlFNg), as devised by the manufacturers. Mouse or human
melanocytic cells expressing mutated or wild-type GNAQ were used as targets.
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2.4. mtGNAQ Model for In Vivo Animal Studies

To generate a suitable mouse cell model, spontaneously immortalized non-tumorigenic
mouse melanocytes, Melan-a, were stably transduced with expression vectors encoding
HLA-A2/KP (Addgene, Watertown, MA, USA, #14906, a gift from L. Sherman [16]) and
full-length mtGNAQ via nucleofection. After selection, the cells acquired TPA-independent
growth in vitro and the ability to produce blue nevus-like lesions in the skin (Figure S2).
The resultant cells were used in all animal experiments. All animal studies were approved
by the Institutional Animal Care and Use Committee. To establish pulmonary metastases,
mtGNAQ-expressing cells (5 x 10° cells per mouse) were injected into HLA-A2/Hd trans-
genic mice via tail vein. Once lesions were established (2 weeks), animals were vaccinated
via intradermal (ID) electroporation (EP), as described previously [15]. Five mice per cohort
were used in all experiments.

2.5. Ex Vivo T Cell Activation and Analysis

Ex vivo activation of HLA-A*0201-positive T cells with autologous dendritic cells
(DCs) was performed as previously described [17], with modifications. Briefly, CD14*
monocytes and CD3* pan-T cells were isolated from PBMC of healthy donors. Monocytes
were differentiated into DCs using a DC differentiation kit (StemCell Technologies), and
immature DCs were transduced with DNA vaccines via nucleofection (#VPA-1004; Lonza,
Basel, Switzerland). DC maturation was induced by adding 50 ng/mL TNF«, and DCs
were exposed to autologous T cells at DC:T ratio of 1:40. After 24 h, DC maturation markers
CD80 and CD86 as well as vaccine products were assessed by fluorescence activated cell
sorting (FACS) and Western blot, respectively (Figure S2). After the initial activation and
two re-stimulations with vaccine-transduced DCs, pooled polyclonal T cells were exposed
to wtGNAQ and mtGNAQ targets. T cell activation was assessed using the IFNy ELISpot
assays. DCs and T cells from the three donors were tested. All kits, reagents, and culture
media used for DC and T cell isolation, preparation, and culture were purchased from
StemCell Technologies (Supplementary Materials S1). The cytotoxic activity of activated T
cells was assessed using a FACS-based cell toxicity assay (Millipore, Burlington, MA, USA,
#4500-0230) and the GuavaEasyCyte FACS system. Data were analyzed using GuavaSoft
2.7 software.

2.6. Immuno-Sequencing and Analysis of T Cell Repertoire

Evaluation and analysis of the T cell repertoire of the UM-recognizing vaccine-
activated T cells were performed on RNA samples isolated from activated T cells using
services provided by Creative Biolabs (Shirley, NY, USA).

2.7. Statistical Analysis

One-way analysis of variance (ANOVA) and paired t-test were performed using
the GraphPad Prism 10.1.1 software. All experiments, except for RNA sequencing, were
performed with at least three biological replicates. Statistical significance was set at p < 0.05.

3. Results
3.1. Fusion DNA Vaccine Enhance Q209L-Specific T Cell Immunity In Vivo

To evaluate whether the presence of the mutant leucine in Q209L enhances presenta-
tion of the mutated peptides by the MHC molecules, we completed an in silico analysis
of the Q209L-harboring peptides (Table S1). This analysis predicts that the presence of
mutant L in P7, P9, and P8 positions of the nonamers increases the binding of the peptides
to HLA-A*01:01, A*02:01 and A*03:01, respectively, converting these peptides to potential
weak binders (Table S1).
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To assess the immunogenicity of mtGNAQ, we created three DNA vaccine constructs
encoding mutated GNAQ (mtGNAQ) (GNAQ are highly conservative among species.
Amino acid sequences of mouse and human GNAQ are 99.9% identical with only one
amino acid difference (A/S) at position 170 (Figure S1)) alone (construct C1) or fused in-
frame with Pan DR-binding epitope (PADRE) on 3’ end (construct C2) and herpes simplex
virus VP22 encoding sequence on 5" end of mtGNAQ (construct C3) (Figure 1a). To define
whether these constructs could activate mtGNAQ-specific immunity, naive HLA-A2/Hd
mice were vaccinated via intradermal (ID) electroporation (EP). This method provides
efficient vaccine expression in mouse skin (Figure S2a). Vaccine administration sites were
pre-treated with CCL21. Our previous studies demonstrated that such pre-treatment
significantly enhances recruitment leukocytes, including CCR7* dendritic cells and T cells,
and improves DNA vaccine efficacy [15]. Two weeks after four consecutive once-a-week
vaccinations (Figure 1b), the activation of mtGNAQ-specific T cells was assessed by IFNy
ELISpot assay. Melan-a cells engineered to express mtGNAQ and HLA-A2/Kb hybrid
MHC (MelanQ-A?2) (Figure S2b—e) were used as targets. When injected intradermally into
mouse skin, these cells produce blue nevus-like lesions (Figure S2f). Parental Melan-a
mouse melanocytic cells [12] were used as control. This assay showed that vaccination
with mtGNAQ alone (construct C1) produced a small number of IFNy spot-forming cells
(SECs). The fusion of mtGNAQ with PADRE (construct C2) led to a marginal increase
in SFCs, whereas VP22-mtGNAQ-PADRE (construct C3) provided the highest number
of activated T cells when exposed to mtGNAQ targets (Figure 1c). Insignificant T cell
activation after exposure to Melan-a cells suggested that T cells from C3-vaccinated mice
specifically recognize targets expressing mtGNAQ.

3.2. Fusion DNA Vaccine Potentiates Cellular Immunity Sufficient to Prevent Metastatic Lesions

To develop a MUM-like experimental metastatic model, tumor-like cells (MelanoQ-
A2) were inoculated intravenously (iv) into HLA-A2/Hd mice. Formation of multiple
small pulmonary lesions confirmed the suitability of this cell model (Figure 2a). Then,
experimental and control mice were iv inoculated with MelanQ-A2 cells and vaccinated
via ID EP with Mock and mtGNAQ-encoding constructs four times once a week. Mock-,
C1-, and C2-vaccinated animals develop respiratory distress within 6, 7, and 12 weeks
after tumor inoculation, respectively. C3-vaccinated mice did not show signs of pulmonary
distress for 15 weeks (Figure 2b). Evaluation of lung metastases showed that vaccination
with C3 construct substantially reduced progression of pulmonary lesions (Figure 2b) and
enhanced survival of the tumor-bearing mice beyond 7 weeks (Figure 2c). Reduction of
tumor burden coincided with T cell activation quantified by IFNy ELISpot (Figure 2d).
Splenocytes from C3-vaccinated mice showed a significantly higher number of IFNy SFCs
than splenocytes from other vaccinated and control cohorts (Figure 2d). Considering that
HLA-A2/Hd mice can generate T cells that recognize HLA-A2-bound epitopes [18], HLA-
A2-restricted T cell response was differentiated using IFNy ELISpot assay by exposure of
splenocytes to mutated peptides bound to human T2 (HLA-A*02017) cells. It showed the
presence of T cells recognizing HLA-A*02:01-bound mutant GNAQ peptides (Figure 2e).
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Figure 2. Tumor progression and vaccine-mediated T cell activation in tumor-bearing mice. (a) A2.
cells. (b) Diagram illustrating the experimental timeline of vaccine administration and collection
of tumor-affected lungs (representative images are shown above the timeline). Arrows indicate the
times of ID EP. (c) Kaplan—-Meier viability plot illustrating survival probability of tumor-bearing
mice (weeks) vaccinated with different DNA constructs (as indicated in the key). Mice in the
C3-vaccinated cohort were euthanized at week 15 to terminate the experiment with hazard ratio
(HR) = 0.04 compared to the Mock-treated cohort. (d) Column chart illustrating the IFNy ELISpot
assay defining T cell activation in differently vaccinated mice. MelanQ-A2 cells were used at targets.
The DNA vaccine constructs (C1, C2, and C3) are indicated below the columns. NC—negative
control (splenocytes from naive non-tumor-bearing mice); M—Mock-treated tumor-bearing mice.
Data are presented as average SFCs from splenocytes collected from four animals per cohort + SD.
Representative photographs of ELISpot wells are shown below respective columns. (e) Scatter plot
chart illustrates the specificity of T cell activation (IFNy ELISpot assay) toward mutant GNAQ
peptides loaded onto human T2 (HLA-A*0201) cells. The averages + SD are shown in the charts.
Splenocytes isolated from the C3-vaccinated mice were used. Statistical significance (p < 0.05) is
indicated by an asterisk.

3.3. Anchor Modifications of mtGNAQ Enhance Human T Cell Activation Ex Vivo

To evaluate whether mtGNAQ-encoding fusion antigens could potentiate human T
cell-mediated immunity toward mtGNAQ, we established a DNA vaccine-based ex vivo T
cell activation protocol using donor-derived autologous DC and T cells. With the goal to
improve mtGNAQ peptide-HLA-A*02:01 binding, predicted R202L or D205L and E212V
anchoring substitutions (Table S1) were introduced into the mtGNAQ c¢DNA of the C3
construct. The resultant vectors were designated as C4 (R202L) and C5 (D205L and E212V)
(Table S1, Figure 1a). CD14" monocytes from two different donors were differentiated into
immature DC (Figure S3a,b) and nucleofected with C3 and anchor-modified constructs.
Then DC maturation was induced and the expression of the fusion construct was validated
by Western blot (Figure S3c). Vaccine-traduced mature CD80* CD86" DC (Figure S3e) were
exposed to autologous pan-T cells. After the initial T cell priming, two re-stimulations with
vaccine-transduced DC and low-dose IL-2 were performed at 1-week intervals. Then, T cell
activation was evaluated by IFNy ELISpot assay using UM-derived mtGNAQ and control,
wild-type GNAQ-expressing melanocytic cells as targets. Quantitation of SFCs showed
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that C4 and C5 constructs provided, on average, five times greater T cell activation than the
C3 construct (Figure 3a,b). T cell activity toward wild-type GNAQ-expressing melanocytes
(1801c) and cutaneous melanoma cells (CM006) was not detected, although some response
to one of the tested targets (CM006) was seen in C5-activated T cells (Figure 3a,b). FACS-
based cytotoxicity assay showed that all three constructs produced specific cytolytic T cells
recognizing mtGNAQ-expressing UM cells (92.1). The cytolytic activity of C5-activated T
cells was the greatest, although there was no significant difference between CTL activity
elicited by C5 and C4 constructs (Figure 3¢c). CTL activity toward UM was also confirmed
by the xCELLigence real-time cytotoxicity assay, which showed progressive elimination of
UM targets by differently activated T cells within 2 and 5 h (Figure S3e). Significantly higher
Granzyme B activity of the C5 and C4-activaed T cells confirmed a greater response toward
mtGNAQ UM targets (Figure 3d). Aggregation of DiO-labeled C5 and C4 ex vivo activated
T cells on clusters of mtGNAQ UM targets within 1 h and the lack of accumulation of these
T cells on control targets (CM006) also support the specificity of the T cell response toward
mtGNAQ-expressing cells (Figure 3e).
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Figure 3. T cell activation by unmodified and anchor-modified DNA vaccines ex vivo. (a) Represen-
tative images illustrating the presence of IFNy SFC in human T cells activated by different vaccine
constructs (shown to the left) ex vivo; mtGNAQ-expressing UM cells and wtGNAQ-expressing
melanocytic cells (indicated above the columns) were used as targets. (b) Column charts illustrating
quantitation of IFNYy positive spots produced by T cells activated by different constructs (indicated
in the key). Mutant and wild-type mtGNAQ targets are shown below the columns. Data are pre-
sented as averages of IFNy SFC collected from three independent experiments & SD. Assays were
conducted in technical duplicates. (c,d) Charts illustrating cytotoxicity (c) and granzyme B activity
(d) of vaccine-activated T cells (constructs indicated in the key to the right of the charts). In (c),
Effector/Target (E:T) ratio is shown on the x-axis; specific lysis of target cells is shown on the y-axis.
Data are collected from three independent experiments with technical duplicates and presented
as an average = SD. In (d), representative Granzyme B activity was measured in lysates of T cells
exposed to wild-type and mutant GNAQ targets for 2 h. Activity was measured for 2 h with 7 min
intervals using fluorescence-based Granzyme B activity assay. SDs at the endpoint were calculated
from three independent measurements. CM006 and 92.1 cells were used as wtGNAQ and mtGNAQ
targets, respectively. (e) Representative micrograph illustrating aggregation of Vybrant DiO-labeled
ex vivo activated human T cells (white) on clusters of mtGNAQ UM cell (nonfluorescent; 92.1 and
UMO002) and lack of aggregation on the wild-type GNAQ-expressing cells (unlabeled, CM006). C3, C4,
and C5 T cell-activating vaccine constructs are indicated to the right of the panels. Scale bar—10 pum.
In all panels, statistical significance (p < 0.05) is indicated by asterisks.
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3.4. TCR Repertoire Suggests a Predominant Expansion of a Specific T Cell Clones in DNA
Vaccine-Activated T Cell Population

To explore the diversity of the TCR repertoire in a pool of C5-activated T cells, we em-
ployed an RNA-based immuno-sequencing platform. The complementarity-determining
region 3 (CDR3) length distribution (Figure 4a) and multiple sequence alignment indicated
on shared CDR3 sequences with five fully conserved and three partly conserved residues
are denoted with asterisk and octothorp, respectively (Figure 4b). Analysis of V-] pairing
usage showed predominant pairing of TRBV6-2 with TRBJ2-5 (Figure 4c). Distribution anal-
ysis showed that approximately 30% of the top 100 TRB sequences expressed a specific TRB,
suggesting expansion of specific T cells in the analyzed polyclonal population (Figure 4d).
Saturation evaluation confirmed that the amount of sequencing data was reasonable, and
that it accounted for most TCR sequences (Figure 4e).
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Figure 4. Analysis of T cell repertoire in C4-activated T cells. (a) Analysis of CDR3 length distribution
in C4-activated T cell sample. Data are presented as percent of specific polypeptide chain length.
(b) Analysis of amino acid conservation of the top three sequences with the largest CDR3 length
distribution. Five fully conserved and three partly conserved residues are denoted with asterisk and
octothorp, respectively. (c) V-J pairing usage analysis in TCR assembly showing preferential TRB
V6-2 and ]2-5 pairing in a pool of vaccine-activated T cells. (d) Diagram illustrating TRB distribution
statistics showing that more than 30% of vaccine-activated T cells express specific TCRB (arrow).
(e) Saturation evaluation showing that the amount of sequencing data used was sufficient and
reached saturation.
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4. Discussion

Clinical experience of the past decade has demonstrated that primary intraocular
melanoma could be successfully managed by brachytherapy, which provides about an
80% five-year survival rate [19]. However, with time, nearly half of patients experience
predominant liver metastases [2]. Despite recent advancements in immunotherapy for
cutaneous melanoma, MUM remains intractable to this therapy, owing to the low frequency
of UM-associated somatic mutations [20] and poor recruitment or quiescence of immune
effectors to the hepatic MUM lesions [21]. The timing of UM metastasis to the liver is not
well established, but it is believed that malignant cells migrate early and stay dormant
as they adapt to the liver microenvironment. With the ultimate goal to target MUM cells
and tumor seeds early and prevent MUM progression, in this study, we explored whether
active vaccination could elicit UM-specific immunity. Previously, several attempts were
made to target mutated tumor drivers (e.g., mutated BRAF, RAS) by immunotherapy. Some
studies have shown that T cell response toward these proteins could be elicited by different
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vaccination approaches and enhanced by varying vaccine composition [22-24]. Using the
flexibility of DNA vaccination platform that allows manipulation of vaccine structure and
composition, we tested whether different vaccine designs could activate T cell-mediated
immunity toward Q209L mutant GNAQ/GNA11, the most frequent tumor driver mutation
in UM. GNAQ/GNA11 polypeptide sequence spanning the Q209L mutation site does not
contain strong HLA-A*02:01 binders. Yet, we predicted that leucine, being a branched
amino acid, stabilizes the HLA-A:02*01—peptide complex [25] and provides weak MHC-
binding, making mutated peptide “visible” for the immune system. As naturally occurring
mtGNAQ-specific T cells have not been isolated, it is plausible that mtGNAQ peptide-MHC
complexes are not stable enough to produce strong T cell responses.

To improve the efficacy of mtGNAQ-specific vaccines, we employed several strategies
including (i) VP22 and PADRE DNA vaccine fusion partners to enhance T cell activa-
tion, (ii) CCL21-enhanced DNA vaccination protocol [15], and (iii) introduction of HLA-
A*02:01 anchoring substitutions to the putative immunogenic peptide [26-29]. Our data
demonstrated that in-frame fusion of VP22 cDNA with antigen-encoding cDNA provided
four times greater in vivo T cell activation than the construct lacking VP22 (Figures 1 and 2).
Despite prior research [13], the mechanisms of VP22-mediated immune response enhance-
ment remain undefined [30]. Our in silico analysis showed that VP22 contains three
regions enriched with human HLA-A*0101, -A*0201, and -A*0301 putative binding epi-
topes (Figure S4). It is plausible that the binding of these VP22 epitopes to MHC I increases
clustering of the co-stimulatory molecules on the surface of vaccine-transduced DC and
enhances the activation of tumor antigen-specific T cells. Although further investigation is
required, our observations suggest that these regions can be independently used for the
design of HLA-specific vaccines.

In the past, we have shown that the addition of CCL21 to vaccine composition en-
hances recruitment of CCR7* T cells and mature DC to the vaccine administration site and
facilitates T cell activation [15]. Introduction of anchoring amino acids into the antigenic
epitope was successfully used in the past [26-29]. Our data showing that anchor-modified
constructs (C4, C5) enhance UM-specific T cell immunity support this notion. Besides
functional assays (IFNy ELISpot, CTL and granzyme B activity), clonal expansion of
vaccine-induced T cells was also supported by immuno-sequencing data showing the
predominant expansion of specific T cell clones in a population of ex vivo activated T
cells (Figure 4). Our in silico analysis also predicted that the Q209L mutation could create
putative HLA-DR1, HLA-DR2, and HLA-DR5 binding epitopes (Table S2) that could be pro-
cessed in an MHC II-dependent manner after lysis of the UM cells by vaccine-activated CTL
and enhanced activation of T helper cells and antibody response [31]. These predictions
have yet to be validated.

Our studies are limited to a rather small sample size used in the in vivo experimen-
tation, yet the LaMorter power calculation on the obtained results (Figure 2d) showed
that employed cohorts of animals provide 95% power to detect difference with alpha 0.01.
This study is also limited by the lack of extended tumor monitoring in animals responding
to vaccine by the inhibition of tumor progression. Yet, the timeframe was sufficient to
compare different vaccine constructs for the ability to activate T cells and inhibit tumor
progression. Due to the lack of immunocompetent animal models recapitulating human
UM, this study is limited to the use of mouse melanocytic cells engineered to mimic human
UM. Although artificial, this model allowed us to validate vaccine-mediated activation of
mtGNAQ-specific immunity in vivo. Being a proof of concept, this study did not differenti-
ate CD4- and CD8-mediated response, acquisition of immunologic memory, or durability
of immune response. Our ex vivo findings provide proof-of-concept data demonstrating
that optimization of the vaccine could enhance its efficacy. It is acknowledged that these
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data obtained with human leukocytes isolated from blood of a healthy donor may not be
generalizable to UM patients. An important area for future studies will include further
optimization of vaccine composition, broader investigation of the therapeutic capacity of
vaccine-activated human T cells in animal models recapitulating human MUM, evaluation
of ex vivo T cell activation protocol with UM patient-derived leukocytes, and testing of
vaccine efficacy in humanized animal models.

5. Conclusions

Collectively, our findings demonstrate that mtGNAQ/GNA11 peptides harboring the
Q209L substitution can be recognized by T cells activated by DNA vaccines in vivo and
ex vivo. The data showed that anchoring modification(s) of the mtGNAQ epitope in the
vaccine sequence could further enhance human T cell activity toward UM cells. These
findings suggest that the established ex vivo protocol is suitable for activating UM-specific
T cells suitable for MUM treatment. Although further studies with UM patient-derived
cells are required to validate the production of functionally active T cells ex vivo, our data
suggest that nucleic acid-based vaccination could be further improved to elicit protective
immunity toward MUM.
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Abbreviations

The following abbreviations are used in this manuscript:

uM Uveal melanoma

MUM Metastatic uveal melanoma

HLA Human lymphocyte antigen

PADRE  Pan-DR-binding epitope

ICI immune checkpoint inhibitors

PFS Progression-free survival

(O] Overall survival

mt Mutant

wt Wild-type

DNA Deoxyribonucleic acid

RNA Ribonucleic acid

RT Reverse transcription

VP22 Viral protein 22

TPA 12-O-tetradecanoylphorbol-13-acetate
CD Cluster differentiation

DC Dendritic cells

FACS Fluorescence activated cell sorting
IFN Interferon

ANOVA  analysis of variance

TCR T cell receptor

CDR3 Complementarity-determining region 3
CCL21 -C-motif chemokine 21; Secondary lymphoid chemokine 21
CCR7 -C-motif chemokine receptor 7
ELISpot  Enzyme-Linked Immunosorbent Spot
CTL Cytotoxic T lymphocyte
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Simple Summary

Uveal melanoma is the most common primary eye cancer in adults and spreads to the liver
in about half of patients, leading to poor outcomes. The protein BAP1, which normally
suppresses tumor growth, is frequently lost in aggressive uveal melanomas. However,
data on BAP1 loss in Central and Southeastern European populations are scarce. In this
descriptive study, we analyzed BAP1 protein expression in tumor tissue from 58 Croatian
patients who underwent surgical removal of the eye for uveal melanoma and were followed
for a median follow-up of over 11 years—one of the longest follow-up periods reported.
We found BAP1 loss in 91.4% of patients, substantially higher than typical literature values
of 43-56%, which we attribute to the advanced nature of tumors requiring eye removal.
The severely imbalanced distribution of BAP1 status (53 versus 5 patients) precluded
meaningful prognostic analysis. These findings provide the first comprehensive BAP1
immunohistochemical data from Croatia and highlight the critical impact of study design
on the reported prevalence of BAP1 loss.

Abstract

Background /Objectives: Loss of nuclear BAP1 (BRCA1l-associated protein 1) expression is a
well-established adverse prognostic marker in uveal melanoma (UM). However, data from
Central and Southeastern European populations are limited. This descriptive study aimed
to evaluate BAP1 immunohistochemical expression in a Croatian enucleation-based UM co-
hort, characterize its associations with clinicopathological parameters, and contextualize the
findings within the published literature. Methods: Formalin-fixed, paraffin-embedded tu-
mor tissue from 58 consecutive patients with primary choroidal and ciliary body melanoma
treated with enucleation at University Hospital Centre Zagreb (2006-2016) was analyzed im-
munohistochemically for BAP1 nuclear expression. Associations with clinicopathological
parameters were assessed using chi-square and Fisher’s exact tests. Survival analysis was
performed using Kaplan-Meier estimation, log-rank tests, and Cox proportional hazards
regression with a median follow-up of 11.2 years. Results: Loss of nuclear BAP1 expression
was observed in 53/58 (91.4%) specimens, resulting in a severely imbalanced distribution
(53 versus 5 patients) precluding meaningful comparative survival analysis. Five-year
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and 10-year overall survival rates were 72.4% and 51.7%, respectively, with a median
overall survival of 14.5 years. BAP1 loss was associated with longer disease-free survival
(log-rank p = 0.020); however, this finding likely reflects a statistical artifact attributable to
the extremely small BAP1-retained group (1 = 5) harboring concurrent adverse features and
should not be interpreted biologically. The study was underpowered to draw prognostic
inferences regarding BAP1 status. Exploratory survival analyses are presented for trans-
parency but should not be interpreted inferentially. Conclusions: The exceptionally high
prevalence of BAP1 loss reflects the selection bias inherent in enucleation-based cohorts,
which are enriched for large, molecularly high-risk tumors. This study provides the first
comprehensive BAP1 immunohistochemical data from Croatia, contributing to the growing
evidence that enucleation cohorts represent a distinct, biologically high-risk subgroup in
which BAP1 immunohistochemistry offers limited discriminatory value. The extended
follow-up of 11.2 years confirms the prolonged natural history of UM. Future multi-center
studies incorporating molecular validation and diverse treatment modalities are needed to
establish the prognostic utility of BAP1 across the full spectrum of UM disease.

Keywords: uveal melanoma; BAP1; immunohistochemistry; enucleation; survival; Croatia;
selection bias; choroidal melanoma; tumor suppressor; descriptive study

1. Introduction

Uveal melanoma (UM) is the most common primary intraocular malignancy in adults,
with an annual incidence of 5-7 cases per million in Western populations [1,2]. Despite high
rates of local tumor control exceeding 95% with contemporary treatment modalities, the
10-year metastatic rate remains approximately 34-50%, with the liver as the predominant
site of dissemination [3,4]. Once metastatic disease develops, the prognosis is poor, with
a median survival of 6-12 months and limited response to currently available systemic
therapies [5]. The recent approval of tebentafusp for HLA-A*02:01-positive patients repre-
sents the first significant advance in metastatic UM, yet the overall survival benefit remains
modest (median 21.7 vs. 16.0 months) [6].

The identification of inactivating mutations in the BAP1 gene (BRCAl-associated
protein 1, chromosome 3p21.1) by Harbour et al. in 2010 represented a paradigm shift in
our understanding of UM biology [7]. BAP1 encodes a nuclear deubiquitinase that removes
monoubiquitin from histone H2A at lysine 119 (H2AK119ub1) as the catalytic subunit of
the Polycomb repressive deubiquitinase (PR-DUB) complex [8]. This activity maintains
open chromatin configurations at promoters of melanocyte differentiation genes, including
MITF, TYR, and DCT, thereby preserving a differentiated, non-metastatic phenotype [9].
Loss of BAP1 function, occurring through biallelic inactivation (typically monosomy 3
combined with a point mutation on the remaining allele), results in chromatin compaction,
transcriptional silencing of differentiation programs, and acquisition of a primitive, stem
cell-like phenotype associated with metastatic competence [10].

Immunohistochemical (IHC) detection of BAP1 loss has emerged as a practical and
cost-effective prognostic tool for routine paraffin-embedded specimens [11-14]. Mul-
tiple studies have demonstrated that loss of nuclear BAP1 staining correlates strongly
with monosomy 3, a gene expression class 2 (metastatic) phenotype, and adverse clinical
outcomes [11-17]. The Liverpool group reported that BAP1 loss was present in 43% of
their series of enucleation specimens and was independently associated with increased
metastatic risk [11]. Koopmans et al. observed BAP1 loss in 51% of a mixed cohort of
74 patients [12]. Most recently, Kennedy et al. analyzed 308 consecutive enucleations from
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Dublin and demonstrated that BAP1 loss outperformed AJCC staging, monosomy 3 status,
and TCGA molecular classification in predicting survival [17].

Despite this extensive literature, data on BAP1 expression in UM from Central and
Southeastern European populations remain scarce. Although a recent comprehensive
analysis of 1140 primary UM tumors has characterized the molecular landscape across
tumor sizes [18], most BAP1 IHC studies are based on enucleation cohorts, which are
systematically enriched for large, advanced tumors with unfavorable molecular profiles.
This selection bias is a critical consideration when evaluating the prevalence of BAP1 loss
and its prognostic value. Epidemiological data on UM in Croatia are limited to a single
retrospective analysis from Split-Dalmatia County, which reports an incidence of 4.4 per
million [19,20].

This study aimed to: (1) determine the prevalence of BAP1 loss by IHC in a well-
characterized Croatian UM cohort treated with enucleation; (2) assess associations between
BAP1 status and clinicopathological parameters; (3) describe overall survival (OS) and
disease-free survival (DFS) in this cohort and perform exploratory analyses of BAP1 status
in relation to outcomes; and (4) contextualize our findings within the published literature,
with particular attention to the influence of cohort selection on the reported prevalence of
BAP1 loss.

2. Materials and Methods
2.1. Study Design and Patient Selection

This retrospective, single-center cohort study was conducted on archived formalin-
fixed, paraffin-embedded (FFPE) tumor tissue specimens stored at the Department of
Pathology and Cytology at the University Hospital Centre (UHC) Zagreb. A search of
the institutional database of the Department of Ophthalmology identified 62 consecutive
patients who underwent primary enucleation for histopathologically confirmed UM of the
choroid and/or ciliary body between 1 January 2006 and 31 December 2016.

Inclusion criteria were: (i) histopathologically confirmed primary choroidal and/or
ciliary body melanoma; (ii) adequate tumor tissue available in archived FFPE blocks;
(iif) largest tumor diameter (LTD) measured before fixation; (iv) complete clinical data, in-
cluding demographics and outcome; and (v) minimum follow-up of 5 years or documented
death within the follow-up period.

Exclusion criteria were: (i) prior radiotherapy, chemotherapy, or any oncological
treatment before enucleation; (ii) primary iris melanoma; (iii) inadequate tissue for IHC
analysis (e.g., poor fixation, insufficient tumor volume); (iv) extensive tumor necrosis
precluding evaluation; and (v) dense pigmentation interfering with IHC visualization.

After applying these criteria, four patients were excluded (two for inadequate fixation
and two for extensive necrosis), yielding in a final study cohort of 58 patients.

Clinical and histopathological data were extracted from medical records at UHC
Zagreb. Mortality data were obtained from the Croatian National Cancer Registry. OS was
defined as the interval from enucleation to death from any cause or last follow-up. DFS
was defined as the interval from enucleation to the first documented metastasis, death from
UM, or last follow-up. The study was censored on 31 December 2023. The study protocol
was approved by the Ethics Committee of UHC Zagreb (protocol no. 8.1-21/248-2, 02/21
AG; approved 29 November 2021) and conducted in accordance with the Declaration of
Helsinki. Given the retrospective nature of the study, which used archived tissue, the Ethics
Committee waived the requirement for individual informed consent.
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2.2. Histopathological Evaluation

All hematoxylin and eosin-stained slides were reviewed by an experienced oph-
thalmic pathologist. Tumors were classified according to the 2025 World Health Or-
ganization (WHO) Classification of Tumours of the Eye as follows: (a) spindle cell
melanoma—composed exclusively of spindle cells; (b) mixed cell melanoma—containing
both spindle and epithelioid cells; and (c) epithelioid melanoma—comprising >50% epithe-
lioid cells. The following parameters were recorded: LTD (mm), ciliary body involvement
(present/absent), mitotic count (per mm?), lymphocytic infiltration (present/absent), scle-
ral involvement (present/absent), extraocular extension (present/absent), and vascular
invasion (present/absent).

2.3. Immunohistochemistry

Serial sections (4 pm) were cut from representative FFPE tumor blocks. Antigen re-
trieval was performed using DAKO PT Link (Agilent Technologies, Santa Clara, CA, USA)
at 97 °C for 20 min in citrate buffer (pH 6.0). Automated staining was performed on a DAKO
Autostainer Link 48 platform (Agilent Technologies, Santa Clara, CA, USA) using a mouse
monoclonal anti-BAP1 antibody (clone C-4, 1:50, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) with 60 min incubation at room temperature. Endogenous peroxidase activity was
blocked with 0.3% hydrogen peroxide for 10 min. The DAKO EnVision Flex Plus detection
system (Agilent Technologies, Santa Clara, CA, USA) was used for visualization. Both
3-amino-9-ethylcarbazole (AEC) and 3,3'-diaminobenzidine (DAB) chromogens were em-
ployed in parallel to address the well-documented challenge of distinguishing chromogen
signal from endogenous melanin pigment in pigmented tumors [21]. The AEC chromogen
produces a red reaction product that is easily distinguished from the brown/black melanin
pigment commonly present in UM tissue. In contrast, the brown DAB chromogen can be
difficult to distinguish from melanin, especially in heavily pigmented tumors. Thus, the
AEC-stained sections provide clearer visualization of BAP1-positive and -negative cells in
pigmented specimens. Tissue bleaching was not performed to preserve antigenic epitopes.
Hematoxylin counterstaining was applied. Appropriate positive (non-neoplastic hepatic
tissue) and negative (primary antibody omission) controls were included in each run.

2.4. Assessment of BAP1 Expression

BAP1 nuclear expression was evaluated by light microscopy (Olympus BX-41, Olym-
pus Corporation, Tokyo, Japan) independently by the investigator under the super-
vision of a senior pathologist. Expression was graded semiquantitatively as follows:
(—) absent—complete loss of nuclear staining in tumor cells; (+) weak—nuclear stain-
ing in <10% of tumor cells; (++) moderate—nuclear staining in 10-50% of tumor cells;
(+++) strong—nuclear staining in >50% of tumor cells.

Complete loss of nuclear BAP1 expression in tumor cells, with preserved expression
in adjacent non-neoplastic stromal cells and vascular endothelium (serving as an internal
positive control), was classified as BAP1 loss. For the primary statistical analysis, expression
was dichotomized: BAP1 loss (categories —, +, and ++, i.e., <50% positive tumor cells)
versus BAP1 retained (category +++ only, i.e., >50% positive tumor cells). This cutoff was
selected based on the established principle that strong, diffuse nuclear staining (>50%)
most reliably indicates functional BAP1 protein expression. A sensitivity analysis using
an alternative cutoff (BAP1 loss defined as categories — and + only, i.e., <10% positive
tumor cells, versus BAP1 retained defined as categories ++ and +++, i.e., >10%) was also
performed to assess the robustness of findings across different thresholds.
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2.5. Statistical Analysis

Statistical analysis was performed using IBM SPSS Statistics version 21.0 (IBM Cor-
poration, Armonk, NY, USA). Continuous variables were described as mean =+ standard
deviation (SD) or median with range/interquartile range (IQR), depending on the normality
of the distribution (Shapiro-Wilk test). Categorical variables were expressed as frequencies
and percentages. Associations between BAP1 status and categorical clinicopathological
variables were assessed using Pearson’s chi-square test or Fisher’s exact test when expected
cell frequencies were <5. Continuous variables were compared between BAP1 groups
using the Mann-Whitney U test.

Survival analysis was performed using the Kaplan—-Meier method with log-rank
(Mantel-Cox) test comparisons. Univariate and multivariate prognostic analyses were
conducted using Cox proportional hazards regression, with results expressed as hazard
ratios (HR) and 95% confidence intervals (CI). The proportional hazards assumption was
assessed using Schoenfeld residual tests and log-log plots. Variables with p < 0.20 in
univariate analysis were included in the multivariate model.

A priori power analysis using G*Power 3.1 (Heinrich-Heine University, Diisseldorf,
Germany) confirmed >80% power for detecting large effect sizes (Cohen’s w = 0.5) with the
available sample of 58 patients for overall cohort comparisons. However, due to severely
imbalanced BAP1 distribution (53 versus 5 patients), the study was underpowered for
meaningful comparative survival analyses between BAP1 groups, and these analyses
should be considered exploratory rather than inferential. The limited number of events
relative to the number of covariates constrained the use of multivariate models. No
correction for multiple testing was applied due to the exploratory nature of the subgroup
analyses. All tests were two-sided, with p < 0.05 considered statistically significant.

3. Results
3.1. Patient Demographics and Tumor Characteristics

The study cohort comprised 58 patients (30 men [51.7%] and 28 women [48.3%])
with a median age at diagnosis of 62 years (range 31-87; mean 59.8 + 14.2 years). The
most common histological type was mixed cell melanoma (36/58, 62.1%), followed by
spindle cell (13/58, 22.4%) and epithelioid (9/58, 15.5%) melanoma. The mean LTD was
15.8 £ 3.72 mm (median 15.5 mm, range 10-24 mm). Ciliary body involvement was present
in 8 (13.8%) tumors. Scleral involvement was observed in 49 (84.5%) cases, extraocular
extension in 7 (12.1%), and vascular invasion in 25 (43.1%). The median mitotic count was
3 per mm? (range 0-25). Lymphocytic infiltration was present in 11 (19.0%) specimens.

The median follow-up was 11.2 years (range 0.3-21.3; mean 10.8 & 4.1 years). During
the follow-up period, 32 (55.2%) patients died: 26 (81.3% of deaths) from metastatic UM and
6 (18.7%) from other causes. Metastatic disease occurred in 26 (44.8%) patients, with a me-
dian time to metastasis of 3.8 years (range 0.5-12.4; mean 4.2 + 3.1 years). Comprehensive
demographic and clinicopathological data are presented in Table 1.

Table 1. Patient Demographics and Clinicopathological Characteristics (1 = 58).

Parameter Value

Sex

Male 30 (51.7%)
Female 28 (48.3%)

Age at diagnosis (years)

Mean + SD 59.8 + 14.2

Median (range) 62 (31-87)
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Table 1. Cont.

Parameter Value

Histological type

Spindle cell 13 (22.4%)
Mixed cell 36 (62.1%)
Epithelioid 9 (15.5%)
Largest tumor diameter (mm)

Mean + SD 15.8 £3.72
Median (range) 15.5 (10-24)
Ciliary body involvement 8 (13.8%)
Scleral involvement 49 (84.5%)
Extraocular extension 7 (12.1%)
Vascular invasion 25 (43.1%)
Mitotic count (/mm?)

Median (range) 3 (0-25)
Lymphocytic infiltration 11 (19.0%)
Follow-up (years)

Median (range) 11.2 (0.3-21.3)
Mean + SD 10.8 +4.1
Outcome

Alive 26 (44.8%)
Dead—uveal melanoma 26 (44.8%)
Dead—other causes 6 (10.3%)
Metastatic disease 26 (44.8%)
Time to metastasis (years)

Median (range) 3.8 (0.5-12.4)
Mean =+ SD 42 +31

SD, standard deviation. Bold text and blue color are used to emphasize key values within the table.

3.2. BAP1 Immunohistochemical Expression

Representative examples of retained and lost BAP1 expression are shown in Figure 1,
with parallel DAB (panels A-C) and AEC (panels D-F) chromogen staining demonstrating
the advantage of AEC in distinguishing immunoreactivity from endogenous melanin
pigment. Loss of nuclear BAP1 expression was identified in 53/58 (91.4%) tumors. Only 5
(8.6%) tumors retained nuclear BAP1 expression (Figure 2A). Semiquantitative analysis
revealed the following distribution: absent expression (—) in 43 specimens (74.1%), weak
(+) in 6 specimens (10.3%), moderate (++) in 4 specimens (6.9%), and strong (+++) in
5 specimens (8.6%) (Figure 2B). In all positive cases, strong nuclear staining in tumor cells
was accompanied by internal positive controls (stromal fibroblasts and endothelial cells).

3.3. Associations Between BAP1 Status and Clinicopathological Parameters

A trend toward an association was observed between BAP1 loss and vascular invasion
(Fisher’s exact test, p = 0.063): all 25 tumors (100%) with vascular invasion showed BAP1
loss, compared with 84.8% of tumors without vascular invasion. No significant associations
were found between BAP1 status and sex (p = 0.678), age at diagnosis (p = 0.739), histo-
logical type (p = 0.871), tumor size (LTD, p = 0.582), ciliary body involvement (p = 0.136),
lymphocytic infiltration (p = 0.562), scleral involvement (p = 0.291), extraocular exten-
sion (p = 1.000), or mitotic count (p = 0.412). BAP1 loss was present in 84.6% of patients
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who developed metastases, compared with 96.9% of those who remained metastasis-free
(p = 0.163). Detailed results are presented in Table 2 and Figure 3.

Internal positive control Retained BAP1 expression
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Figure 1. Representative immunohistochemical staining for BAP1 in uveal melanoma using DAB
(panels (A-C), upper row) and AEC (panels (D-F), lower row) chromogens, with hematoxylin
counterstain (scale bars = 50 um). The brown DAB chromogen can be difficult to distinguish from
endogenous melanin pigment in pigmented tumors; therefore, parallel AEC staining was performed,
as the red AEC reaction product is easily distinguishable from brown/black melanin. (A) Internal pos-
itive control (DAB): non-neoplastic hepatic tissue showing preserved nuclear BAP1 immunoreactivity
(brown). (B) Loss of BAP1 expression (DAB): complete absence of nuclear staining in tumor cells. The
yellow arrow (IC) indicates an interspersed non-neoplastic stromal cell with preserved BAP1 nuclear
staining, serving as an internal positive control. (C) Retained BAP1 expression (DAB): strong, diffuse
nuclear immunoreactivity (brown) in tumor cells, classified as category +++ (>50% positive tumor
cells). (D) Internal positive control (AEC): non-neoplastic hepatic tissue with preserved nuclear BAP1
immunoreactivity (red), confirming adequate antibody reactivity with the AEC detection system.
(E) Loss of BAP1 expression (AEC): complete absence of red nuclear staining in tumor cells, showing
only hematoxylin-stained nuclei visible (blue/purple), confirming true loss of BAP1. (F) Retained
BAP1 expression (AEC): strong, diffuse red nuclear staining in tumor cells, clearly distinguishable
from endogenous melanin pigment (brown/black), illustrating the advantage of AEC over DAB in
pigmented uveal melanoma specimens.
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Figure 2. Distribution of BAP1 nuclear expression in uveal melanoma specimens (n = 58).
(A) Dichotomized BAP1 status: BAP1 loss (red; n = 53, 91.4%) versus BAP1 retained (green; n =5,
8.6%). (B) Semiquantitative BAP1 expression grading: absent (—) in 43 (74.1%), weak (+) in 6 (10.3%),
moderate (++) in 4 (6.9%), and strong (+++) in 5 (8.6%). The red dashed line demarcates the BAP1
loss category (—, +, and ++, comprising 91.4%) from the BAP1 retained category (category +++
only, 8.6%).

Table 2. Associations of BAP1 Status with Clinicopathological Parameters.

Parameter BAP1 Loss BAP1 Retained
(n=53) (n =5)

Sex 0.678 @

Male 28 (52.8%) 2 (40.0%)

Female 25 (47.2%) 3 (60.0%)
Age at diagnosis (years), 62 (31-87) 58 (42-78) 0.739 b

median (range)

Histological type 0.8712

Spindle cell 12 (22.6%) 1 (20.0%)

Mixed cell 33 (62.3%) 3 (60.0%)

Epithelioid 8 (15.1%) 1 (20.0%)
LTD (mm), mean + SD 159 + 3.8 15.0 + 3.2 0.582°
Ciliary body involvement 6 (11.3%) 2 (40.0%) 0.136 ¢
Scleral involvement 45 (84.9%) 4 (80.0%) 02912
Extraocular extension 6 (11.3%) 1 (20.0%) 1.000 2
Vascular invasion 25 (47.2%) 0 (0.0%) 0.063 2
Mitotic count (/mm?), 3 (0-25) 2 (0-8) 0.412°

median (range)

Lymphocytic infiltration 10 (18.9%) 1 (20.0%) 0.562 @
Metastatic disease 22 (41.5%) 4 (80.0%) 0.1632

LTD, largest tumor diameter; SD, standard deviation. # Fisher’s exact test; b Mann-Whitney U test. Red bold
indicates p < 0.10. Bold text and blue color are used to emphasize key values within the table.
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BAP1 Expression Status by Clinicopathological Parameters
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Figure 3. BAP1 expression status by clinicopathological parameters. Horizontal stacked bars show
the proportion of patients with BAP1 loss (red) versus BAP1 retained (green). A trend toward
an association was observed between BAP1 loss and vascular invasion (p = 0.063). No significant
associations were found with histological type (p = 0.871), ciliary body involvement (p = 0.136), or
metastatic status (p = 0.163).

3.4. Survival Analysis
3.4.1. Overall Cohort Survival

Kaplan—-Meier analysis of the entire cohort demonstrated 5-year and 10-year OS rates
of 72.4% (95% CI: 58.9-82.3%) and 51.7% (95% CI: 37.8-64.0%), respectively, with a median
OS of 14.5 years (95% CI: 10.3-18.7). DFS rates at 5 and 10 were 65.5% (95% CI: 51.6-76.4%)
and 48.3% (95% CI: 34.5-60.8%), respectively (Figure 4).

3.4.2. Survival by BAP1 Status

BAP1 loss was not significantly associated with OS (log-rank test, p = 0.215). The
median OS was 14.5 years in the BAP1-loss group and 12.3 years in the BAP1-retained
group. In an exploratory analysis, BAP1 loss was nominally associated with longer DFS
(log-rank p = 0.020): the BAP1-retained group (n = 5) had a median DFS of 2.3 years,
while the BAP1-loss group (1 = 53) did not reach median DFS during follow-up (Figure 5).
However, this counterintuitive finding reflects a statistical artifact driven by the extremely
small and unrepresentative BAP1-retained group (n = 5), all of whom had concurrent
adverse features, and should not be interpreted biologically (see Section 4).
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Figure 4. Kaplan-Meier survival curves for the entire cohort (n = 58). (A) Overall survival (OS):
5-year OS 72.4%, 10-year OS 51.7%, median OS 14.5 years. (B) Disease-free survival (DFS): 5-year
DFS 65.5%, 10-year DFS 48.3%. Shaded areas represent 95% confidence intervals. Numbers at risk are
shown below each panel.
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Figure 5. Kaplan—-Meier survival curves stratified by BAP1 status. (A) Overall survival (OS, log-
rank p = 0.215): no significant difference was observed between BAP1 loss (red, n = 53) and BAP1
retained (green dashed, n = 5). (B) Disease-free survival (DFS, log-rank p = 0.020): the BAP1-retained
group showed a shorter DFS; this counterintuitive finding reflects a statistical artifact attributable
to concurrent adverse features and the extremely small subgroup size (n = 5). Numbers at risk are
shown below each panel.

3.4.3. Exploratory Univariate and Multivariate Analysis

The following survival analyses should be interpreted with caution due to severely
imbalanced BAP1 groups (53 versus 5 patients) and the limited number of events, which
render the study underpowered for prognostic inference. In univariate Cox regression for
OS, epithelioid histological type showed a non-significant trend toward worse survival
(HR = 2.87; 95% CI: 0.86-9.55; p = 0.086), whereas BAP1 loss was not significant for OS
(HR = 0.58; 95% CI: 0.22-1.51; p = 0.264).

In multivariate analysis for OS, including BAP1 status, histological type, LTD, age,
and vascular invasion, no variable reached independent significance (Table 3, Figure 6A).
Of note, the inclusion of five covariates for 32 events exceeds the recommended ratio of
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Variable

approximately 10 events per variable, and these results should be interpreted with caution.
Epithelioid histology tended to be associated with worse OS (HR = 4.03; 95% CI: 0.80-20.24;
p =0.090).

Table 3. Exploratory Univariate and Multivariate Cox Proportional Hazards Regression Analysis.

Univariate Multivariate

HR (95% CI) p-Value HR (95% CI) p-Value

Overall Survival

BAP1 loss (vs. retained) 0.58 (0.22-1.51) 0.264 0.64 (0.20-2.04) 0.448
Epithelioid type (vs. spindle/mixed) 2.87 (0.86-9.55) 0.086 4.03 (0.80-20.24) 0.090
LTD (per mm) 1.05 (0.95-1.16) 0.332 1.03 (0.91-1.17) 0.616
Age (per year) 1.02 (0.99-1.05) 0.185 1.02 (0.98-1.06) 0.294
Vascular invasion 1.48 (0.72-3.04) 0.286 1.25 (0.55-2.85) 0.596
BAP1 loss (vs. retained) 0.27 (0.09-0.82) 0.020 0.18 (0.03-1.05) 0.056
Age (per year) 1.03 (1.00-1.06) 0.088 1.04 (1.00-1.09) 0.048
Ciliary body involvement 1.96 (0.74-5.17) 0.175 1.73 (0.56-5.39) 0.342
Epithelioid type (vs. spindle/mixed) 1.68 (0.58—4.87) 0.340 1.52 (0.42-5.54) 0.523
LTD (per mm) 1.04 (0.93-1.15) 0.506 1.01 (0.88-1.15) 0.927
Vascular invasion 1.62 (0.75-3.49) 0.221 1.34 (0.55-3.28) 0.524

BAP1 loss |

(vs. retained)

Epithelioid |

(vs. spindle)

Mixed |

(vs. spindle)

LTD (per mm) -

Age (per year)

Vascular
invasion

HR, hazard ratio; CI, confidence interval; LTD, largest tumor diameter. Red bold indicates p < 0.05. Variables with
p < 0.20 in univariate analysis were included in the multivariate model.

(A) Overall Survival (B) Disease-Free Survival
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Figure 6. Forest plots of multivariate Cox proportional hazards regression. (A) Overall sur-
vival: epithelioid histology showed a trend toward significance (HR = 4.03; 95% CI: 0.80-20.24;
p =0.090). (B) Disease-free survival: patient age was the only independent predictor (HR = 1.04;
95% CI: 1.00-1.09; p = 0.048). BAP1 loss showed a non-significant protective association (HR = 0.18;
95% CI: 0.03-1.05; p = 0.056). Red diamonds indicate p < 0.10; blue circles indicate p > 0.10.

For DFS, the multivariate model including BAP1 status, age, ciliary body involvement,
histological type, LTD, and vascular invasion identified patient age as the only statistically
significant independent predictor (HR = 1.04; 95% CI: 1.00-1.09; p = 0.048), indicating a
4% increase in metastatic risk per year of age at diagnosis. BAP1 loss showed a nominally
protective association (HR = 0.18; 95% CI: 0.03-1.05; p = 0.056); however, this reflects a
statistical artifact due to the extremely small BAP1-retained group (n = 5) and unstable
hazard ratio estimates and should not be interpreted as evidence of a true biological effect
(Table 3, Figure 6B). The proportional hazards assumption was satisfied for all variables
(Schoenfeld test, all p > 0.05). Given the inclusion of six covariates in 26 DFS events,
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the model exceeds the recommended events-per-variable ratio, and the results should be
regarded as exploratory.

3.5. Comparison with Published Literature

To contextualize the exceptionally high prevalence of BAP1 loss (91.4%) observed
in our cohort, we compiled data from six major published BAP1 IHC studies in UM
(Table 4, Figure 7). Reported BAP1 loss rates ranged from 43% to 56%, with a weighted
average of approximately 50%. Thus, our observed prevalence exceeds these values by
35-48 percentage points.

Table 4. Comparison of BAP1 Loss Prevalence Across Published Uveal Melanoma IHC Studies.

Study Year n Cohort Type BA’:)(IO/E)OSS M?\c{l;:?s)F U
Kalirai et al. [11] 2014 120 Enucleation 52 (43%) 3.7
Koopmans et al. [12] 2014 74 Mixed (enucl. + biopsy) 38 (51%) 5.4
Szalai et al. [13] 2020 62 Enucleation 31 (50%) 4.2
Farquhar et al. [14] 2018 69 Enucleation 35 (51%) 3.5
Stalhammar et al. [15] 2021 54 Enucleation 30 (56%) 6.3
Kennedy et al. [17] 2024 308 Enucleation 148 (48%) 5.8
Present study 2025 58 Enucleation 53 (91.4%) 11.2

IHC, immunohistochemistry; FU, follow-up; enucl., enucleation. The present study is highlighted.

BAP1 Loss Prevalence Across Published Uveal Melanoma Series

100 4 B8 Published studies
Bl Present study 91.4%

80

‘T‘Iu'g@gdraverage
of published studies
(~489%)

FU: 11.2y
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BAP1 Loss Prevalence (%)
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Figure 7. BAP1 loss prevalence across published uveal melanoma series. Bar chart comparing BAP1
loss rates from six major published IHC studies (blue) with the present study (red). Published rates
ranged from 43% to 56% (weighted average ~50%, dotted line), while the present study reports 91.4%.
The difference reflects the enucleation-enriched, high-risk composition of our cohort and method-
ological approach. Median follow-up duration for each study is indicated by the bars [11-15,17].

4. Discussion

This descriptive study provides the first comprehensive IHC analysis of BAP1 expres-
sion in UM from a Croatian institution, with a median follow-up of 11.2 years—substantially
longer than that of most published series. Three principal findings emerge: (1) the excep-
tionally high prevalence of BAP1 loss, attributable to the enucleation-based study design;
(2) the severely imbalanced BAP1 distribution, which precludes meaningful prognostic
analysis; and (3) the confirmation of a prolonged natural history, highlighting the need for
extended patient surveillance.
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4.1. BAP1 Loss Prevalence in the Context of Cohort Selection

The 91.4% prevalence of BAP1 loss in our cohort is the highest reported in any primary
UM series and warrants careful interpretation. Published studies report BAP1 loss rates of
43-56% in primary UM specimens [11-17], while rates of 81-84% have been documented in
metastatic lesions [22]. Our finding falls between these ranges, approaching the prevalence
observed in metastatic tissue.

Several factors may contribute to this exceptionally high prevalence. While the
enucleation-based study design is enriched for advanced tumors, this alone cannot fully
account for the discrepancy: the Dublin series by Kennedy et al. [17] also evaluated ex-
clusively enucleation specimens and reported only 48% BAP1 loss, while the Liverpool
cohort [11] had a comparable mean LTD (16.5 mm versus 15.8 mm in our series). Additional
methodological factors likely play a role. First, differences in BAP1 staining protocols,
antibody clones, and scoring thresholds across institutions may significantly influence
reported prevalence. In our study, we employed a threshold of >50% positive tumor cells to
define BAP1 retention (category +++ only), which is more stringent than the >10% cutoff
used in some published series. This stricter cutoff reclassifies moderate expressors (10-50%)
as BAP1 loss, which accounts for a substantial portion of the observed discrepancy. Second,
true geographic or population-specific differences in BAP1 loss frequency among Croatian
UM patients cannot be excluded, although this hypothesis requires validation in larger
cohorts. Third, our cohort characteristics—85% scleral involvement and 43% vascular
invasion—indicate a particularly advanced subset even within the enucleation population.

Stalhammar et al. [23] reported that 69% of tumors in their enucleation series were
AJCC stage Ilb or higher, and BAP1-lost tumors had significantly greater mean volumes
(2109 vs. 1552 mm?, p = 0.025). Ewens et al. [24] directly compared enucleation specimens
with fine-needle aspiration biopsies and found that metastases developed in 70% of enucle-
ated eyes versus 36% of biopsied tumors (p = 0.006), while the frequency of BAP1 mutations
was comparable between the two groups (p = 0.79). These findings suggest that survival
differences are primarily driven by tumor size and stage rather than BAP1 status per se,
highlighting that enucleation cohorts represent a biologically distinct patient population.

A critical implication for clinical practice is that BAP1 IHC results must be inter-
preted in the context of the tissue acquisition method. The prognostic utility of BAP1
loss—demonstrated convincingly in large, balanced cohorts by Kennedy et al. [17] and
Kalirai et al. [11]—is diminished when the reference group (BAP1-retained) is extremely
small, as in our cohort (n = 5). This underscores the need for multi-center collaborative
studies that include both enucleation and biopsy specimens to establish generalizable
prognostic models.

4.2. The Counterintuitive Survival Finding: A Statistical Artifact

The nominally significant association between BAP1 loss and longer DFS (log-rank
p = 0.020) directly contradicts the extensive literature establishing BAP1 loss as an adverse
prognostic marker [11-17]. Several studies with adequately powered reference groups have
consistently reported the opposite: Stdlhammar et al. reported a median metastasis-free sur-
vival of 2.4 years for BAP1-lost versus 16.0 years for BAP1-retained tumors (p < 0.0001) [16],
Koopmans et al. observed DFS of 32 versus 133 months (p < 0.001) [12], and Liu-Smith and
Lu calculated a hazard ratio of 9.57 (95% CI: 2.82-32.5) for overall mortality with low BAP1
expression [22].

This finding represents a statistical artifact driven by three compounding factors. First,
the extremely small BAP1-retained group (1 = 5) produces unstable survival estimates with
wide confidence intervals. Second, all five patients with retained BAP1 harbored indepen-
dent adverse features: large tumors (4/5 with LTD > 15 mm), ciliary body involvement
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(2/5), and epithelioid morphology (1/5). Third, the likelihood of confounding is high when
the reference group represents <10% of the total cohort. This interpretation aligns with that
of Shields et al. [25], who noted that Kaplan—-Meier curves in small subgroups can appear
similar yet fail to reach statistical significance.

4.3. Extended Follow-Up and Natural History

The median follow-up of 11.2 years in our cohort provides valuable insights into the
natural history of UM. Notably, metastatic events continued to occur beyond 10 years post-
enucleation, with the latest metastasis documented at 12.4 years. This extended latency
is consistent with the concept of tumor dormancy in UM and carries important clinical
implications: current AJCC staging models and surveillance guidelines, which primarily
focus on the first five years, may inadequately capture late-onset metastases. Although
definitive surveillance recommendations are beyond the scope of this study, our findings
suggest that follow-up limited to five years may miss a subset of metastatic events.

The 5-year and 10-year OS rates of 72.4% and 51.7% in our cohort are broadly consistent
with those reported in historical enucleation series. For comparison, the COMS study
reported 5-year and 10-year melanoma-specific mortality rates of approximately 16% and
34%, respectively, for medium-sized tumors [26], whereas the European EUMC multicenter
study reported 5-year OS of 62% for large tumors [27]. Our intermediate outcomes likely
reflect the mixed tumor-size distribution in our cohort.

4.4. Clinical Implications and Future Directions

The near-universal BAP1 loss in our cohort (91.4%) has important clinical implications.
First, it reinforces the concept that patients requiring enucleation represent a uniformly
high-risk population, for whom enrollment in adjuvant therapy trials should be prioritized.
Second, it highlights that, specifically for enucleation specimens, BAP1 IHC alone offers
limited discriminative value. As demonstrated in a recent comprehensive analysis of
1140 primary UM tumors across all sizes [18], molecular characterization beyond BAP1
IHC is essential for accurate prognostic stratification. Complementary prognostic markers,
including chromosome 8q status, gene expression profiling, and PRAME expression [28],
may further refine risk assessment in this already high-risk group [29].

The therapeutic landscape for metastatic UM is evolving rapidly. Beyond tebentafusp [6],
the combination of darovasertib and crizotinib has shown promising results in the
OptimUM-01 trial [30], and HDAC inhibitors targeting the BAP1-HDAC4 epigenetic
axis [31] represent a biologically rational approach validated in preclinical models [32,33].
Characterization of BAP1 status in treatment-naive primary tumors, as performed in
this study, provides the essential baseline data to inform future biomarker-guided
therapeutic strategies.

4.5. Strengths and Limitations

Strengths of this study include the extended follow-up (median 11.2 years), compre-
hensive clinicopathological characterization, mortality data from the Croatian National
Cancer Registry, and the novelty of providing the first BAP1 IHC data from a Croatian
UM cohort. The use of dual chromogen systems (AEC and DAB) effectively addresses the
technical challenge of melanin interference.

Limitations include the retrospective design, relatively small sample size (n = 58),
and the highly unbalanced BAP1 distribution (91.4% loss), which precludes reliable prog-
nostic assessment. A major limitation is the exclusive reliance on IHC without molecular
validation. The absence of BAP1 mutation analysis, assessment of chromosome 3 status
(e.g., monosomy 3 by FISH or other methods), and gene expression profiling classification
limits both biological interpretation and comparison with genomic data. Potential discor-
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dance between IHC and molecular findings is a recognized concern: IHC detects protein
loss but may not capture all functionally relevant mutations, and conversely, some muta-
tions may not result in detectable protein loss. These molecular data were not available
for the study period (2006-2016) at our institution. Additionally, the single-center design
and exclusive reliance on enucleation specimens limit generalizability. Future multi-center
studies incorporating both enucleation and biopsy specimens, with concurrent molecular
profiling, are needed to fully characterize the prognostic utility of BAP1 across the spectrum
of UM disease.

5. Conclusions

This descriptive study provides the first comprehensive BAP1 IHC analysis in a
Croatian UM cohort, revealing an exceptionally high prevalence of BAP1 loss (91.4%)
that reflects both the systematic enrichment for advanced tumors inherent in enucleation-
based study designs and the stringent IHC scoring threshold employed. The severely
imbalanced BAP1 distribution (53 versus 5 patients) rendered the study underpowered for
prognostic inference, and the counterintuitive survival association observed is a statistical
artifact that should not be interpreted biologically. The extended median follow-up of
11.2 years confirms the prolonged natural history of UM, with metastatic events occurring
beyond 10 years from primary treatment. These findings underscore the critical importance
of adequately sized reference groups in biomarker studies and the need for molecular
validation beyond IHC alone. Future multi-center studies integrating BAP1 IHC with
chromosome 3 status, gene expression profiling, and diverse treatment modalities are
warranted to establish the prognostic utility of BAP1 across the full spectrum of UM disease.
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Simple Summary

Although significant improvements in survival have been achieved in cutaneous melanoma,
metastatic uveal melanoma (MUM) remains a deadly disease with limited treatment
options. This study is a phase II study evaluating the combination of an FAK inhibitor
(defactinib) with a RAF/MEK inhibitor (avutometinib) for the treatment of MUM. Twelve
patients with a median of two prior therapies were treated in the study, with a disease
control rate of 50%. Patients who achieved stabilization of their disease were on treatment
for an average of 5.6 months. The combination was quite tolerable for patients, with no
patients requiring dose reduction or discontinuation. This is the first study reporting on
the use of an FAK inhibitor combination in MUM.

Abstract

Background: Treatment options are limited, and outcomes remain poor for patients with
metastatic uveal melanoma (MUM). We conducted an investigator-initiated, prospective,
single-arm, single-institution, phase Il study evaluating the combination of an FAK inhibitor
(defactinib) with a RAF/MEK inhibitor (avutometinib) for the treatment of MUM. Methods:
From February 2021 through January 2023, 12 patients with MUM were treated with the
combination of defactinib and avutometinib. Defactinib was given 200 mg twice daily,
and avutometinib was given 3.2 mg twice a week. Both drugs were given for 3 weeks on
and 1 week off (28-day cycle). Disease control rate was the primary endpoint of this study.
Results: Median lines of prior therapies for the patients were two. After two cycles, six
patients achieved stable disease while six patients developed progressive disease (disease
control rate of 50%). With a median follow-up of 20.0 months, the median progression-
free survival was 3.0 months and the median overall survival was 20.0 months. The
combination was quite tolerable for patients, with no patients requiring dose reduction
or discontinuation. Trial enrollment was stopped early by study sponsors before the
anticipated accrual of 18 patients due to no patients having a significant reduction in
disease. Conclusions: This is the first study reporting on the use of an FAK inhibitor
combination in MUM. Further research should seek to elucidate an optimal combination
treatment strategy for MUM, such as FAK and PKC inhibitors, for improved blockade of
the signaling pathways downstream of GNAQ/GNA11 driver mutations.
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1. Introduction

Uveal melanoma (UM) is the most common intraocular malignant tumor in adults.
Primary UMs are effectively treated by plaque radiotherapy or enucleation; however,
up to 50% of UM patients who are treated for their primary tumors ultimately succumb
to advanced disease [1,2]. The liver is the organ of metastasis in approximately 90% of
advanced-stage disease [3,4]. Standard chemotherapies rarely induce clinical responses in
patients with macro-metastasis [5-7] and 1-year survival of metastatic UM (MUM) patients
is less than 30% [8,9]. UM tumors have a low mutational burden [10,11], which is thought to
contribute to their low immunogenicity and poor responses to immunotherapy. Objective
response rates (ORR) appear low, ranging from 5% with the cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) antibody ipilimumab, 3.6% with anti-programmed cell
death 1 (PD-1) antibodies (e.g., nivolumab), 10-21% with combination ipilimumab and
nivolumab, and 7.7% with the combination of the lymphocyte activation gene-3 (LAG-3)
antibody relatlimab and nivolumab [12-18]. Tebentafusp was approved for the treatment
of MUM as it led to an improvement in overall survival (OS), but it is restricted to patients
with HLA-A*02:01, and the ORR was only 9% [19]. Percutaneous hepatic perfusion was
also recently approved for the treatment of MUM, but it is limited to patients with less than
50% hepatic involvement and limited extrahepatic metastasis [20]. There is still an urgent
need to develop effective therapeutic strategies for MUM patients.

Activating mutations (typically Q209) in genes encoding alpha subunits of the het-
erotrimeric G proteins, GNAQ and GNA11, are found in 80-90% of UM [21-24]. Mutant
GNAQ and GNA11 signal to several pathways, including MEK-ERK1/2, which are re-
quired for tumor cell growth [22,23,25,26]. Unfortunately, inhibition of the MEK/ERK
pathway has failed to provide clinical benefits in MUM patients. In a phase II trial of the
MEK inhibitor selumetinib (NCT01143402), the partial response rate was 15%, and median
progression-free survival (PFS) was improved compared to standard chemotherapy (temo-
zolomide/dacarbazine) (15.9 versus 7.0 weeks, respectively); however, OS improvement
did not reach statistical significance, possibly due to the cross-over design of the trial [27].
The SUMIT phase III trial [28] analyzing selumetinib in combination with dacarbazine was
terminated early since it showed a poor response rate and only a one-month improvement
of median PFS, compared to dacarbazine alone. This suggests that, although MEK/MAPK
networks activated by PLC-3 may contribute to UM initiation, they may not be critical for
the maintenance of tumorigenic potential in UM.

Using a synthetic biology approach and a genome-wide RNAI screen, it was discov-
ered that Gaq activates a highly conserved Rho-GEF, TRIO, and the consequent stimulation
of Rho-regulated pathways leading to the activation of YAP, independently of PLC-f3, the
best-known target of Goq [29]. The tyrosine kinase FAK was found to provide a direct
link between Gaq and tyrosine phosphorylation networks controlling YAP and promotes
UM growth [30]. FAK is a cytosolic protein kinase that has multiple effects on a cancer
cell and its environment. It is associated with drug resistance, as it can be activated in
cancer cells when it is exposed to other signal tyrosine kinase inhibitors. FAK can also
be activated by cellular stress and receptor tyrosine kinase inhibitors and signals through
critical nodes in the signal transduction pathway such as MEK [31]. Nuclear FAK drives
the transcription of chemokines and cytokines, including Ccl5 and TGF{32, which promote
the formation of an immunosuppressive, pro-tumorigenic microenvironment [32]. The
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kinase activity of nuclear-targeted FAK in squamous cell carcinoma cells has been shown
to drive exhaustion of CD8+ T cells and recruitment of regulatory T cells in the tumor
microenvironment by regulating chemokine/cytokine and ligand-receptor networks [32].
These changes inhibit antigen-primed cytotoxic CD8+ T cell activity, permitting growth of
FAK-expressing tumors. These findings suggest that FAK may have a significant impact on
tumor stroma, restoring anti-tumor immunity [32].

Interestingly, UM represents the human cancer harboring the highest level of FAK
overexpression [30]. Furthermore, PTK2 expression (the gene that encodes for FAK) has
been significantly correlated with reduced overall survival in UM patients, aligning with
its potential biological role in UM [30]. FAK knockdown or CRISPR/Cas9 genome editing
reduced UM cell proliferation and tumorigenesis [30]. FAK inhibitors had limited effects
in cutaneous melanoma harboring BRAF oncogenes, but inhibited FAK (and YAP), and
reduced cell proliferation and tumor growth in vivo in UM [31], thereby establishing FAK
as a druggable target in UM.

Building on this, a kinome-wide CRISPR-Cas9 sgRNA screen was performed to
identify synthetic lethal gene interactions that can be exploited therapeutically [33]. sgRNAs
targeting the PKC and MEK-ERK signaling pathways were significantly depleted after
FAK inhibition, with ERK activation representing a predominant resistance mechanism.
Furthermore, pharmacological inhibition of MEK and FAK showed remarkable synergistic
growth-inhibitory effects in UM cells and exerted cytotoxic effects leading to tumor collapse
in UM xenograft and liver MUM models in vivo [33].

Defactinib is a small-molecule, orally available selective inhibitor of FAK. Avutome-
tinib is a small-molecule, orally available first-in-class oral RAF/MEK clamp that potently
inhibits MEK1/2 kinase activities and induces inactive complexes of MEK with ARAF,
BRAF, and CRAF, potentially creating a more complete and durable anti-tumor response
through maximal RAS/MAPK pathway inhibition [34-36]. In contrast to currently avail-
able MEK-only inhibitors, avutometinib blocks both MEK kinase activity and the ability of
RAF to phosphorylate MEK. This unique mechanism allows avutometinib to block MEK
signaling without the compensatory activation of MEK that appears to limit the efficacy of
the MEK-only inhibitors.

Together, avutometinib and defactinib have the potential to offer more complete block-
ade of the signaling that drives the growth of RAS/MAPK pathway-dependent tumors with
the objective of deeper and more durable responses [37]. The combination of defactinib and
avutometinib is being evaluated in several clinical trials, and has been recently approved by
the FDA for KRAS-mutated recurrent low-grade serous ovarian cancer (LGSOC) [38]. The
FRAME study was a phase 1 study investigating the combination in patients with advanced
solid tumors including LGSOC, KRAS wild-type or mutant, and non-small cell lung cancer
(NSCLC) with KRAS mutations (NCT03875820) [39]. The response rate in subjects with
KRAS-mutated LGSOC was 58.3% (7 of 12 subjects with partial response (PR)), and 42.3%
(11 of 26 subjects with PR) for all subjects with LGSOC (KRAS wild-type or mutant). The
FRAME study led to the development of several tumor specific clinical trials with the
combination, including the phase 1/2 RAMP 205 trial evaluating the combination with
gemcitabine and nab-paclitaxel in first-line metastatic pancreatic cancer (NCT05669482),
the Phase 1/2 RAMP 203 study of KRAS G12C-mutated NSCLC combined with sotora-
sib (NCT05074810), and the phase 2 RAMP 201 (NCT04625270) and phase 3 RAMP 301
(NCTO06072781) trials evaluating the combination in patients with recurrent LGSOC. The
phase 2 RAMP 201 trial of defactinib and avutometinib in recurrent LGSOC was notable for
a confirmed ORR of 31% with a median duration of response of 31.1 months [39]. Median
PFS was 12.9 months. In KRAS-mutated patients, the ORR was even better at 44% and
median PFS of 22 months. The combination was generally well-tolerated, with a 10%
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discontinuation rate due to AEs. The most frequent grade >3 treatment-related adverse
events (AEs) were elevated creatine phosphokinase (24%), diarrhea (8%), and anemia (5%).
Accelerated FDA approval of defactinib and avutometinib for the treatment of adults with
KRAS-mutated recurrent LGSOC was obtained on May 8, 2025, based on the phase 2 RAMP
201 trial analysis.

Given the preclinical data demonstrating synergistic efficacy of FAK and RAF/MEK
inhibition for UM, and the safety and efficacy demonstrated in other trials, we designed a
clinical trial evaluating defactinib and avutometinib in metastatic uveal melanoma.

2. Materials and Methods
2.1. Study Design

This was an investigator-initiated, prospective, single-arm, single-institution, phase
2 trial evaluating the combination of an FAK inhibitor (defactinib) with a RAF/MEK
inhibitor (avutometinib) for the treatment of patients with MUM (ClinicalTrials.gov number,
NCT04720417). Patients were eligible if they were >18 years with confirmed metastatic
UM. Patients could be treatment-naive or have received prior treatment (4-week washout
period required). Defactinib was given 200 mg twice daily, and avutometinib was given
3.2 mg twice a week (e.g., Monday/Thursday or Tuesday/Friday). Both drugs were given
for 3 weeks on and 1 week off (28-day cycle). Treatment continued for up to 2 years
until disease progression, death, unacceptable toxicity, or withdrawal of consent occurred.
Post-treatment, patients were followed for survival until their death or up to 5 years after
the last patient was enrolled. Scans were performed every 2 cycles/8 weeks on study with
a CT scan of the chest and pelvis and MRI of the abdomen, which were assessed locally.
Additional details are provided in the study protocol (Supplementary File S1).

All patients provided written informed consent prior to enrollment into this study. The
original protocol and all amendments were approved by the Institutional Review Board at
Thomas Jefferson University (IRB#20P.1113). The study was conducted in accordance with
the Declaration of Helsinki and Good Clinical Practice guidelines.

2.2. End Points and Assessments

The primary objective of the study was to investigate the potential efficacy of the
combination of defactinib and avutometinib in patients with MUM. No medication was
approved for MUM by the US FDA at the time of the study design, and it was felt that
potential clinical benefit could be obtained if MUM patients achieved stable disease (SD);
therefore, we considered disease control rate (DCR) of 50% as a meaningful primary
endpoint for this early phase clinical study. DCR included complete response (CR), partial
response (PR), and stable disease (SD) as determined by RECIST criteria version 1.1 after
two cycles. This was considered to be an appropriate goal since the overall response rate
(ORR) (CR+PR) and disease control rate (DCR) (CR+PR+SD) of combination treatments
using the FDA-approved medications, ipilimumab and nivolumab, were reported to be
11.8-16.7% and 29.4-64%, respectively [15]. The ORR and DCR for tebentafusp were 9%
and 46%, respectively [19]. The ORR in MUM is historically quite low across systemic
therapies, even with therapies demonstrating overall survival benefit. Even with a low
response rate, tebentafusp demonstrated significant overall survival benefit, likely in part
driven by patients achieving SD. To avoid premature termination based on low ORR, we
decided to use DCR as the primary endpoint of this clinical study. DCR represents a
clinically meaningful and statistically feasible primary endpoint and is being considered a
valid endpoint in many recent clinical trials [40].

The secondary endpoints of the study were PFS, OS, and safety. PFS was defined as
the time from start of first study treatment until confirmed progression of metastasis or
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death from any cause, or censored at the date of last follow-up visit. OS was defined as the
time from start of first study treatment until death from any cause, or censored at the date
last known alive. Adverse events were scored with the use of the National Cancer Institute
Common Terminology Criteria for Adverse Events, version 5.0.

2.3. Biomarker Studies

Although clearly exploratory, we included a couple of biomarker studies to investigate
the response and potential resistance mechanisms to study drugs.

2.4. ERK Phosphorylation

As part of an exploratory analysis, we studied the ERK activity in blinded pre-
treatment and post-treatment tumor biopsies in sections of formalin-fixed, paraffin-
embedded tissues. Coded tissue slides were stained without quenching the pigmentation,
as the cytoplasmic background did not interfere with the assessment of nuclear immunore-
activity of the phosphorylated, activated form of ERK (pERK). The percentage of cells with
nuclear pERK signals was quantified in several areas of interest that covered the entire
tumor. Positive nuclear staining was further confirmed using QuPath [41].

2.5. RNA-Seq Profiling of Paired Tumor Specimens

We also examined whether any biomarkers were associated with therapeutic sensi-
tivity or disease progression. To explore this, we analyzed RNA gene expression profiles
in patient-derived xenograft (PDX) models established from biopsy specimens from pa-
tients. The deidentified tumor tissues obtained from patients pre- and post-treatment were
implanted into the livers of NSG mice (NOD.Cg-Prkdc scid I12rg tm1Wjl/Sz]J; Jackson
Laboratory, Bar Harbor, ME) to establish PDX models (n = 2-3 from each tumor tissue) [42].
The animal protocol (ID#01587) was approved by the Institutional Animal Care and Use
Committee at Thomas Jefferson University. Mice were housed in a specific pathogen-free
facility. The mice were euthanized at 67 months post-tumor implantation, and tumor
tissues were harvested for subsequent analyses. Two tumor fragments harvested from PDX
were processed for RNA extraction using the RNA Mini Kit (Qiagen, Hilden, Germany).
RNA-seq was performed by Azenta (Burlington, MA, USA). Raw reads underwent adapter
trimming and quality control, followed by a standard pipeline for bulk RNA-seq differen-
tial expression analysis. To remove murine contamination inherent to liver PDX samples,
trimmed reads were aligned in parallel with STAR to the human GRCh38 reference genome
(GENCODE v42) and the mouse GRCm39 genome (GENCODE vM32). Human-specific
reads were identified using the Disambiguate tool. Transcript-level abundances were quan-
tified with Salmon in alignment-based mode using GENCODE v42 transcript annotations.
Differential expression analysis was performed with DESeq2, and results were visualized
with volcano plots generated using the Enhanced Volcano package v1.28.2. Technical repli-
cates, represented by tumor fragments collected from the same PDX tumor, were collapsed
prior to differential expression analysis.

2.6. Reverse-Phase Protein Array (RPPA)

Reverse-phase protein array (RPPA) profiling was performed by the MD Anderson
Cancer Center Functional Proteomics Core Facility using validated antibodies and stan-
dardized procedures as previously described [43]. Protein and phosphoprotein abundance
levels were quantified using the RPPASPACE algorithm. Level 4 (L4) log2-transformed
RPPA data, normalized for sample loading and batch effects, were used for downstream
analyses. The RPPA panel included 401 validated antibodies recognizing total and phospho-
proteins involved in major signaling pathways. Because RPPA measures a defined antibody
panel rather than the full proteome, pathway assignment was restricted to key functional
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protein and phosphoprotein nodes represented in the RPPA dataset. Pathway-related
antibody groups were initially defined using MSigDB pathway annotations and then fil-
tered to include only antibodies available in the RPPA panel. Eight signaling modules
were evaluated for their relevance, including FAK/MEK pathway inhibition, inflammatory
responses, apoptosis, and potential adaptive resistance mechanisms:

e BCL2 anti-apoptotic pathway (BCL2, BCL-xL, MCL1): reflects pro-survival signaling
and resistance to apoptosis.

e  Apoptotic priming (BIM, PUMA, BAX, BAK): represents the readiness of cells to
undergo apoptosis.

e Apoptosis execution (cleaved caspase-3, caspase-7): indicates active apoptotic cell
death.

o  MAPK/ERK pathway (pERK, pMEK, p90RSK): reflects canonical downstream signal-
ing of MEK inhibition and potential reactivation.

e  FAK/Src signaling (pFAK, pSRC, pPYK2): represents the direct target axis of FAK
inhibition.

o JAK/STAT pathway (IL-6, JAK2, STAT3, PD-L1): reflects cytokine-mediated inflamma-
tory signaling, STAT3-dependent survival programs, and immune checkpoint regulation.

e  mTORCI output (pS6K, pS6, p4E-BP1): captures translational and metabolic signaling
downstream of growth pathways.

e SGK/mTORC2 pathway (SGK1, SGK3, pNDRG1, pRICTOR): represents an AKT-
independent survival axis implicated in resistance.

For visualization, RPPA L4 log2-normalized values were displayed as a descriptive
heatmap to provide an overview of pathway-related protein and phosphoprotein abun-
dance patterns. Antibodies were grouped by signaling module, while samples were displayed
without unsupervised clustering. No statistical testing was applied to this visualization.

2.7. Immunohistochemical Staining of Aldehyde Dehydrogenase 1 Family Member A3 (ALDH1A3)

For immunohistochemistry (IHC), tumor biopsy specimens from patients and PDX
specimens were fixed in 10% neutral-buffered formalin overnight at room temperature,
embedded in paraffin, and sectioned. Paraffin-embedded tissue sections with 4 um were de-
paraffinized, and antigen retrieval was accomplished using TE buffer pH 9.0 with a steamer
for 20 min. Sections were incubated with Bioxall blocking solution (Vector Laboratories,
Burlingame, CA, USA) followed by rabbit anti-human ALDH1A3 (Proteintech, 25167-1-AP)
antibody (1/400) at 4 °C overnight. The following day, sections were incubated for 60 min
at room temperature in InmPRESS AP anti-Rabbit IgG Reagent (Vector Laboratories) and
for 7 min in ImmPact Vector Red (Vector Laboratories). Sections were counterstained with
hematoxylin (Vector Laboratories) for 30 s at room temperature.

2.8. Statistical Analysis

In order to characterize the efficacy of the combination of defactinib and avutometinib
in MUM patients, Simon’s Optimal two-stage design was used for conducting this clinical
trial [44]. The best response during study treatment in individual patients was used for
efficacy analysis. The null hypothesis was that the true response rate is 20%, and the
alternative hypothesis was that the true response rate is 50%. Simon’s Optimal two-stage
design was selected with a maximum of 18 patients and a target alpha level of 0.05 and
power of 80%. The cohort escalation design was guided by a desire to stop the trial early if
the actual stabilization rate is 20% or less.

The trial was carried out in two stages. In stage I, a total number of 8 patients would
be accrued. If there were 2 or fewer overall responses (CR+PR+SD) among these 8 patients,
further enrollment of patients would be stopped with the conclusion that the DCR cannot
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be 50% or greater. Otherwise, an additional 10 patients would be accrued in stage II,
resulting in a total sample size of 18. If there were 7 or more responses among these 18
patients, we would reject the null hypothesis and claim that the treatment is promising
[Optimal Design]. With this design, we had no more than a 5% chance of concluding
effective (>50% stabilization rate) when the success rate was at most 20%. Similarly, we
had no more than a 20% chance of concluding ineffective (<20% stabilization rate) when it
was effective (50% stabilization rate). If the actual response rate was 20% or worse, we had
at least a 0.79 probability that the trial would stop after the first 14 subjects. The overall
power of this design was 80.0%.

Documenting anti-tumor activity was the primary objective of this trial. Patients
must have received at least one cycle of the trial medication and have had at least one
post-baseline RECIST assessment (or have progressed prior to this assessment) to be
evaluable for response. To visualize the overall response time, we plotted the response
from on-treatment time in swimmer’s plots. Waterfall plots were used to visualize the
tumor reduction or increase in size after 2 cycles. Kaplan-Meier curves were constructed to
estimate the median PFS and OS.

For the exploratory ERK activity analysis, differences between pre- and post-treatment
values were analyzed for each case using the paired t-test (GraphPad Prism version 10.0.0
for Windows, GraphPad Software, Boston, MA, USA, www.graphpad.com).

3. Results

From February 2021 through January 2023, a total of 13 subjects were enrolled in the
study. The study terminated enrollment in April 2023. Trial enrollment was stopped early
by study sponsors before the anticipated accrual of 18 patients due to no patients having a
significant reduction in disease (only SD, no CR or PR). Stage I enrollment was complete,
and the continuation rule was met, but only 4 of the planned 10 patients were enrolled in
stage II.

Of the 13 enrolled patients, one subject did not complete screening due to rapid disease
progression. 12 total patients received treatment. In stage I, eight subjects were treated, and
DCR was 50% (four patients with SD, four patients with PD), meeting criteria to move on
to stage IL. In stage II, four additional subjects were treated before the study terminated
enrollment. DCR for the 12 patients was 50% (6 patients with SD, 6 patients with PD). All
12 patients have died from UM. The CONSORT diagram can be found in Figure 1.

Assessed for eligibility (N = 13)

Excluded (n=1)
Died from Progression (n= 1)

Allocated to intervention (n = 12)
Received allocated intervention (n = 12)
Did not receive allocated intervention (n = 0)

Analyzed (n = 12)
Excluded from analysis (n = 0)

Figure 1. CONSORT diagram.

Patient baseline demographic and clinical information can be found in Table 1. The
median age of the patients was 52 years, and 50% were male. Aside from the one patient
with a known SF3B1 mutation that recurred 8 years after her primary eye diagnosis, all other
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patients developed metastasis within 3 years of their primary eye diagnosis. All patients
had hepatic metastases, while eight of the patients had both hepatic and extrahepatic
metastases at the time of study enrollment. Eight patients (66.7%) had M1a disease, three
patients (25%) had M1b, and only one patient (8.3%) had M1c disease. Median lines of
prior therapy were 2 (range 0-6), with three patients (25%) being treatment-naive. For the
nine patients who had prior therapy, median time on the treatment immediately before
this trial was 5 months. The time to systemic recurrence from initial eye treatment was
28 months, 36 months, and 12 months in the 3 treatment-naive patients. The breakdown of
each patient’s clinical and demographic information, response to therapy, and treatment
pre- and post- progression can be found in Table 2. All but one patient received at least
one subsequent treatment prior to death, which varied from liver-directed therapy such as
immunoembolization, radioembolization, chemoembolization, to systemic therapy such as
tebentafusp, checkpoint inhibitor therapy, and a clinical trial.

Table 1. Baseline demographic and clinical characteristics.

Demographic Characteristics n=12

Age (median, age)—years 52 (27-72)

Gender, male 6 (50.0%)

Race, white 12 (100.0%)

Primary eye tumor size Diameter—11.6 mm (8.0-20.0)
(mean, range) Thickness—4.1 mm (2.7-20.0)

Monosomy 3—1 (8.3%)
8q amplification—1 (8.3%)
Monosomy 3+8q amplification—6 (50.0%)
Class 2—2 (16.7%)
Monosomy 3+8q amplification & Class
2—1 (8.3%)
Unknown—1 (8.3%)

HLA-A*02:01—5 (41.7%)
Other HLA—7 (58.3%)

M1a (largest < 3 cm)—S8 (66.7%)
Metastasis stage M1b (3.1-8 cm)—3 (25.0%)
Mlc (>8 cm)—1 (8.3%)

Liver—12 (100.0%)
Bone—4 (33.3%)
Lung—6 (50.0%)

Others—6 (50.0%)

<20% involvement—9 (75.0%)

Liver tumor burden 20-50% involvement—3 (25.0%)
>50% involvement—0 (0%)

High-risk molecular features
of primary uveal melanoma

HLA type

Metastatic organ involvement

Line of therapy (median, range) 2 (0-6)
Treatment naive 3 (25.0%)

As shown in Table 2, after two cycles, six patients achieved SD (50%) while the other
six patients developed PD. No patients achieved CR or PR. Of the three patients who
were treatment-naive, two achieved SD while one patient had PD. Tumor shrinkage was
experienced in 58% of patients, or 7 of 12 patients (Figure 2). Patient 2 had a —1% change
in the target liver lesions but experienced non-target bone and nodal progression after
two cycles, so she had PD at first scans. Best overall response (BOR) was achieved in the
first two cycles in most patients, although two patients achieved BOR after four cycles
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and one patient achieved BOR after four cycles (Table 2). Median duration of treatment
was 2.6 months for all patients, and 5.6 months for patients with SD. Median duration
of stabilization (time from scan showing SD to scan showing PD) in the six patients who
achieved SD was 3.8 months. The three patients with more than 20% liver involvement
were all PD. Swimmer’s Plot is shown in Figure 3.

Table 2. Detailed patient characteristics.
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* Molecular mutational testing was performed on metastatic samples. BOR = best overall response;
CE = chemoembolization; IE = immunoembolization; ipi = ipilimumab; Met = metastatic; MWA = microwave
ablation; N/A = not available; nivo = nivolumab; PD = progressive disease; PHP = percutaneous hepatic per-
fusion; RE = radioembolization; SD = stable disease; Sys = systemic therapy clinical trial; tebe = tebentafusp;
Tx = treatment; VPA = valproic acid.
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Figure 3. Swimmer’s plot (n = 12).

With a median follow-up of 20.0 months, the median PFS was 3.0 months (95% CI
2.1-6.0 months) and median OS was 20.0 months (95% CI 8.3-28.1 months). The Kaplan—
Meier curves of PFS and OS are shown in Figure 4. Median PFS and OS were longer for
treatment-naive patients (1 = 3) vs. the previously treated patients (1 = 9). Treatment-naive
patients had a median PFS of 5.5 months and median OS of 31.5 months. Previously treated
patients had a median PFS of 2.5 months and median OS of 15.3 months. The prolonged
OS of the treatment-naive group may have been driven by post-progression therapy, since
the median number of post-progression therapies received before death was 3 for the entire
group, 5 for treatment-naive patients, and 2 for the previously treated patients.
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Figure 4. Progression-free survival and overall survival (n = 12). (a) Progression-free survival;
(b) Overall survival.

3.1. Safety

All treatment-related adverse events (AEs) were Grade 1-2 except one Grade 3 AE of
asymptomatic elevated creatine phosphokinase levels (CPK) that resolved with holding
treatment and did not recur upon restarting (Table 3). There were no Grade 4 AEs. Patient
13 developed Grade 3 CPK elevation on cycle 1 day 13, which resolved to Grade 1 twelve
days later, and treatment was resumed without any dose adjustments. Most frequently
reported treatment-related AEs included rash (12/12, 100.0%), diarrhea (8/12, 66.7%),
edema (6/12, 50.0%), nausea (6/12, 50%), fatigue (6/12, 50.0%), and blurry vision (6/12,
50.0%).

Because avutometinib is known to cause visual changes, all patients underwent
detailed ophthalmological examination at multiple time points (at screening, cycle 2 day 1,
cycle 3 day 1, cycle 5 day 1, every 3rd cycle after, and end of treatment). All visual changes
on trial were Grade 1, transient, and self-resolved. Four of the patients experienced blurry
vision that lasted 24 h or less. Patient 5 had three periods of Grade 1 blurry vision, each
lasting 6-15 days, during the first three cycles (none during subsequent cycles). There were
no changes in the ophthalmologic examination for patient 5. Patient 13 experienced two
episodes of blurry vision during the first two cycles, lasting 8 days and 24 h, respectively.
By cycle 3, the blurry vision had completely resolved, but ophthalmologic examination
on cycle 3 day 1 was notable for a new small focus of subfoveal fluid in the affected
eye on optical coherence tomography scan. Treatment was continued, and on the next
ophthalmologic examination the subfoveal fluid had resolved without intervention.

No dose reductions or discontinuations were required for any patients. All side
effects resolved after discontinuing trial medications. No treatment-related serious AEs or
deaths occurred.
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Table 3. Treatment-related adverse events (n = 12).

AE Description Any Grade Grade 1 Grade 2 Grade 3 Grade 4

Number of patients with an event (percent)
Any adverse event 12 (100.0) 12 (100.0) 9 (75.0) 3(25.0) 0

Treatment-related
adverse events *

Any 12 (100.0) 12 (100.0) 6 (50.0) 1(8.3) 0
Rash 12 (100.0) 12 (100.0) 4(33.3) 0 0
Diarrhea 8 (66.7) 8 (66.7) 1(8.3) 0 0
Nausea 6 (50.0) 6 (50.0) 0 0 0
Fatigue 6 (50.0) 6 (50.0) 1(8.3) 0 0
Edema 6 (50.0) 6 (50.0) 1(8.3) 0 0
Visual impairment 6 (50.0) 6 (50.0) 0 0 0
Pruritis 4(33.3) 4(33.3) 0 0 0
Mucositis 4 (33.3) 3(25.0) 1(8.3)

Abdominal pain 3(25.0) 3(25.0) 0 0 0
Dysgeusia 3(25.0) 3(25.0) 0 0 0
Dizziness 2(16.7) 2 (16.7) 0 0 0
Anorexia 2 (16.7) 2 (16.7) 0 0 0
Dry skin 2 (16.7) 2 (16.7) 0 0 0
CPK elevation 1(8.3) 1(8.3) 1(8.3) 1(8.3) 0
Dry Mouth 2 (16.7) 2 (16.7) 0 0 0
Fever 2 (16.7) 1(8.3) 1(8.3) 0 0
Alopecia 1(8.3) 1(8.3) 1(8.3) 0 0
Vomiting 1(8.3) 1(8.3) 0 0 0
Reflux 1(8.3) 1(8.3) 0 0 0
Thrombocytopenia 1(8.3) 1(8.3) 0 0 0
Constipation 1(8.3) 1(8.3) 0 0 0
Concentration 1(83) 1(83) 0 0 0
impairment

* The investigators determined whether adverse events were related to a trial agent. Patients may have had more
than one event.

3.2. Investigation on Biomarkers Linked to Therapeutic Sensitivity

During this clinical study, biopsy specimens were collected before and after completion
of one cycle of combination therapy if clinically feasible. Four biopsy specimens from SD
patients (patients 5, 7, 12, 13) and three from PD patients (patients 1, 4, 10) were analyzed
for biomarker studies. Additionally, PDX were established from seven metastatic biopsy
specimens and used for analysis: four PDX from SD (patients 7, 9, 12, 13) and three
PDX from PD (patients 1, 4, 10). Due to the limited amounts of available tissue from
individual patients, fewer specimens were used for individual tests, and not all exploratory
translational endpoints were able to be evaluated.

3.3. Phosphorylation of ERK

We speculated that if a combination of FAK and RAF/MEK inhibitors works, the
downstream activation of the Mitogen-Activated Protein Kinase (MAPK) pathway should
be inhibited. We tested four patients whose pre- and post-treatment biopsy samples were
available for ERK activity analysis. Reduction in active ERK (pERK) was observed in two
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patients who achieved SD (patients 7 and 12), but not in two patients who had PD (patients
4 and 10) (Figure 5). This result indicates the presence of alternative pathways to activate
ERK despite upstream RAF/MEK inhibition.
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Figure 5. Pre- and post-treatment pERK nuclear staining. ns = not significant. p values **: 0.0192;
*:0.0371.

3.4. RNA Gene Expression Profiles in Patient-Derived Xenograft (PDX)

To obtain sufficient tissue for RNA sequencing and to identify potential biomarkers
associated with treatment response or disease progression, we established PDX models
using pre- and post-treatment biopsy specimens. RNA-seq analysis of matched pre- and
post-treatment PDX samples from two patients with PD (patients 1 and 10) showed in-
creased Aldehyde Dehydrogenase 1 Family Member A3 (ALDH1A3) mRNA expression in
post-treatment PDX tumors (Figure 6a).

To validate this finding at the protein level, IHC analysis for ALDH1A3 was performed
on patient biopsy specimens (Figure 6b) and PDX tumors (Supplemental Figure S1). The
percentage of positive tumor cells was quantified in up to 10 non-overlapping high-power
fields per sample using Celleste 4.1. The percentage of ALDH1A3-positive cells significantly
increased after treatment in two out of the three patients who experienced PD (patients
1 and 4), whereas patients who achieved SD (patients 5, 7, and 12) tended to show a
decrease in ALDH1A3 expression in their post-treatment biopsy specimens (Figure 6c).
One patient with PD showed no significant change (patient 10). However, in the pre-
treatment biopsy, this patient exhibited nearly 100% ALDH1A3-positive cells, which did
not change after treatment. In contrast to biopsy specimens, PDX tumors developed from
biopsy specimens of patient 10 showed areas of positive and negative tumor cell staining,
indicating heterogeneity among the original uveal melanoma cells (Supplement Figure S1).
These observations should be considered exploratory because of the limited number of
matched PDX specimens.
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Figure 6. Expression of the ALDH1A3 gene and protein in PDX specimens and biopsy specimens
obtained from pre- and post-treatment. (a) Volcano plot of RNA-seq data comparing post- and pre-
treatment obtained from patient-derived xenograft (PDX) specimens. Dashed lines mark log2FC =1
and FDR = 0.05. (b) Immunohistochemical staining for ALDH1A3 protein in biopsy specimens
from MUM patients. ALDH1A3 protein was visualized using an antibody conjugated to alkaline
phosphatase. Representative 200 x fields are shown; scale bar, 50 um. (c) Quantification of ALDH1A3-
positive cells in biopsy specimens from MUM patients. Green bar: pre-treatment, red bar: post-
treatment. The dotted line indicates the average level across all samples.

3.5. Investigation on Signaling Modules That Capture the Potential Adaptive
Resistance Mechanisms

Since the sample size was very small, this analysis was explorative and performed to
obtain baseline data for future investigation on the FAK and MEK inhibitor combination.

As shown in Figure 7, we observed a trend towards persistent pro-survival signaling,
especially through mTORC1 and mTORC2 pathways. In particular, the elevated SGK-
mTORC2 signaling suggests an AKT-independent survival mechanism of UM cancer cells.
Although the results are highly speculative with a small sample size, there was also a trend
towards increased BCL2 anti-apoptotic pathway activity in PD tumors, particularly after
treatment. Together, these data suggest that resistance to combined FAK/MEK inhibition in
UM might be associated with persistent pro-survival signaling, particularly in the mTORC1
and mTORC2 pathways, and with BCL2 expression.

Notably, these features were consistently observed across both patient-derived tumor
samples and matched PDX models in our MUM omics database in patients who did not
receive FAK and MEK inhibitor treatment (Supplemental Figures S2 and S3), supporting
the biological relevance of the observed phenomena in this clinical trial.
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Figure 7. Descriptive heatmap of protein and phosphoprotein abundance across pathway-related
RPPA markers. RPPA values are shown as L4 log2-normalized protein and phosphoprotein abun-
dance, where 0 represents the cohort median, +1 indicates approximately 2-fold higher abundance,
and —1 indicates approximately 2-fold lower abundance of a given protein or phosphoprotein rel-
ative to the cohort. Positive values indicate higher protein abundance and/or phosphorylation
(consistent with increased pathway output), whereas negative values indicate lower abundance
and/or phosphorylation compared with the typical tumor in the dataset. Antibodies were grouped
by signaling module, while samples were displayed without unsupervised clustering. No statisti-
cal testing was applied to this visualization. The heatmap should be interpreted as a descriptive
overview of pathway-related RPPA patterns. Treatment annotation indicates pre-treatment (Pre) and
post-treatment (Post) specimens. Response annotation indicates progressive disease (PD) or stable
disease (SD). Sample type annotation indicates metastatic uveal melanoma biopsy specimens (UMT)
or patient-derived xenograft tumors (PDX).

4. Discussion

We conducted a phase 2, single-arm, single-institution study of the combination of
defactinib, an FAK inhibitor, and avutometinib, an RAF/MEK inhibitor, in patients with
metastatic uveal melanoma. We treated 12 patients with the combination and achieved
SD in 50% of the patients. The median PFS was 3.0 months, and the median OS was
20.0 months with the combination. The combination was quite tolerable for patients, with
only one transient and asymptomatic Grade 3 AE of elevated CPK. No patients required
dose reduction or discontinuation.

Patients who were treatment naive had a longer median PFS and OS in comparison
to patients who had previous treatment, although the numbers are quite small to make a
definitive comparison. Patients who were treatment-naive received more post-progression
therapies, which could have driven the improvement in OS but would not explain the
improvement in PFS. Because of the heterogeneity of pre- and post-trial treatments, it is
difficult to comment on the influence of specific therapies on the outcomes.

No benefit relative to other available therapies was observed with the combination of
avutometinib and defactinib, highlighting the difference in the biology of MUM relative to
other cancer types, such as KRAS-mutated LGSOC, in which avutometinib and defactinib
have been shown to be effective. There were no CR or PRs seen after 2 cycles in our trial. A
DCR of 50% is in line with other systemic therapies for MUM, and our median PFS and
OS also are similar to the results of published tebentafusp and ipilimumab /nivolumab
studies. Tebentafusp achieved an objective response of 11% compared to 5% in the control
group, with a DCR of 46% [45]. Patients who received tebentafusp had a median PFS of
3.4 months and OS of 21.6 months [45]. Similarly, ipilimumab with nivolumab achieved
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an ORR of 11.5-18%, DCR of 51-63.5%, median PFS of 3.0-5.5 months, and median OS of
12.7-19.1 months [46,47]. Despite strong growth suppression in in vitro experiments with
MEK inhibitors, results of other MEK-targeted therapies have also been disappointing, with
a systematic review of six clinical trials of MEK inhibitors in MUM showing a median PFS
of 3.1 weeks to 16 weeks and overall response rate of 0 to 14% [48]. This discrepancy might
indicate the presence of resistance mechanisms or alternative pathways for downstream
ERK activation in the tumor microenvironment of patients.

Increasing ALDH1A3 mRNA expression was identified by RNA-seq analysis of PDX
specimens and validated at the protein level in patient biopsy specimens, particularly
after disease progression. Since PDXs are passaged only in vivo, they avoid the selective
culture pressures associated with in vitro. ALDH1A3, an aldehyde-metabolizing enzyme
associated with metabolic and oxidative stress, has been reported to exhibit stem cell-like
properties. A previous study has shown that ALDH1A3 contributes to therapy resis-
tance in various cancers and is associated with poor survival as well as tumor regrowth
post-therapy [49]. Consistent with the literature, increased ALDH1A3 was also observed
in MUM patients who experienced PD. ALDH-high tumor subpopulations have been
proposed as potential targets for ALDH-directed or ALDH-activated prodrug strategies,
including metronidazole-based approaches [50,51]. Although successful PDX engraftment
may enrich for biologically aggressive tumor populations and potentially introduce selec-
tion bias, the association of ALD1H3 expression was independently confirmed in patient
original biopsy specimens, supporting the translational relevance of our finding. How-
ever, due to the limited sample size, the findings should be considered exploratory and
interpreted with caution. Further investigation with larger patient samples is required to
confirm this observation.

Given a lack of tumor response with the combination, other combination strategies
are likely necessary to achieve clinical benefit for patients with MUM. A high-throughput
chemogenetic drug screen in four genetically distinct GNAQ-mutant UM cell lines using a
collection of ~2500 mechanistically annotated, oncology-focused agents identified PKC-
targeting drugs among the top hits [52]. Among them, darovasertib, a PKC inhibitor under
current clinical investigation for the treatment of UM [53], exhibited the most differential
Z-AUC score and lowest IC50 across all PKC inhibitors tested. Darovasertib concomitantly
inhibits both canonical and non-canonical Gag-driven signaling pathways (e.g., PKC and
PKN/FAK, respectively) [52]. While the blockade of PKC/PKN by darovasertib disrupts
Gag-driven signaling axes, darovasertib alone is insufficient to promote a sustained in-
hibition of YAP activity downstream of FAK. The partial reduction in FAK activation by
darovasertib may sensitize FAK for its further inhibition by direct ATP-competitive kinase
inhibitors, thus reinforcing a multipronged pharmacology paradigm that ultimately re-
quires co-targeting both Gxg-regulated signaling axes to achieve a durable clinical benefit.
In fact, the combination of darovasertib and an FAK inhibitor has been found to have
efficacy in complementary UM PDX models, further supporting the potential combination
in MUM [54]. Currently, darovasertib is being evaluated with crizotinib in MUM, and this
combination has shown impressive clinical efficacy, with 92% of patients having tumor
shrinkage in 68 patients treated in the phase 1/2 dose-escalation trial [53,55]. However,
darovasertib with crizotinib has common drug-related AEs that can be challenging for pa-
tients. It would be worth investigating whether defactinib in combination with darovasertib
could be a more tolerable, efficacious alternative relative to darovasertib with crizotinib.

It is of note that Lubrano et al. recently identified multiple resistance mechanisms
by screening 100 pathway-activating mutant complementary DNAs by lentiviral over-
expression in BAP1 wild-type and BAP-1 mutant UM cells [56]. Using a “signaling
toolkit” strategy, their study revealed JAK-STAT activation, overexpression of anti-apoptotic
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BCL2/BCLXL, and dysregulated PI3K/mTOR or Hippo pathways as escape routes under
MEK-ERK or FAK inhibition. In fact, our institutional omics data indicate upregulation
of key signaling components in JAK-STAT3 and SGK-mTORC2 pathways in MUM tissue
specimens. SGK1 is functionally associated with the PI3K/AKT signaling pathway [57].
However, SGK1 is not a direct component of AKT, but they are parallel downstream
effectors of PI3K signaling. As HGF/MET-mediated PI3K/AKT signaling is commonly
activated in hepatic UM metastases [58], the increased SGK1 expression observed in tumors
may not simply indicate the constitutional pathway activation, but rather may reflect a shift
toward SGK1-mediated adaptive and compensatory survival signaling in the liver microen-
vironment. These data might partly explain the lack of response to treatment with FAK and
MEK inhibitors in this clinical trial. Lubrano et al. further demonstrated improved efficacy
by adding a BCL2 inhibitor to FAK and MEK [56]. These findings provide a mechanistic
rationale for investigating combination strategies with inhibitors targeting compensatory
networks of FAK and MEK inhibition, such as mTOR inhibitors and BCL-inhibitors, to
overcome resistance mechanisms. Although a 3-drug combination treatment might be
clinically challenging, the above in vitro and omics data of MUM suggest directions for
improvement.

Our study has several limitations. Our statistical design was based on Simon’s two-
stage design, with a planned enrollment of 18 patients during two stages. Although our
primary endpoint was DCR of 50% and the DCR of the enrolled 12 patients was 50%, the
lack of any CR or PR was disappointing, and thus trial enrollment was stopped early by
study sponsors. Therefore, although our data met the goal for the first stage, we were
not able to complete the second stage and reject the null hypothesis. As only 12 patients
were treated, the limited sample size limits the strength of our conclusions about efficacy.
Furthermore, our study is a single-institution small study with significant variation in
treatments before and after our trial medication; this may introduce selection bias and also
limit generalizability. Molecular information was only available for five of the patients.
Further studies with integrated molecular profiling could help identify patients who are
more likely to benefit from the combination treatment. Finally, due to limited amounts of
available tissue from individual patients, not all exploratory translational endpoints were
able to be evaluated. FAK inhibitors have recognized immunomodulatory effects, so future
evaluation of the tumor immune microenvironment, such as CD8-positive lymphocytes,
macrophage populations, PD-L1 expression, or spatial immune profiling, could also be
helpful in better understanding the impact of FAK inhibitors on MUM tumors.

Although the data from this study are preliminary and mostly exploratory, our results
suggest that the combination treatment with FAK and MEK inhibitors would not be
clinically useful in metastatic uveal melanoma. An improved design for future clinical
studies needs to be developed.

5. Conclusions

In conclusion, in this phase 2 study of the combination regimen of defactinib and avu-
tometinib, stable disease was achieved in half of patients with MUM. Treatment was well
tolerated with only one transient asymptomatic Grade 3 CPK elevation. Although our trial
was small and stopped early, it provides important insights into non-canonical targeting
of Gag-driven signaling pathways, including FAK and potential resistance mechanisms.
Further research should seek to elucidate an optimal combination treatment strategy for
MUM, such as FAK and PKC inhibitors, for a clinically tolerable and efficacious treatment,
targeting the signaling pathways downstream of GNAQ/GNA11 driver mutations.
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Abbreviations

The following abbreviations are used in this manuscript:

UM Uveal Melanoma
MUM Metastatic Uveal Melanoma
ORR Overall response rate

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
PD-1 Programmed cell death 1

LAG-3  Lymphocyte activation gene-3

oS Overall survival

PFS Progression-free survival

LGSOC  Low-grade serous ovarian cancer

NSCLC  Non-small cell lung cancer

PR Partial response

CR Complete Response

SD Stable Disease

DCR Disease control rate

AE Adverse events

pERK Phosphorylated ERK
PDX Patient-derived xenograft

RPPA Reverse-phase protein array
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IHC Immunohistochemical
BOR Best overall response
CPK Creatine phosphokinase
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