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Despite extensive research and refined therapeutic options, the survival for metastasized uveal melanoma (UM)
patients has not improved significantly. UM, a malignant tumor originating from melanocytes in the uveal tract,
can be asymptomatic and small tumors may be detected only during routine ophthalmic exams; making early
detection and treatment difficult. UM is the result of a number of characteristic somatic alterations which are
associated with prognosis. Although UM morphology and biology have been extensively studied, there are sig-
nificant gaps in our understanding of the early stages of UM tumor evolution and effective treatment to prevent
metastatic disease remain elusive. A better understanding of the mechanisms that enable UM cells to thrive and
successfully metastasize is crucial to improve treatment efficacy and survival rates. For more than forty years,
animal models have been used to investigate the biology of UM. This has led to a number of essential mechanisms
and pathways involved in UM aetiology. These models have also been used to evaluate the effectiveness of
various drugs and treatment protocols. Here, we provide an overview of the molecular mechanisms and phar-
macological studies using mouse and zebrafish UM models. Finally, we highlight promising therapeutics and

discuss future considerations using UM models such as optimal inoculation sites, use of BAP

rise of zebrafish models.

1™ _cell lines and the

1. Introduction

Uveal melanoma (UM) is the most common primary intraocular
malignancy that arises after somatic changes in uveal melanocytes [1].
Clinical, histological, and genomic characteristics of primary UM are
associated with clinical outcomes [2]. Up to 50% of patients will develop
metastatic UM [3]. Even after successful treatment of the primary
tumor, UM has a high probability of metastasizing to distant organs;
partly due to the lack of noticeable lesions in the early metastatic stages
of the disease [4,5]. Almost all UM patients have primary driver muta-
tions in either Guanine nucleotide-binding protein Q (GNAQ), Guanine
nucleotide-binding protein 11 (GNA11), Cysteinlyl leukotreine receptor
2 (CYSLTR2) or Phospholipase C Beta 4 (PLCB4). These molecules act
during G-Protein Coupled Receptor (GPCR) signalling in the MAPK/ERK
pathway and YAP signalling [1]. These driver mutations can also be
found in uveal nevi [6-8], which are considered as benign precursor

lesions of UM. Secondary driver mutations in Eukaryotic Translation
Initiation Factor 1 A X-Linked (EIF1AX) [9], Splicing Factor 3b Subunit 1
(SF3B1) [10] or deubiquitinase BRCA1l-associated protein-1 (BAP1)
[11] are considered to delineate malignant transformation and are in
general mutually exclusive, correlated to survival and associate with
distinct transcriptomic profiles, methylation patterns and chromosomal
aberrations [12,13]. BAP1, SF3B1 and EIF1AX all function in different
molecular pathways: BAPI is involved in activation of DNA damage
repair system, regulation of ubiquitin signalling and assembly of the
polycomb repressive complex [14], SF3B1 is essential in pre-mRNA
splicing [15,16] and EIF1AX is one of the factors involved in remodel-
ing the initiator complex during translation [17,18]. EIFIAX™ UM have
a low risk to develop metastasis, SF3B1™-UM develop metastatic dis-
ease; but in general less rapidly compared to BAP1™.UM [19]. Patients
with metastatic UM have a poor prognosis with a median overall sur-
vival of approximately 1 year [20,21]. The overall survival in metastatic
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UM patients has been stable for the past decades [21], although some
progress has been made in a subset of patients treated with immune-
modulator Tebentafusp [22]. Transcriptome analysis elucidated the
genetic composition of metastatic UM tends to resemble that of the
primary tumor, although additional genetic alterations in the metastases
can be present; indicating continuous oncogenic evolution after
dissemination [23-25]. The immune-landscape of primary UM and
metastases found in single-cell sequencing experiments indicated that
cytotoxic T-cells predominantly express checkpoint marker Lymphocyte
Activating 3 (LAG3) [26], implicating an important role for immune
cells in the tumor microenvironment.

Clinical trials aimed at treating metastatic UM using a range of tar-
geted strategies did not have the desired outcome [27], and thus the
search for novel treatment modalities continues. For the past 40 years a
popular method to discover and test drugs for a wide range of diseases is
the use of animal models, especially mouse models [28]. Mouse tumor
models have aided our understanding of anticancer drugs ranging from
cytotoxic agents to biological therapeutics [29]. UM mouse models have
been generated since 1980 by transplantation of human UM cells or via
genetic engineering [30,31]. In an attempt to improve current models,
several laboratories continue to illustrate successful engraftment of
primary UM in immune-compromised mice [32-36]. To generate
translatable models, the genetic background is of importance when
designing a xenograft experiment. BAP1™'/Monosomy 3 UM are pre-
sent in the majority of patients that develop metastasis within a short
period of 5 years after diagnosis [19]. Currently, there are many
different UM cell lines with specific genetic profiles. A few BAP1™ cell
lines have been established (Supplementary table 1), but generally these
tumor derived cell lines proliferate poorly in vitro [37]. There are 3
known cell lines derived from SF3BI™‘ UM and 2 known cell lines
derived from EIFIAX™" UM (Supplementary table 1). Remarkably, these
latter EIFIAX™" cell lines are atypical and may not fully represent
EIFIAX™" UM as both have been established from metastasizing
EIFIAX™" UM [37,38]. Only a few cell lines are characterized in full
detail with known driver mutations, secondary mutations and copy
number variations (Supplementary table 1). The use of UM derived cell
lines has the advantage that these cell lines often display the corre-
sponding copy-number variations [39], but long term cultivation of UM
cells reduces gene expression compared to primary tumors [40]. Next to
mouse models, the use of zebrafish (Danio rerio) models has recently
been gaining popularity to study UM [41].

Here, we describe a comprehensive overview of the current literature
of all mouse and zebrafish models generated with uveal melanoma cell
lines or via transgenesis. We provide an overview of all compounds
tested in xenograft models and their anticancer-effect, illustrate draw-
backs of the current models and provide suggestions for future
improvements.

2. Structured literature search: Uveal melanoma animal models

We searched for peer-reviewed studies between 01 and 01-1946 and
11-07-2023 in 4 databases: Embase, Medline ALL, Web of Science Core
Collection and Google Scholar (For details see Supplementary methods).
In brief, each database search was designed to find in vivo ocular UM
models using either mice or zebrafish which generated a list of 1570
publications. Inclusion criteria for this review were: 1) xenografts using
a human uveal melanoma cell lines in mice or zebrafish and 2) trans-
genic mouse or zebrafish models that develop ocular melanoma. UM
animal models that use cell lines harbouring B-Raf Proto-Oncogene,
Serine/Threonine Kinase (BRAF) / NRAS Proto-Oncogene, GTPase
(NRAS)-mutated melanoma cells [42] (n = 83) were excluded. Addi-
tionally, models developed with the highly aggressive mouse cutaneous
melanoma line B16 or Greene’s hamster-melanoma cell line [43] (n =
66) were also excluded in this survey. (Fig. 1A, Supplementary fig. 1).
Molecular status of cell lines discussed in xenograft models are shown in
Supplementary table 1. For the purpose of this review, we excluded
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studies using other animals than zebrafish or mice (e.g. cats, rats and
rabbits) due to the large amount of literature available on these two
models.

3. Xenograft uveal melanoma models

Xenograft models included in this review have been used to elucidate
molecular signalling in specific pathways, modulation using specific
pharmaceutical targets aimed at UM specific and generic pathways or
using antibody-based/oncolytic virotherapies. Full-text assessment of
288 eligible studies revealed 139 studies using Gaq/11™" or UM cells
without known driver mutations (Fig. 1A, Supplementary Fig. 1). From
the selected Gag/11™WT studies, a total of 188 mouse models were
generated, mostly using subcutaneous inoculations (Fig. 1C), and a total
of 13 zebrafish xenografts (section 3.5). The cell line that has been used
most often is 92.1 (Fig. 1C). An overview of the cell lines used, aim of the
study and inoculation site per murine study is described in supplemen-
tary table 2. In this section, we summarize and discuss uveal melanoma
xenograft models generated by inoculation of Gag-mutated melanocytes
or human uveal melanoma cell lines.

3.1. Generating xenograft models in mice

Xenograft models are generated by inoculation of human tumor cells
in mice. This method is a relatively straightforward tumor model, in
which human tumor cells are traditionally inoculated subcutaneously
[29]. However, subcutaneous inoculation does not reflect the
complexity of the original tumor and its environment [29], and inocu-
lation can be improved by injecting cells at the place of anatomical
origin (e.g. ocular injection for primary UM cells or hepatic injection for
metastatic UM cells; Fig. 1D). Xenograft models for UM have come a
long way since the first successful transplant in 1980. In this model, a
human choroidal melanoma was transplanted into the posterior segment
in the eye of a nude mouse and illustrated successful engraftment [44].
Our literature search indicates that the majority of UM xenografts were
developed using subcutaneous inoculation of UM cells (Fig. 1B, Sup-
plementary table 2). To study UM in the most prevalent metastatic loci,
direct hepatic inoculation has been performed in 9 studies (Fig. 1B,
Supplementary table 2). Thirteen studies describe the use of intrasplenic
inoculation (Fig. 1B, Supplementary table 2), to replicate haematoge-
nous dissemination and subsequent liver metastasis [45]. Intravenous
inoculation to simulate disseminated cells in the circulation results in
micro metastasis after 6 weeks, but fail to grow into large metastasis
[46]. To simulate the microenvironment of the primary tumor, a total of
30 xenograft models have been generated by intra-ocular inoculation
(Fig. 1B, Supplementary table 2). Liver metastasis after ocular inocula-
tion is dependent of the cell line: 92.1, Mel290, MP41, OMM1 and
OMM2.3 are able to develop liver metastasis [33,47-51], whereas
UMT2 and UMT42 failed [32]. Due to the nature of working with tumor
cells derived from patients, these models are not suitable to investigate
tumor initiation (which requires genetically engineered models) and are
typically used as models to study tumor growth and progression.

3.2. Studying UM tumor growth and metastasis in murine xenograft
models

In general, UM-tumors harbour one of the four mutually exclusive
primary driver mutations: in over 90% of the UM patients either in the
Guanine nucleotide-binding protein Q (GNAQ) [52] or the Guanine
nucleotide-binding protein 11 (GNA11) [53] (both referred here as
Gaq/11). In approximately 5% of UM, driver mutations in Cysteinyl
leukotreine receptor 2 (CYSLTR2) [54] or Phospholipase C Beta 4
(PLCB4) [55] are present [1]. Both genes participate in G-Protein-
Coupled Receptor (GPCR) signalling via similar pathways. The two
primary signalling pathways involved are the mitogen-activated protein
kinase kinase (MEK) / extracellular signal-regulated kinase (ERK)
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pathway and the Yesl Associated Transcriptional Regulator (YAP) sig-
nalling pathway [1]. CYSTLR2 and Gaq/11 activate YAP signal trans-
duction to activate genes involved in cell proliferation [56].
Additionally, CYSLTR2, Gaq/11 and PLCB4 activate MEK/ERK signal-
ling via Phosphatidylinositol 4,5-bisphosphate(PIP5) and protein kinase
C (PKQ); inducing cell proliferation [57]. GNAQ mutations are not
predictive of patient outcome [58], and despite the association of
GNA11 with prognostic relevant genetic alterations [59], both muta-
tions are also found in non-aggressive blue nevi [53]. Targeting Gaq/11-
signalling could provide a therapy for the majority of patients with UM
due to the high prevalence of GNAQ or GNA11 mutations. Under-
standing how Gaq/11-signalling is affected by Gag/11%%°"/L mutations
is pivotal to develop targeted treatments. Xenograft models have aided
in identifying multiple signalling nodes and their corresponding mech-
anisms. Genetically modified mouse models illustrated that Gaq/11
proteins are folded by Resistance to inhibitors of cholinesterase-8 A
(RIC-8 A), a chaperone regulating most Guanine nucleotide binding
alpha proteins [60]. Mice that are deficient for Ric-8a harbored a lower
UM tumor burden compared to wild-type mice after inoculation of
murine Gag/11™""-melanocytes, illustrating an important role of RIC-8
A in Gaq/11™"" expression [61]. One of the pathways regulated by
GPCRs is the Hippo-YAP pathway, which can either activate or repress
nuclear YAP depending on the GPCR [62]. YAP is canonically activated
via the Hippo-signalling pathway which regulates cell proliferation,
stemness and reacts to environmental cues [63]. Unlike BRAF™ mela-
noma cells, Gaq/11™"* melanoma cells demonstrate nuclear expression
of YAP [64]. Inhibition of YAP by verteporfin in 92.1-xenografts
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elucidated that YAP is essential for UM growth in vivo. This is further
supported as YAP inhibitor MGH-CP1 also reduced tumor burden in
92.1-xenografts [65]. In UM, nuclear YAP expression is regulated by
Rho-family guanosine triphosphatases (Rho-GTPase) [66]. Rho-GTPases
are involved in many processes such as cell adhesion, endocytosis,
migration and cell cycle regulation [67]. Rho-GTPase is activated via
ADP-ribosylation factor 6 (ARF6) signal transduction. Gaq/11™" re-
cruits ARF6, which subsequently acts as a complex to activate Rho-
GTPase (Fig. 2). Inhibition of ARF6 using short hairpin-RNA or NAV-
2729 in Mel202-xenografts revealed ARF6 to be crucial for UM
growth in vivo [68]. The overall Gaq/11™""-signalling pathway driving
UM proliferation are illustrated in Fig. 2.

A major advantage of xenograft models is the ability to study puta-
tive metastatic modulators found in UM. One of the first metastatic
factors studied in metastatic UM models was NME/NM23 Nucleoside
Diphosphate Kinase 1 (NM23-HI). NM23-H1 is the first described
metastasis suppressor [69]. Lack of NM23-H1 protein expression cor-
relates with UM prognosis [70] and in vivo models using NM23-H1 high
cells (92.1) had an increased metastatic burden compared to NM23-
HI™ cells (OM431) [71]. NM23-H1 is known to respond to reactive
oxygen species [72], therefore the link between hypoxia/angiogenesis
and NM23-H1 could be of interest to study in context of high-risk UM.
An important regulatory mechanism for metastatic processes in high-
risk UM is liver secreted hepatocyte growth factor (HGF) and its re-
ceptor MET proto-oncogene, receptor tyrosine kinase (c-MET) [73,74].
c-MET expression is present in primary UM and elevated in metastatic
UM [75]. Furthermore, c-MET can be cleaved into a soluble form [76]
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(Fig. 2), which is increased in serum upon metastatic disease [77]. The
HGF/MET pathway activates multiple pro-tumorigenic signalling nodes
in UM, such as MEK/ERK signalling and PI3K/AKT/mTOR signalling,
which both are capable to induce cell proliferation, survival and
migration [78]. HGF is secreted by hepatic stellate cells (HSteCs) [79]
that interact with sinusoidal endothelial and hepatic epithelial cells
[80]. Metastatic mouse models (using splenic inoculation) illustrated
that HSteCs are able to alter collagen architecture which increased
metastatic loci and sizes [81]. Stimulation of HSteCs to secrete pro-
metastatic factors can be induced via exosomes that are released by
UM cells. Pre-treating mice with exosome from 92.1-cells increased
metastatic burden due to elevated levels of macrophage migration
inhibitory factor (MIF) compared to non-treated mice (Fig. 2) [82]. Once
metastases are seen in the liver, treatment options are limited, resulting
in poor prognosis [83]. The poor prognosis is in part due to the ability of
metastatic UM cells to induce cell death of healthy hepatocytes [47]
(Fig. 2, FasL-pathway). Based on the current models, UM metastasis
seems to rely on the HGF/MET-signalling pathway, which is stimulated
by the organ-specific environment of the liver. The HGF/MET mecha-
nism is independent of secondary driver mutations shown by in vivo
experiments utilizing cell lines originating from SF3B1"T/BAPI"T tu-
mors (92.1, Mel270, OMM1). However, due to the high risk of metas-
tasis of BAPI™-UM, several groups decoded genetic material of UM to
identify novel genes. Characteristic chromosomal aberrations such as
chromosome 3 loss (partial or fully) and gain of chromosome 8q in
primary UM is a strong predictor of high-risk UM [84]. Gene expression
analysis focusing in on these chromosomal aberrations identified Solute
Carrier Family 25 Member 38 (SLC25A38) [85] and Syndecan Binding
Protein (SDCBP) [86] as potential factors involved in high-risk UM. Both
factors increased metastatic burden in xenograft models, where lack
SLC25A38 induced angiogenesis [85] and elevated levels of SDCBP
increased invasion via the HGF/MET mechanism [86].

Next to coding RNA, the role of non-coding RNA (ncRNA) in UM is
starting to unfold. Non-coding RNAs are able to promote tumorigenesis
and metastasis via key contribution in many molecular pathways
[87,88]. Non-coding RNA in UM has been investigated predominantly in
vitro [87], however there are few xenograft models illustrating the role
of three different ncRNAs in vivo. Long non-coding RNA ZNF706
Neighbouring Transcript 1 (ZNNT1) was investigated in vitro where it
functions as an autophagy activator in UM cell lines. Overexpression of
ZNNT1 inhibited tumor growth in vivo, suggesting stimulation of auto-
phagy could provide anticancer properties in UM [89]. Another long
non-coding RNA studied is PAXIP1 Antisense RNA 2 (PAXIP1-AS2), after
it was identified to be upregulated in metastatic UM [90]. PAXIP1-AS2
expression was correlated to JAK/STAT signalling which is known to
induce invasion via the Signal Transducer and Activator of Transcription
3 (STAT3)-twist family bHLH transcription factor 1 (TWIST1) axis [91].
In vivo downregulation of PAXIP1-AS2 inhibited tumor growth due to
downregulation of JAK2, MMP9 and MMP2 in MM28-xenografts [90].
The last model studying ncRNA illustrated the role of microRNA in UM
development. MicroRNA142 expression was downregulated in UM cell
lines compared to healthy uveal melanocytes and was shown to inhibit
multiple generic proliferation genes, but most interestingly also targets
GNAQ (Fig. 2). Upregulation of microRNA142 in vivo significantly
reduced tumor growth compared to non-treated xenografts; pinpointing
microRNA142 as a potential tumor suppressor in UM [92].

3.3. Pharmacological studies in murine UM xenograft models

The primary advantage of in vivo models is the capacity to investigate
efficacy of drugs within a complex environment. Xenograft models
commonly use severe compromised immune deficient (SCID) mice
facilitating the engraftment of human uveal melanoma (UM) cells.
Therefore, it is important to acknowledge that the translational rele-
vance of these models to clinical practice may be limited [29]. Here, we
present an overview of pharmacological investigations conducted in
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xenograft mice using human UM cell lines. Our search and filtering
process identified 56 publications, comprising 21 studies examining
combination treatments and 35 studies examining stand-alone treat-
ments. Each compound, combinations and cell lines used per study is
summarized in Tables 1-3, Supplementary table 3 and are illustrated in
Fig. 3.

3.3.1. MEK-ERK pathway

As described above, Gaq mutations are known to activate the
MEK-ERK pathway [1,56]. MEK-ERK signalling activation is frequently
identified in many other cancer types [93], which led to the develop-
ment of several MEK inhibitors (MEKi). Although MEK inhibition is used
in clinical practice for cutaneous melanoma [94], UM patients are non-
responsive [95]. MEKi resistance in UM patients is in part due to
fibroblast/hepatocyte secreted HGF and/or Neuregulin 1 (NGR1). These
secreted molecules are able to activate PI3K-AKT signalling via MET and
EBBR2/3, which promoted tumor growth in UMO0O1-xenografts. This
suggests a mechanism that could explain tumor growth despite MEK
inhibition in UM patients [96]. However, trametinib (MEKi) is able to
inhibit tumor growth and metastasis formation in UMO001/UMO004-
xenograft models [45]. The discrepancy between MEKIi resistance in
humans and mice is explained due to the incompatibility of murine Hgf
with human MET receptors; which thus lack alternative tumor promo-
tion via MET-PI3K-AKT signalling in xenograft-models [97].

To overcome MEKi resistance due to activated alternative pathways,
many studies investigated pharmacological responses after targeting
multiple targets simultaneously (Table 1). By targeting multiple proteins
within the MEK-ERK pathway, such as FAK or PKC (Fig. 2), one could
enhance downstream inhibitory effects. Inhibition of MEK together with
Focal adhesion kinase (FAK) [56,98] or PKC [99] in various xenograft
models (Mel270, OMM2.3, 92.1 and murine-melanocytes expressing
human GNAQ®%’!) indeed improved therapeutic outcomes. In a similar
fashion, inhibition of Rho-GTPases using Cerivastatin synergyzed with
MEKi in UPMM3-xenografts (BAP1™") and demonstrated strong tumor
volume reduction. Protein analysis revealed Cerivastatin inhibits p-AKT
and YAP; yet when combined with Trametinib a stronger inhibition was
seen with additional upregulation of caspase-3 and PARP1 [100]. Ohers
have instead inhibited the MEK-ERK pathway in combination with
proteins involved in other pathways. Inhibiting the MET-PI3K-AKT
pathway via MET, PI3K, AKT or its downstream node mTOR in combi-
nation with inhibiting the MEK-ERK pathway were shown to act syn-
ergistically in vitro [101]. Several in vivo studies support these finding by
illustrating reduce tumor growth in vivo [102,103], while some studies
additionally demonstrated its potential to inhibit macrometastasis in
92.1 xenografts [104,105]. Interestingly, inhibition of PKC and PI3K is
only effective in Gag-mutant cells (92.1) and not for Gag/11"T UM cells
(OMM1) [106]. This could suggest that driver mutations are crucial to
develop effective personalized therapies.

Another important aspect in UM progression is the DNA methylation
status of UM, as it is know that the methylation profile differs per sub-
type [107]. An important class of proteins responsible for DNA
methylation are DNA methylation transferases (DNMT). By adding
methylgroups onto the DNA which silences gene expression, these pro-
teins play a crucial role in gene regulation [108]. For instance, inhibition
of DOT 1 like histone lysine methyltransferase (DOT1L) inhibited tumor
growth in vivo by abrogating NAD+ synthesis [109] and combined in-
hibition of DNMTs and MEK in 92.1- and Mel270-xenografts reduced
tumor volume due to upregulation of pro-apoptotic protein BIM [110].
Resisting cell-death is an hallmark of cancer [111], making upregulating
pro-apoptotic proteins an interesting mechanism for treating cancer.
Inducing apoptosis and thus reducing tumor volume can be achieved via
multiple signalling nodes, such as via MDM2 proto-oncogene (MDM2).
MDM2 is a negative regulator of p53, which is well known for its tumor
suppressor function. MDM2 induces p53 degradation, as such inhibiting
MDM2 prevents p53 degradation and allows p53 to act as a tumor
suppressor by inducing apoptosis [112]. Inhibition of the MEK-ERK

Q209P/L
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Table 1
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Overview of compounds studied in UM xenograft models targeting the MEK-ERK pathway Compounds are used as a single dose, or in combination with other molecules
targeting other pathways. For each study the used cell line used to generate xenografts are shown with the corresponding compound effect after treatment. In bold
BAP1neg UM cells are highlighted. Abbreviations: mitogen-activated protein kinase kinase (MEK1/2), Focal adhesion kinase (FAK), protein kinase C (PKC), MDM2
proto-oncogene (MDM?2), Cyclin dependent kinase 4 (CDK4), Cyclin Dependent Kinase 6 (CDK6), mammalian target of rapamycin (mTOR), Phosphoinositide 3-kinases
(PI3K), Deoxyribonucleic acid (DNA), P62, Poly(ADP-ribose) polymerase (PARP), Ataxia Telangiectasia Mutated (ATM), Ataxia Telangiectasia And Rad3-Related
Protein (ATR), reactive oxygen species (ROS). * cells were pretreated with 10uM SGC0946 for 10 days pre-inoculaton.

Drug Target Dosage (mg/  Administration Therapy  Cell line Compound effect Ref.
kg)
Reduction in t 1 inhibit
Trametinib MEK1/2 1 Daily single  UMO01, UM004 €auction I fumor volume, ibis [45]
macrometastasis
VS-4718 FAK 10 Twice daily single OMM2.3, Mel270 Reduction in tumor volume [98]
VS-4718 FAK 50 Twice daily A
Trametinib MEKL/2 1 Daily Dual 92.1, OMM2.3 Reduction in tumor volume [56]
Sotrastaurin PKC 20, 40, 80 Daily Melan-a melanocytes expressing A
Binimetinib MEK1/2 3,5 Twice daily Dual GNAQ®2%%L 921 Reduction in tumor volume 1991
CGMO097 MDM2 100 5 times per week
Ribociclib CDK4, CDK6 75 5 times per week
Binimetinib MEK1/2 35 5 times per week Dual MP42, MP46, MM33, MM52, MM66  Reduction in tumor volume [103]
Sotrastaurin PKC 120 5 times per week
Everolimus mTOR 5 5 times per week
Pictilisib PI3K 100 5 times per week
Decitabine DNMT 1 3 times per week L.
Trametinib MEK1,/2 05 Daily Dual 92.1, Mel270 Reduction in tumor volume [110]
Chloroquine P62 40 Daily
Temozolomide DNA 100 Daily Dual OMM2.5 Reduction in tumor volume [117]
Trametinib MEK1/2 1 Daily
Chloroquine P62 50 Daily A
5 11
Dacarbazine DNA 50 3 times per week Dual 92.1 Reduction in tumor volume [118]
Dacarbazine DNA 40 1-5 times per 4
weeks
Olaparib PARP 50 or 100 5 times per week
Sotrastaurin PKC 240 5 times per week
MP41, MP55, MP MM33, MM52
CGM097 MDM2 100 5 times per week Dual MN?66, » MP77, ’ > Reduction in tumor volume [119]
AZD0156 ATM 250r5 3 times per week
Ceralasertib ATR 12.5 3 times per week
Everolimus mTOR 5 5 times per week
Fotemustine DNA 20 Day 1 and Day 22
Elesclomol ROS 25 or 50 5 times per week - -
Binimetinib MEK1/2 3 Daily Dual 92.1 Reduction in tumor volume [115]
MET and Reduction in tumor volume, some mice
. . . . ) ) 1
withaferin A MEK1/2 8orl2 Daily single 92.1 R [104]
Sorafenib RAS/RAF 60 Daily Reduction in tumor volume, inhibit
Lenalidomide AKT 100 Daily Dual 921 macrometastasis [105]
selumetinib MEK1/2 25 Not specified -
Dual 2.1 i 102
MK2206 AKT 150 Not specified ual 9 Reduction in tumor volume [102]
Sotrastaurin PKC 80 5 times per week Lo
BYL710 PISK 50 5 times per week Dual 92.1, OMM1 Reduction in tumor volume [106]
SGC0946 DOT1L B None* OMM2.3 Reduction in tumor volume [109]
T inib MEK 1 i k
ra{netlml 3 tfmes per wee Dual UPMM3 Reduction in tumor volume [100]
Cerivastatin Rho 2 3 times per week

pathway and MDM2 reduced tumor volume in multiple xenograft
models. In comparison to MEK-ERK and PI3K-AKT pathway inhibition,
tumors were smaller after inhibition of MEK-ERK pathway and MDM2
[103].

Another way to induce apoptosis is via reactive oxygen species
(ROS), where an influx of ROS acts as a signal to activate apoptosis
[113]. The compound elesclomol has the ability to transport copper to
mitochondria, which in turn generates a large amount of ROS [114].
Elesclomol was sensitive to Gag/11™"¢ cells (92.1, OMM1, OMM?2.3)
whereas Gocq/llWT cells (Mel290) were resistant. In 92.1-xenografts
elesclomol inhibited tumor growth, but more interestingly when com-
bined with MEKi tumors size shrank to nearly 50% smaller than at the
start of treatment [115]. The fact that Gaq/1 1WT cells were resistant to
the influx of ROS, suggests Gaq/11™" cells are more vulnerable to ROS
while at the same time illustrate Gaq/11WT cells utilize different
mechanisms to survive and thrive.

MEKi have also been combined with autophagy inhibitors in UM
xenografts. Autophagy plays a key role in degradation of cellular ma-
terial while also providing precursor molecules and energy for cellular
processes [116]. In cancer, autophagy plays a complicated role and it is
often unclear whether the best strategy is inhibition or stimulation to

achieve cellular apoptosis [116]. Inhibition of autophagy using chloro-
quine has been studied in clinical trials, where BRAF, KRAS and EGFRVIII
mutations are markers of tumor progression that depend on active
autophagy [116]. In UM, autophagy inhibition using chloroquine was
combined with MEKi. This reduced tumor growth in OMM2.5-
xenografts [117] and 92.1-xenografts due to downstream inhibition of
pro-autophagy protein P62 [118]. However, autophagy dependence is
likely to differ between UM subgroups as an OM431-xenograft model
showed tumor regression upon autophagy stimulation [89]. When used
in isolation, MEKi seems inadequate in halting tumor progression.
Nevertheless, when combined with other compounds, a synergistic ef-
fect is observed. Using combined inhibition of MEK-ERK and PI3K-AKT
pathways, some models demonstrated inhibition of macro-metastasis
and in some cases even resulted in complete remission. Additionally,
primary driver mutations are important to take into account before
deciding on treatment options. Inhibition of PKC or PI3K failed to inhibit
tumor progression in Gag/11WT cells, as did ROS induction via ele-
sclomol; whereas these strategies were more effective in Gogq/11™"
cells.



Q.C.C. van den Bosch et al.

Table 2
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Overview of compounds studied in UM xenograft models targeting the AKT-PI3K-mTOR pathway alone or in combination with other pathways. For each study the used
cell line used to generate xenografts are shown with the corresponding compound effect after treatment. In bold BAP1neg UM cells are highlighted. Abbreviations: MET
proto-oncogene, receptor tyrosine kinase (MET), Phosphoinositide 3-kinases (PI3K), mammalian target of rapamycin (mTOR), mitogen-activated protein kinase kinase
(MEK1/2), Rat sarcoma / rapidly accelerated fibrosarcoma (RAS/RAF), AKT serine/threonine kinase (AKT), protein kinase C (PKC).

Drug Target Dosage Administration Therapy  Cell line Compound effect Ref.
(mg/kg)
N . ) inhibi
Crizotinib MET 50,75 100 5 times per week  single 92.1, OMM2.3 o reduction in tumor volume, inhibits ., , )
macrometastasis

4-0-(4"-0-alpha-p-Gl D-

(4-o-alp ,a,D Pcopyranosy D PI3K 5or10 5 times per week single MP65 Reduction in tumor volume [134]

caffeoyl quinic acid
200 BSA; 5 . . Lo
AZD8055 mTOR AZD 1 time per week single Mel202 Reduction in tumor volume [121]
1CG-001 mTOR 50 5 times per week single Mel270 Reduction in tumor volume [122]
Everolimus mTOR 2 3 times per week single MP34, MP41, Reduction in tumor volume [37]
P g MP46, MP55
Everolimus mTOR 2 5 times per week L. o
Pictilisib PISK 100 Daily Dual MM52, MM66 Reduction in tumor volume [123]
. . MET and . . Reduction in tumor volume, some
withaferin A MEK1L,/2 8orl2 Daily single 92.1 mice CR [104]
Sorafémb ' RAS/RAF 60 Da¥1y Dual 921 Reduction in tu'mor volume, inhibit [105]
Lenalidomide AKT 100 Daily macrometastasis
3-4ti
Cordycepin Hsp90 2-20 weeklmes per Dual 92.1, MP46 Reduction in tumor volume [125]
Table 3

Overview of compounds studied in UM xenograft models targeting G-protein coupled Receptor signalling alone or in combination with other pathways. For each study
the used cell line used to generate xenografts are shown with the corresponding compound effect after treatment. In bold BAP1™" cell lines are highlighted. Ab-
breviations: C-X-C motif chemokine receptor 1/2 (CXCR1/2), C-X-C motif chemokine receptor 4 (CXCR4), melanocortin 1 receptor (MC1R), Guanine nucleotide-

binding protein Q or Guanine nucleotide-binding protein 11 (Gaq/11, Gaq/11™").

Drug Target Dosage (mg/kg) Administration Therapy Cell line Compound effect Ref.
Ladarixin CXCR1/2 15 Daily single UMO001, UM004 Reduction in tumor volume [133]
CXCR4-antagonist 4 CXCR4 0.3 Daily single o . [134]
MM2.3 Inhibit tast
CXCR4-antagonist 26 CXCR4 10 Daily single ° bt macrometastasts
MSX-122 CXCR4 10 Daily single OMM2.3 inhibit macrometastasis [50]
225Ac-DOTA-MC1RL MC1R 59.2 kBq Not specified single Mel270 Reduction in tumor volume, inhibit macrometastasis [137]
FR900359 Gag/11 0.1, 0.3,1.0, 3.0 3-5 days single MP41, MP46 Reduction in tumor volume [138]
FR900359 Gag/11 0.3 or 0.6 3-4 days single MP46 Reduction in tumor volume [140]
N157 IRS1/2 50 3 days per week single 92.1, MM28 Reduction in tumor volume [142]
YM-254890 Gag/11 0.3-0.4 Daily
Linsitinib IGFIR 25-40 Daily Dual UMo01 Reduction in tumor volume [143]
GQ127 Gag/11™mut 10 or 30 Daily single MP41 Reduction in tumor volume [139]
GQ262 Gag/11™"* 5,15, 30 Daily single MP41 Reduction in tumor volume, some mice CR [145]

3.3.2. PI3K-AKT-mTOR pathway

The PI3K-AKT-mTOR pathway in UM is linked to both tumorigen-
esis, metastatic capacity and MEKi resistance [78]. The major upstream
activator MET and its ligand HGF to initiate the cascade by activating
PI3K, AKT and eventually mTOR to drive cell proliferation and migra-
tion [73,74]. Several drugs targeting PI3K [120] or mTOR [37,121,122]
were studied as single compound agents; all showing capacity to inhibit
tumor growth in MP65-, Mel202-, Mel270-, MP34-, MP41-, MP46- and
MP55-xenografts. Inhibiting two nodes in the PI3K-AKT-mTOR pathway
(PI3K and mTOR) simultaneously improved efficacy compared to single
agent treatments in xenografts with metastatic cell lines (MM52, MM62)
[123]. Interestingly, inhibition of MET did not alter tumor growth in
vivo; however, it did prevent the formation of macrometastasis in
OMM2.3- and 92.1-xenografts [124]. MET inhibition did not alter
expression levels of PI3K, AKT or mTOR, which suggests MET-signalling
is involved in metastasis but uses an alternative pathway. Simultaneous
inhibition of MET and RAF/RAS by Withaferin A did show improved
tumor growth inhibition in 92.1-xenografts. But most interestingly, 29%
of mice showed complete remission after treatment with Withaferin A
[104]. Recently, a novel way to inhibit UM growth investigated
nucleotide-synthesis pathways and the anticancer ability of non-typical
nucleotide structures, such as 3-deoxyadenosine; also known as cordy-
cepin. Inhibition of adenosine deaminase combined with adding cor-
dycepin in UM cells induced a dose-dependent response in vitro.

Mechanistically, this treatment inhibited Heatshock protein 90 (Hsp90)
which in turn lead to degradation of HIF1la, AKT, ERK and EGFR. In vivo
inhibition of adenosine deaminase or Hsp90 were evenly effective; but
combination treatment showed a strong synergistic effect by reducing
the tumor burden significantly compared to single treatments [125].

3.3.3. G-protein-coupled Receptors: CXCRs, MCIR, Gaq/11 pathways
GPCRs are membrane receptors with an wide array of functions.
GPCR-signalling is orchestrated via G alpha, beta and gamma proteins,
where conversion of GDP to GTP leads to signalling activation [126].
Most driver mutations in UM are identified in GNAQ and GNA11 [1],
which both are G alpha proteins. Inhibition of either GPCRs or GNAQ/
GNA11 themselves could provide targeted treatment for a large number
of UM patients. C-X-C motif chemokine receptor 4 (CXCR4) was iden-
tified in high-risk UM [127,128] as a potential GPCR involved in
directional migration of UM towards the liver [129]. However, this
mechanism is not supported by all experts in the field as others have
reported that CXCR4 is not of clinical relevance but C—C motif che-
mokine receptor 7 (CCR7) is [130]. Despite the discordance, this
molecule has been employed in the creation of MRI-based contrast
agents for the detection of UM micrometastasis [131,132]. So far, a
range of GPCRs (CXCR1, CXCR2, CXCR4, melanocortin 1 receptor
(MC1R) and G(xqmut proteins) has been targeted in vivo with several
compounds. Inhibiting CXCR1 and CXCR2 reduced Ki-67,
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Fig. 3. Schematic overview of evaluated compounds in xenograft UM mouse models. Text in red represents the compounds evaluated in xenograft models with their
targets. Pathways driving tumorigenesis in UM that have been inhibited with compounds are the Gaq/11-MEK1/2-ERK-pathway (Orange), PI3K-AKT-mTOR-pathway
(Red), Apoptosis pathways (Light blue), DNA repair (pink), Angiogenesis (Light purple), NF-kB-pathway (Green), Cyclin-dependent kinases (light Green), autophagy,
(Light Yellow) Bromodomains, (light Red) histone deacetylases and (white) stemness factor TWIST1. Sharp arrows indicate stimulation, blunt arrows indicate in-
hibition. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

phosphorylated-Nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-xB) and pAKT levels which slowed down tumor growth in
UMO001- and UMO004-xenografts [133], whereas inhibition of CXCR4
was able to reduce hepatic metastatic burden in metastatic xenograft
models (OMM2.3) [50,134].

Instead of using UM-specific GPCRs, a more general approach is to
target MC1R; a GPCR involved in induction of pigmentation and pro-
liferation in melanocytes [135]. MCIR is expressed in most UM [136]
and has been targeted using an MC1R-ligand based radiopharmaceu-
tical. 22°Ac-DOTA-MCIRL showed MCIR-specific cytotoxic in vivo
reducing both tumor growth and metastatic burden in Mel270-
xenografts [137]. More recently, inhibitors are being developed to
selectively inhibit Gaq™" proteins. In total, 3 Gag-inhibitors have been
tested in vivo. The development of Gag-inhibitors is an ongoing field
where chemical adaptations improve efficacy. From the in vivo studied
Gag-inhibitors, FR900359 and GQ127 inhibited tumor growth in Gag/
11™".xenografts (MP41, MP46) by repression of pERK or YAP while
GanT-xenografts (OCM-1 A) remained unaffected [138-140]. Recently
the first combined treatment with a selective Gag-inhibitor study
described synergistic effects with an Insulin-like growth factor 1 re-
ceptor (IGF1R) inhibitor [141]. The IGF1R pathway involves activation
of Insulin-like substrate 1/2 (IRS1/2), which upon inhibition alters the
PI3K-AKT pathway in UM xenograft models [142]. The IGF1R pathway
has been described as a potential resistance mechanism for metastatic
UM [143], as IGF1 is secreted by liver cells [144]. In a hepatic xenograft
model using UMO001 cells, Gag/11-inhibitor YM-254890 did not inhibit
tumor growth; yet when combined with IGF1R-inhibitor the treated
mice exhibited a significant decrease in tumor volume [143]. These
results further support the idea that liver-secreted molecules are
involved in metastatic disease and compound resistance. The latest Gag-
inhibitor, GQ262, showed many improvements compared to its prede-
cessor GQ127; holding an increased metabolic and oxidative stability
with a longer half-life time. But most noteworthy was the ability of
GQ262 to elucidate a dose-depended response where some mice had
complete remission [145].

Targeting GPCRs remain a valid option with strong responses in vivo,

although CXCR4 expression holds discrepancies in the literature, CXCR4
antagonists and MSX-122 illustrated their effective inhibitory abilities
against CXCR4P®U"¢ UM-cells in vivo. Patients that hold high expression
of CXCR4 could benefit from these compounds, yet these compounds
need to be studied in more detail as their effectiveness has only been
shown in the OMM2.3 cell line. The ongoing development of Gag-in-
hibitors might hold the most promising results for the majority of UM
patients. Complete remission, even in vivo, has only been described in
two reports [104,145], making GQ262 one of the most promising tar-
geted therapeutics regardless of secondary mutation.

3.3.4. Inhibiting common cancer pathways in UM murine xenografts
Development and progression of cancer harbour multiple hallmarks,
including resistance to cell death, sustained proliferation, inducing
angiogenesis and activating invasion and metastasis [111]. Targeting
hallmarks of cancer can provide effective treatment options and have
been widely studied in UM xenografts. In the field of oncology,
chemotherapy is usually the initial treatment choice, and it works by
causing DNA damage, which in turn triggers the activation of pro-
apoptotic factors [146], however as discussed above targeting DNA
alone has poor response in UM patients [39]. Combining chemotherapy
with compounds that target DNA-repair genes improved apoptosis-
signalling in vivo [119,147]. Interestingly, targeting anti-apoptosis
proteins without additional chemotherapy is able to reverse cellular
state from resisting cell death towards active apoptosis in vivo by
themselves (Fig. 3, supplementary table 3) [148,149]. Besides inducing
apoptosis, halting proliferation is equally important to inhibit tumor
progression. Important proteins in mitotic progression, DNA replication
and cell cycle entry are Cyclin-dependent kinases (CDKs) [150]. By
inhibiting proteins involved in cell cycle entry and DNA replication,
such as SKP2, CDK4 and CDK6, UM growth is effectively inhibited in vivo
[151,152]. Combining a CDK4/6 inhibitor with a MET inhibitor im-
proves treatment effectivity by not only reducing tumor growth, but also
inhibiting metastasis [153]. However, it seems that targeting CDK2,
CDK7 and CDK9 should be preferred as potential treatment as in vivo
models demonstrated reduced tumor growth and lower metastatic
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burden using a single compound (Fig. 3, Supplementary table 3) [154].
In order for tumor cells to keep proliferating, access to nutrients is
essential. Tumor cells are able to secrete proangiogenic factors to induce
sprouting of new blood vessels to sustain neoplastic growth. Addition-
ally, this provides tumor cells access to the circulatory system in which
they can invade for distant metastasis [111]. Inhibition of proangiogenic
factors in UM xenografts illustrated strong effectivity in reducing both
tumor growth and metastatic burden [155,156]. As most cancer related
deaths are due to metastasis [157], mechanisms driving these events are
suitable targets to inhibit or prevent metastatic disease. A well-known
signalling pathway driving metastasis in many cancers is the NF-kB-
pathway. NF-kB has been linked to regulate cancer stem cells, epithelial-
to-mesechymal transition (EMT), pro-proliferation and anti-apoptotic
genes, angiogenesis, adhesion molecules and secretion of matrix met-
alloproteases [158]. NF-kB is expressed in primary UM and elevated in
their corresponding metastasis [159]. Several compounds inhibiting the
NF-kB-pathway have been studied in UM xenografts (Supplementary
table 3). The treatment outcome differs per compound used, as some NF-
kB-inhibitors reduced tumor growth [160,161] while others also
inhibited metastatic burden [162-164]. Rather than concentrating on
well-known metastasis-related pathways, it is perhaps more compelling
to explore specific pathways and their regulatory networks in uveal
melanoma (UM).Due to the clear correlation between secondary drivers
and the likelihood of metastasis [11,19]. Sub-dividing UM based on
secondary mutation illustrated distinct gene expression profiles, which
suggests high- and low-risk UM utilizes different molecular pathways
[165]. Gene expression profiles of high-risk UM illustrate a loss of
melanocytic differentiation [166], which is thought to be regulated by
histone deacetylases (HDACs) [167]. HDACs are important epigenetic
regulators of gene expression and are involved in cancer initiation and
progression [168]. HDAC inhibition reversed the dedifferentiated state
of BAP1-deficient cells towards a more melanocytic gene expression
profile in vitro and reduced tumor growth in a 92.1-xenograft model
[167]. HDAC inhibitor Quisinostat demonstrates selective efficiency on
BAPI™" UM cells (MP46, MM28) as BAPI"" cells (MP41) remain unaf-
fected [169]. However, not all HDAC inhibitors seem to be specific per
secondary mutation profile as HDAC inhibitor JSL-1 was able to inhibit
BAPIWT tumor growth in vivo [170]. Additionally, the question remains
if HDAC inhibitors are really specific against certain subtypes, as HDAC
inhibitors have been shown to be effective in other cancers that harbour
SF3B1- (colorectal carcinoma) or BAPI-mutations (mesothelioma)
[171,172]. Another class of gene regulatory proteins are Bromodomain
and extra-terminal domain (BET) proteins. BET regulate gene expression
by chromatin remodeling and histone modifications [173]. BETs have
been associated with regulating genes involved in tumorigenesis such as
MYC proto-oncogene, bHLH transcription factor (MYC) while also
regulating metastatic pathways such via NF-xB [174]. MYC is located on
chromosome 8q, a locus which is frequently amplified in high-risk UM
[175], which can selectively be inhibited by BET inhibitor JQ1 [176].
JQ1 treatment in 92.1-xenografts inhibited tumor growth, however in
vitro studies showed JQ1 is unable to inhibit GochT cells (Mel290);
suggesting BET inhibitors efficiency could depend on driver mutation
status [177]. BRD4, a member of the BET protein family, has been shown
to regulate YAP expression in UM. Inhibiting BRD4 showed reduced
tumor growth in both mice and zebrafish [178]. Together, it seems BET
inhibitors are promising for Gaq™ UM, but not for Gagq"! UM. Inhi-
bition of BET proteins gained interest in various cancer fields, which led
to several clinical trials. However, it became evident that resistance to
BET inhibitors was gained via different mechanisms, seen by unaltered
MYC expression despite globally reduced BRD4 or via WNT-signalling
activation [179,180]. UM cells resistant to BET inhibitors can be sensi-
tised to treatment by a second compound. These methods reduced tumor
volume in vivo by adding a NF-xB inhibitor [181] or via targeting the
microenvironment due to inhibition of Fibroblast Growth Factor Re-
ceptors (FGFR) [182].

Summarizing, many compounds have been evaluated in vivo with
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promising results. Yet, due to the wide variety of cell lines used to
generate these models, translatability is difficult. (Tables 1-3 and sup-
plementary table 3). Additionally, most efforts have been targeted to-
wards driver mutation activating MEK1/2 or AKT-PI3K-mTOR
signalling (Fig. 3) that inhibit tumor growth but in general fail to achieve
complete remission. Most evidence to inhibit metastasis is seen after
inhibiting angiogenesis, NF-kB or cyclin-dependent kinases; however,
these compounds were evaluated in BAP"-xenografts that lack the
typical pathogenesis seen in UM patients. While targeting BET is a
promising strategy to inhibit GagMYT-UM, there is evidence of resistance
against BET inhibitors. Therefore, alternative strategies may offer
quicker and more effective results. Notably, there are 2 compounds that
have been reported to exhibit signs of achieving complete remission:
Withaferin A and GQ262 (Fig. 4). These compounds hold promising
results, but should be validated in multiple experiments such as in
BAPI™"xenografts and metastatic models (e.g. splenic inoculation
based xenografts).

3.4. Antibody-based therapy and oncolytic virotherapy

In comparison with pharmaceutical inhibition, antibody- and viral-
based inhibition is much less studied in UM, despite the success stories
in cutaneous melanoma. In our structured literature search only 2
molecules have been targeted using monoclonal antibodies and 5 mol-
ecules with viral transduction in Gaq™"* UM cells (Table 4). Immune-
modulation could provide novel strategies as for instance high-risk
UM harbour more HLA I and II surface markers which induce a pro-
tumorigenic immune landscape [183]. An overview of the used anti-
bodies, viruses and cell lines and compound effects can be seen in Fig. 5
and Table 4.

3.4.1. Antibody-based therapy

The first monoclonal antibody tested UM xenograft models targeted
gangliosides, a membrane bound molecule found on melanoma cells.
However, in vivo experiments in this study were evaluated with OCM
melanoma cell lines (BRAF™") as Mel202 cells had a very low amount of
ganglioside expression [184]. The first antibody based treatment against
Gogq/11™"* UM cells (92.1) targeted Epidermal growth factor receptor
(EGFR), which is able to induce cell-lysis in EGFRP*!¢ UM cells in vitro.
Expression of EGFR in UM was correlated to increased liver metastasis,
while inhibiting EGFR-signalling improved overall survival and reduces
the severity of liver metastasis in 92.1-xenografts [48]. Similar to
pharmaceutical studies, inhibition of angiogenesis has also been studied
using monoclonal antibodies. Targeting Vascular endothelial growth fac-
tor (VEGF), proliferation and invasive capacity were inhibited in vitro,
and reduced the number of micro metastasis in Mel290-xenografts [49].
More recently, a novel cell surface molecule, melanoma cell adhesion
molecule (MUC18), was identified using a nanobody library screen in
Gagq/11™"UM cells (MP41, MM33) [185]. Inhibition of MUC18, either
via monoclonal antibody or siRNA, resulted in inhibition of several
mechanisms that activate angiogenesis and vasculogenic mimicry.
However, this study used SP6.5 cells (BRAF™") which impairs trans-
lation to Gag/11™"~UM biology [186]. Although only 2 antibody-based
strategies have been reported in Gaq/11™"-xenografts, both were able
to inhibit metastasis. Interestingly, inhibiting angiogenesis has been
reported to inhibit metastasis in UM xenografts using either antibodies
and chemical compounds.

3.4.2. Oncolytic virotherapy

Oncolytic virotherapy uses viruses or viral-like particles to induce
specific tumor targeting and subsequent aim to stimulate cell death
[187]. A total of 5 studies investigated different types of virotherapy in
Gaq/11™¢ UM-xenografts and 1 study using a Gagq/11"T-model
(Table 4). The first known study used canary pox virus expressing
human gpl100 to generate HLA-A:0201+ cytotoxic T-lymphocytes
(CTLs) in vivo that specifically target human-gp100 epitopes [188].
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VS-4718, Trametinib, CGM097, Ribociclib, Binimetinib, Sotrastaurin, Everolimus,
Pictilisib, Dacarbazine, Decitabine, Chloroquine, Temozolomide, Elesclomol,
4-0O-(4'-0-alpha-D-Glucopyranosyl)-caffeoyl quinic acid, AZD8055, ICG-001,

selumetinib, MK2206, BYL719, Valproic acid, Quisinostat, JSL-1, SKPin C1,

Mirdametinib, Palbociclib, JQ1, PLX51107, Parthenolide, AZD4547, S44563,

Inhibits Tumor growth

fotemustine, Cepharanthine, S63845, Venetoclax, Ladarixin, FR900359, GQ127,
Niclosamide, Tris DBA palladium, Linsitinib, MGH-CP1, SGC0946, Cordycepin,
Pentostatin, Cebozantinib, OTX015, Cerivastatin

Tramatinib, Sorafenib & Lenalidomide, panobinostat, SNS-032,

Abemaciclib & Merestinib, Arylsulfonamide 64B, KCNT,
225Ac-DOTA-MC1RL, MLN4924, Salinomycin, GSK126,

Inhibits Tumor growth
and/or metastasis

CXCR4-antagonist 4, CXCR4-antagonist 26,
MSX-122, Critozinib, Ibudilast

Withaferin A, GQ262

Complete remission
(in some mice)

Fig. 4. Funnel Chart of compounds evaluated in UM xenografts. The majority of compounds only inhibited tumor growth, others inhibited metastasis and a couple
compounds inhibited both. Only 2 compounds showed complete remission in a few mouse models.

Table 4

Overview of antibodies and viruses used for therapeutic intervention in UM xenografts. For each study the cell line used to generate xenografts is shown with the type of

intervention followed by the corresponding effect after treatment.

Antibody-Based therapy

Target Dose (in pg) Administration Type Cell line Effect Ref.
GD2 200 Single dose monoclonal anitbody OCM1 Reduced metastasis [184]
EGFR 250 Single Dose monoclonal anitbody 92.1 Reduced liver metastasis [48]
VEGF 250 Single dose or 2 times per week monoclonal anitbody Mel290 Reduced proliferation, invasiveness and liver metastasis [49]
MUC18 - - nanobody MP41, MM33 Identification [185]
MUC18 4 Single Dose Monoclonal antibody SP6.5 Reduced tumor growth [186]
Oncolytic virotherapy

Target Dose Administration ~ Type Cell line  Effect Ref.
gp100 (Adoptive T-cell transfer) - canarypox virus OMM1 Complete tumor eradication [188]
HSPG 100 or 200 pg Single dose Virus Like Particle-conjugate ~ 92.1 Induces cell death [190]
CREB, HIF-1 (Injected cells contained virus before inoculation) - Retrovirus Mel270 Reduced tumor growth [192]
Immune-landscape 1 x 10° PFU/ul Single dose Herpus simplex virus type 1 92.1 Reduced tumor growth [193]

Many uveal melanomas express gpl00 on their membrane [189],
making it an interesting target for immunotherapy. Via intraocular
inoculation of UM cells (OMM1), this study was the first to show CTLs
are able to infiltrate the immune-privileged structures of the eye with
the capacity to induce cell death. Via adoptive transfer of HLA-A:0201-
gpl00+ CTLs from mice into immunocompetent mice harbouring
human UM cells (OMM1) the authors achieved complete eradication of
the tumor without immunopathological damage to the eye [188]. It is
interesting to note that treatment in UM using tebentafusp, which also
modulates CTLs to target gp100, is the first immunotherapy that shows a
significant response in patients [22].

Instead of modulating immune-cells, other have tried to induce viral-
based cell death. A viral-like particle, which can bind to cell surface
heparin sulphate proteoglycans (HSPG), was conjugated with phthalo-
cyanine photosensitizer IDRye700DX (together called AU-011). Infrared
waves can activate AU-011 to release its cytotoxic properties and
become active intracellularly. In vivo treatment with AU-011 showed a
dose-dependent response after emission of infrared waves, activating
AU-011 which induced cell death in 92.1-xenografts [190].

Another approach utilized retroviruses as drug-carriers to infect
tumor cells and release their cytotoxic compounds. The transduction of
retroviruses relies on dividing cells [191] and consequently they tend to
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infiltrate highly proliferating cells, enabling the selective targeting of
tumor cells. Retroviruses armed with shRNA against pro-angiogenic
factors HIF1 and CREB halted tumor growth in Mel270-xenografts,
where CREB inhibition was most potent [192]. The latest study evalu-
ated herpes simplex 1 virus (HSV-1), an approved oncolytic virus by the
FDA, for UM treatment [193]. Infection of HSV-1:EGFP significantly
reduced tumor volume in 92.1-xenografts by inducing the release of
cytokines. This was due to an increase of interferon gamma recruited
anti-tumorigenic macrophages, NK cells and mature dendritic cells to
inoculation site [193]. The presence of for instance NK cells in peritu-
moral regions was known to being able to induce cytolysis of UM cells
depending on their MHC-class back in 1995 [194], providing further
evidence anti-tumorigenic immune-landscape could be utilized for UM
treatment.

3.5. Zebrafish uveal melanoma xenograft models

The zebrafish (Danio rerio) has proven itself to be a powerful verte-
brate cancer model system with multiple advantages such as, high
number of offspring, ex utero development, ease of genetic manipula-
tion through one-cell stage microinjections, relatively cheap mainte-
nance, availability to generate patient derived xenograft models, stable
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Fig. 5. Schematic overview of antibody-based or oncolytic virotherapy used in xenograft UM mouse models. Antibodies targeting receptors or ligands are illustrated
in similar colour. Abbriviations: Epidermal growth factor receptor (EGFR), Vascular endothelial growth factor (VEGF), melanoma cell adhesion molecule (MUC18),
hypoxia inducible factor 1 subunit alpha (HIF-1), premelanosome protein (gp100), Heparan sulfate proteoglycan (HSPG), Herpes simplex virus 1: enhanced green
fluorescent protein (HSV-1:EGFP). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5

Overview of compounds studied in UM xenograft zebrafish models. For each study the used cell line used to generate xenografts are shown with the corresponding
compound effect after treatment. Abbreviations: histone deacytelyase (HDAC), Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), MET proto-
oncogene, receptor tyrosine kinase (MET), cysteinyl leukotriene receptor 1 (CYSLTR1), reactive oxygen species (ROS), deoxynucleic acid (DNA), melanocyte
inducing transcription factor (MITF).

Xenograft zebrafish models
Drug Target Dosage Therapy  Cell line Compound effect Ref.
Dasatinib Src tyrosine kinase 4 pM Single
L. 0,125 pM, 2,5 . Mel270, 92.1, OMM1, OMM2.3, Reduced tumor burden, reduced tumor cell
Quisinostat HDAC WM Single OMM2.5 dissemination [202]
MLN-4924 NF-«kB 1M Single
Crizotinib MET 5 1M Single 921, OMM2.5 Reduced tumor burden, reduced tumor cell [205]
dissemination

quininib CYSLTR1 3 M Single
1,4-dihydroxy .

quininib CYSLTRI oM Single Mel285, OMM2.3 Reduced tumor burden [207]
montelukast Immunej 20 pM Single

modulation
Carbon dots ROS 25-200pg/ml Single 92.1 Increased tumor burden [208]
Dacarbazine DNA 20 pM Single
Ricolinostat HDAC 20 pM Single OMM2.5 Reduced tumor burden (Dacarbazine not effective) ~ [206]
ML329 MITF 1.25 yM Single
Navitoclax BCL-2 0.625 uM
] 2!

everolimus mTOR 0.625 M Dual spUM-LB008 Reduced tumor burden [209]
Everolimus mTOR 2.5 M
Nacitoclax BCL-2 2.5 M
Quisinostat HDAC 0.5 pM Dual spXmme66 Reduced tumor burden [210]
Sotrastaurin PKC 2.5 M
Flavopiridol CDK9 1.0 yM
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expressing transgenic lines [195], a large genetic toolbox [196] and
extensive conserved organ-specific genetic programming and cancer-
associated genes with humans [197]. The use of zebrafish models in
cancer research has increased in the last decade [41,198]. Due to the
increased interest, an online deposit has been generated for researchers
to share data on zebrafish larval xenografts [41].

3.6. Pharmacological studies in zebrafish uveal melanoma xenografts

Transplantation of tumor cells in zebrafish larvae are achieved by
simple microinjection of tumor cells. Engraftment of tumor cells is very
high as zebrafish larvae lack a mature adaptive immune system [199]. A
major advantage of xenografts in zebrafish larvae is their transparent
development [200], which allows for fluorescent tracking of tumor cells.
Using a reporter line with fluorescent blood vessels, interaction between
tumor cells and surrounding vasculature can be studied in detail [201].
Using this advantageous method, xenograft models of cutaneous and
uveal melanoma illustrated that extrusion from blood vessel where
morphologically distinct from each other [201]. Multiple UM cell lines
have been have been successfully transplanted into zebrafish larvae and
illustrated tumor growth and metastatic potential that correspond to
human disease progression [202].

An major advantage this model holds is the potential for large
compound screening due to the large amount of offspring [203]. Com-
pounds are screened by adding compounds in growth medium, which is
subsequently taken up by zebrafish larvae through their gills or skin
[204]. An overview of compounds evaluated in UM zebrafish xenografts
are summarized in Table 5. Reports of UM xenografts in zebrafish larvae
date back to 2014. Primary (92.1, Mel270) and metastatic (OMM]1,
OMM2.3, OMM2.5) UM cell lines were able to be engrafted, and showed
proliferation and dissemination within 6 days post injection. Inhibition
of HDACs, NF-xB [202] or MET [205] showed reduction in tumor
burden and migration in these models; which was also seen in mice
[124,169]. Additionally, zebrafish xenografts have also illustrated their
potential to identify novel compounds inhibiting UM. Inhibition of
HDACs by Ricolinostat reduced tumor burden in OMMZ2.5-xenografts
due to transcriptional loss of Melanocyte Inducing Transcription Factor
(MITF), SRY-box Transcription Factor 10 (SOX10), Melanophilin (MLPH)
and Dopachrome Tautomerase (DCT) [206]. Reduction of tumor burden
was also seen after inhibiting Cysteinyl Leukotriene Receptor 1
(CYSLTR1, a GPCR frequently amplified in high-risk UM) in primary
(Mel285) and metastatic (OMM2.5) UM-xenografts. CYSLTR1 inhibition
did not alter the migration behaviour seen in these models [207].
Zebrafish xenograft treated with carbon dots, which induces ROS,
exhibited increased tumor burden suggesting ROS-inhibition could
potentially hold therapeutic options for UM [208]. These results are in
discordance with a mouse model where elesclomol, a copper-based ROS
inducer, inhibited tumor growth despite both using 92.1-xenograft
models [115]. Most recent development in zebrafish UM xenografts
demonstrated their ability to perform fast drug screening in patient-
derived xenografts. By generating spheroids of patient tissue, implan-
tation in zebrafish larvae and subsequent treatment of a mTOR and BCL-
2 inhibitor; this model demonstrated their versatility as a pre-clinical
model as these compounds significantly reduced tumor burden in a
similar fashion as seen in mouse models [209]. This system was subse-
quently used to screen compounds in many patient-derived spheroids,
which illustrated spheroid-based xenografts hold a higher amount of
tumor burden compared to adhered cell culture-based xenografts and a
more sensitive assessment of compounds as combinations attempted in
mouse models failed but were successful in this system [210].

Next to drug-screening, zebrafish models can also be utilized to
investigate genetic effects on tumor cells. Secondary driver mutations in
UM are mutually exclusive, however why this is the case remains largely
unknown. To gain insight into why UM does not acquire other secondary
driver mutations that could be beneficial, SF3BI™ cells were studied
after knocking out BAP1 via CRISPR-Cas9 technology. In vitro results
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showed these cells lack functional DNA repair mechanisms and even-
tually went into senescence. Their lack of activity was validated in
zebrafish as these cells migrate to a significant lower extent, suggesting
acquiring both SF3B1™" and BAP1™" are not advantageous for UM cells
[211]. Although xenograft studies are a rapid and powerful system to
evaluate candidate compounds, the lack of an adaptive immune system
in zebrafish and the use of human cancer cell lines are disadvantages.
Yet compared to mice, the data is equally valuable and show similar
results when the same compound is studied. Considering the ease and
cost-effectiveness using the zebrafish larvae, this model could improve
and accelerate compound development for UM.

3.7. Clinical trials which have pre-clinical evidence of xenograft models

After extracting all clinical trials of uveal melanoma which reported
results in https://www.clinicaltrials.gov/, 36 trials out of 220 (Supple-
mentary table 4) were used to evaluate the use of pre-clinical evidence
reported by xenograft models. To our surprise, only 3 clinical trials used
compounds that have been tested in vivo, where only 1 trial published
results (Table 6). Xenograft models illustrated a reduction of tumor
growth via an observed synergistic effect by inhibiting PKC and MEK by
Sostrastaurin and Binimetib [99,103]. Yet in clinical trials, this syner-
gistic effect was not seen in patients, however there was a higher degree
of stable disease compared to dacarbazine treatment. The authors stated
that due to substantial gastrointestinal toxicity seen in patients the trial
had to be stopped and they have no plans for future clinical trials to
continue. So far, there is no trial with reported results that have utilized
zebrafish xenograft pre-clinical data.

4. Transgenic uveal melanoma models

Transgenic cancer models are preferred over xenograft based models
as these models are immunocompetent, follow more closely the natural
history of tumor development and metastatic processes [213]. Addi-
tionally, transgenic models are not hampered by histoincompatibility
between donor and host cells [214]. However, generating transgenic
models with cell specific tumors and compatible disease genetics as seen
in humans is complex and difficult to achieve.

4.1. Transgenic uveal melanoma models in mice

Since 1991, transgenic mice have been generated where the typical
approach was using melanocyte-specific promotor, Tyrosinase, that
drives a simian virus 40 (SV40) transgene (Tyr-SV40E mice) [215]. In
C57Bl/6 mice this method generated early ocular melanoma and later in
life developed subsequent mucosal and cutaneous melanoma [215].
While the tumors exhibited invasiveness both into both local and distant
organs, liver metastasis were notably absent [216].

Others used the same transgenic construction, but expressed trans-
genes in an albino mouse strain (FVB/N mice). In this modified mouse
strain, expression is restricted to the retinal pigment epithelia (RPE) and
these mice developed ocular tumors, however these tumors are not
invasive. Only after extraction and subsequent transplantation of
transgenic tumors into nude mice, liver metastasis were present [217].
Subsequent models based on SV40 oncogenic potential were adapted to
express SV40 T antigens (Tag) driven by the Tyrosinase promotor (Tyr-
Tag mice) or Tyrosine like protein 1 (Tyrp1) promotor (Table 7). SV40 T
antigens driven by Tyrp1 developed spontaneous RPE tumors [218,219],
whereas Tyr-driven models developed bilateral ocular melanoma with
expression of HMB45 and Fas-ligand; markers that were lacking in tg
(Tyr-SV40E) mice [220]. Tyr-Tag mice were used to evaluated novel
treatment using la-Hydroxyvitamin D2 [221] and TSP1-mimetic anti-
angiogenic peptide [222], which both inhibited tumor growth but were
unable to provide complete remission. Additionally, Tyr-tag mice has
been utilized to illustrate causal gene switches between class 1 UM and
class 2 UM. Gene expression analysis of human UM identified loss of
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Table 6
Clinical trials with reported results that have utilized pre-clinical data from mouse xenograft models.
Mouse xenograft Ref. Clinical Trials with Results Clinical Trial Effect Ref.
model number
Sost.r:%stau.rin, [99,103]  Sostrataurin, Binimetib NCT01801358 No syner.gystic eff.ect ol?served m patients. Treatment associated with [212]
Binimetib substantial gastrointestinal toxicity.
Bevacizumab [49] Ozurdex or Bevacizumab NCT01471054 Not enough patients NA
100 pl id DNA
gp100 vaccine [188] fnouse gpoh prasmi NCT00398073 No publication NA

vaccine

Inhibitor Of DNA Binding 2 (ID2) expression in class 2 UM compared to
class 1 UM. Expressing the Tyr-Tag construct in Id2~/~ mice altered
tumor morphology and presented a higher mitotic index [223].

Transgenic tumor models have also been developed with mutant
HRas Proto-Oncogene, GTPase (HRAS). Tyrosinase driven-T24 Ha-Ras in
mice (TP-ras mice) spontaneously develops hyperpigmentation and
melanocytic hyperplasia at 13 weeks of age [224], which was faster than
Transforming growth factor alpha (TGFa) -based transgenic model
[225]. A time dependent study showed most TP-ras mice harbour mel-
anocytic/RPE proliferation early in life, but could also develop uveal
melanoma later in life [226]. Crossing TP-ras mice with Ink4a/Arf~ /=
mice (these mice lack a tumor suppressor locus) resulted in a higher
abundancy of uveal melanoma, but also harbour a high number of
cutaneous melanoma [227]. The TP-ras;lnk4a/Arf /~ model was sub-
sequently used to investigate immune-modulation via a yeast-based
vaccine. Administration of whole recombinant yeast expressing human
MART-1 induces a Th1-specific cytokine release which recruited CD4+
and CD8+ T-cells to the melanoma and exhibited active cytotoxicity
[228]. However, TP-ras;Ink4a/Arf " /~ mice that expressed a mice Mela-
noma antigen gene (MAGE) -type antigens were resistance against tumor
infiltrating lymphocytes via the Fas/Fas-ligand axis [229], suggesting
the type of antigen expressed on the membrane is crucial to develop
targeted therapies.

Next to the SV40 and HRAS based models, melanomas were also
induced via glutamate receptor 1 (GRM1) [230], KRAS [231], hepatocyte-
growth factor overexpressing mice [232], and Ret Proto-Oncogene (RET)
[233-239]. However, these models are all based on genes which are
typically not seen human UM. A total of 5 transgenic mouse models have
been described using GNAQ™" or GNA11™" as transgenes to drive UM in
mice. The majority are GNAQ®?L-driven models (4/5) that rely on
conditional expression via CreERT- or TetOn-based activation. The first
described Gag-based model used the TetOn-based conditional expres-
sion where GNAQ®%" expression is induced in a melanocyte specific
manner via the regulatory elements of DCT. Although, no uveal mela-
nomas were described, this model did help to identify YAP and the
Hippo pathway involvement in melanocytic neoplasms [66]. The other 3
models located GNAQQ209 L in the Rosa26 locus with Loxp-sites, where
expression was achieved via CreERT that is driven by melanocyte-
specific promotors (Mitf-, Tyr- or Plpl-promotor). Induction of
GNAQX%L expression via Mitf-Cre resulted in cutaneous nevi, melano-
cytoma of the central nervous system (CNS) and UM [240-242]. This
model developed invasive melanoma, as metastatic lesions were present
in the lung [242] and showcased the role of Endothelin Receptor Type B
(Ednrb) in tumorigenesis [240]. Interestingly, Tyr-Cre and Plp1-Cre
based induction did not form UM, but did induce melanocytomas of the
CNS, whereas Tyr-Cre activation caused cutaneous, CNS and uveal
melanocytic neoplasms [242]. Combining GNA11%%L with Bap1 loss
did not increase malignancy but rather showed slimmer neoplasms. A
possible explanation was that the GNA11Q209L:Bap1’/ ~ mice had a
shorter survival due to increased skin melanoma burden [243]. This
model (as in the other Gaq/11-based models) did not show liver
metastasis. Nonetheless, these models proved their potential to study
tumorigenesis in primary UM, per example this model system identified
RasGRP3 as an important node in Gog/11-signalling [243]. Despite the
many efforts to generate tissue-specific transgenic UM mouse models,

13

the current models struggle with restricting expression of oncogenes to
ocular melanocytes. Additionally, liver metastases have nog been
described in these models; which are crucial to obtain a model that truly
reflect human disease progression.

4.2. Transgenic models in zebrafish

The zebrafish community has put a lot of effort in identifying tissue-
specific promotors [244]. Using these promotors allows for tissue-
restricted expression of a gene of interest. Transgenic UM zebrafish
models so far have been generated utilizing the melanocyte-specific
promotor mitfa (Table 8). The first UM transgenic fish model was
made in medaka where Xiphophorus melanoma receptor kinase (Xmrk, a
mutated EGFR) was expressed under the control of mitf. These fish
developed melanomas in the skin, eye and CNS [245,246]. Six years
later, the first zebrafish model was described where human GNAQQ209P
was expressed in melanocytes. Although choroidal hyperplasia was seen
in tg(GNAQQV2%P) zebrafish, to acquire melanomas loss of tumor protein
p53 (tp53) was necessary [247]. The fact that GNAQ®" is not enough
to induce tumors is interesting as in humans Gaq/11-mutations are seen
in blue nevi, which typically are not aggressive [53]. In contrary,
GNAQ¥®%L in mouse melanocytes are sufficient to from melanomas
[99], suggestive that zebrafish might recapitulate the natural history of
UM more closely. Furthermore, transgenic zebrafish harbouring
GNAQPYL and GNA11%%L in tp53-deficient zebrafish acquired mainly
skin melanomas and only a small number of ocular tumors [248].

Studies on other driver mutations (in CYSTLR2 and PLCB4) or
downstream effectors (YAP) in zebrafish melanocytes were sufficient to
induce tumor formation in combination with loss of tp53, confirming
their oncogenic capacity. However, as seen in transgenic mice, these
models do not show liver metastasis despite having an invasive behav-
iour to surrounding tissue [249]. The transgenic UM models in zebrafish
struggle to achieve tissue-specificity. Furthermore, in order to form
malignancies, these models rely on p53 loss; which is typically not
altered in UM. There are no transgenic lines that combine driver mu-
tations with known secondary mutations (EIFI1 AX, SF3B1 or BAPI),
which would be of interest as these might allow for melanomas to form
without the need to alter p53.

5. Discussion and considerations

For over 40 years the field has tried to generate representative UM
models. Even though, much is learned from these models, current
models are often inadequate and do not replicate the natural progression
of the disease as seen in humans. After in-depth literature screening,
circa half of the publications contained animal models generated with
non-human cells or with BRAF- or NRAS-mutated melanoma cell lines
(Fig. 1A). These mutations are typical for cutaneous melanoma [42],
and were therefore not included in this review as these do not represent
typical UM biology. For generating xenograft UM mouse models, sub-
cutaneous inoculation was the most frequently used site (Fig. 1B). The
microenvironment of tumors is an important element in their evolution
and progression [252], therefore intra-ocular (e.g. choroidal) in-
oculations should be considered in future xenograft models. Intra-ocular
inoculation will present a more natural environment of UM, and others
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Table 7

Overview of transgenic models that spontaneously develop melanoma’s. The
name used to describe the transgenic line are shown together with the mouse
strain used, which promotor is driving transgenic expression and which trans-
gene was utilized for oncogenic potency.

Mouse name Mouse Promotor Transgene Ref.
Strain
Dct/HA- FVB/N Dct Gnaq®@°*t [66]
GaqQL/
pl6p19¥°
Ric-8Aflox.flox C57Bl/6 Rosa-Cre Ric8a [61]
deletion
tg(Tyr-SV40E) C57BL/6 tyrosinase SV40 [215]
tg(Tyr-SV40E) C57BL/6 tyrosinase SV40 [216]
tg(Tyr-SV40E) FVB/N tyrosinase SV40 [217]
Tyr-Tag CB6F1 tyrosinase SV40 t [220]
antigens
Tyr-Tag CB6F1 tyrosinase SV40 t [221]
antigens
Tyr-Tag CB6F1 tyrosinase SV40 t [222]
antigens
Tyr-Tag; ld2~/~ CB6F1 tyrosinase SV40 t [223]
antigens
Tyrpl-Tag NMRI/Han tyrosinase like SV40 t [218]
protein 1 antigens
Tyrpl-Tag NMRI/Han tyrosinase like SV40 t [219]
protein 1 antigens
TP-ras C57BL/6 J tyrosinase T24 Ha-ras [224]
x SJL/J and
C57B/6 x
CBA
Tyr-TGFa NMRI/Han tyrosinase Tumor [225]
growth factor
alpha
TP-ras C57BL/ tyrosinase T24 Ha-ras [226]
6XSJL X
C3He/N
Tyr-RAS; + FVB/N tyrosinase T24 Ha-ras [227]
link4a/
ARF~/~
Tyr-RAS; + FVB/N tyrosinase T24 Ha-ras [228]
link4a/
ARF ™/~
TiRP B10-D2 tyrosinase H-Ras, [229]
Trapla
Tg(Grm1)Epv C57Bl/6 Dct glutamate [230]
receptor 1
Lats1Mlats2®  CFW AAD;Cre Kras [231]
1 yapfl, taz"
HPN HP mice - - [232]
with
Nmel o
Nme2 ™/~
F1.RET NOD metallothionein-I ret [233]
Nos2™/~
RET.AAD C57Bl/6 metallothionein-I ret [234]
RET.AAD C57Bl/6 metallothionein-I ret [235]
RET.AAD C57Bl/6 metallothionein-I ret [236]
RET.AAD C57Bl/6 metallothionein-I ret [237]
ret-transgenic C57Bl/6 metallothionein-I ret [238]
RET.AAD C57Bl/6 metallothionein-I ret [239]
Rosa26-fs- C57BL/6 x  Mitf-cre, tyr-cre, GNAQ¥OL [240]
GNAQQ20%L, 129/SvEv Plpl-cre
Ednerlox/ﬂox
Rosa26-fs- C57BL/6 x  Mitf-cre, tyr-cre, GNAQ¥o™ [241]
GNAQQ20%% 129/SvEv Plpl-cre
Rosa26-fs- C57BL/6 x Mitf-cre, tyr-cre GNAQQ209L [242]
GNAQQ20%L 129/SvEv
Rosa26-fs- C57BL/6 J tyrosinase GNA11 or [243]
GNAQQ20%L Bapl™/~

have already shown this site is able to allow for tumor growth and
metastasis [33,47-51]. Additionally, different inoculation sites can be
used to improve liver metastasis formation for cell lines that lack met-
astatic capacity upon intraocular inoculation (e.g splenic inoculation).
However, engraftment can depend on inoculation site as some cell lines
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Table 8

Overview of transgenic UM zebrafish. For each study the strain of fish with their
genetic background are shown together with the promotor that drives the cor-
responding oncogene.

Transgenic zebrafish lines

Fish Fish strains Promotor  Transgene Ref.
Oryzias Carbio, Albino, ii¢ xmrk [246]
latipes tp53
Dani Wild-t GNAQQ20% BRAFVE0%E
anto re-type mitfa Qo ’ [247]
rerio (AB?), Golden NRAS
Danio . Q209L R183C
rerio WT (AB?) mitfa GNA1l1l , GNA11 [250]
Dani
ar':r‘l’o tp53~/~ mitfa GNAQ@20%L GNA11Q20%L [248]
Danio Mitfa ™~ GNAQY**%", CYSTLR2M2%
’ itfe ? ’ 249
rerio tp53~/~ mitia YAPAA, PLCB4DO30Y (2491
Danio tp53’/;, GNAQQ20%L, yAps127A;S3815
rerio Mltfa:/: H mitfa BRAFVO00E [251]
tp53

flourish in the tissue from which they were derived [34]. One of the most
important elements of generating translatable xenograft models, are
using cell lines or tissue that resemble biology seen in UM patients. Most
UM xenograft models have been generated with atypical EIFIAX™"-cell
line 92.1, and there is a clear lack of BAP1 ’”“t-xenografts (Fig. 1C). Even
though, these models have been useful to identify molecular pathways
driving tumorigenesis (Fig. 2), current clinical care has excellent local
tumor control but lack therapies for metastatic disease. Due to the high-
risk of metastasis in BAPI™' UM, future xenograft studies should
consider utilizing primary or/and metastatic high-risk cell lines
(SF3B1™“ and BAP1™_cells) instead of Gaq/11VT or EIFIAX™cells.

An interesting aspect is to increase our understanding of metastatic
events is by investigating tumor-changes seen in the bloodstream of
BAP1™"xenografts. Murine xenograft models have been used to identify
circulating-tumor DNA via liquid-biopsies [253], illustrating these
models could be utilized to study tumor-specific events in the
bloodstream.

The majority of studies in our literature search are pharmacological
studies and in general these pharmacological studies investigated pri-
mary driver mutation effects and inhibitors targeting the MEK-ERK
pathway (Fig. 2-3, Table 1). Although driver mutations in UM (Gag,
PLCB4, CYSLTR2) are known to drive the MEK-ERK pathway, future
studies should consider investigating the effects of secondary driver
mutations (EIF1IAX, SF3B1 or BAP1). Due to the difference in protein
function and clinical outcome, we might gain most from studying effects
seen due to secondary driver mutations. Unfortunately, thus far the
majority of pharmacological studies are investigating tumor growth and
lack data on metastasis. Nonetheless, several compounds inhibiting
generic cancer pathways such as angiogenesis, NF-kB and CDKs were
able to inhibit metastasis formation in vivo (Supplementary table 3). The
anti-metastatic effect was seen in BAP1"-based xenograft models,
which could prove difficulties towards clinical translatability as these
compounds might act differently in BAPI™'UM (Fig. 4). The most
noteworthy compounds evaluated in vivo were Withaferin A and GQ262.
Withaferin A illustrated inhibitory effects in multiple pathways and
provided complete remission in a subset of mice. GQ262 can be
considered the most interesting candidate molecule for future studies
and clinical trials. GQ262 targets mutant Gaq-proteins leading to com-
plete remission in several mouse xenografts. Due to the high frequency
of Gag-mutations in UM [1], this compound has the potential to be
applicable for the majority of UM patients regardless of secondary
mutation.

The need for representable animal models for UM drug development
are essential to evaluate treatment efficacy, however, after 40 years of
UM animal models, the translatability has been unsatisfactory and un-
successful. Only 1 published clinical trial utilized compounds tested in
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an in vivo mouse model, yet synergistic effects seen in the mouse model
were not reproduced in the trial (Table 6). This emphasizes the lack of
translatable models, resulting in slow drug development strategies for
metastatic UM. Therefore, we argue future xenograft models should take
the following 4 points into consideration: 1) utilize BAP1"-UM cells, 2)
when using primary UM cells use intraocular (preferably choroidal)
inoculation, 3) if intraocular inoculation fails to show metastasis
consider splenic inoculations to induce liver metastasis, 4) discover
molecular mechanisms based on secondary driver mutations, especially
by comparing BAP1"%- UM cells to BAP1P*-UM cells.

Transgenic UM models have so far failed to show a comparable
course of disease, as these mouse models do not need secondary driver
mutations to develop melanoma and fail to show liver metastasis.
Recently, a UM mouse model utilizing GNAQ™" and BAPI-deficent
transgenes was described in preprint. This model illustrated potential
liver metastasis and illustrated shared EMT-pathways between mouse
and human UM [254]. Transgenic zebrafish models on the other hand do
need secondary driver mutations to develop melanoma, yet the current
models use loss of p53 to induce melanoma. Both transgenic systems
have been unsuccessful in inducing liver metastasis and struggle with
tissue specificity, as they also develop cutaneous melanoma. To improve
these models, information from single-cell experiments could elucidate
unique factors of ocular pigmentation which can provide novel pro-
motors to drive oncogenes restricted to the eyes. Additionally,
combining ocular-specific expression with secondary mutations may
provide models that resemble the natural behaviour of human UM more
closely.
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