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Thesis abstract

Uveal melanoma (UM) is the most common intraocular malignancy in adults, with a high
propensity for metastasis, particularly to the liver. As reviewed in Chapter 1, non-
pharmacological approaches remain the gold standard for treating the primary tumour. While
these treatments have improved tumour control and may preserve the eye and vision, they are
still largely ineffective in preventing or managing UM metastasis, which occurs in over 50% of
patients. Consequently, the prognosis for metastatic UM remains poor. Chapter 1 reviews current
pharmacological treatments, highlighting the recent introduction of tebentafusp as a novel
therapy for patients with metastatic UM. However, its use is restricted to individuals with
specific genetic mutations, and patients experience only modest improvements in overall survival.
Other molecules currently on clinical trials has yielded disappointing results. As current
therapeutic options are limited and effective targets for UM has yet to be found. This thesis
explores novel therapeutic strategies to improve UM treatment outcomes by investigating

receptor-targeted therapies, autophagy modulation, and metabolic interventions.

Common cancer receptor targets such as EGFR, VEGF and HDAC as well as UM specific
targets such as GNAQ/11 and BAP1 have all been extensively studied and trialled in UM both in
in vitro and in vivo studies. However, their effects have not been proven to significantly improve
patient outcomes causing concern for patient prognosis. In this thesis, | challenge such finding by
re-examine the well-known EGFR receptor family — specifically the HER2 isoform to shed light
on its effect in UM. | use HER2 receptor inhibitor lapatinib to see the effects of HER2 receptor
inhibition on cell viability, cell metastasis and reproductive potential, and in vivo xenograft
mouse model. After confirming the positive effects of HER2 inhibition, | further explore the
mode of death using flow cytometry and western blot to confirm the overall signalling effect of
HER?2 inhibition. HERZ inhibition through lapatinib has been shown to effectively reduce UM
cell viability in both in vitro and in vivo models, while also decreasing metastatic potential,
suggesting HER?2 as a prospective receptor target for UM treatment. This chapter re-imagines a

classic paradigm by re-examine receptors that was once thought to be ineffective in UM.



Different modes of cell death can offer valuable insights into potential treatment strategies for
UM. Chapter 3 presents an in-depth review of one such recently characterised mechanism —
autophagy. Chapter 3 offers a comprehensive literature review to further explore the relationship
between autophagy and key cellular components, such as mitochondria and the endoplasmic
reticulum (ER), focusing on processes like ER stress and the unfolded protein response (UPR),

and their potential impact on cancer treatment strategies.

The dwindling pipeline of novel drugs poses a significant barrier to discovering effective
treatment strategies, and UM is no exception. In Chapter 4 the novel compound UC2288 is tested
in UM primary, metastatic as well as patient tumour derived ex vivo cell lines to assess its anti-
cancer effect. UC2288 was proven to cause potent cell viability reduction, ROS production,
mitochondria health disruption and ER stress production in a tumour specific manner as healthy
retinal cell lines MIO-M1 and ARPE19 was minimally affected. UC2288 also extend its effect to
prevent cell invasion and disrupt reproduction to prevent metastatic tumour formation. It is
hypothesised UC2288 induces anti-UM effect partly through inducing significant amount of ER

stress resulting in the unfolded protein response and causing autophagic cell death.

The effect of UC2288 is expanded in chapter 5 through co-treatment with glucose depletion. UM
is shown in chapter 5 to be significantly glucose dependent when compared to other
macronutrients. The reduction in cell viability under glucose-depleted conditions prompted the
co-treatment of UM cells with small molecules. Among them, glucose depletion exhibited an
synergistic anti-UM effect with UC2288 but no other small molecules that have been found to be
potent in the treatment of UM. When UC2288 is treated in glucose free medium, UM cells
exhibited a significant increase in cytotoxicity and ROS production. Surprisingly, the ICso values
and mitochondrial health did not show proportional changes relative to the observed level of cell
death. This indicates other possible additive effects that does not directly link to increase in
UC2288 potency. Through this the metabolic profile was explored in post UC2288 treatment and
a further increase in glucose dependence as depicted in the increase in basal glycolysis is seen in
UM cell lines suggesting UC2288 to potentially disrupt UM metabolic profiles.

In conclusion, this thesis explores UM treatment multifacetedly through receptor targeting, novel
compounds, and co-treatment strategies. Given UM's therapeutic challenges due to its location
and metastatic potential, this research highlights the benefits of HERZ2 inhibition and UC2288 in



enhancing cytotoxicity and reducing metastasis. These findings provide valuable insights for
potential clinical applications and contribute to the ongoing efforts to develop more effective UM
therapies, offering promising directions for future preclinical and clinical investigations aimed at
improving patient outcomes.



Chapter 1: Introduction

Uveal melanoma (UM) is the most common form of intraocular malignancy in adults with an
average occurrence rate of 5-8 cases per million. Tumours were most reported within the choroid
at 85 - 90% followed by the ciliary body with ~6% and then iris at ~5% (1, 2). Numerous
epidemiology studies have been conducted for UM, yet no consistent results have been achieved.
Its occurrence is irrespective of gender; however, the likelihood of occurrence increases with age
peaking at 70-74 years old and arises more commonly within the Caucasian population. Among
this population, a south to north latitude shift appears to correspond to an increased risk of UM
(3). Although rare, UM has a high mortality rate of 31% by 5 years, 45% by 15 years, and 52%
by 35 years (4). Up to 80% of UM related mortality occurs within the first 10 years of diagnosis

irrespective of the treatment types (4).

The occurrence of metastasis is partly due to delays in symptoms and tumour detection. UM
patients are often asymptomatic or with minor symptoms such as blurred vision, photopsia and
floaters. Tumours have been documented to be undetected by the initial consultation regardless
of health professionals. Treatment delays were often observed irrespective of the referring
healthcare professionals. Patients whose tumours were initially missed experiencing delays twice
as long as those whose tumours were correctly diagnosed at the first consultation (1). Patients
also waited longer to attend follow-up consultations if the referral was not made as urgent or if
tumours were undetected and the symptoms were mild. When diagnosed, majority of the patients
had tumours below 15mm and a thickness of below 6mm (1). Patients with tumours categorised
as American Joint Committee on Cancer (AJCC) stages Il and 111 exhibited higher mortality rates
when treatment was delayed beyond one month after diagnosis. In contrast, patients with stage |
tumours demonstrated lower mortality rates within the first 10 years; however, a significant
increase in mortality was observed starting from the 11th year onwards (5). Up to 50% of
patients develop distant metastasis. Metastasis has a hematogenous origin with the liver being the
most common site of metastasis (94%) followed by the lung, bone, and skin (6). The median
survival rate of patients with metastasis is around 4 months with an estimated 1-year survival
rate of approximately 13% (6). The diameter and thickness of the primary tumours are directly

correlated with survival rates. Tumours with a basal diameter under 11 mm and a thickness less
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than 3 mm showed a mortality rate of 16%. Those with a basal diameter under 16 mm and a
thickness between 3-8 mm had a mortality rate of 32%, while tumours with a basal diameter
over 15 mm and a thickness greater than 8 mm exhibited a mortality rate of 53% (7). Evaluation
of tumour size indicated that an increase in size by a millimetre increases the risk for metastasis
by 5% (8).

1.1 UM Pathogenesis

UM pathogenesis involves complex genetic and molecular alterations that drive tumour
development, progression, and metastatic potentials within the unique ocular environment. In
contrary to its cutaneous counterparts that is primarily driven by the mutations in the B-Raf
proto-oncogene, serine/threonine kinase (BRAF), the neuroblastoma RAS viral oncogene
homolog (NRAS) and the proto-oncogene neurofibromin 1 (NF1) (9, 10), UM is most commonly
seen to have the mutations detected in the guanine nucleotide-binding protein G(q) subunit-a.
(GNAQ) or guanine nucleotide-binding protein subunit-all (GNA11) genes. The disruption in
GTPase activity results in the constitutive activation of the downstream signalling pathways such
as the mitogenic activated protein kinase pathway (MAPK) and the phosphatidylinositol-3-
kinase (PI3K)/AKT pathway, causing an increase in cellular growth and proliferation with
elevated the metastatic potentials (11, 12). The loss of somatic mutations of the BRCA-1
associated protein (BAP1) is highly associated with an increase in the aggressiveness of UM
tumours. This loss of function has been found in 84% of metastatic tumours. BAP1 encodes one
of several classes of deubiquitinating enzymes. Additionally, BAP1 contains several domains for
binding of Breast cancer type 1 susceptibility protein (BRCA1) and BRCA1-associated RING
domain protein 1 (BARD1), to form a tumour suppressor complex. BAP1 is also found to have a
regulatory role in stem cell pluripotency and other developmental processes. BAP1 acts as a
tumour suppressor gene in cancer cells, and its loss of function is a pivotal event that impacts on

tumour progression and is closely linked to a higher risk of metastasis (13).

Contrarily, mutations within the splicing factor 3B subunit 1 gene (SF3B1) and eukaryotic
translation initiation factor 1A X-linked gene (EIF1LAX) are associated with favourable prognosis.
SF3B1 is a component of a complex responsible for splicing pre-mRNAs. However, no
consistent links between SF3B1 mutation and splicing abnormalities have been detected (14).

11



SF3B1 is associated with favourable prognostic features such as younger diagnosis age and
fewer undifferentiated epithelioid cells. Patients with SF3B1-mutant tumours may have a lower
rate of metastasis compared to its wild type counterparts. Similarly, EIFLAX mutation is
associated with amino acid substitution and better metastatic free survival rate (15, 16). As
EIFLAX and SF3B1 are mutually exclusive from BAP1 mutations, these two marker genes may

have protective prognostic features.

Tumour metastatic rate and patient mortality have been shown to be heavily associated with
chromosome 3, specifically monosomy 3 (17). Such increase in poor prognosis may be due to
the loss of specific tumour suppressor genes. To note, BAPL1 is located on chromosome 3p21.1
showing an association between monosomy 3 and poor prognosis. Likewise, chromosome 8
abnormality was also associated with poor prognosis with patients experiencing more aggressive
tumour presentation, when both monosomy 3 and chromosome 8 gain are present. Interestingly,
chromosome 6 abnormality was shown to have protective effects with optimal patient prognosis.

This effect is seen even when combined with monosomy 3 or chromosome 8 gain (17, 18).

1.2 UM Treatment

At present, the clinical guidelines for UM treatment are mainly relying on non-pharmacological
regimens. The current three main treatment options for UM are radiotherapy, laser therapy and
surgical therapy (19). Tumour size, condition of the eyes and tumour location are considered
when choosing the treatment type with the preferences to preserve the eyes and vision. Thus,

radiotherapy is one of the most used local treatment options.

1.2.1 non-pharmacological treatments for UM

Radiotherapy is classified into two main types: brachytherapy (plaque radiotherapy) and
teletherapy (charged particle or stereotactic radiotherapy). In the case of brachytherapy,
radioactive seeds are placed within a specially made dish-shaped applicator and is sutured
externally at the site of the tumours. The most used radioisotopes are iodine-125, ruthenium-106,
and palladium-103 (20). The plate is removed when cumulative dose of 80-100 Gy is attained at
the tumour apex. Overall, this treatment method does not differ from mortality rate when

compared to enucleation, while offering adequate local control and preserving eye function (21-
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23). Side effects attained within treatments include macular oedema, retinal detachment and
neovascular glaucoma that are primarily managed and prevented with intravitreal injection of
steroids (23, 24). Charged particle therapy is another form of radiotherapy that involves charged
particles such as proteins, helium ions or carbon ions with specific kinetic energy. This form of
treatment offers the advantage of homogeneous dose of radiation at tumour sites minimising a
damage to the surrounding tissues. This form of treatment may have Kinetic energy adjusted
depending on the tumour depth allowing for effective control of smaller tumours. Similar to
brachytherapy, charged particle therapy offers greater eye and vision retention, while maintaining
local tumour control (25-27). Likewise, in the case of charged particle therapy, stereotactic
therapy is conducted with multiple beams of protons focused onto the tumours at different
directions. This offers a high dose of radiation at the tumour site, while preserving surrounding
tissues and allowing local treatment of larger tumours (28, 29).

Laser therapy is achieved through delivering high intensity light to the tumour sites. However,
this form of treatment has fallen out of favour where radiation is available, due to its potential
side effects such as retinal traction, gliosis and tumour recurrence (30). Laser therapy such as
transpupillary thermotherapy, may be opted in as an adjuvant therapy to decrease tumour size
when combined with radiation therapy. This combination offered better tumour control, when
brachytherapy alone was insufficient to reduce tumour sizes (30). When using transpupillary
thermotherapy alone, tumour selection is key to treatment success. Limitation of this treatment
includes smaller pigmented tumours are away from the optic disk. Although tumour recurrence is
low, permanent damage can be caused to the retina leading to visual loss shortly after treatments
(31). Nonetheless, more recent analysis has concluded transpupillary thermotherapy had little
effect when combined with brachytherapy in comparison to brachytherapy alone. This limits its
need in the current therapeutic paradigm (32). Another form of laser therapy is the photodynamic
therapy that utilizes a non-thermal laser to activate photosensitive dyes resulting in blood vessel
closure and tumour death. However, as pigmentation within the tumours can interfere with the

laser, this treatment should only be used on amelanotic or lightly pigmented tumours (33-35),

Surgical removing part of or all the eyeballs is considered, if the tumour is unsuitable for the
local therapies mentioned above. Of which, endoresection and exoresection are first considered

owning to that they may preserve partial visual function. Endoresection or transretinal resection
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is performed with vitreous cutters passed through the retina. Patients are then referred to
phototherapy or brachytherapy to eliminate any tumour remnants (36). Although less invasive, it
was considered as a controversial option with fears of intraocular seeding of tumour remnants
and incomplete removal of the tumours. Regardless, long term follow-up of post operative
patients showed tumour recurrence similar to that of brachytherapy (37, 38). Exoresection is
considered more invasive, as a ‘trapdoor’ is opened on the scleral for improved operation clarity.
Patients are kept hypotensive and under general anaesthesia to minimise complications such as
haemorrhage, brain under perfusion and scleral flap complications. Tumour recurrence is higher
when compared to that of radiotherapy and therefore, post operative plaque therapy is often

required to minimise tumour recurrence (39, 40).

When the tumour is too large (involves more than 40% of intraocular volume) or if the tumour
has progressed into orbital tissues, enucleation or orbital exenteration will be considered,
respectively. Enucleation involves a removal of the globe while retaining the remaining tissues
such as eyelids and eye muscles. This procedure results in numerous issues including poor
patient outcomes and increased tumour dissemination likely caused by fluctuations in intraocular
pressure during the procedure (41, 42). Enucleation is now used as a secondary resort, when
vision preserving managements have failed (43). Similarly, orbital exenteration involves the
removal of the globe as well as surrounding tissues, when UM has advanced out of the eyes. This
is often followed by adjuvant radiation therapy to control the tumours. This procedure is rarely
necessary but can be performed with curative intent (44). Due to the advancement of the tumours,

disease free survival (DFS) and overall survival (OS) are significantly lower (44, 45).

1.2.2 Pharmacological therapies of UM

There are few pharmacological therapies clinically approved for UM, although a lot of attempts
have been made to discover drugs for UM. The outcome of UM drug discovery is in general
unsatisfied. Recent advancements have been made for metastatic tumour treatment with the
introduction of immunotherapeutic drug tebentafusp (trade name of “Kimtrack™). Unlike
conventional immunotherapy, it is a T-cell receptor—bispecific molecule that redirects T cells to
kill gp100-positive melanoma cells (46). Tebentafusp is only effective to patients with the HLA-
A*02:01 positive mutation in unresectable metastatic UM. HLA-A*02:01 mutations are notably

more common within the Caucasian population (47). Noteworthy, tebentafusp treatment is
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associated with severe adverse effects, with 47% of patients experiencing grade 3 or 4 treatment
related adverse effects. Tebentafusp only moderately improves patient survival for 5 months and
increases 3-year patient survival by 9% when compared to the investigator’s choice of therapy
(i.e. pembrolizumab, ipilimumab, or dacarbazine) (46). Many other candidate drugs tested for

UM treatment in pre-clinical and clinical phases have yielded disappointing outcomes (48).

1.2.2 a Cytotoxic drugs

Tumour recurrence and metastasis have been the leading issues for UM with a poor patient
prognosis. There is an urgent need for effective drug therapies that can target both primary and
metastatic UM. Conventional cytotoxic therapies has been proven to be ineffective in both

primary and metastatic UM with varying adverse effects (49).

1.2.2.b Targeted therapies

With GNAQ and GNA11 being the most common mutations in UM, drug candidates involved in
these genes and their downstream pathways have been painstakingly explored (50). The MEK
enzymes MEK1 and MEKZ2 have been identified as the key components within the RAS/MAPK
signally pathway. The MEK inhibitor selumetinib has undergone numerous studies evaluating its
efficacy in UM patients carrying the GNAQ/GNALL mutation. A randomised phase Il study was
conducted with 101 UM patients to compare selumetinib with either temozolomide or
dacarbazine (51). Although patients had an increase in progression free survival of around 8
weeks, the median OS was not different in the treatment and control groups (51). Subsequent
phase Il trial with 129 metastatic UM patients randomly assigned to selumetinib and
dacarbazine or dacarbazine alone, showed a similar result (52). The patient free survival (PFS)
was only increased by 1 month in the combination treatment group and the overall survival (OS)
did not show any statistical difference between these groups (52). Similarly, another MEK1/2
inhibitor trametinib also underwent several trials. A phase 1 trial included 16 UM patients
demonstrated a limited treatment response (53), with a median PFS of 1.8 months, although two
patients had a 24% tumour reduction (53). Overall, the limited benefits of the MEK inhibitors
suggested that these targeted therapies are not proven in treating UM patients.

The PI3K/Akt/mTOR signalling pathway has been identified to be dysregulated in up to 55% of
UM patients, as it is linked to the GNAQ/GNA11 mutations (50). As such, several agents have
been tested with UM patients to verify its efficacy. The mTOR inhibitor everolimus was
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combined with pasireotide in a phase Il trial in patients with metastatic UM (54). Patients had a
median PFS of 16 weeks and OS of 11 months. However, there were no documented complete or
partial response to this combination (54). Some other targeted therapies have only been tested in
non-clinical models. For instance, the AKT inhibitor MK2206 showed synergistic effect when
combined with selumetinib in a preclinical study in UM cell lines and xenograft mouse models
(55). Furthermore, the interplay of PI3K, Akt and mTOR has been extensively studied by
Babchia et. al. (56) through PI3K pathway inhibition. PI3K inhibitor LY294002 greatly reduced
cell viability. However, the same extend of cell death was not observed in downstream
rapamycin-induced mTOR inhibition alone. It is recognised that the negative feedback loop of
mTOR inhibition paradoxically activated PI3K/Akt pathway as well as increased cyclin D1
expression leading to cell growth. When all these pathways were downregulated, the paradoxical
effect was attenuated and cell viability was further decreased (56). Although many agents were
shown to be beneficial in treating UM, these agents are still at the early stages of pre-clinical

trials and further research is required to ascertain their role in UM.

Protein kinase C (PKC) refers to a family of closely related protein kinase isoforms. These
closely linked proteins have crucial roles in both MAPK and PI3K signalling pathways (57). As
GNAQ mutant UM tumours undergo proliferation from PKC activation, PKC inhibitor
enzastaurin have showed more potent anti-cancer effect in GNAQ mutant tumours. UM cells
were found to undergo G1 cell cycle arrest and apoptosis in the GNAQ/11 mutant cells when
compared to the wild type cells (58). PKC inhibitor AEBO71 showed superior results when
combined with MEK inhibitors but did not show complete cell suppression when treated alone
(59, 60). As there are numerous isoforms of PKC, completely inhibition of its pathways with

single drug alone has been proven difficult.

Apart from GNAQ/11 based pathways, several studies have explored the therapeutic potentials
of other chemical modulators against surface receptors. Of which, well known oncogenic
receptors such as epidermal growth factors receptors (EGFR), insulin-like growth factor
receptors (IGFR) and vascular endothelial growth factor receptors (VEGFR) are under the

spotlight as potential treatment targets.

EGFR regulates cell growth and proliferation through the MAPK and PI3K pathway similar to
MEK1/2. EGFR is a group of four receptors (HER1, HER2 HER3 and HER4) that dimerise
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when activated. Mutations in EGFR may alter the signalling pathway causing tumour formation.
EGFR has also been linked to metastatic potentials (61). Various forms of targeted therapies such
as monoclonal antibodies and small molecule kinase inhibitors have been identified to target this
group of receptors. The monoclonal antibody cetuximab and kinase inhibitor gefitinib were
tested against high or low EGFR expressing UM cells showing cytotoxicity with a release of
tumour necrosis factor o in high expressing UM cell lines (62). Yet, a phase Il trial of gefitinib in
52 patients with metastatic choroidal and non-choroidal melanoma demonstrated a limited
response with 1.4 months for PFS and 10.9 months for OS (63).

Insulin like growth factor receptors namely insulin growth factor-1 (IGF-1) receptors have been
shown to have an association with the increased risk of death in UM (64). This discovery may be
explained by the fact that IGF-1 is mainly produced at the liver, a preferential metastatic site of
UM (64). The IGF-1 effects were reversed by PI3K inhibitor LY294002 in UM cell lines (65).
The monoclonal antibody AVE1642 against IGF-1R have been evaluated in trials of patients with
advanced solid tumours (66), but nothing has been done for UM.

Vascular endothelial growth factor receptors (VEGFRS) are responsible for the generation of new
vascular structure from pre-existing vessels. This process is critical to tumour growth and
proliferation (67). Drugs designed to target this process such as bevacizumab, have been tested
pre-clinically but a paradoxical increase in tumour growth was documented (68). Clinical trials
with 101 UM patients also showed no significant improvement with bevacizumab treatment,

questioning the effectiveness of VEGFR inhibitors in the treatment of UM (69).

Although treatment options have been advanced with tebentafusp, the eye is wildly recognised as
an immune-privileged organ. Inflammatory markers are supressed within the eye to prevent
inflammation related tissue damage. With this, both the innate as well as the adaptive immune
response are supressed in the eye (70). Such factor also contributes to drug development
involved with immune checkpoint inhibitors. CTLA-4 inhibitor ipilimumab was tested against
unresectable or metastatic cutaneous, uveal and mucosal melanoma (71). The median PFS was
similar in all groups at 3 months, while the OS was longer in cutaneous melanoma patients and
remained similar in non-cutaneous melanoma patients (71). A phase Il trial of ipilimumab in pre-
treated and treatment-naive patients with metastatic UM patients demonstrated similar PFS and

OS and no patient experienced partial or complete response (72). Another option for immune
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therapy is the utilisation of PD-1/PD-L1 inhibitors. The efficacy of nivolumab was evaluated in
patients with metastatic UM but similar results to ipilimumab was documented (73). In addition,
PD-1 inhibitor pembrolizumab showed unsatisfactory outcomes (74). The limiting results of
immune checkpoint inhibitors in UM solidified the eye to be an immune privileged area, in

which immunotherapy may not be effective.

1.3 UM therapeutic targets

Recent advancement in the molecular and genetic understanding of cancer biology drives the
development of innovative therapies, providing a hope and new possibilities for improved
outcomes in lethal cancers like UM. As targeting commonly known factors such as GNAQ/11
and BAP1 have limited anti-UM effect, attempts are highly desired to explore potential
therapeutic targets for UM. UM is considered an atypical adult tumour due to its unusually low
mutational burden compared to other cancers such as cutaneous melanoma (75). This suggests
that factors beyond exonic DNA mutations play a significant role in shaping UM's genetic
landscape and influencing its metastatic potential. However, limited changes within the genome
and related protein expression drastically increase the difficulty of identifying novel targets for
targeted therapeutics (76). Here we explore unconventional approaches and propose alternative

methods in identifying potential tumour specific drug targets.

1.3.1 Non-coding RNAs

RNA therapies have been debated as a possible treatment method because there are many
components yet to be analysed. It is well known that that the three basic form of RNAs are the
messenger RNA (mMRNA), transfer RNA (tRNA) and ribosomal RNA (rRNA), therapies against
which are well documented and proven useful in treating various diseases (77). A less known
component is that the introns once thought to be a non-coding region that is removed to form the
functional RNA, was recently brought back to the spotlight as containing fundamental functions
in gene regulation and cell development (78). Non-coding RNAs (ncRNA) can be classified into
two groups: short ncRNAs and long ncRNAs. Recent studies have shown both types to play an

oncogenic and tumour suppressive roles as well as prognostic role in tumours (77).
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Targeting ncRNA may also pose as a potential option for cancer treatment with studies
demonstrated effective tumour control through modulating the expression of target genes
involved in tumour growth and survival (79). Exploration of ncRNA may also benefit current
drug therapies as a potential steppingstone to overcome therapy resistance (78). Non-coding
RNA is currently being under investigation in UM as a potential prognostic and diagnostic
marker, as well as a possible druggable target. Its function has been explored genetically but also
epigenetically for its prognostic value (80). Earlier cancer diagnosis may also be made possible
with ncRNA. NcRNA such as SAMMON has been confirmed to have consistent expression in
UM tumours. Such information may promote UM diagnosis and the prevention of tumour
progression (81). NcRNA, particularly long ncRNA (IncRNA) are ideal molecules with
therapeutic potentials, because they are tissue specific, have fast turnover and ambient binding
sites allowing for increased chances of treatment success. The upregulation or downregulation of
ncRNA can be achieved through methods such as small interfering RNA, anti-IncRNA
oligonucleotides, CRISPR technology, or by disrupting the interactions between IncRNA and
target molecules (82). Non-coding RNAs represent a promising frontier in cancer prognosis,
diagnosis and therapy, shedding light on UM drug development.

1.3.2 HER receptors

Despite that previously EGFR (HERL, ErbB1) has been proven to show limited effects in UM,
the HER receptors have three other isoforms: HER2 (ErbB2), HER3 (ErbB3) and HER4 (ErbB4).
Their receptor activity is also regulated by extracellular ligands and activation of the receptor can
be achieved through dimerization of two HER receptors to form a homo- or heterodimers (83).
Of which, HER1 and HER2 are the most extensively studied, which have the most common
mutations in glioblastoma and breast cancer, respectively. HER3 is currently regarded as a non-
proto-oncogenic receptor as it is inherently inactive with no catalytic kinase function. However,
it is hypothesised to play an activating role in a kinase dimer. HER4 receptor is the least
characterised isoform as its signalling has been implied in cell death and tumorigenicity (83).
Compared to HER1, HER2 HER3 and HER4 are relatively less studied in UM and may pose as
possible therapeutic targets for UM. Recent research has found the expression of HER2 in UM
(84). Although less than that of breast cancer, HER2 expression is consistent and restricted to

tumour sites. Preliminary trials including pre-clinical, and phase | trials have been conducted and
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showed targeting HER2 may be an effective therapeutic option (84, 85). Notably, novel therapies
such as HER2 CAR-T cells has also been employed in mouse models and showed efficacy in
UM (86). Little research has been done for HER3 in UM due to its inherent inactivity.
Nonetheless, studies have found HERS3 to be solely localised in the nucleus of UM tumours and
is associated with favourable patient outcomes (87). Currently no research has been conducted
on HER4 regarding its association with UM. Overall, HER receptors may play a role in the
prognosis and treatment of UM, despite the ineffectiveness of EGFR inhibitors in UM. This
poses a possibility to future directions for therapeutic development.

1.3.3 Mitochondrial and endoplasmic reticulum stress

Mitochondrial and endoplasmic reticulum (ER) stress play a key role in cancers by regulating
tumour growth, survival, and therapy resistance (88). Through adaptation, cancer cells can
mitigate various stress factors, including hypoxia, nutrient shortage, metabolic and oxidative
stress through signalling that alleviate mitochondrial or ER stress. As the powerhouse of cells,
the mitochondria are responsible for key cellular processes that directly affect cell viability and
function (88). Similarly, the ER is a central biosynthesis organelle responsible for protein
synthesis and processing (89). It play roles in protein modification and folding as well as has a
supervisory role in identifying incorrections that may lead to cell destruction (89). These key
cellular organelles have been highly recognised for maintaining homeostasis of cells. They have
been identified to be tethered by mitochondrial-associated membrane proteins (MAMSs) forming
an inter-organellar network. This network is responsible for multiple cellular processes
regulating the mitochondria and ER, calcium regulation and lipid metabolism (90). As lipids
influx into the mitochondria through vesicles is not possible, the MAM proteins function as a
trafficking system to regulate the movement of lipids into the mitochondria. Oxidative stress
through the accumulation of reactive oxygen species (ROS) generated by the mitochondria, is
also promptly detected by MAM proteins, and shuttled to the ER for processing. Protein folding
and modification are regulated in the ER through the unfolded protein response (UPR). UPR
proteins also functions as MAM components, while MAM proteins can also affect the UPR
pathways and actively intensify their intertwined relationship (91).
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1.3.4 Cell autophagy

The mitochondria ER complex is responsible for regulating numerous processes that are
hallmarks in cancer formation and invasion (92). The regulation of calcium ions is essential in
cancers as it is deeply involved in cancer progression (91). The epithelial-to-mesenchymal
transition leads to tumour invasion and resistance to apoptosis. BAP1 is the tumour suppressor
protein involved in the MAM. It facilitates calcium influx into the mitochondria and its
abnormalities as seen in UM may induce inappropriate influx of calcium disrupting cell
homeostasis leading to tumorigenesis (93). Although cancer cells experience a change in
glycolysis through the Warburg effect (94), lipid metabolism remains relatively consistent with
only documented increases in lipid usage and metabolism to facilitate energy and signalling
factor production. Enzymes utilised in lipid and cholesterol synthesis are also upregulated in
various cancers (95). Lipids as a signalling factor also play a complex role in tumorigenesis, in
which, the MAMs are involved in the regulation of lipids within both the mitochondria and ER
(91). A specialised cell death mechanism — autophagy has also been reported as a response to ER
stress (96). Autophagy has been linked to cell survival mechanism as a form of rescue, under
cellular stress such as hypoxia and nutrient deprivation. On the other hand, once the
accumulation of stress factors can no longer be controlled, autophagy is activated, and cell death
occurs. Autophagic processes have been shown to be both tumour protective and tumour-lytic
based on the amount and type of stresses in presence (97, 98). This may present as a novel

strategy in cancer treatments.

Mitochondrial and ER stress have been briefly explored in UM. Discoveries such as novel drug
therapies and ER stress related drug resistance forms the basis of utilising mitochondria, ER and
related proteins as druggable targets (97, 99, 100). Future research in these aspects is highly
desired to validate the effectiveness of targeting these pathways/organelles/processes.

1.4 Conclusion

Overall, UM is a rare but deadly cancer with poor prognosis and limited treatment options. UM
and its metastasis have been proven fatal in majority of patients, putting them on a countdown to

death once diagnosed. Although efforts have been made to identify novel therapies against
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commonly formed mutations in UM, there are few proven therapies available at present.
Considering the only approved drug, tebentafusp can benefit a sub-population of patients and
only extend PFS for a limited period, there remains an urgent need to develop novel and effective
therapies to target the unique molecular and metabolic vulnerabilities of this fatal cancer.

1.5 Objective of this thesis

Given the grim nature of UM. It is imperative for novel targets and compounds to be identified
for its treatment. This thesis aims to re-examine a foundational principle in UM drug targets
through examining both registered and novel small molecules in both primary UM cell line 92.1
and metastatic UM cell line OMMZ2.5 in terms of anti-cancer effect and tumour specific targeting.
Specifically

To reassess the role of HER family receptors with a focus on HER2 in UM through the use of the
HER?2 inhibitor lapatinib and explore their potential anti-cancer effects in UM therapy by
investigating the underlying mechanisms of their action. (Chapter 2)

To explore the recently revisited cell death mechanism—autophagy—and its paradoxical role in
cancer survival and therapy. Additionally, to assess its potential impact on UM through a
comprehensive literature review. (Chapter 3)

To investigate the anti-cancer effects of novel small-molecule inhibitors targeting p21 and SEH in
UM, this study will assess their anti-cancer properties, tumour specificity and elucidate the
underlying mechanisms of action, particularly evaluating the potential role of p21 inhibition in

cancer treatment. (Chapter 4)

To assess the metabolic impact on UM by restricting macronutrients in vitro and to explore the
potential additive effects of nutrient depletion combined with small-molecule UC2288 co-

treatment in UM therapy. (Chapter 5)
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Chapter 2: Lapatinib dysregulates HER2 signalling and

impairs the viability of human uveal melanoma cells

Abstract

Purpose

Uveal melanoma (UM) is the principal type of intraocular malignancy in adults. Up to 50% of
UM patients develop metastatic disease with very poor survival. There are few drugs available to
treat the primary or metastatic UM. This study was undertaken to evaluate the anti-cancer effect

of lapatinib and corroborate the potential of HER2 inhibition in the treatment of UM.
Methods

The anti-UM activity of lapatinib was assessed using cell viability, cell death and cell cycle
analysis, and its anti-metastatic actions were evaluated using would healing, invasion and colony
formation assays. Immunoblotting was used to substantiate the actions of lapatinib on apoptotic
and HER?2 signalling. The anti-UM activity of lapatinib was further evaluated in a UM xenograft

mouse model.
Results

Lapatinib decreased the viability of four UM cell lines (IC50: 3.67-6.53 uM). The
antiproliferative activity of lapatinib was corroborated in three primary cell lines isolated from
UM patient tumours. In UM cell lines, lapatinib promoted apoptosis and cell cycle arrest, and
strongly inhibited cell migration, invasion and reproductive cell growth. Lapatinib dysregulated
HER2-AKT/ERK/PI3K signalling leading to the altered expression of apoptotic factors and cell
cycle mediators in UM cell lines. Importantly, lapatinib suppressed tumorigenesis in mice

carrying UM cell xenografts.

Conclusion
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Together the present findings are consistent with the assertion that HER2 is a viable therapeutic
target in UM. Lapatinib is active in primary and metastatic UM as a clinically approved HER2

inhibitor. The activity of lapatinib in UM patients could be evaluated in future clinical trials.
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2.1 Introduction

Uveal melanoma (UM) is a rare cancer that is very different from its cutaneous counterpart (101).
As the primary intraocular malignancy, UM accounts for over 85% of ocular tumours and is also
the second most common type of melanoma (~5% of all cases) (102, 103). The incidence of UM
is similar in males and females and affects both eyes equally; however, it is more frequently

identified in Caucasians and in adults aged over 40 (103, 104).

Although the survival rate is around 84% for early-stage UM (AJCC stages | and II), patients
often experience treatment delays due to the difficulty in distinguishing tumours from benign
tissues. UM tumours are often asymptomatic until they reach a significant size (1, 105, 106). Not
surprisingly, the mortality rate increases dramatically in late stage UM (102). Up to 50% of
patients develop metastases, particularly in the liver, prior to diagnosis (4, 107). The median
survival rate of UM patients with liver metastases is 4-6 months and those whose disease is more

advanced may survive <3 months (108-110).

Clinically, enucleation has been widely used in the treatment of primary UM tumours, but this
may lead to irreversible eye damage. More recently, other treatment options such as
brachytherapy, proton beam therapy and phototherapy, have been used to treat primary UM
tumours with the aim of preserving vision (43, 101, 111). Although the current clinical guidelines
state that laser- and radiotherapy are the primary treatment for UM primary tumours, the
effectiveness of these regimen in patients is limited to early diagnoses and small sized tumours.
Nevertheless, such non-pharmacological approaches are unable to prevent metastatic lesions
developing in distant tissues. Even though hepatic chemoembolization, isolated hepatic perfusion,
intra-arterial chemotherapy, radiotherapy, and surgical resection are effective in the treatment of
patients with liver cancer, these approaches are generally ineffective in UM tumours that have
metastasized to the liver (110, 112, 113). Therefore, the identification of drugs that can
effectively treat primary tumours and prevent metastasis in UM patients would be highly

significant.

Both cutaneous melanoma and UM are derived from melanocytes. However, unlike cutaneous
melanoma, environmental factors, such as UV radiation and latitude, are not associated with the

development of UM. Furthermore, cutaneous melanoma is characterised by mutations that
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activate the v-raf murine sarcoma viral oncogene homolog B1 (BRAF), neuroblastoma RAS
viral oncogene homolog (NRAS), tyrosine-protein kinase (KIT) and phosphatidylinositol 3-
Kinase (PI3K) pathways, whereas UM is unrelated to these mutations. UM is characterised by
low tumour mutational burden compared to cutaneous melanoma where mutagenic effect of UV
light is apparent (114, 115). However, UM displays a distinct genetic profile that may be
associated with its development and prognosis (116). Notably, the most common mutations in
UM occur in the tumour suppressor gene and the guanine nucleotide binding protein Gaq/Gall
(GNAQ/11) gene, which accounts for over 40% of genetic mutations in UM, followed by
BRCA1 associated protein 1 (BAP1). Mutations within these two regulatory genes result in
increased cell growth, proliferation and metastasis leading to poor prognosis in UM (117, 118).
Other molecular changes including monosomy of chromosome 3, amplification or gain of
chromosome 8q all appear to contribute to the grim prognosis of UM patients (17, 119). Drugs
that are used clinically for the treatment of cutaneous melanoma are ineffective in the treatment
of UM (48, 101, 120-124).

The epithelial growth factor receptor (EGFR) family consists of 4 members: ErbB1-4. ErbB
receptors are transmembrane proteins that have a cytoplasmic binding domain, a transmembrane
domain and an intracellular domain that interacts with downstream signalling pathways.
Receptor activation causes hetero- or homo-dimerization, followed by autophosphorylation on
tyrosine residues in the intracellular kinase domain. Activation of downstream pathways, such as
the PI3K/protein kinase B (AKT), Ras/mitogen-activated protein kinase (MEK)/extracellular-
signal-regulated kinase (ERK), phospholipase C Gamma (PLCy)/protein kinase C (PKC), and
Janus kinase (JAK)/signal transducer and activator of transcription (STAT) cascades, regulates
cell survival, proliferation, differentiation, motility, apoptosis, survival, invasion, migration,
adhesion, and angiogenesis (125, 126). Therefore, ErbB isoforms have been widely studied as
cancer drug targets (127). Among the 4 ErbBs, HER2 has an established role in breast cancer. It
has also been shown to have an important role in the prognosis of various other cancers such as
gastric, biliary tract, colorectal and non-small cell lung cancer. The overexpression/amplification
of HER2 in these cancers may contribute to the poor prognosis and more aggressive tumours
(128). Hence, it is important that the role of HER2 is evaluated in UM.
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With advances in gene profiling, multi-kinase inhibitors have been suggested to have potential
value in the development of new treatment strategies in UM (129-131). We recently tested
several multi-kinase inhibitors in UM cell lines (84). We found that afatinib, which is a potent
inhibitor of multiple ErbB receptors, including EGFR, HER2 and HER4, induced cell death and
prevented cell migration in UM cell lines. It is noteworthy that EGFR and HER4 are not
commonly expressed in UM tumours (63, 84, 121, 129-134). Therefore, neither of these
receptors is likely to be a primary molecular target for UM drug development. The finding that
afatinib dysregulated HER2 signalling to exert its anti-UM activity suggests that HER2 could be
a novel therapeutic target in UM (84). To substantiate the potential clinical significance of HER2
in UM, we investigated the anti-UM activity of the HERZ2 inhibitor lapatinib in the present study.
Lapatinib was selected because it is clinically approved for use in patients with HER2-positive
breast cancers that are resistant to the front-line agent trastuzumab (135). Thus, lapatinib has the

potential advantage that it may be more rapidly translated to clinical application in UM.

Indeed, we have demonstrated some of specific applications of Lapatinib on UM in Research
Square, which is not a recognized publisher. The purpose of the preprint to receive comments
from peers in the field that could further improve the study for subsequent formal publication by
an appropriate journal. Indeed, we have improved the present study by including additional data

based on the feedback we received on the preprint (e.g., Fig 6E).

2.2 Material and Methods

2.2.1 Reagents and biochemicals

Dulbecco's Modified Eagle Medium (DMEM), Foetal Bovine Serum (FBS), Insulin-Transferrin-
Selenium (ITS), L-Glutamine, Penicillin-Streptomycin (P/S) and Roswell Park Memorial
Institute Medium (RPMI-1640) were purchased from Thermo Scientific (Lidcombe, NSW,
Australia). Giant cell tumour (GCT) conditioned medium was obtained from United Biosciences
(Carindale, QLD, Australia). The B-actin antibody, dimethyl sulfoxide (DMSOQO) and thiazolyl
blue tetrazolium bromide (MTT) were purchased from Sigma-Aldrich (Castle Hill, NSW,
Australia). Lapatinib was from Selleck Chemicals (Houston, Texas, USA), dissolved in DMSO
and stored at -20°C. Antibodies were purchased from Cell Signalling Technology (Danvers, MA,
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USA): Akt (pan, Cat. #: 4685), Bcl2-associated X protein (Bax; D2E11, Cat. #: 5023), Bcl-XL
(54H6, Cat. #: 2764), cyclin D1 (Cat. #: 55506), GAPDH (D16H11, Cat. #: 5174), HER2/ErbB2
(Cat. #: 4290), ERK (Erk, Cat. #: 4695), PI3K p85 (19H8, Cat. #: 4257), phospho-Akt (Ser473,
Cat. #: 4060), phospho-HER2/ErbB2 (Tyr1196, Cat. #: 6942), phospho-PI3K p85 (Tyr458)/p55
(Tyr199) (E3U1H, Cat. #: 17366), phospho-ERK (Thr202/Tyr204, Cat. #: 4370) and STAT1
(D1K9Y, Cat. #: 14994). The FITC Annexin V Apoptosis Detection Kit Il was purchased from
BD Bioscience (North Ryde, NSW, Australia). Goat anti-mouse and anti-rabbit 1gGs that were
conjugated with horseradish peroxidase were obtained from Bio-strategy delivery technology
(Tullamarine, VIC, Australia). PVDF membranes were from Merck Millipore (Bayswater, VIC,

Australia).

2.2.2 UM cell lines

UM cell lines used in this study were obtained as indicated previously (84). All cell lines were
regularly checked for mycoplasma with MycoAlert Mycoplasma Detection kit (Lonza, Mount
Waverley, VIC Australia) to ensure optimal viability. RPMI-1640 was used to culture C918,
Mel202, MP46 and 92.1 cells and DMEM was used to maintain OMM-1 and OCM-1 cells. All
culture media was supplemented with 10% heat-inactivated FBS (v/v), 1% L-Glutamine and 1%
P/S (Thermo Scientific, Lidcombe, NSW, Australia). Cells were incubated in a humidified
incubator (5% CO2) at 37 °C.

The early literature indicated that the C918 cell line was derived from primary UM (136).
According to the previous report (137), the STR profile of the C918 cell line seemed identical to
that of the cutaneous melanoma C8161 cell line (138). However, the reference to the STR profile
of C8161 cells could not be verified — either on the journal website or through other resources
e.g., PubMed, Medline. Therefore, the authenticity of the information contained within Yu et al.
still remains to be fully substantiated. We compared the STR profiles of the C918 cell line
obtained from the Swiss Institute of Bioinformatics and the C8161 cell line provided by Lonza.
We found that these two STR profiles were quite different. In addition, we undertook a
proteomics analysis to compare C918 cells with the malignant human melanoma cell line A375.
We found that that p7/5NTR and S100 were down-regulated in C918 while MITF was up-
regulated. This is consistent with a previous report that immunophenotyping for proteins such as
HMB-45, HMB-50, p75NTR, S100 and MITF could be used to distinguish uveal and cutaneous
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melanomas (139). Based on the evidence from genotyping and immunophenotyping studies
described above, we consider that C918 and C8161 appear to be different cell lines. Thus, our
study is consistent with a number of other recent reports that C918 is an in vitro model of UM
(140-142).

2.2.3 Cell viability assay

Assays of MTT reduction were used to determine cell viability after lapatinib treatment. UM
cells were cultured in 96 well plates (2x104cell/well). Cells were treated with various
concentrations of lapatinib in RPMI-1640 or DMEM containing 1% FBS. MTT (0.5 mg/mL)
was added 24 h later and, after incubation in the dark for 2 h, cells were washed with phosphate-
buffered saline (PBS; 0.154 M NaCl, 0.001 M KH2PO4, 0.003 M Na2HPO4; pH 7.4), DMSO
was added, and plates were shaken for 10 min at room temperature. Absorbance was measured at
550 nm in a microplate reader (Model 680, Bio-Rad, Gladesville, NSW, Australia). IC50 values
were calculated by non-linear regression of MTT inhibition as a function of drug concentration
(GraphPad Prism 7.0; San Diego, CA).

2.2.4 Annexin V/propidium iodide flow cytometry assay

UM cells were seeded and treated with lapatinib (5 uM) in medium containing 1% FBS. Cells
were collected 24 h after treatment, washed with PBS, suspended, and stained with annexin V
and propidium iodide (PI) for 20 min at room temperature. Samples were subjected to flow
cytometry (Guava easycyte; Merck Millipore, Bayswater, VIC, Australia) and apoptotic and
necrotic cells were quantified as described previously (84).

2.2.5 Cell cycle analysis

Cells were seeded and treated with lapatinib (5 uM) for 24 h, then harvested and washed twice in
PBS before fixing overnight in cold 70% ethanol at -20 °C. The ethanol was removed, samples
were washed with PBS and then stained in the dark with PI for 30 min at 37 °C, after which they

were analysed by flow cytometry (Guava easycyte).
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2.2.6 Scratch-wound cell migration assays

Cells were cultured on 24-well microplates (5 x 104 cells/well). After 24 h scratches were made
with a Wound Maker instrument (Sartorius, Dandenong South, VIC, Australia). Cells were
washed with PBS and incubated in medium containing 1% FBS (v/v) and lapatinib (5 puM) for
24 h. Cells were incubated at 37°C and photos were taken at 2 h intervals with an Essen IncuCyte
S3 instrument (10X magnification; Sartorius). Cell migration rates were determined using Image

J software (National Institutes of Health, USA). Migration rate was calculated as:

) ] Area(initial) — Area(final)
Migration Rate % = [ Area(initial ] x 100

Avrea (initial) is the area of the scratch measured immediately after wounding (t = 0 h).

Area (final) is the area of the wound measured 24 h after the scratch was applied.

2.2.7 Matrigel invasion assay

UM cells were seeded into 96-well plates (3-4 x 104/well). After 24 h, scratches were made as
described above. Cell debris was removed by washing with PBS. Matrigel Matrix (BD Falcon,
Chatswood, NSW, Australia) diluted in culture medium (200 — 800 pg/mL) was added to each
well and allowed to solidify for 1 h at 37 °C. Following this, cells were treated with lapatinib (5
H1M), and treatments were replenished at 24h intervals. The plates were imaged over 24 to 72 h
with an Essen IncuCyte S3 instrument. Cell invasion rates were determined using Image J

software and the invasion rate was calculated as:

Area(initial) — Area(final)
Area(initial)

Invasion Rate % = | 1% 100

2.2.8 Colony formation assay

Cells were treated with lapatinib (5 uM) in 12 well plates and then aliquoted into 24-well plates
(200 cells/well) for 6-8 days. Methanol (100%) was used to fix cells before staining with crystal
violet. Colony growth was defined microscopically as a cluster of at least 50 cells. Photos were
taken in an Essen IncuCyte S3, using whole-well scan mode at 4 X magnification. Image J

software was used to identify the leading edge of the cell population.
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2.2.9 Western blot

Cells were treated with lapatinib and incubated for 24 h before they were harvested with lysis
buffer containing NP-40 (1% IGEPAL, 150 mM NaCl and 50 mM Tris, pH 7.8) containing
protease inhibitors. Lysates were then centrifuged at 15,000 rpm (10 min, 4 °C) to separate
protein-containing supernatants and cell remnants; supernatant fractions were denatured on a
heat block.

Proteins in supernatant fractions were separated by electrophoresis, transferred to a PVDF
membrane and incubated in 5% non-fat milk dissolved in PBS containing Triton 0.05% X-100
(PBST) at room temperature for 30 min. The membranes were cut prior to hybridisation with
different antibodies. The membranes were incubated overnight with a primary antibody at 4 °C.
Membranes were washed three times with PBST and were then incubated at room temperature
with a secondary antibody for 1h. Signals were detected using chemiluminescence (SuperSignal
West Pico, Thermo Scientific, Lidcombe, NSW, Australia) and were visualized with ImageQuant
LAS500 (GE Health Care, Silverwater, NSW, Australia) or Chemidoc image machine (Bio-Rad,
Gladesville, NSW, Australia).

2.2.10 Primary UM tumour derived cell lines

Human UM tumour samples were obtained with approval from St. Vincent’s Hospital Sydney
Human Ethics Committee (HREC/17/SVH/346) and experiments were strictly conducted as per
the relevant guidelines and regulations. All the informed consent for the patient samples used in
this study have been obtained. Tumour tissues were surgically removed, cut into segments,
treated with trypsin-EDTA and then washed three times with PBS (pH 7.4). Individual cells were
collected and incubated at 37°C in RPMI-1640 medium containing 20% FBS (v/v), 1% L-
glutamine, 1% P/S, 1% ITS and 2% GCT under a 5% CO2 atmosphere. All experiments were

conducted in cells at passage 2 to 5.

2.2.11 UM xenograft mouse model

Animal ethics approval was obtained from the Laboratory Animal Ethics Committee of Jiangsu

Institute of Nuclear Medicine (Wuxi, China).
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Animal experiments were conducted in accordance with approved protocols and regulations. The
study Results were reported according to ARRIVE guidelines (143). C918 cells were mixed in a
2:1 ratio with Matrigel and injected subcutaneously in BALB/c nude mice (5 weeks old; male;
Chang Zhou Cavens Laboratory Animal Co., Ltd, Changzhou, China). Tumour volume was
measured with callipers every 3 d until they reached ~100 mma3 in size. Tumour volumes were
calculated as (a x b2)/2, where a and b are the length and width of the tumours, respectively.
Once tumours reached the desired volume (around day 10), mice were randomly assigned to two
groups to receive either lapatinib (25 mg/kg; n=7) or vehicle (n=7) once daily by intraperitoneal
injection. Body weights and tumour sizes were measured every 2 days for 14 days. Drug
administration was continued for 24 days. When treatments were complete, the mice were
anesthetised with pentobarbital sodium (50 mg/kg) by intraperitoneal injection. Tumours were
excised, weighed, photographed, and fixed in 4% paraformaldehyde for subsequent analysis.

2.2.12 Positron emission tomography (PET) scanning

68Ga Activity was eluted from a 68Ge/68Ga generator and used to prepare [68Ga] Ga-NOTA-
PRGD2 tracer, as described previously (25). On the day of scanning, the mice received ~3.7MBq
of 68Ga NOTA-PRGD?2 under anaesthesia via tail vein injection. Dynamic imaging acquisition
was conducted for 60 min after tracer administration using an Inveon microPET scanner
(Siemens Medical Solutions, Erlangen, Germany). Vendor software (ASI Pro 5.2.4.0) was used

to detect regions of interest using decay-corrected whole-body coronal images.

2.2.13 Histology and immunohistochemistry

Tumour tissues fixed in paraffin blocks were cut into 8 um sections and were stained with
hematoxylin and eosin (Beyotime Institute of Biotechnology, Jiangsu, China). Sections were
incubated (4°C) with an anti-Ki67 antibody (Cat. #: ab15580, Abcam, Shanghai, China),
followed by incubation with a horseradish peroxidase-conjugated secondary antibody.
Immunohistochemical staining was conducted with a DAB substrate kit (Shanghai Bio-Platform

Technology Company, Shanghai, China) and light microscopy (Olympus; Tokyo, Japan).
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2.2.14 TUNEL assay

TUNEL assay was used to detect cell death in paraffin-embedded tumour sections. Briefly,
sections were placed on slides and stained with the TUNEL assay kit (Beyotime Institute of
Biotechnology, Jiangsu, China), as described previously (97); nuclei were counter-stained with
hematoxylin. Images were analysed using a KF-PRO-120 slide scanner (Konfoong

Bioinformation Tech, Ningbo, China).

2.2 15 Statistics

Data are presented as mean =+ standard deviation (SD) with significance defined as p<0.05.
Observers were blinded in in vivo studies. Statistical analysis was conducted using one-way
ANOVA and Dunnett’s post-hoc test to compare multiple independent groups in GraphPad Prism
9.0.

2.3 Results

2.3.1 Lapatinib decreased the viability of UM cells

The anti-UM activity of lapatinib were evaluated in C918, 92.1 and Mel202 cells that were
derived from primary UM tumours and in OMM-1 cells that were isolated from a subcutaneous
metastasis. All four cell lines were treated with lapatinib over the concentration range of 0 to 50
MM. Cell viability was then estimated using MTT reduction assays. As shown in Fig. 1, the IC50
values of lapatinib ranged from 3.67 uM to 6.53 UM across the four UM cell lines. It is
noteworthy that the above-mentioned cell lines have BAP1 mutations. Therefore, we also
investigated the effect of lapatinib in OCM-1 and MP46 cells in which BAP1 was mutated or
absent. Similar 1C50s were observed in these two cell lines (Suppl Fig. 1), which suggested that

the effect of lapatinib is independent of BAPL1 status.
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Figure 1. Lapatinib decreases the viability of UM cell lines. Mel202 (A), C918 (B), 92.1 (C) and
OMM1 (D) cells were treated with lapatinib (0-50 pM) at 37°C for 24 h. Cell viability was
assessed in MTT reduction assays. 1C50s of lapatinib in UM cell lines were estimated by non-

linear regression (GraphPad Prism 7.0; San Diego, CA).

2.3.2 Lapatinib induced apoptosis and cell cycle arrest in UM cell lines

The capacity of lapatinib to promote UM cell death was evaluated using Annexin-V/PI staining
and flow cytometry. Apoptosis was found to be the principal cell death mechanism in all four
UM cell lines after treatment with lapatinib (5 uM, 24 h; Fig. 2). Thus, lapatinib increased the
proportion of apoptotic cells to 2.73-6.40-fold compared to control (p<0.001, Fig. 2B, 2D, 2F,
2H). In accord with these findings, lapatinib (5 uM) also decreased viability and activated

apoptosis in three tumour-derived cell lines from UM patients (Fig. 3).
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Figure 2. Lapatinib activates apoptosis in UM cell lines. Mel202 (A & B), C918 (C & D), 92.1
(E & F) and OMML1 (G & H) cells were treated with lapatinib (5 uM) at 37°C for 24 h, stained
with Annexin V-FITC/PI and subjected to flow cytometry. Representative cell death profiles are
shown for Mel202 (A), C918 (C), 92.1 (E) and OMML1 (G) cells. The percentages of viable,
necrotic and apoptotic cells are indicated as mean + SD for Mel202 (B), C918 (D), 92.1 (F) and
OMML (H) cells. Experiments were performed on 3 independent occasions and each experiment
included three repeats. Control treatments consisted of vehicle (DMSO) alone. ***p < 0.001 vs.
control by One-way ANOVA and Dunnett’s post-hoc test.
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Figure 3. Lapatinib decreases viability and activates apoptosis in primary UM-tumour derived
cell lines. UM tumour-derived cell lines were treated with lapatinib 5 uM for 24 h at 37°C. The
viability of each primary cell line was assessed using MTT reduction (A, C and E). After
treatment, cells were stained with Annexin V-FITC/PI and subjected to flow cytometry. The
percentages of viable, necrotic, and apoptotic cells are indicated as mean + SD for each primary
cell line in B, D and F. Experiments were performed on 3 independent occasions and each
experiment included three repeats; control treatments consisted of vehicle (DMSO) alone.
**p < 0.01; ***p < 0.001 vs. control by One-way ANOVA and Dunnett's post-hoc test.

The cell cycle arrest assay is to indicate the influence of treatment on cell cycle progression,
which is relevant to cell death. The inhibitory effect (IC50) is an overall outcome from lapatinib-
induced cell death and cell cycle arrest, so it is a functional read-out of the composite anti-cancer
effects of lapatinib in UM cell lines. To further evaluate the impact of lapatinib on viability, UM
cells were stained with PI and subjected to cell cycle analysis by flow cytometry. The proportion
of cells in GO/G1 phase was increased by lapatinib (5 uM, 24 h; P<0.001), while the proportion
of cells in G2/M phase was decreased (P<0.001) and cells in S phase were unchanged (Fig. 4).
Taken together, these findings indicate that lapatinib is highly effective in inducing apoptosis and

cell cycle arrest in UM cell lines.
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Figure 4. Lapatinib induces cell cycle arrest in UM cell lines. Mel202 (A), C918 (B), 92.1 (C)
and OMML1 (D) cells were treated with lapatinib (5 uM) for 24 h at 37°C. Cells were stained
with P1 and subjected to flow cytometry. The percentages of cells in Go/G1, G2/M and S phases
are shown as mean + SD. Experiments were performed on 3 independent occasions and each
experiment included three repeats; control treatments consisted of vehicle (DMSO) alone.

***p < 0.001 vs. control by One-way ANOVA and Dunnett’s post-hoc test.

2.3.3 Lapatinib modulates STAT1 and apoptotic signalling in UM cells

STAT1 is an important regulator of apoptosis (144, 145). In the present study, the capacity of
lapatinib to modulate the expression of STAT1 and its downstream signalling was examined.
Treatment with lapatinib substantially increased STAT1 expression to 1.4 - 4.9-fold compared to
control across all four UM cell lines (Fig. 5A, 5C, 5D, 5F, 5G, 51, 5J, 5L). Further, lapatinib

decreased the expression of the anti-apoptotic Bcl-XL and increased the pro-apoptotic BAX in
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all four UM cell lines (Fig. 5). Consistent with the activation of apoptosis Bcl-XL:BAX ratios
were markedly decreased by lapatinib (5 uM, 24 h), as shown in Fig. 5B, 5E, 5H and 5K.

Because lapatinib induced cell cycle arrest in UM cell lines (Fig. 4) we assessed the expression
of cyclin D1- a key cell cycle mediator that is also downstream from STATL1. Treatment with
lapatinib (5 uM, 24 h) decreased cyclin D1 expression in UM cells to 0.24-0.47 fold compared
to control (Fig. 5C, 5F, 51 and 5L).

In summary, lapatinib induced cell death was associated with dysregulated expression of STAT1

and its downstream targets cyclin D1, BAX and Bcl-XL.
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Figure 5. The lapatinib-mediated activation of apoptosis is associated with the modulation of
STAT1, Bcl-XL and cyclin D1 expression in UM cell lines. Expression of Bcl-XL, BAX, p-STAT1,
STATI and cyclin D1 was determined by Western blotting with f-actin as the loading control.
Cells were treated with lapatinib (5 uM) at 37°C for 24 h, then harvested, lysed, denatured and
subjected to sodium dodecylsulfate-polyacrylamide gel electrophoresis. Representative images of
proteins of interest are shown for Mel202 (A), 92.1 (C), C918 (E) and OMM-1 (H) cells.
Densitometry analysis for protein quantification was conducted using Image J. Bcl-XL: BAX and
p-STAT1: STATI expression ratios as well as the expression of cyclin D1 relative to f-actin are
shown for Mel202 (B), C918 (D), 92.1 (F) and OMM!]1 (1) cells as fold of control (mean +SD);
control treatments consisted of vehicle (DMSO) alone. Experiments were performed on three

separate occasions. ***p < 0.001 vs. control by unpaired t-test.

2.3.4 Lapatinib inhibited UM cell migration, invasion and suppressed reproductive growth

The migration, invasion and colony formation assay (tumour reproductive growth analysis) are
well established methods to evaluate the anti-metastatic effect of drugs. The impact of lapatinib
on UM cell migration was examined in scratch-wound healing assays. As shown in Fig 6A, 6C
and 6E, lapatinib decreased rates of migration in the Mel202, C918 and 92.1 cell lines that were
derived from primary UM tumours to 26% — 36% of control (P < 0.001).

Lapatinib also potently inhibited the invasion of UM cells in the Matrigel invasion assay. As
shown in Fig. 6B, 6D and 6F, treatment with lapatinib reduced cell invasion rates of Mel202,
C918 and 92.1 cell lines to 13% - 67% of control (P<0.001).

Colony formation assays were also performed to assess reproductive cell growth upon lapatinib
treatment (5 uM, 24 h). As shown in Fig. 6G, lapatinib significantly decreased the number of
viable colonies post treatment in all three cell lines (P<0.001).

These findings suggest that lapatinib has anti-metastatic actions in UM.
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Figure 6. Lapatinib is anti-metastatic in primary tumour-derived UM cell lines. The anti-

migratory actions of lapatinib were assessed in scratch-wound assays. UM cell lines were
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treated with lapatinib (5 uM) at 37°C for 24 h. Cell images were captured at 0 and 24 h. The
rate of cell migration was estimated as the means of each repeat and are indicated as percentage
of control (means + SD) for Mel202 (A), C918 (C) and 92.1 (E). Cell invasion upon lapatinib
treatment was studied in Matrigel invasion assays. UM cell lines were treated with lapatinib (5
UM) at 37°C for 24 h to 72 hr. Cell images were captured at 0 and 24 to 72 h. The rate of cell
invasion was estimated as the means of each repeat and are indicated as percentage of control
(means = SD) for Mel202 (B), C918 (D) and 92.1 (F). Reproductive cell growth after lapatinib
treatment was evaluated in colony formation assays. (G) Colony number is indicated as the
percentage of control (mean + SD). Experiments were performed on 3 independent occasions
and each experiment included four repeats; control treatments consisted of vehicle (DMSO)

alone. ***p <0.001 vs. control by One-way ANOVA and Dunnett’s post-hoc test

2.3.5 Lapatinib exerts its anti-UM activity by inhibiting HER2 signalling

Lapatinib is an established inhibitor of HER2 and is used clinically in the treatment of HER2-
positive cancers, including breast cancers that are resistant to the first-choice agent trastuzumab
(146-148). Unlike other ErbB receptor isoforms, it has been found previously that HER2 is
uniformly expressed in UM cells (84, 149, 150).

We assessed the impact of lapatinib on the expression of HER2 and its phosphorylated isoform in
the four UM cell lines. In these experiments, cells were initially cultured in serum-free medium
and were then treated with 20% FBS for 10 min immediately prior to treatment with lapatinib
(L+; Fig. 7) or vehicle (C+; Fig. 7). This rapidly activated HER2 phosphorylation that was
attenuated by lapatinib (Fig. 7; compare the values for lapatinib and control in the Tables at right).
Important downstream targets of HER2 include ERK, PI3K and AKT. Inclusion of lapatinib also
prevented the activation of these pathways after serum addition (Fig. 7; compare L+ versus L-
relative to C+ versus C-). Noteworthy, the comparison of protein expression in Fig. 7 is the ratio
of phosphorylated and total forms of HER2, PI3K, AKT and ERK in each treatment. The
samples for estimation of each pair of proteins were obtained in parallel analyses from the same

experimental treatment. Thus, loading controls in each panel are not required.
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To our knowledge, the expression of HER2 has not been reported in population or similar studies
of UM patients. Based on our own observation, the expression of HER2 varies widely across
multiple UM cell lines. We also qualitatively confirmed the expression of HER2 protein in the
three primary tumour-derived cell lines used in the present study (Suppl Fig. 2). Importantly, we
also  explored the Cancer Genome  Atlas  Program (TCGA)  database
(https://portal.gdc.cancer.gov/). In a cohort of 80 UM patients, ErbB2 (HER2) was expressed in
all tumour samples and its expression was significantly higher than EGFR and ErbB4 (p<0.001)
(Suppl Fig. 3). In addition, we demonstrated the effectiveness of HER2 inhibitors, especially
afatinib, lapatinib and neratinib, in UM cells in the present study and in our previous paper (84).
In the literature, Forsberg et. al has also investigated HER2 as a possible target and reported
HER?2 to be expressed in UM (149). Overall, these findings indicate that lapatinib inhibits HER2
and its downstream signalling and suggests that these may be early events in its anti-UM activity.
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CI918 Control Lapatinib
p-HER2/HER2 2.66 + 0.46 1.18 + 0.17 #
p-PI3K/PI3K 1.71 + 0.18 0.84 + 0.08 ##
p-AKT/AKT 2.57 £ 0.35 1.25 + 0.27 ##
p-ERK/ERK 2.20 + 0.48 0.87 + 0.14 #
OMM.1 Control Lapatinib
p-HER2/HER2 1.98 + 0.11 1.00 + 0.22 ##
p-PI3K/PI3K 1.32 + 0.03 0.65 + 0.17 ##
p-AKT/AKT 2.19 + 0.15 1.10+ 0.22 ###
p-ERK/ERK 2.74 + 0.20 1.09+ 0.06 ###
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Figure 7. The lapatinib-mediated activation of cell death is associated with inhibition of HER2
and its downstream signalling cascades in UM cell lines. In each experiment, four sets of cells
were cultured in serum-free medium for 24 h. Two of the four sets of cells were then treated for
10 min with medium containing 20% FBS while the other two sets of cells remained serum-free.
In the next step, one each of the sets of serum-treated and serum-free cells was treated with
lapatinib (5 uM) at 37°C for 1 h, while the others were treated with vehicle alone (DMSO), and
lysates were prepared. This produced a four-way design that evaluated the effect of serum
addition and lapatinib addition on the signalling pathways (Key: C-: vehicle control without
serum stimulation; C+: vehicle control with serum stimulation; L-: lapatinib treatment without
serum stimulation; L+: lapatinib treatment with serum stimulation). Expression of HER2, AKT,
ERK and PI3K and their phosphorylated isoforms was evaluated by Western blotting and
densitometry analysis. Representative images of p-HER2, HER2, p-AKT, AKT, p-PI3K, PI3K, p-
ERK and ERK are shown for Mel202 (A), 92.1 (B), C918 (C) and OMM-1 (D) cells.
Densitometry analysis was conducted using ImageJ and the ratios (L+/L-) and (C+/C-) were
calculated for the effects on lapatinio and DMSO respectively on the expression of
phosphorylated and total forms of the proteins. These data, as fold of corresponding control
(mean = SD; no serum stimulation), are shown in the Tables to the right of panels A-D.
Experiments were repeated on three occasions. #p < 0.05; ##p < 0.01; ###p < 0.001 vs. control
by Two-way ANOVA.

2.3.6 Lapatinib has potent anti-tumour activity in a UM xenograft mouse model

The anti-UM activity of lapatinib was examined further in a xenograft model.(97) Lapatinib
(25mg/kg for 14 d) was administered to nude mice that carried UM cell xenografts: tumour
growth was suppressed (Fig. 8A and 8B). From PET scan analysis, the final tumour sizes in the

lapatinib-treated mice were smaller than those in controls (Fig. 8C).

Confirmatory immunohistochemical staining was undertaken in tumour samples that were
collected at the end of the experimental treatments. From H&E staining the tumour architecture

was improved by lapatinib treatment (Fig. 8D). Staining of the cell proliferation marker Ki67
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was decreased by lapatinib and apoptosis as reflected by TUNEL staining, was increased (Fig.
8D).

Overall, these data indicate that lapatinib inhibits tumour growth, suppresses cell proliferation,

and activates tumour cell apoptosis in vivo in mice carrying UM-cell xenografts.
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Figure 8. Lapatinib inhibited tumour growth in UM xenografted mice. BALB/c nude mice were
inoculated with C918 cells. After 14 d, mice received either lapatinib (25 mg/kg per day, n = 10)
or vehicle (n=12) on day 10 by intraperitoneal injection, treatments were continued for a
further 14 d. Tumour volumes and body weight of mice were measured every 2 d. At the end of
the experiment, mice were either sacrificed to harvest tumour samples or were subjected to
whole body PET scan (n =35 for lapatinib and 6 for vehicle). Tumour size vs treatment time is
indicated in (A) and representative tumour images at the end of experiment are shown in (B).
Data are presented as tumour volumes at each time point (mean =SD; n =5 for lapatinib and 6
for vehicle); p < 0.05 vs. control by unpaired t-test. Representative PET scans are shown in (C).
Harvested tumours were embedded in paraffin and sections were prepared for staining.
Representative images of hematoxylin and eosin (H&E) staining of tumour sections are shown in
the panels at left, TUNEL staining is indicated in the central panels and Ki67 staining is shown

in the right panels (D).

2.4 Discussion

ErbB receptors regulate cellular homeostasis. Dysregulation of the receptors leads to impairment
of proliferative and pro-survival mechanisms in cells and may contribute to disease progression
(151-153). Intracellular signalling cascades downstream from ErbB receptors are regulated by
phosphorylation events that are mediated by kinase intermediates. The development of small
molecule inhibitors of ErbB receptor-linked kinases has revolutionised the treatment of a number
of cancers (154). The ErbB receptor member EGFR was initially suggested to be a potential drug
target in UM. However, EGFR inhibitors like gefitinib have been disappointing in clinical trials
that have been conducted in UM patients (48, 63, 132, 155). Despite these outcomes, small
molecules that target other members of the ErbB family have not been widely considered as

alternative agents for use in patients with UM.

We found previously that the EGFR, HER2 and HER4 inhibitor afatinib, was an effective anti-
cancer and anti-metastatic agent in UM (84). EGFR inhibition appears to be of limited value in
UM (84, 133, 156). None of the UM cell lines included in the previous and current study express
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EGFR; and two of the four UM cell lines do not express HER4 (84). Therefore, these receptors
are unlikely to be the primary targets for afatinib. In contrast, HER2 is expressed in UM tumours
as well as the four UM cell lines included in this study (Fig. 7 and Suppl. Fig. 2) (84, 149, 157).
Moreover, we also explored the Cancer Genome Atlas Program (TCGA) database
(https://portal.gdc.cancer.gov/). In a cohort of 80 UM patients, HER2 was expressed in all
tumour samples and its expression was significantly higher than EGFR and HER4 (p<0.001)
(Suppl Fig. 3). Thus, it is now appropriate to evaluate in greater detail the potential clinical
value of HER2 targeting in the treatment of UM.

Lapatinib is a high affinity HER2 inhibitor (Table 1) (158), and is currently approved in
combination with cytotoxic agents such as capecitabine for HER2-positive breast cancers (159-
161). Lapatinib is a reversible inhibitor of the kinase binding site of HER2, and blocks
downstream proliferative and pro-survival signalling (159). Lapatinib has advantages of receptor
targeting specificity over afatinib. Afatinib is 28-fold more potent against EGFR than HERZ2, and
is also effective against common mutant EGFRs, whereas the relative activity of lapatinib against
HER?2 is greater (Table 1) (162). Thus, off-target effects at EGFR in multiple tissues are expected
to be less likely with lapatinib. The previous studies have demonstrated the cytotoxic effect of
lapatinib in melanoma cell lines (163, 164), but its influence on UM cell lines remains unclear. In
the present study, we investigated the anti-cancer and anti-metastatic actions of lapatinib in a
range of UM models for the first time. Lapatinib decreased UM cell viability by inhibiting cell
proliferation and by promoting apoptosis and cell cycle arrest. Lapatinib also decreased
tumorigenesis in vivo in mice that carried UM cell xenografts. Afatinib and lapatinib have
different efficacies against other cancer types (165). Compared to afatinib (84), lapatinib was
more effective in inhibiting UM cell migration and reproductive cell growth, which suggests that
it may have utility in the suppression of UM metastasis. In contrast, afatinib was slightly more
effective in the induction of cell apoptosis and cell cycle arrest (Table 1). Taken together, these
findings suggest that afatinib may be considered for the treatment of primary UM tumours. And
lapatinib may be used as an adjuvant therapy in the prevention of UM metastasis following the
non-pharmacological treatment of primary UM tumours or be applied to UM patients together

with agents like tebentafusp (an FDA approved immunotherapeutic drug of UM) in the future.
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Table 1. The comparison of the anti-UM effects of afatinib and lapatinib

Afatinib Lapatinib

Molecular target Irreversible inhibitor | Reversible inhibitor of
of EGFR, HER2 and | EGFR and HER2 (158)
HER4 (162)

ICso in inhibiting HER2 (nM) | 14 (162) 9.2 (158)

ICs0 in reducing | Mel202 529 + 1.21 (84) 569+1.21

cell viability in|92.1 452 + 1.41 (84) 4.89 +0.71

UM cell lines | C918 3.43+0.82 (84) 6.53 +1.30

(LM) OMM-1 | 4.47 +1.16 (84) 3.67 £ 0.58

Cell death mechanism in UM | Apoptosis (5.79- | Apoptosis (2.73-6.40-fold

cell lines (5 uM treatment for | 10.20-fold of control) | of control)

18 and 24 h, respectively) (84)

Inhibition of UM  cell | 0.23-0.73-fold of | 0.26-0.36-fold of control
migration (5 uM treatment for | control (84)
24 h)

Inhibition of UM reproductive | 0.02-0.29-fold of | 0.01-0.04-fold of control
cell growth (5 puM inhibitor | control (84)

for 24 h)

UM cell cycle | GO/G1 1.33-1.53-fold of | 1.19-1.75-fold of control
arrest (5 uM control (84)

treatment for 18 | G2/Mm 0.34-0.46-fold of | 0.26-0.74-fold of control
and 24 h, control (84)

respectively)

Tumour growth inhibition in | 0.30-fold of control | 0.23-fold of control (25
xenograft model group (15 mg/kg per | mg/kg per day for 14
day for 16 days) (84) | days)

HER2 is not activated by ligand binding but is instead a signal transducer that heterodimerises

with other ErbB receptors that are ligand activated (84, 166). Because EGFR was not detected in
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any of the four UM cell lines tested in this study (84), and HER4 is only expressed in two of the
four cell lines (data not shown), these receptors are unlikely to be required for the anti-UM

activity of lapatinib or afatinib.

HER?2 is an important driver of tumorigenesis in several cancers, including HER2-positive breast
cancers where its expression is amplified (167). HER2 overexpression or activation in breast
cancer is often accompanied by poor prognosis due to more aggressive and invasive behaviour
(168, 169). HER2 expression was inversely correlated with outcomes from breast cancer
treatment (170-172). HER2 activation is also associated with increased tumour size and
invasiveness (173, 174). In a large study (n=1,012), ~37% of patients with HER2 positive breast
cancer reportedly had brain metastases (175).

HER2 is linked to the activation of multiple downstream signalling pathways that regulate
tumorigenesis, including STAT1-regulated cascades (176-178). STAT1 regulates an array of
complex cellular processes, notably in tumour cells and in the immune system, as an anti-
proliferative and pro-apoptotic gene (179). STAT1 regulates cell cycle progression and the
inhibition of HER2 was found to increase STAT1 expression and promote cell cycle arrest by
downregulation of cyclin D1 (176, 180) which suppresses tumorigenesis (181, 182). STAT1
physically interacts with cyclin D and forms a complex with G: CDK to mediate IFN-y-
dependent G cell cycle arrest (176). STAT1 also regulates the transcription of Bcl-2 genes that
modulate apoptosis. Thus, the activation of STAT1 upregulates pro-apoptotic BAX and
downregulates the anti-apoptotic Bcl-2 and Bcl-XL (183). In the present study, lapatinib
promoted cell cycle arrest and apoptosis by decreasing the expression of cyclin D1 and the anti-

apoptotic Bel-XL.

HER?2 also regulates the AKT, ERK and PI3K-linked signalling pathways that modulate cell
proliferation, migration, and death (184) and that contribute to tumorigenesis in multiple cancer
types (56, 185). The overarching consensus is that the activation of HER2-AKT/ERK/PI3K
cascades increases cell proliferation, survival and migration (186-188). The present findings that
lapatinib impairs PI3K, Akt and ERK signalling downstream from HER2 are consistent with its
antiproliferative and antimigratory actions in UM cells.

Lapatinib has additional advantages that could facilitate its clinical translation. The anti-cancer

activity of lapatinib due to HER2 inhibition has been established in studies of HER2-positive
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breast cancer, including advanced metastatic disease (189-191). Lapatinib is currently
administered orally in a once daily dosage regimen (dose range 100 to 1,500 mg per day) and
produces Cmin values in the range 0.29-0.77 uM and Cax values in the range 0.70-5.63 uM (192,
193). These plasma concentrations likely fall within the range of those required for effective anti-
UM activity (Fig. 1). Lapatinib also crosses the blood brain barrier, because it has been shown
that brain metastases were decreased to 50%-53% of control in xenografted mice with metastatic
breast cancer (189). Noteworthy, lapatinib is also under clinical investigations for several other
solid tumours with high EGFR and/or HER2 expression (194).

The present study found that lapatinib decreased tumour cell migration, invasion and
reproductive growth, which suggests that the drug may be developed as an adjuvant therapy in
the prevention of UM metastases. The finding that the anti-cancer actions of lapatinib are
consistent with inhibition of HER2 and its downstream targets supports the potential utility of
lapatinib in UM (Fig. 9). And this finding is aligned with the report of Ma et al. that UM patients
with higher risk and lower overall survival rates are more susceptible to drugs including

lapartinib (195). Clinical trials to test this directly in UM patients may now be warranted.

It has been recognised that the usual systemic administration route may not be optimally
effective in delivering lapatinib to UM patients. However, with the development of drug
delivery technology, novel drug carriers may be used to facilitate the localised delivery of agents.
For example, nanoparticles can enhance drug permeability, increase stability and control release
rate; these are ideal carriers for targeted drug delivery. Specific nanoparticles, including albumin,
chitosan and other natural polymer nanoparticles, have been shown to effectively penetrate the
eye allowing for improved ocular drug delivery (196). Future studies are warranted to investigate
the suitability of this drug delivery route for lapatinib in the treatment of UM; however, this is

beyond the scope of the current study.
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Figure 9. The proposed mode of action of lapatinib in UM cell lines. Lapatinib inhibits HER2
and its downstream signalling along PI3K/AKT and Ras/MEK/ERK pathways. UM apoptosis is
activated by upregulation of BAX and STAT1 as well as a downregulation of Bcl-XL and cyclin
D1.

Key: intracellular p, phosphorylated residues in receptors; AKT: Protein kinase B; BAX: Bcl-2-
associated X Protein; Bcl-XL: B-cell lymphoma-extra-large; ERK: extracellular-signal-regulated
kinase; MEK: Mitogen-activated protein kinase kinase; mTOR: mammalian target of rapamycin;
RAS: RAS viral oncogene homolog; PI3K: Phosphatidylinositol 3-Kinase; RAF: rapidly
activated fibrosarcoma; STAT1, signal transducer and activator of transcription-1.
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This principal findings from the present study are that lapatinib is a potential candidate for the
treatment of UM, based on its anti-cancer and anti-metastatic activities in in vitro, ex vivo and in
vivo models. Importantly, the present study supports the assertion that HER2 is a promising
therapeutic target in UM. Taken together, lapatinib is a model HER2 inhibitor that is already
approved for the treatment of HER2-positive breast cancer that could now be evaluated further

in clinical trials in UM patients.
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Chapter 3: The Role of Autophagy in Human Uveal
Melanoma and the Development of Potential Disease

Biomarkers and Novel Therapeutic Paradigms

Abstract

Autophagy is a form of programmed cell degradation that enables the maintenance of
homeostasis in response to extracellular stress stimuli. Autophagy is primarily activated by
starvation and mediates the degradation, removal or recycling of cell cytoplasm, organelles and
intracellular components in eukaryotic cells. Autophagy is also involved in the pathogenesis of
human diseases, including a number of cancers. Human uveal melanoma (UM) is the primary
intraocular malignancy in adults and has an extremely poor prognosis; at present there are no
effective therapies. Several studies have suggested that autophagy is important in UM. By
understanding the mechanisms of activation of autophagy in UM it may be possible to develop
biomarkers to provide more definitive disease prognoses and to identify potential drug targets for
the development of new therapeutic strategies. This article reviews the current information

regarding autophagy in UM that could facilitate biomarker and drug development.

3.1 Introduction

Cellular homeostasis is controlled in part by the balance between protein synthesis and
degradation. The regulation of protein turnover is achieved through mechanisms that sense
environmental changes to activate protein synthesis or degradation (197). Autophagy regulates
the degradation, removal and recycling of intracellular components of the cytoplasm and other
organelles (198). There are three defined forms of autophagy: macroautophagy, microautophagy
and chaperone-mediated autophagy (CMA). Macroautophagy is the process in which
cytoplasmic cargo is delivered to lysosomes through double membrane-bound vesicles known as
autophagosomes. Vesicles fuse with the lysosome where enzymic protein degradation occurs. In

contrast, microautophagy is the process in which lysosomes take up cytoplasmic components
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directly through invagination of the lysosomal membrane. CMA is a secondary response to
starvation and, unlike the aforementioned processes, directly involves the translocation of
unwanted proteins to the lysosome under the control of chaperone proteins such as Hsc-70 (198,
199). In most cases macroautophagy is the primary means by which cytoplasm-to-lysosome

delivery occurs; therefore, macroautophagy is more commonly referred to as ‘autophagy.’

The autophagic program of cell degradation was initially thought to be a response to stimuli like
starvation to allow for recycling and regeneration of cellular macromolecules. However, recent
studies have shown that autophagy has a significant role in the maintenance of homeostasis, even
in non-starved cells (200). As such, autophagy has a greater physiological and pathological role
in higher eukaryotic cells, including the regulation of cell death, the elimination of
microorganisms, the control of intracellular protein and organelle turnover, adaptation to
starvation and ageing and tumour suppression (201, 202). Additionally, autophagy modulates
innate and adaptive inflammatory responses, antigen presentation, and pathogen clearance (203).
Age-related decreases in autophagic activity have been proposed to contribute to the
pathogenesis of ageing diseases (204). Taken together, autophagy plays a vital role in cell

homeostasis, and the dysregulation of autophagy is a feature of numerous diseases.

Human uveal melanoma (UM) arises primarily from melanocytes of the iris (accounts for ~6%
of UM cases), ciliary body (~4% of UM cases) and choroid of the eye (~90% of UM cases) (205).
The symptoms of UM mainly include blurred or distorted vision and visual field loss or
photopsia. However, patients may also be asymptomatic resulting in delayed diagnosis and
treatment. Furthermore, there is often a delay in treatment as multiple referrals may be required

before a diagnosis can be made (206).

UM consists of ~5% of all cases of melanoma and has an incidence that varies across different
regions, ranging from ~1 to 9 per million population per year. UM primarily impacts Caucasians,
which aligns with the risk factors of fair skin, light-coloured eyes and certain hereditary
conditions such as the BAP1-tumour predisposition syndrome. Additionally, most UM patients
are between the age of 50 and 70 years, and the incidence in adolescents is very low (<1%) (103,
207, 208). The incidence of UM is increased at higher latitudes (209).

While relatively rare, UM is lethal and has a high mortality rate, of ~30% at 5 years and ~45% at
15 years (210). Moreover, UM has a high metastatic rate of ~50%, with the liver being the most
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common target organ; in metastatic disease the median survival is ~4-5 months with a 1-year
survival rate of 10-15% (205).

The high mortality rate in UM patients is primarily due to a deficiency of information regarding
its pathogenesis and the absence of effective treatments (48). Current approaches to treat primary
UM mainly include enucleation and conservative treatments such as brachytherapy and
radiotherapy. However, in many cases, tumours may have already metastasised or advanced
locally to the point where conservative treatment is no longer effective. At present validated
methods to diagnose the early onset of disease are not available (1, 111, 211). Thus, there is an
urgent need to develop new prognostic methods and therapeutic approaches in UM. Literature
indicates that autophagy is important for developing biomarkers and identifying therapeutic
targets in UM. Thus, this review summarises the current information regarding autophagy in UM

that may provide insights in its diagnosis and treatment.

3.1.1 Selective and non-selective autophagy

Due to differences in the stimuli for initiation, autophagy is often classified into selective and
non-selective autophagy. Non-selective autophagy is essentially a sequestration and bulk
degradation system in which cells turn over and intracellular components are recycled (201, 212).
Non-selective autophagy is activated in response to starvation to maintain the cellular supply of
lipids, amino acids, carbohydrates, and nucleotides. On the other hand, selective autophagy is
activated when there is a need to remove or recycle harmful or unwanted cellular components.
Thus, autophagy maintains the quality control of organelles and cellular structures, including
cytoplasmic aggregates, endoplasmic reticulum, exogenous proteins, lipid droplets, mitochondria,

peroxisomes and ribosomes (213).

Although different signals activate the alternate forms of autophagy, selective and non-selective
autophagy utilize common machinery (214). The major distinction between non-selective and
selective autophagy is the ability to distinguish functional and non-functional organelles or
misfolded and correctly folded proteins. The criteria that enable these distinctions to be identified
in cells remain largely unknown. However, it has been hypothesised that the cargo itself provides
the template that determines the dimensions of the phagophore through specific membrane

protein recognition (213-215). This is the ‘“cargo-ligand-receptor-scaffold” model. The
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interaction between the receptor and scaffold controls cargo recruitment to the phagophore
assembly site, where an autophagosome forms. The cargo-ligand-receptor-scaffold model allows
selective autophagy to meet at least three essential criteria that differ from non-selective
autophagy: (1) the cargo must be specifically recognized, (2) the cargo must be efficiently
transported to a new autophagosome and (3) non-specific material must be excluded from the
autophagosome (216). In selective autophagy, the autophagosomes are smaller and are more

tightly bound to the cargos.

In yeast, autophagy-related protein (ATG)-11 is the most common scaffold protein that is
involved in several types of selective autophagy, e.g., the cytoplasm-to-vacuole targeting
pathway, mitophagy (the removal of damaged mitochondria), and pexophagy (the turnover of
peroxisomes). However, a functional counterpart of ATG11 is yet to be discovered in mammals.
Nevertheless, it is known that in both yeast and mammals, the receptor proteins subsequently
bind to ATG8, which is one of the LC3 family proteins, through either the AIM (Atg8-family-
interacting motif) or LIR (LC3-interacting region) sequence. AIM and LIR allow for direct
binding of cargo to the autophagy machinery (217).

3.1.2 Autophagy pathway

The autophagy pathway can be separated into three main stages: the formation of the phagophore,
autophagosome establishment and autolysosome formation/material degradation (Fig. 10) (214).
During the first stage, an isolation membrane (or phagophore) is formed using lipids from the
endoplasmic reticulum (ER), Golgi apparatus or endosome. The phagophore then elongates and
engulfs intracellular components such as protein aggregates, organelles, and ribosomes.
Membranes closes and are then fused with lysosomes to form autolysosomes contain the
enzymes that degrade autophagic cargos (218).

Autophagy commences with the activation of Unc-51-like kinase 1 (ULK1) and -2 (ULK2) and
the formation of complexes with ATG proteins in mammalian cells. For example, ATG9 mediates
elongation of the initial sequestering compartment and phagophore formation. The class 111 PI 3-
kinase complex | (PIBKC3-C1l) is then activated by ULK1 and phosphorylates
phosphatidylinositol (PI) on the endosomal membrane to generate PI-3-monophosphate (PI3P), a

key membrane marker for intracellular trafficking and autophagosome formation. Two other

60



ATG proteins — ATG8 and ATG12 - are the drivers of autophagosome formation (213, 214, 219-
221). This process is modulated by the AMP kinase/mammalian target of rapamycin
(AMPK/mTOR) pathway that regulates ULK1 (214, 221). Disruption of the autophagy pathway
may lead to the development and progression of human diseases, particularly cancers and

neurodegenerative diseases (222).
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Figure 10. Overview of the autophagy pathway. Unc-51-like kinase 1 (ULK1) and -2 (ULK2)
activate autophagy by binding with ATG9, to form pre-autophagosomal structures that separate
from the endoplasmic reticulum (shown here), Golgi apparatus, mitochondrion, or recycled
endosomes. Pre-autophagosomal structures then assemble to form phagophores that activate
ATG12. Lysosomes fuse with an autophagosome to produce an autolysosome so that the enclosed

cargo may be lysed and then either recycled or removed.
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3.2 Autophagy in human diseases

As a key mechanism in the maintenance of homeostasis, autophagy regulates cellular energy
production and macromolecular synthesis through pro-survival pathways. Autophagy is
dysregulated in human diseases, including cancer (e.g. prostate, breast, ovarian) and
neurodegenerative disease (e.g. Alzheimer's and Parkinson's disease) (223). The evidence that
autophagy participates in numerous disease processes underscores its importance as a potential
target for disease treatment.

3.2.1 Autophagy in cancers

The role of autophagy in cancer is somewhat controversial. Some studies suggest that autophagy
is a pro-tumorigenic mechanism because it enables metabolite recycling and supports tumour
metabolism, which increases cancer cell survival. Other studies suggest that autophagy acts as a
tumour suppressor that prevents cancer initiation by facilitating the elimination of misfolded or

aggregated proteins and damaged organelles (224),

In immortalised mouse kidney cell lines, autophagy is activated in response to long-term
starvation, which decreases cell size. This suggests that the clearance of cytosolic proteins and
organelles may aid survival under conditions where apoptosis is inhibited (225). Because defects
in apoptosis can promote tumorigenesis, the activation of autophagy is required for the removal
of defective intracellular molecules that may otherwise promote tumorigenesis (226). The
inhibition of autophagy leads to the accumulation of unnecessary cytosolic materials and
promotes metabolic stress (227, 228). The BECN1 gene encodes the major autophagic regulator
beclin-1 (also known as ATG6), and defective beclin-1 can inactivate autophagy (229).
Autophagy may be inactivated either directly - via allelic loss or defective BECN1 or ATG6 - or
indirectly - through constitutive activation of the pro-survival phosphatidylinositol 3-kinase
(PI13K) pathway (230-232). Bhutia et al. found that autophagy was attenuated by oncogenic
mutations during tumour initiation (20). Importantly, the BECN1 gene is deleted in around 50%
of breast, ovarian and prostate cancer cases (233, 234). Bax-interacting factor-1 (Bif-1) has a role
in membrane dynamics and is another important gene that modulates apoptosis and autophagy.

Bif-1 production is decreased in gastric and prostate cancer and Bif-1 null mice show increased
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susceptibility to tumorigenesis (235). These findings are consistent with an anti-cancer role for

autophagy.

On the other hand, there is also evidence that autophagy is pro-tumorigenic. Because autophagy
maintains access to nutrients and removes unwanted cellular material, this can increase the
resilience of the tumour cell to metabolic stress, such as hypoxia (226, 236). Furthermore,
autophagy allows tumour cells to self-digest during prolonged stress, which prevents cell
division and promotes dormancy (226). Such cells retain the capacity to resume growth and
tumorigenic activity once conditions have normalized (224). In support of this contention,
Degenhardt et al. (226) reported that the inhibition of autophagy in cells in which apoptosis is
defective, promoted tumour cell death, suggesting that autophagy may disrupt tumour
suppression. Finally, deletion of the autophagy regulator FIP200 gave rise to multiple defects in
autophagy leading to tumour suppression in the MMTV-PyMT mouse model of breast cancer.
Gene expression profile of the tumours in mice determined that loss of FIP200 had no effect on
apoptosis within the tumour site but increased immune responses through genome-wide
alteration of genes encoding proteins involved in response to Type I interferons (IFN) stimulation
and other immune responses such as immune cell infiltration and cytokine production and

facilitated the removal of malignant cells (237).

Although it remains unclear why autophagy exhibits different actions at different stages of
cancers, this information may have prognostic value. For example, different autophagy-related
genes (ARGs) have recently been found to correlate with patient survival profile and may be
further developed as tumour biomarkers in breast, glioblastoma, and colon cancer (238). The role
of calcium in tumour prognostics has also been explored with the focus on autophagy. As BAP1
along with other tumour suppressors regulate calcium release from the ER to drive cell death.
Truncating mutations in the tumour suppressor gene BAP1 increased susceptibility to developing
malignant pleural mesothelioma (MM). Findings show BAP1 mutations resulted in
downregulation of calcium dynamics and as autophagy is regulated by these cellular processes, it
is hypothesised BAPland autophagy may be a regulator of MM development (239, 240).
Mutations within oncogenes such as the splicing-factor-3B-subunit-1 (SF3B1) has been studied
as a novel treatment target associated with autophagy. Fuentes-Fayos et al. demonstrated
inhibition of SF3B1 bring about significant alterations within the AKT-mTOR and [3-catenin
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signalling pathways which is closely associated with glioblastoma (GBM) progression and
initiation while also having direct involvements with autophagy regulations suggestive of
changes in SF3B1 can influence GBM through autophagic pathways (241, 242). Autophagic
processes has also been widely explored in other melanomas such as cutaneous melanoma (CM).
Being the most common type of melanoma, connection between autophagy and CM has
comprehensively examined. Although the precise function and effect of autophagy in CM
remains controversial with reports of it being both tumorigenic and tumour suppressive (243),
further studies have indicated one of the most common mutations occurring in CM — the
BRAFV®%E mutation is closely related to inhibition of autophagic cell death through transcription
factor EB (TFEB). Li et al. demonstrated BRAFi induced autophagy through activation of TFEB
via ERK signalling pathway inhibition (244). Furthermore, a key autophagy regulator, AMPK, is
inhibited by BRAFV®%E activity hereby promoting melanoma cells proliferation (245). Herewith,

demonstrating the diversity of autophagy in different cancers.

Autophagic mediators are potential targets for cancer prognosis and the development of new
therapeutics in common cancers, but little is known about their role in rare cancers. Human UM
is a rare cancer and several studies have explored the potential of ARGs as prognostic

biomarkers in UM.

3.3Autophagy in uveal melanoma

3.3.1 Current treatments affecting autophagy in UM

Although autophagy has been extensively studied in various cancers. Being a rare cancer, the
concept of autophagy largely remains unexplored in UM. UM is characterised by genetic
mutations to the paralogous guanine nucleotide-binding protein Gqg subunits alpha and alpha-11
(GNAQ and GNA11, respectively) which are observed in 80-90% of tumours (11, 246).
However, despite the high incidence of GNAQ/GNA11 mutations, overall UM has a relatively
low mutational burden so that targeted treatments based on genetic driver mutations have been
difficult to identify (247). Recent studies have suggested that GNAQ/GNA11 and autophagic
pathways may be linked. Ambrosini et al. demonstrated that signalling by mutant
GNAQ/GNA11 was impaired by the MEK inhibitor selumetinib and the AKT inhibitor MK2206.
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AKT and MEK are different signalling pathways that converge at GNAQ/GNA11. Therefore,
when inhibitors of these two pathways are used together, there is a synergistic increase in
autophagic cell death through activation of AMPK (55). Furthermore, the combination inhibited
tumour growth in xenograft mouse models (55) . These effects were genotype dependent because
the autophagic markers beclinl and LC3 were induced in GNAQ-mutant cells, whereas apoptotic
cell death was activated in BRAF-mutant cells, and cells without either mutation underwent cell-
cycle arrest (55). Similar findings were noted with the MAPK inhibitor trametinib in
combination with the autophagy and lysosomal inhibitor, chloroquine (248). These apparent
links between GNAQ/GNA11-driver mutations and autophagy now warrant further research to

identify potential new treatments in UM.

In PDX isolates of UM, neratinib caused the internalization and degradation of GNAQ and
GNA11l that was enhanced by the histone deacetylase inhibitor entinostat (249). Down-
regulation of GNAQ and GNA11l required Beclinl and ATG5 (249). The combination of
neratinib and entinostat engaged multiple pathways to mediate killing, including ROS-dependent
activation of the ATM kinase via the AMPK-ULK1-ATG13-Beclinl/ATG5 axis (249). Knock
down of ATM, AMPK or ULK-1 prevented ATG13 phosphorylation and the degradation of RAS
and Galpha subunits (249). Over-expression of activated mTOR prevented ATG13
phosphorylation and suppressed killing (249). Thus, neratinib and entinostat down-regulates
oncogenic RAS and the oncogenic drivers present in most UM tumours and promotes autophagic
cell death (249). Indeed, targeting dysregulated AMPK-linked cascades may represent a new
strategy in UM treatment. Thus, metformin - an adenosine monophosphate-activated kinase
(AMPK) activator — inhibited the proliferation and migration of ocular melanoma cells both in
vitro and in vivo and attenuated autophagic influx (250). It would be of potential interest to

pursue these observations and assess whether they may be new treatment modalities in UM.

Natural compounds have is also in the spotlight as potential treatment options for UM. The
compound (—)-4-O-(4-O-B-D-glucopyranosylcaffeoyl) quinic acid (QA) derived from the
endophytic fungus Penicillium sp.FJ-1 of Avicennia marina has its effects explored on UM.
Treatment with QA demonstrated potent anti-proliferative effects in a concentration dependant
manner. Cell autophagy was induced through up regulating mRNA expression of Beclin-1 and
down regulation in LC-3, P62and PI3K signalling pathway. This effect was further analysed on
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in vivo xenograft mouse models where QA not only decreased tumour volume compared to

vehicle but also increased pro-apoptotic protein expression causing overall cell death (251).

Nonetheless, the conflicting nature of autophagy on tumour progression, survival and
suppression is also present in UM. The protective effect of autophagy was elucidated in UM
through Annexin A2 receptor (AXIIR). Zhang et al. validated the dual effect of AXIIR in UM.
Although overexpression of AXIIR through plasmid transfection resulted in overall decrease in
cell viability through apoptosis, this effect was reduced with the activation of autophagy. The use
of autophagy inhibitor on AXIIR overexpressed cells resulted in a greater apoptotic death
suggesting autophagy to resume a cellular protective role (252). Similarly, novel drug therapy
study using the autophagy inhibitor elaiophylin resulted in induced cell death in UM cell lines
C918, OCM-1A and Mel270 but not healthy retinal cell line ARPE-19. Treatment with
elaiophylin generated oxidative stress and mitochondrial dysfunction while causing the inhibition
of mitochondria autophagy. The resulting oxidative stress caused subsequent accumulation of
defective mitochondria and ultimately cell death. The treatment result further translated into in
vivo xenograft mouse models where treatment with elaiophylin caused reduction in tumour size
compared to control as well as displayed an increase in apoptotic TUNEL positive cell indicative
of apoptosis (97). Previous studies have linked autophagy with the resistance of tumours to
chemotherapy (253). The selamectin and cisplatin combination showed a synergistic effect in
inhibiting UM cell growth and in tumour-bearing nude mice in vivo (253). Selamectin inhibited
the expression of ATG9B, thus decreasing autophagy (253). The cisplatin resistance-associated
genes PDGFRB, DUSP1, MAST1 and IL11 were also downregulated in UM cells treated with
selamectin (253). These findings provide counter arguments for autophagy in UM. Admittingly
autophagy in UM remains disputed, therefore new definitive markers for prognosis and treatment
is in need to aid in patient survival. Below this review will examine the novel findings for UM

biomarkers.

3.3.2 Protein based UM autophagy biomarkers

There is an urgent need for new prognostic approaches in UM for potential diagnostic and
prognostic tool that also serve as treatment markers. Protein mutations as exampled in table 1 are

apparent in majority of cancers including UM and can serve as both diagnostic tool as well as
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target for novel drug therapies. Ealy intervention could prohibit the development of metastatic

disease and improve survival rates.

A promising autophagy-related biomarker is Beclin-1, which is encoded by the BECN1 gene on
chromosome 17921 (Table 1). BECNL1 is essential for autophagosome formation because it
facilitates the recruitment of other ATG proteins. Deletion of BECN1 has been reported in human
breast, ovarian and prostatic cancer cell lines and BECNI+/— mutant mice exhibit a high
incidence of spontaneous tumours, which implies a tumour suppressor function for autophagy
(254). In UM BECN expression is associated with a lower risk of metastasis and an increase in
disease-free survival (254). Giatromanolaki et al. explored the potential role of BECN1 as a
prognostic marker in cohort of 99 UM tumours following enucleation. Survival analysis showed
that both under- and over-expression of BECN1 was associated with metastasis and poor disease
survival. However, under-expression of BECN1 was related to a slower rate of initial metastasis
rate than with overexpression of BECN1 (255). At present the role of beclin-1 in cancer is not

completely clear but it remains a potential biomarker in UM.

The BCL2 19 kD protein-interacting protein 3 (BNIP3) has been assessed as a potential
prognostic biomarker for UM (Table 1). BNIP3 is a BH3 containing protein from the BCL-1
family that modulates cell death, autophagy and cytoprotection. BNIP3 possess the BH3 domain
(Bcl-2 homology) that is common to both pro- and anti-apoptotic bcl-2 family proteins. However,
unlike other Bcl-2 proteins, BNIP3 interacts directly with other BCL-2 family members via its
C-terminal transmembrane domain rather than the BH3, which underlies its dual effects on cell
survival (256). Apart from activation of apoptotic pathways through Bcl-2, upregulation of
BNIP3 also induces mitochondrial depolarisation and autophagy (257). Studies in breast cancer
and malignant glioma have reported that increased BNIP3 decreased metastasis and improved
outcomes (258, 259). However, conflicting reports in salivary adenoid cystic carcinoma and non-
small cell lung cancer have also appeared (260, 261). In these tumours increased BNIP3 led to
poor prognosis and decreased metastatic free survival. Similar findings were made in the cohort
study of Jiang et al. who found that high expression of BNIP3 was associated with hyper-
pigmentation, deeper scleral invasion and a poor prognosis in UM (262). BNIP3 detection could
help stratify high-risk patients and identify new therapies targeting BNIP3 as a promising
approach to treat UM (262).
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Autophagy is also modulated by the PI3K/AKT/mTOR, p53, MAPK and NF«xB signalling
pathways (Table 1) (263-265). Protein tyrosine kinase 6 (PTK6) is an mTOR regulator and
promotes breast, colorectal and lung tumorigenesis by activating multiple signalling pathways
(266-268). Although PTKG®6 has been explored in other cancers its involvement in UM is yet to be
fully investigated. However, Liu et al. reported that increased PTK6 expression in UM cells was
associated with a poor prognosis (269). Increased PTK6 activates mTOR and inhibits autophagy
which increases tumorigenesis by promoting the proliferation, migration, and invasion of UM
cells and inhibiting autophagy (269). PTK6 binds to SOCS3 in UM cells so that targeting the
SOCS3-PTK® signalling axis might be a novel and promising therapeutic strategy for patients
with UM (269). Mutations in the BRAF gene are common in cutaneous melanoma but not in UM
(270). However, from gene profiling studies this mutation was detected in some cell lines (271-
273). Indeed, in BRAF V600E mutant UM cells vemurafenib produced cell death by inhibiting
BRAF and mTOR (274). Thus, the mTOR-linked signalling pathway is implicated in UM

survival.

Table 2. Summary of key genes/proteins as potential late biomarkers for autophagy.

Gene/protein Physiological Clinical advantage/disadvantages Reference
role(s)

BECN1/Beclin-1 |- Important in | - A key component of autophagy, a | (254,
formation of | promising prognostic factor 255)
autophagosomes

- Inconclusive role in tumorigenesis

BCL2 19 kD |- A BCL-1 family | - may enhance tumour killing effect | (256-258,
protein- member 260, 262)
interacting - Hard to be therapeutic target as
protein 3 (BNIP3) | - Modulates cell | many Bcl-1 family proteins with
death, similar functions

mitochondrial
depolarisation and

autophagy
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Mammalian - Important for cell | - Well studied with detailed and | (263-265,

target of | survival and cell | readily available pathways and | 269, 270,
rapamycin death pharmacotherapy 274)
(mTOR)

- May have off-target effects due to
versatility

3.3.3 Gene based UM biomarkers

With advancement in technology, patient-based tumour gene sequencing and related therapies
have become more mainstream. Early identification of genetic mutation and variation can serve

as prognostic and treatment tool to aid in patient recovery and minimise metastasis.

ARGs have been evaluated increasingly as potential cancer biomarkers (226, 228, 229, 236). In
recent years, several ATG genes have been identified as potential biomarkers for use in cancers
such as breast cancer, colon cancer and glioblastoma (275-277). ATG genes and other ARGs
could also be developed as UM biomarkers. Recently, Zheng et al. identified a robust 9-ARG
signature that was prognostic of survival in a cohort of 230 patients with UM (278). The Cancer
Genome Atlas (TCGA) UM cohort was used as a training set to identify the signature that was
then validated using four other cohorts of 150 UM patients (278). The 9-ARG signature was
distinctively enriched in high-risk UM patients and was associated with several cancer hallmarks,
including angiogenesis, IL6-JAK-STAT3 signalling, reactive oxygen species production and
oxidative phosphorylation, as well as immune-related functional pathways and immune cell
infiltration (278). Moreover, the ARG signature seemed to distinguish between low- and high-
risk UMs (278). Although the small sample size in the investigation highlights the need for

caution, ARG analysis could well be a promising new approach for further evaluation in UM.

Autophagy-associated long non-coding RNA (IncRNA) may also be potential prognostic
indicators in UM (Table 2). IncRNA are RNAs of 200 nucleotides or longer that do not encode
protein and that were previously considered to be transcriptional noise (279). However, INcCRNA
may be important in cellular development, including epigenetics, chromatin remodelling and
genetic imprinting (280, 281). Dysregulation of IncCRNA is associated with tumorigenesis (282-
284). Multiple IncRNA are linked to epigenetic and genomic modifications, and are both tumour
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suppressors and oncogenes (285). Detailed analyses, such as that performed by Li et al., have
demonstrated that induction of the IncRNA ZNNT1 by rapamycin upregulated ATG12
expression in UM cells and inhibited tumorigenesis by activating autophagic cell death (286).
Specific INcRNA might be developed as biomarkers and treatment targets of UM (287, 288).
Another novel discovery of LnRNA is LINC01278. This gene is closely related to autophagic
genes in UM and acts as a double-edged sword where it can promote tumour metastasis, on the
other hand, LINC01278 inhibited the progression cancer progression through MiRNA activation.
Liu et al. discovered the inhibitory effects of LINC01278 on UM. resulting data proposed
LINCO01278 to have inhibitory effects on UM where overexpression caused decrease in
proliferation, migration, and invasion levels of UM cell line OCM-1 and MUM-2B. This was
done through activating the autophagic pathway with P62 up regulation and decreasing LC3
[1/LC3 ratio along with mTOR signalling pathway. This finding was also translated onto
xenograft mouse models where upregulation of LINC01278 reduced the volume and weight of
tumour compared to control. With these as the basis, more research into the insight of the
function and use of LnRNA is encouraged to uncover potential diagnostics and treatment options
for UM (289).

Like the IncRNA, micro-RNA (miRNA) may be potential UM biomarkers and anti-cancer drug
targets (Table 2). miRNAs are single non-coding strands of 21-23 nucleotides that modulate gene
expression by regulating mRNA decay or translation inhibition/activation (290). An individual
miRNA can target multiple genes — a property that may be advantageous in the development of
new anti-cancer therapies (291). Targeting miRNA has been evaluated in gastric cancer,
hepatocellular carcinoma, lung cancer and oesophageal cancer (292-295). Multiple miRNAs
appear to be dysregulated in UM (296-298). Certain miRNAs are potential prognostic markers
for UM and clustering tumours according to miRNA expression appears to correlate with
metastatic risk (299, 300). Wu et al. found using cell and mouse models that overexpression of
miRNA miR-608 down-regulated the tumour promoting gene HOXC4, that was attenuated by
overexpression of metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), which is
implicated in cancer as a pivotal regulator of pro-tumorigenic signalling (301). Knockdown of
HOXC4 suppressed UM cell migration, proliferation, invasion and cell cycle progression (81).

Targeting MALAT1 may be a viable approach in the development of new UM treatments.
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MALAT1 was upregulated in UM tissues and its knockdown has been found to suppress UM cell

proliferation, colony information, invasion and migration (302).

Drug treatments that modulate miRNA expression have also been explored to some extent and
exhibit promising activity. Sun et al. evaluated the flavonoid genistein in UM. Inhibition of UM
cell growth by genistein was time- and dose-related (303). In in vivo studies genistein inhibited
xenograft growth (303). Genistein modulated miR-27a expression and, in turn, the Zinc Finger
And BTB Domain Containing 10 gene that regulates RNA polymerase related DNA transcription
(303). Further study is now warranted to evaluate other miRNAs in UM progression, and

whether they may be targeted for therapeutic purposes.

Genetic profiling with the ever-expanding patient database is becoming the frontiers of cancer
research. correlation between genetic mutations and patient prognosis has been utilised in many
cancers, however, this area of study is still generally lacking in UM (table 2). With increased UM
patient data, this field of research will provide imperative information to the diagnostics and
treatment paradigm of UM. By using the TCGA-UVM gene database then validating it with gene
expression database (GSE84976, GSE 22138) Liu et al. was able to successfully correlate
autophagy and immune related genes to reveal four novel genes: PRKCD, MPL, EREG, and
JAG2 in UM that has been correlated with prognosis in other malignancies (304). The risk scores
generated for the four genes are closely related to chromosome 3 status and was an accurate
interpretation of patient prognosis when used in the three patient databases. Further correlation
identified immune changes such as fraction of CD4, CDS8, regulatory T cell and NK cell
activation, monocytes, macrophages M1, and mast cells in the high-risk score group to
significantly differ from UM patients in the low-risk score group. Additionally, association
between drug resistance of two common drug among the three database and risk score
determined significant differences in drug sensitivity where high risk group could be more

sensitive to chemotherapy (304).

Overall, multiple potential prognostic biomarkers that regulate autophagy in UM have been
found. Greater understanding of the molecular roles of autophagy and its regulation in UM could
clarify whether these proteins may be useful in understanding and diagnosis of UM progression

and whether they may be potential drug targets.
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Table 3. Summary of key genes/RNAs as potential biomarkers for autophagy.

Gene/RNA | Physiological role(s) Clinical advantages/disadvantages | Reference
Autophagy | - Set of genes required for | - Multiple targetable genes allow | (226,
related autophagy. for combination therapy. 228, 229,
genes 236, 278)
(ARGS) - Mutations of ARGs may | -  Ubiquitous,  difficult to
result in issues with the | differentiate tumour from healthy
autophagy process. cells.
Long non- | - Non protein coding RNA. | - Multiple targetable genes allow | (279-281,
coding for combination therapy. 285, 287,
RNA - Effect on cellular 288)
regulatory functions. - Mutations in the genes allow for
targeted therapy.
- Involved in cellular development,
such as epigenetics, chromatin
remodelling and genetic
imprinting.
Micro - Highly conserved non- |- Multiple targetable genes may | (290,
RNA coding RNA molecules. allow for combination therapy. 291, 293,
(miRNA) 296, 299,
- Involved in the regulation | - Difficult to be considered as a | 300)
of gene expression. target for pharmacotherapies due to
its versatility in the body.
Genetic Mutation  identification | Can  pinpoint UM  based | (304)
profiling through  high  output | mutation. On different cell lines
methods. Can easily verify findings on
different databases.
Genetic mutation can| May not translate directly into

result in cancer formation.

clinical situation.
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3.4 Conclusion

Autophagy is a key process in cellular homeostasis and its activation promotes the degradation
and recycling of damaged cells, abnormal cellular material and removal of toxic materials. The
activation of autophagy is implicated in a number of cancers, including UM. Although its
function in UM remains largely under-defined, autophagy mechanisms and mediators have
emerged as promising therapeutic targets that could be used to develop new treatment options for
UM where there are no effective drugs at present. As key autophagy-related genes, RNAs and
proteins may have distinct roles in tumour and non-tumour cells (e.g., mutations impacting on
function), targeting these genes/proteins/RNAs may be a viable way to develop therapeutics for
tumour cells. In addition, identifying novel biomarkers based on autophagic mediators may be

used to prolong patient survival where currently the prognosis is bleak.
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Chapter 4: The novel kinase inhibitor UC2288 as a potential

drug for human uveal melanoma

Abstract

Purpose

Uveal melanoma (UM) is the most common intraocular malignancy in adults, characterized by a
poor prognosis and a high metastatic rate. While non-pharmacological therapies exist, they are
often ineffective in preventing metastasis, the leading cause of mortality in UM patients.
Currently, limited drug treatment options are available, and clinical trials have vyielded
disappointing results, underscoring the urgent need for effective therapeutic agents. In this

context, we investigated UC2288, a novel compound, for its potential efficacy in treating UM.
Methods

The anti-cancer effects of UC2288 were evaluated both in vitro and ex vivo using various assays,
including assessments of cell viability, cytotoxicity, cell cycle progression, and cell
migration/invasion. Key signalling pathways implicated in UC2288's anti-cancer effects were
analysed via Western blotting. In vivo efficacy was determined using primary UM tumour
xenograft mouse models, with anti-tumour effects assessed through the Xenogen Living Image

system and immunohistochemical staining of relevant markers and tissues.
Results

UC2288 rapidly reduced cell viability, induced cytotoxicity, increased reactive oxygen species
(ROS) production, directly affected mitochondrial membrane potential in UM cells, and
activated endoplasmic reticulum (ER) stress-related signalling proteins. Notably, UC2288
induced S-phase cell cycle arrest, inhibited cell migration and invasion, and suppressed
clonogenic growth. These effects were further confirmed by Western blot analysis using
pathway-specific markers. Consistent observations were achieved in both patient-derived

primary tumour cell samples and xenograft mouse models.

Conclusion
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Our data indicate that UC2288 is an effective anti-UM therapeutic agent capable of targeting
both primary and metastatic tumours. The induction of ER stress may be a key mechanism
underlying UC2288's action in UM. Importantly, UC2288 demonstrated tumour selectivity both
in vitro and in vivo, making it a promising candidate for UM therapy.

4.1 Introduction

Uveal melanoma (UM) is the most common intraocular cancer in adults with an incidence rate
of 5-8 cases per million (305). Literature indicated that UM occurs more frequently in
Caucasians with light pigmented eyes compared to other ethnic groups (305). UM occurs equally
in both genders but more in patients with older age (a median presenting age of approximately 59
years old). Approximately 90% of the tumours develop posteriorly in the choroid, 7% in the
ciliary body and 3% in the iris (305). UM tumours often develop asymptomatically in its location,
resulting in a delay in diagnosis and treatment. It has a poor prognosis with up to 50% of patients
ultimately developing metastasis to the distal organs (1). As metastasis spread haematogenouly
with the most site being the liver (~93%), followed by the lung (~24%) and bones (~16%) (306).
The survival rate of UM patients drastically decreases in the presence of metastasis (4). Thus,
metastasis is the leading cause of death in UM patients. A meta-analysis concluded that the
median progression free survival (PFS) of UM is 3.3 months, and the median overall survival
(OS) is about 10.2 months in metastatic UM patients (307). It has been recognised that delays in
diagnosis and treatment significantly contributes to the elevated metastatic chance (a 5% increase

of metastatic rate in patients with every 1 millimetre increase in tumour size) (8).

UM pathogenesis remains poorly understood, which largely hinders its therapeutic development.
The primary therapeutic options for UM are non-pharmacological. Local treatments such as
brachytherapy, laser therapy and surgery have been extensively applied and evaluated for their
efficacy and patient outcomes (19). As described in the literature, local treatments are often
deemed effective for the primary tumours while preserving the function and structure of the eyes.
At present, brachytherapy has been well established with a relatively low chance of recurrence.
And the newly developed regimens such as proton beam therapies are advantaged in delivering
high doses of radiation to larger tumours without compromising healthy tissue structures (308,
309). Yet the metastasis rate remains high in UM patients despite their primary tumours have
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been treated. This may largely be due to the micro-metastasis already present at the time of
diagnosis (310).

On the other hand, a lot of attempts have been made to explore drug therapies against UM. Most
of drug candidates showed poor clinical outcomes in UM patients (48) and there are very few
options showed promises. Studies and trials targeting well recognised UM mutations such as
GNAQ/11 and BAP1 has yielded disappointing results and common targeted anti-cancer
therapies such as EGFR inhibitors, VEGF inhibitors and small molecules inhibitors failed to
show consistent results in improving the overall patient outcomes in UM (52, 63, 67, 71).
Moreover, drugs that are effective in treating cutaneous melanoma and other cancers, showed
minimal effectiveness in UM, mainly due to the distinct tumour biology and ethology of UM
from other cancer types. Till now, tebentafusp has been clinically approved for unresectable
metastatic UM (46). However, its clinical outcomes are unsatisfied as it only mildly increases the
PFS and OS of UM patients, and is only effective for HLA-A*02:01 positive patients (46). Many
other candidate drugs including those targeting various oncogenic receptors, have shown poor
results in tumour control and patient outcomes (48, 311). Thus, there is an urgent need to explore

new and effective therapeutic agents for primary and metastatic UM.

Our preliminary study evaluated the influence of several chemical compounds on the viability of
UM cell lines (Suppl. Fig. 1). We found that UC2288 compound has the relatively more potent
effect across all the cell lines tested. Thus, in this study, we further explored the anti-cancer and

anti-metastatic effect of UC2288 in in vitro, ex vivo and in vivo UM models.

4.2 Materials and methods

4.2.1 Reagents

6-CHLOROMETHYL-2",7-DICHLOROD (CM-H2DCFDA), AlamarBlue Cell Viability
Reagent, CyQUANT LDH Cytotoxicity Assay, Dimethyl sulfoxide (DMSO), Dulbecco's
Modified Eagle Medium (DMEM), eBioscience Annexin V-FITC Apoptosis Detection Kit, L-
Glutamine, Penicillin-Streptomycin (P/S) and Roswell Park Memorial Institute Medium (RPMI-
1640) were purchased from Thermo Scientific (Lidcombe, NSW, Australia). Foetal bovine serum

was purchased from CellSera (Rutherford, NSW, Australia). Thiazolyl blue tetrazolium bromide
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(MTT) was purchased from Chem-Supply (Gillman, SA, Australia). PVDF membranes were
purchased from Merck Millipore (Bayswater, VIC, Australia). JC-1 was obtained from Sapphire
bioscience (Redfern, NSW, NSW).

4.2.2 Cell lines

The 92.1 cell line was obtained from Prof. M.J. Jager (Leiden University Medical Centre, Leiden,
Netherlands) and the OMM2.5 cell line was a kind gift from Dr. S Manisha (University of
Melbourne, Melbourne, Australia). MI10-M1 and ARPE-19 cell lines were kindly provided by
Prof. M Gillies (Save Sight Institute, Sydney, Australia). All cell lines were authenticated by
Australian Genome Research Facility, Urrbrae, Australia) every 6 months and routinely checked
for mycoplasma every 3 months with MycoAlert Mycoplasma Detection kit (Lonza, Mount
Waverley, VIC Australia). 92.1 and OMM2.5 are cultured in RPMI medium supplemented with
10% heat-inactivated FBS (v/v), 1% P/S and 1% L-Glutamine. MIO-M1 and ARPE-19 cell lines
are maintained in DMEM medium plus 10% FBS, 1% P/S and 1% L-Glutamine. All cells are
incubated at 37°C in a humidified incubator with 5% CO.. All cells are used within 30 passages

to ensure uniformity in DNA sequence.

4.2.3 Cell viability assay

MTT assay was performed as the primary cell viability assay as described previously (312). Cells
were seeded onto 96 well plate with confluency of 90% after overnight incubation. Cells were
treated with UC2288 dissolved in DMSO and diluted with respective medium supplemented with
1% FBS. MTT (0.5mg/ml) is added after treatment for 24 hours and incubated for 1 to 4hours.
Cells are then dissolved with DMSO to release the purple crystalline and shaken for 5 minutes at
room temperature. Absorbance is measured at 550nm in the Multiskan SkyHigh Microplate
Spectrophotometer (Thermofisher, Lidcombe, NSW, Australia). 1Cso was obtained using MTT
and analysed with non-linear regression of cell viability verses drug concentration (GraphPad
Prism 7.0; San Diego, CA).

AlamarBlue assay is another typical cell viability assay, which was also adopted in this study.
Cells were seeded and treated as above. AlamarBlue was diluted (1:9) with respective medium

without FBS and added to treated cells. Cells were incubated for 30 minutes to 4 hours and
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absorbance was read at 550/590nm using the Victor x Multilabel Plate Reader (PerkinElmer,
Waltham, Massachusetts, United States).

4.2.4 Lactate dehydrogenase (LDH) cytotoxicity assay

LDH assay was conducted using supernatant from treated cells and was superimposed with MTT
assay. Supernatant was first extracted from the treated plate and LDH assay was added and
shaken in room temperature for 30 minutes protected from light before stop solution was added
and absorbance was measured at 490/655nm using the microplate reader (Model 680, Bio-Rad,
Gladesville, NSW, Australia).

4.2.5 Reactive oxygen species (ROS) assay

ROS level was measured using the non-specific ROS indicator CM-H2DCFDA. As mentioned in
previous papers (313), the reagent was prepared according to manufacturer protocol and cells
were incubated for 1 to 1.5 hours protected from light. Fluorescence was measured at 450/500nm
using the Victor x Multilabel Plate Reader (PerkinElmer, Waltham, Massachusetts, United States).

4.2.6 JC-1 mitochondrial health assay

JC-1 assay was conducted on treated cells as mentioned above. Cells were incubated for 20
minutes protected from light and then washed once with saline (PBS, 0.154 M NaCl, 0.001 M
KH2PO4, 0.003 M Na2HPO4; pH 7.4) and fluorescence was measured at 495/530nm for green
light and 530/580nm for red light with the Victor Nivo Multimode Plate Reader (PerkinElmer,
Waltham, Massachusetts, United States). Ratio of red light to green light was determined for
each well.

4.2.7 Annexin V/PI flow cytometry assay

UM cells were treated with UC2288 (5uM in 0.1% DMSO) in their respective medium
containing 1% (v/v) FBS with 0.1% DMSO as control. Cells were collected at 48 hours and
washed twice with PBS and stained with annexin V-FITC and Propidium iodine for 15 minutes
according to manufacturer's protocol. Samples were analysed for mode of cell death using a

Guava easy®cyte flow cytometer (Merck Millipore, Bayswater, VIC, Australia).
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4.2.8 Cell cycle assay

Cells were seeded and treated as mentioned in flow cytometry assay and as described in previous
paper (314). Cells were harvested and washed twice in PBS before fixed in ice cold ethanol
(70%vlv) and stored in -20°C overnight. Ethanol was removed and cells were washed with PBS
prior to analysis and stained with propidium iodide for 15 to 30 minutes protected from light.
Analysis was conducted using Guava easy®cyte flow cytometer (Merck Millipore, Bayswater,
VIC, Australia).

4.2.9 Transwell cell migration assay

Cells were seeded onto the inner chamber of a 24 well transwell plate with 8uM pore size
(Corning, New York, United States). Cells were incubated in 10% medium overnight to ensure
attachment. A concentration gradient was formed using 1% FBS medium in the inner chamber
and 3% FBS medium in the outer chamber, then cells were treated with UC2288 (3uM) and
further incubated at 37°C to allow for migration. All the inner chambers were cleansed with PBS
and cotton swab and then incubated in 100% methanol for 30 minutes to fixate the cells. Fixed
cells were then dyed using crystal violet. The number of cells per well is determined by taking
the average of the number of cells within photos of the 4 sides and a photo in the middle. The
migration rate was mathematically calculated as below.

average cell number
Area(viewing field)

x Area(transwell insert)

Migrati te (%) = 100
igrationrate (%) number of cells seeded x
o Area (viewing field) = area of the microscope viewing field at the magnification
used to take photos
o Area (transwell insert) = area of the member in the inner chamber of the transwell

4.2.10 Transwell cell invasion assay

Cells were seeded in the same manner as cell migration assay. Matrigel layer (Corning, New
York, United States) was added prior to addition of cells mimic the extra cellular matrix of

organs. Cells were treated and incubated at 37°C alike to cell migration assay. Average number
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of cells per well were identified as described above and invasion rate was calculated with the

same equation described in the migration assay.

4.2.11 Colony formation assay

Colony formation assay was conducted as previously described (84). Cells were plated onto 12
well plates and treated with UC2288 (3uM) for 24 hours. Cells were then harvested and reseeded
onto 24 well plates (100 cell/well) and incubated for 6-8 days (37°C, 5%C0O3). On the day of
analysis, cells were fixed with 100% methanol then stained with 0.01% crystal violet (w/v). A
colony was defined microscopically as a cluster of a minimum 50 cells. Wells were scanned
using the Essen IncuCyte S3R, (Sartorius, Dandenong South, VIC, Australia) at 4x objective
using the whole well scan mode and Image J was used to estimate the amount of cell colony

formation.

4.1.12 Western blotting

Cells were plated into 6 well plates and treated with UC2288 (3uM) for 48 hours. Cells were
harvested and lysed with NP-40(1% IGEPAL, 150 mM NaCl and 50 mM Tris, pH 7.8 with 1%
protease inhibitors). the lysate was then centrifuged at 15,000 rpm (5 min, 4 °C) to separate
supernatant containing protein samples from the cell debris. Lamini buffer was added, and

samples were denatured at 50°C for 30 minutes on a heat block. Samples were stored in -20°C.

Electrophoresis was conducted to separate the protein sample, and proteins were transferred onto
a PVDF membrane before blocking with 5% non-fat milk in PBST for 1 hour. The blots were
incubated with their respective primary antibody and placed on an orbital shaker at 4 °C
overnight. Membrane was washed with PBST 3 times before second antibody was added and
incubated at room temperature for 1 hour. Protein signal was detected using Immobilon Western
Chemiluminescent HRP Substrate (Merck Millipore, Macquarie Park, NSW, Australia) and
visualized with ImageQuant LAS500 (GE health care, Silverwater, NSW, Australia).

4.2.13 Primary UM tumour derived cell lines

Human UM tumour samples were obtained with approval from St. Vincent’s Hospital Sydney

Human Ethics Committee (HREC/17/SVH/346) and experiments were conducted as per the
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major guidelines and regulations. Tumours was surgically removed and washed in PBS (pH7.4)
for three times. Tumours were processed to separate into individual cells and cultured at 37°C
with 5% CO2 in RPMI-1640 medium containing 20% FBS (v/v), 1% L-glutamine, 1% P/S, 1%
ITS and 2% GCT. All experiments were conducted with the passage numbers between 2 to 5.

4.2.14 3D bio printed UM cell models

Rastrum 3D bioprinter (Inventia Life Science, Alexandria, New South Wales) was utilised to
generate 3D spheroids on PEG-based hydrogel at Px01.71, ~0.7 kPa, containing RGD
(fibronectin), DYIGSR (Collagen 1), CNYYSNS (collagen IV) forming a complex matrix
mimicking the tumour environment. The 3D Large Plug Model was chosen; the printing protocol
was created using the Rastrum Cloud (Inventia Life Science). All bio printed cultures was
conducted on 96 well flat bottom plates according to manufacturer’s protocol. Priming and
printing of the base inert layer was first conducted to better facilitate matrix adhesion. Cells were
suspended at a concentration of 5x10%/mL within the activator, then printing was conducted by
alternating bioink and cell containing activator to form a covalent interaction suspending the
cells within the matrix. 150uL of RPMI-1640 medium supplemented with 10% (v/v) FBS, 1%
P/S and 1% L-Glutamine was added to each well and cells were incubated at 37°C for 5 days

prior to the subsequent analysis.

4.2.15 Xenograft mouse model and in vivo imaging

Animal ethics approval was obtained from the Laboratory Animal Ethics Committee of Jiangsu
Institute of Nuclear Medicine (Wuxi, China) and animal experiments were performed in strict
accordance with the relevant guidelines and regulations. BALB/c nude mice (5 weeks old; male;
Chang Zhou Cavens Laboratory Animal Co., Ltd, Changzhou, China) were intravitreally injected
with 92.1-Luc cells overexpressing luciferase (5 x 10°) dissolved in saline and then mixed with
Matrigel at a 2:1 ratio (315, 316). After 7 days, mice were intraperitoneally injected with D-
luciferin (15 mg/mL) and imaged using the Xenogen Living Image system (Alameda, CA, USA)
(315, 316). Upon confirmed the formation of tumours in the eyes, mice were randomly assigned
to the control (n=6) or UC2288 treatment (n=7) group. Treatment group was orally administered
with UC2288 (15 mg/kg) or vehicle every day for two weeks. At the end of treatment duration,

the mice were injected with D-luciferin again and imaged using the Xenogen Living Image
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system. Then the mice were anesthetised and euthanized. The tumours and some other key
tissues (i.e., the heart, liver, spleen, lung and kidney) were removed, fixed with formalin,

embedded in paraffin, and sectioned for subsequent analysis.

4.2.16 Histology and immunohistochemical analysis

The tissue sections were processed for Hematoxylin & Eosin, Ki67, and ATF4 staining. Tumour
sections were incubated with Hematoxylin and eosin, anti-Ki67 or anti-ATF4 antibody overnight
at 4 °C. The immunohistochemically stained sections were incubated with HRP-conjugated
secondary antibody for 2 h at room temperature and visualised using the DAB kit (Beyotime,
Nantong, China). Images were captured with the Olympus light microscope (Olympus 1X53,
Tokyo, Japan).

4.2.17 Statistic

Data is shown as the mean + standard deviation (SD) with significance defined as p<0.05. A cell
culture studies were done in triplets with 3 repeats at separate times. Statistical analysis was
conducted using one-way ANOVA then Dunnett’s post-hoc test when comparing multiple

independent groups in GraphPad Prism 7.0.

4.3 Results

4.3.1 UC2288 has a potent anti-cancer effect in UM

In our preliminary testing of several sorafenib analogues (commercially available or in-house
customised) (Suppl. Fig. 4), UC2288 demonstrated a relatively most potent effect in decreasing
cell viability across all the tested UM cell lines. Thus, UC2288 was chosen as our candidate

compound to be further studied.

92.1 is a classic primary tumour derived UM cell lines, whereas OMMZ2.5 is derived from liver
metastatic lesion of UM (317-319). Thus, these two cell lines were adopted as the in vitro UM
models in the current study. First, we investigated the anti-cancer potency of UC2288 in these
UM cell lines. As shown in Fig. 11A, the ICso values of UC2288 are 2.7 uM and 1.9 pM,
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respectively. In accordance with this, 3uM was chosen as the optimal concentration of UC2288

treatment for further testing.

To evaluate the tumour selectivity of UC2288, the treatment was conducted on UM cell lines as
well as the typical non-tumour ocular cell lines (i.e., MIO-M1 and ARPE-19 cells) as well as
primary culture of human melanocytes. Here, MIO-M1 is the commonly used human Muller cell
line while ARPE-19 is the classic human retinal pigmented epithelial cell line. UC2288 displayed
optimal tumour selectivity with no cytotoxicity on ARPE-19 and MIO-M1 (Fig. 11B) as well as

a mild cytotoxicity on primary melanocytes.

It is well known that the classic two-dimensional (2D) culture (cell monolayers) cannot
demonstrate the complex characteristics of solid tumours. In contrast, three0-dimentional (3D)
cultures are emerging to better mimic tumour physiological in the recent decades. The previous
studies showed that UM cell lines had different responses to drug treatment when cultured in
monolayer or in 3D structure (320). Till now, the 3D culture models of UM cell lines were
mainly generated by force floating or Matrigel-embedded method (320). In the current study, we
are the first to establish the UM 3D culture model using bioprinting technology, in which tumour
cell growth was better supported by biomimicking extracellular matrix (ECM). The 3D bio
printed UM cells were treated with UC2288 for extended duration considering the existence of
ECM may hinder drug penetration. Consistently, UC2288 significantly decreased cell viability in
both UM cell lines (0.14 folds of cell viability in 92.1 and 0.44 folds in OMM2.5 cells when
compared to the control) (Fig. 11C), which suggested that this candidate drug is capable of
penetrating solid tumours and inducing tumour cell death.

It is a general concern that immortalised tumour cell lines cannot well represent heterogenous
tumour characteristics in drug testing. To validate our finding, our study has also adopted three
UM primary cell lines derived from three independent UM patients. Our data showed that
UC2288 consistently demonstrated a significant effect in decreasing cell viability in the ex vivo
models (Fig. 11D).

Overall, UC2288 has shown to be a potent and promising candidate drug against UM with a
potent anti-cancer effect not only in 2D but also in 3D cultured UM tumour cells as well as in

patient tumour-derived UM primary cultures.
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Figure 11. Molecular characterisation of the anti-cancer effect of UC2288 in UM cell lines.
UC2288 demonstrates tumour selective reduction in cell viability in UM cell lines. UM cells
were treated with or without UC2288 in medium supplemented with 1% FBS. (A) I1Cso of
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UC2288 in UM cell lines. UM cells were treated with UC2288 at a concentration from 0.01uM
to 20uM. Cell viability was evaluated using MTT cytotoxicity assays. The experiments were
conducted in triplicate, with three independent replicates performed for each experiment (n = 3).
The results are expressed as a percentage of the control, presented as mean + standard deviation
(SD). ICso values were determined using GraphPad Prism 9.0. (B) cell viability study with
tumour and non-tumour cell lines. Cells were treated with UC2288 (3uM). Cell viability was
determined using MTT cytotoxicity assay. (C) 3D Rastrum Bio-printed cell model. Cells were
embedded with PEG-hydrogel and incubated for 5 days to allow 3D structure formation. Cells
were treated for 96hrs with UC2288 (3uM), and cell viability assay was conducted using
AlamarBlue assay. (D) patient primary tumour derived cell cultures. 3 different Patient tumour
was utilised and cells were extracted and cultured. Cells were treated with UC2288, and viability
was determined with both MTT and AlamarBlue assay. The experiments were conducted in
triplicate, with three independent replicates performed for each experiment (n = 3). *p < 0.05;
*p < 0.01; ***p < 0.001 vs. control by unpaired Student s t test.

4.3.2 UC2288 induces cytotoxicity and promotes autophagy-related necrosis through
disrupting mitochondrial function and health

The reduced cell viability upon UC2288 treatment may be resulted from an induced cell death
and/or suppressed cell proliferation. Subsequently, we performed LDH assay cytotoxicity to
further characterise the anti-cancer effect of UC2288. Our data showed that UC2288 has a
potent cytotoxic effect on both UM cell lines (2.62 folds of cytotoxicity in 92.1 and 2.71 folds in
OMM2.5 cells when compared to the control) (Fig. 12A).

As both MTT and AlamarBlue cell viability assays are based on mitochondrial function, we
hypothesise that the potent anti-cancer effect of UC2288 is also in part due to its impact on cell
mitochondria. We then employed further analysis to assess mitochondria function and health.
ROS assay utilises the non-specific indicator CM-H2DCFDA to assess the ROS level in cells.
Our data demonstrated that there was an increase of 3.98 folds of ROS accumulation in 92.1 and
2.04 folds in OMMZ2.5, respectively (Fig. 12B). This finding indicates that UC2288 treatment

results in a significant ROS accumulation in UM cells.
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JC-1 assay was employed to explore mitochondria health through measuring the mitochondria
membrane potential. Our data revealed that mitochondria membrane potential was significantly
disrupted in both cell lines after the treatment of UC2288 (Fig. 12C). This suggests that UC2288
exerts its effect by disrupting mitochondrial health and function.  In addition, the cytotoxicity
of UC2288 was further evaluated by Annexin V/PI staining flow cytometry cell death assay.
Necrosis was observed as the main form of cell death upon UC2288 treatment in 92.1 and
OMM2.5 cells (Fig. 12D).

It is known that autophagy can trigger necrosis (321). And the previous studies showed that
agents modulate autophagy may induce UM cell death (322). Thus, we assessed the autophagic
protein makers to see whether such mechanism is involved in the anti-UM effect of UC2288. As
shown in Fig. 12E and 12F, there is a significant decrease of P62 protein expression and a
cleavage of LC3-I into the activated LC3-II isoform in UM cells treated with UC2288 when
compared to the control. The UC2288-induced P62 protein change has a delayed effect in
OMM2.5 compared to that of 92.1 cells. P62 activation occurs during the initial autophagy
response in attempts to retain homeostasis through digestion of stress causing organelles.
OMM2.5 is a metastatic cell line shown to have more aggressive phenotype and different
reaction to drug treatment when compared to 92.1. Furthermore, such difference in cell
phenotype may contribute towards changes in autophagic response when treated with UC2288 as
seen in Figure 12E, 12F. Overall, UC2288 has a potent cytotoxicity and can induce autophagy-

related cell death via impacting on mitochondrial function and health.
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Figure 12. The effect of UC2288 on UM cell death. Further studies have been implemented to
better evaluate the effect of UC2288 on UM cell lines. Cells were treated with 3uM of 2288
before assays were conducted. (A) The LDH assay utilises the supernatant of UM cells only.
Equal parts of supernatant and LDH assay was combined and incubated for 30 minutes before
absorbance was measured. (B) CM-H2DCF-DA. was diluted with PBS according to
manufacturer s instructions before incubating it with cells for up to 1.5 hours (37°C). (C) JC-1
assay was prepared according to manufacturer’s instructions and incubated with cells for 20
minutes (37°C) before measured twice at differing wavelength. All data is presented as folds of
activity compared to control (mean +SD) and statistical analysis done by unpaired Students t
test. Cell death profile in response to UC2288 treatment is depicted with annexin V/PI staining
flow cytometry. Cells were separated into viable, necrotic, or apoptotic. Representative image as
well as graphical presentation as percentage compared to control (mean £ SD) are presented (D)
and statistical assessment was done using Two-way ANOVA with Siddk post hoc test. Specific
cell death markers for autophagy were assessed using western blot. Cells were treated with
differing length to assess overall changes in time. Representative images of each marker are
shown in (E), and densitometry assessment was conducted (F) where data are presented as fold
of control (mean=+SD) and statistical analysis was done with unpaired Student’s t test. All
experiments were done in triplicate with n=3 in each repeat. *p <0.05; **p<0.01;

**%p < 0.001 vs. control.

4.3.3 UC2288 potently suppresses cell cycle progress in UM cell lines

P staining flow cytometry assay was used to determine the effect of UC2288 on cell cycle. Our
findings revealed a significant increase in the proportion of cells arrested in the S phase in both
UM cell lines, 92.1 displayed moderate elevation in the G2/M phase whilst OMMZ2.5 showed a
decrease in G2/M phase. The GO/G1 phase showed a marked decrease in both UC2288-treated
UM cell lines. (Fig. 13A). We also assessed the expression of two cell cycle protein markers (i.e.
Cyclin E1 and Cyclin A2) to validate our findings. Our data showed an increase in cyclin E1
expression but a decrease in cyclin A2 level upon the treatment of UC2288 (Fig. 13B and 13C).
In detail, Cyclin E1 was increased to 2.40 folds of control in 92.1 and 2.10 folds in OMMZ2.5;

88



while that of Cyclin A2 was decreased to 0.35 folds of control in 92.1 and 0.58 folds in OMMZ2.5.
This finding is aligned with the S phase halt.
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Figure 13. The effect of UC2288 on UM cell cycle. The influence of UC2288 on cell cycle was
assessed in both cell lines. Cells were treated with 3uM UC2288 and fixed with 70% ethanol.
Fixed cells are resuspended in PBS with RNAse A and stained with propidium iodide for flow
cytometry analysis to determine cell cycle profiles. Cell cycle distribution in GO/G1, S or G2/M
phases are presented as percentages of total cells (mean = SD) (A) and statistical assessment was
done using Two-way ANOVA with Siddk post hoc test. Key cell cycle stage markers cyclin E1 and
cyclin A2 were assessed using western blot analysis. Cells were treated with 3uM UC2288 at
varying times to observe the changes. Representative images are shown in (B). Densitometry
assessment was conducted (C) where data are presented as fold of control (mean +SD) and
statistical analysis was done with unpaired Student’s t test. All experiments were done in

triplicate with n=3 in each repeat. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control.

4.3.4 UC2288 also exerts its anti-UM effect via inducing endoplasmic reticulum stress

To further evaluate the cell death mechanism of UM cells exposed to UC2288, we selected the
specific inhibitors of necroptosis, ferroptosis or endoplasmic reticulum (ER) stress to be co-
treated with UC2288 (Fig. 14A). Our data showed that ER stress inhibitors Salubrinal and
integrated stress response inhibitor (ISRIB) can effectively relieve the effect of UC2288 in
reducing UM cell viability. Salubrinal is a direct inhibitor of eukaryotic initiation factor 2 alpha
(elF2a) signalling through inhibition its dephosphorylation. Whereas ISRIB functions
allosterically by binding to eukaryotic initiation factor 2B (elF2B), it activates elF2B which
mitigates the impact of elF2a phosphorylation, leading to the resumption of protein synthesis
during cellular stress (323). Our results indicates that UM cell death is reversed by Salubrinal in
92.1 cell line whereas reserved in OMM2.5 cell line (Fig. 14A).

ER is well known to be involved in cancer development and progression (324). ER stress is
prone to induce cell death in many cancer cells. To further explore the role of ER stress in
UC2288-induced UM cell death, we assessed the protein expression of several ER stress protein
markers. Our data showed the e[F20/ATF4 pathway was activated upon UC2288 treatment in
92.1 cell line (Fig. 14B). The expression of the direct ER stress sensor protein BIP has been

shown to be increased in UM cells exposed to UC2288. It is known that BIP chaperone protein
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dissociates from the transducer proteins to activate the UPR pathway (325). Thus, we further
explore its downstream signalling’s. We found that the elF2a protein is highly activated as well
as its downstream effector proteins including ATF4 and caspase 9 (Fig. 14C). In OMM2.5, BIP
and elF2a did not show increase in activation but end-point cell death effects were still observed
through ATF4 and Caspase 9 activation (Fig. 14B, 14C). This corresponds to the effect of ISRIB
as it does not only inhibit elF2o dephosphorylation but also mitigate its downstream effect by
preventing the reduction of protein synthesis (323) This suggests that UC2288 exerts its anti-UM
effect through inducing ER stress via the activation of elF20/ATF4 pathway in primary UM

tumour cells but plays a different role in metastatic cells.
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Figure 14. UC2288 induced ER stress in UM cells UC2288 treatment induces ER stress in UM
cell lines. Specific cell death inhibitors were chosen as co-treatment with UC2288 on UM cell
lines. cells were co-treated with UC2288 and cell death inhibitors before cell viability was
assessed with MTT assay. Cell death inhibitor alone was used as control for each treatment pair
and the differences in cell viability was evaluated using Two Way ANOVA with Dunnett post hoc
test comparing the folds of reduction in cell viability between control group and cell death
inhibitor groups. Eif2a associated ER stress signalling pathway was chosen to be evaluated
based on the results of cell death inhibitors. BIP, eif2a, ATF4 and caspase 9 were chosen as key
signalling markers for the pathway. Representative images are shown in (B). Densitometry
assessment was conducted (C) where data are presented as fold of control (mean+SD) and
statistical analysis was done with unpaired Student’s t test. All experiments were done in

triplicate with n=3 in each repeat. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control.

4.3.5 UC2288 inhibits cell migration, invasion, and reproductive cell growth in UM cell lines

As mentioned above, metastasis is the leading cause of death in UM patients. Thus, it is critical
to evaluate the anti-metastatic potential of UC2288. We conducted cell migration, invasion, and
colony formation assays accordingly. The ability of UM cells to migrate with or without Matrigel
was assessed to determine local and inter-organ movement, respectively. In the presence of
Matrigel, UM cells need to break through the extracellular matrix invading into other organs
(326)

UC2288 treatment exhibited a reduced migration rate compared to that of the control (0.47 fold
of the control in 92.1 cells and 0.38 folds of the control in OMMZ2.5 cells) (Fig. 15A and 15B).
Furthermore, the invasion rate of UM cells was also significantly decreased upon the treatment
of UC2288 (0.35 in 92.1 cells and 0.27 in OMM2.5 cells) (Fig. 15C). The ability to reproduce
post treatment is also a critical hallmark of tumour metastasis. As the micro-metastasis to other
organs is often under detection in UM, it is a highly desired feature of candidate drugs in treating
this cancer. Thus, the influence of UC2288 on cell reproductive growth was evaluated with
colony formation assay (Fig. 15D). UC2288 was shown to significantly inhibit the reproductive
cell growth of UM cells (0.51 folds of the control in 92.1 cells and 0.28 folds of the control in
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OMM2.5 cells). Overall, it is evident that UC2288 is potent in inhibiting cell migration and

invasion as well promoting reproductive cell death in UM cells.

The inhibitory effect of UC2288 on tumour metastasis was further explored through the
expression of key epithelial-mesenchymal transition (EMT) marker proteins (i.e., Matrix
Metalloproteinase-2 (MMP2) and B-catenin) (Fig. 15E). Our results suggest EMT was disrupted
by UC2288 treatment with a decreased expression of MMP2 (0.53 folds of the control in 92.1
and to 0.64 folds of the control in OMM2.5) as well as B-catenin (0.78 folds of the control in
92.1 and to 0.64 folds of the control in OMMZ2.5). Consistently, UC2288 is shown to prohibit the
metastasis of UM cells to neighbouring and distant organs suggesting a reduced metastatic
potential.
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Figure 15. UC2288 impacts on the metastatic potential of UM. UC2288 can prevent cell

migration and invasion as well as inhibit reproductive cell death in UM cell lines. Transwell

assay was adapted with or without Matrigel (200ug/ml) to assess the influence on cell migration
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(A) and cell invasion (B). Cells were only seeded onto the inner chamber while UC2288 (3uM)
was added to both inner and outer chamber. Cells were stained with crystal violet and the
number of cells migrated was compared to the initial seeding number. Both the representative
image and the quantitative graphic analysis is shown. Inhibition of colony formation was
determined through pre-treating cells with UC2288 (3uM) or control (1% FBS supplemented
medium) and re-seeded at 200 cells per well and incubated (37°C). The number of colonies
formed are shown as folds against control (C). Key protein markers for EMT formation in cells
have been assessed with western blot. The relative activity of MMP2 and p-catenin was
compared to g-actin which was used as the loading control. (D) show the representative images
as well as the densitometry study. All experiments were done in triplicate with n=3 in each repeat.
*» < 0.05; **p < 0.01; ***p <0.001 vs. control.

4.3.6 The anti-cancer effect of UC2288 in the UM xenograft mouse model

It is important to evaluate the anti-UM effect of UC2288 in in vivo models. We have successfully
established a primary xenograft mouse model via intravitreally injected the 92.1-LUC cells (316).
Mice was orally administered with UC2288 (15mg/kg every day) for two weeks and the in vivo
imaging system (IVIS) was adopted to analyse the tumours. VIS images indicated that UC2288

significantly suppressed the tumour progression in the xenograft mice (Fig. 16A).

Our also performed histological and immunohistochemical staining on the tumour tissues (Fig.
16B). Our data demonstrated a significantly disrupted tissue structure and a markedly decreased
Ki67 staining post treatment, which confirmed the cytotoxicity of UC2288. In addition, we
observed an elevated ATF4 staining in the tumour tissues of UC2288 group, which is consistent
with the molecular finding above that UC2288 induces ER stress to exert its anti-UM effect (Fig.
14). Meanwhile, UC2288 treatment did not induce significant tissue damages in other key organs,
suggesting its favourable tumour selectivity (Fig. 16C). Overall, our data proved that UC2288
has a potent anti-UM effect in the in vivo UM model.
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Figure 16. In vivo evaluation of the anti-cancer effect of UC2288.

Control

uc22ss

UC2288 inhibits tumour growth in UM cell xenograft models. BALB/c nude mice were
inoculated with 92.1 intravitreally. After tumour formation is confirmed, mice were randomly
assigned to oral UC2288 (15 mg/kg) (n=7) or vehicle (n=6) every day for two weeks. (A) shows
representative images from vivo imaging system depicting UM xenograft within the eye after
UC2288 treatment. Paraffin embedded tissue cryostats from treatment and control were both
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taken and stained with hematoxylin and eosin, Ki67 and ATF4 staining (B). Tumour selectivity

was confirmed in vivo through staining or other key organs in mice after UC2288 treatment (C).

4.4 Discussion

UM is a rare but deadly cancer. Its drug development pipeline has been greatly hindered by its
distinct tumour biology, resistance to conventional therapies, and limited response to immune
checkpoint inhibitors (327). Within the current clinical setting, it is well known that metastasis is
the most concerning outcome for UM patients as it drastically decreases their overall survival
and leads to a rapid decay in health and even death soon after diagnosis (4, 307). It is worse the
common therapies for UM are non-pharmacological and only effective for small size of primary
tumours with an early detection (21, 35). Although the newly approved Tebentafusp has been
approved for unresectable metastatic UM in a sub-group of patients with a distinct genotype,
there is only a mild increase in OS and PFS. Thus there is an urgent need for novel, effective and
generalised therapeutics to better treat the primary and metastatic UM (46). In the current study,
we identified UC2288 as a potent candidate drug with a favourable anti-cancer and anti-

metastatic effect.

UC2288 demonstrated potent cytotoxicity in both primary and metastatic UM cell lines with the
ICso values superior to many other drugs reported before (Fig. 10A) (48, 84). More importantly,
UC2288 has also showed a favourable tumour selectivity against non-tumour eye cells and
healthy melanocytes (Fig. 10B), which is a preferred feature of drug therapies in preserving

normal eye functions.

The major hurdle of anti-cancer drug development is a lack of physiologically relevant models
for pre-clinical drug research. It is highly recognised that the traditional 2D cell monolayers
cannot represent the ECM and interactions between tumour and adjacent cells that forms the
tumour microenvironment (TME) (328). ECM remodelling along with changes in secretory
factors are closely linked to tumour progression, metastasis and immune evasion (329). The
ECM has also been identified to contribute to chemotherapy resistance and impact on the

efficacy of non-pharmacological treatments (330). Thus, we developed the novel 3D UM culture
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models utilising the advanced bioprinting technology for the first time, to better characterise our
candidate drug. This model is superior to the traditional 3D culture models, as it has a better
control of culture conditions and a long-term supply of oxygen and nutrients (331). UC2288
showed a good penetrability and a consistent anti-cancer effect in the 3D culture models with

UM spheroids formed on the optimised hydrogel matrix (Fig. 10C).

It has been noticed that many candidate drugs with superior efficacy in treating cancer cells in in
vitro models, fail to display the consistent effect in in vivo settings. This largely attributes to that
in vivo culture models cannot mimic the heterogeneity of tumours (332, 333). Accordingly, we
have employed the primary cultures derived from three independent UM patient tumours to
validate our findings regarding UC2288. It demonstrated a consistent effect on all the primary

cultures indicating the versatile effect of UC2288 in treating UM.

Our further molecular characterisation of UC2288’s anti-UM effect showed that it exerts its
effect via inducing cytotoxicity and effecting on mitochondria (Fig. 12A-C). Particularly, it is
potent in disrupting mitochondrial membrane potential and triggering ROS accumulation, which
in turn, impacts on mitochondrial health and function. Mitochondria is considered the
“powerhouse” of cells, which controls the survival, proliferation, and metabolism of tumour cells
(334). One of the major functions of mitochondria is to produce ROS, which can promote
genetic mutations, activate oncogenic signalling pathways, and increase tumour progression. It is
also well known that an excessive accumulation of ROS can induce cell death. Thus, agents
disrupt mitochondria and/or acting on it to elevate the ROS level, has been considered as a viable
strategy in treating cancers.

In addition, our cell death analysis explored the mechanism of cell death associated with
UC2288 treatment. Necrosis is shown to be the primary form of cell death (Fig. 12D). And the
analysis on the expression of LC3 and P62 suggested that autophagy is likely involved in
UC2288-induced necrosis. Autophagy is a regulated cellular process to maintain cell homeostasis
via recycling damaged organelles, misfolded proteins and cell debris, which can either protect
cells or induce cell death depending on the actual autophagic process (335, 336). In contrast,
necrosis is a non-programmed, uncontrolled and inflammatory type of cell death in response to
stresses (337). Although autophagy and necrosis are two different cellular processes, they have a

complex crosstalk under specific cellular environment, stress conditions and disease states (337).
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In the case of overactivated autophagy, it can result in an excessive “self-digestion” of cellular
organelles, proteins and cell debris and an induction of ROS production, leading to necrosis
(338). The autophagy-related proteins may also interact with necrotic pathways to promote such
cell death (339). Thus, our findings suggested that UC2288 is capable of advancing autophagic

process leading to necrotic cell death.

To further investigate the UC2288-induced cell death in UM cells, we included the co-treatment
of several cell death inhibitors. Our data showed that two chemical inhibitors can potently relieve
the effect of UC2288 in reducing UM cell viability (Fig. 14A). Salubrinal and ISRIB are known
to inhibit ER stress via inhibiting e[F2a phosphatase enzymes and mitigating the effect of elF2a
phosphorylation through stabilising elF2B, respectively. The discrepancy of findings from both
UM cell lines is likely due to the differences in tumour origins. 92.1 is a primary UM tumour
whereas OMM2.5 is derived from a liver metastasis. Metastatic cells are often more aggressive
and resistant to treatment harbouring difference epigenetic mutations resulting in the differences
in protein signalling (340). In the case of 92.1 and OMMZ2.5, studies have shown that OMM2.5
indeed display qualities such as increased migration and proliferative properties in xenograft
zebrafish models (341). Likewise, OMMZ2.5 displayed variability in treatment efficacy when
compared to primary UM cell lines like 92.1 (317). This results further solidifies the current
findings with ER stress variability between the two UM cell lines. UC2288 may also have
multitude actions in the ER stress spectrum resulting in the divergence effect upstream that

converge into an endpoint of ER stress related cell death.

The ER has a well-documented role in cancer development and progression (324). It is the
organelle responsible for the bioprocess of proteins including protein synthesis, folding and
maturation. Despite of a rigorous quality control system, up to 30% of all proteins translocated
into the ER are folded defectively (342, 343). Thus, a build-up of mis-folded and unfolded
proteins triggers ER stress that initiates the unfolded protein response (UPR) - a cascade of
protein response to remedy and mitigate stress factors (100) External factors such as hypoxia,
nutrients, ROS accumulation and pH change contribute to ER stress. The protein kinase RNA-
like ER kinase (PERK)-elF2a is one of the key sensors to activate UPR (Fig. 17). PERK
phosphorylates elF2a to induce a global reduction of protein synthesis and an activation of ATF4

that modulates genes involved in, redox homeostasis, stress adaptation and cell death.
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Figure 17. The proposed molecular mechanism for UC2288. UC2288 simultaneously acts on
multiple cellular signalling pathways to induce overall anti-cancer effects in UM cell lines.
UC2288 causes S phase cell cycle arrest through modulating cyclin proteins, prevent metastasis
through decreasing EMT proteins (e.g. MMP2 and p-catenin) and induces increased ROS
production, ER stress and ultimately autophagic cell death through the elF2o-related UPR

cascade.

The ER interacts with the mitochondria to regulate cell homeostasis and proliferation through the
Mitochondria-associated membranes (MAMSs) (91). The MAMSs function as couriers to relocate
the ROS produced in the mitochondria into the ROS processing organelle the ER. Likewise, the
UPR proteins also act as MAMs and ER stress regulates MAM components. ER stress
potentiates autophagy in attempts to restore homeostasis (342, 344-346). In the case of prolonged
ER stress, ATF4 remained activated to induce ROS accumulation and mitochondrial dysfunction,

trigger autophagy progressing to an advanced stage, eventually leading to cell death (347, 348).

It is worth to mention that the TME often prompts ER stress acting as a double-sided blade for
cancer progression. An adaptive ER stress promotes nutrient recycling to prioritise nutrient
supply towards the rapidly proliferating tumour cells, facilitates angiogenesis through the
activation of downstream UPR pathways and accelerates the epithelial-mesenchymal transition
causing an increase of metastatic risk (89). Under prolonged ER stress, the balance of ER stress
and cell survival is no longer maintained, thus cell death occurs (89).

Studies have widely explored the crosstalk of ER stress and autophagy in cancer treatment, but
little has been known in UM (269, 349-351). In the current study, our findings indicated that the
anti-cancer effect of UC2288 is likely mediated through a crosstalk of ER stress, autophagy, and
necrotic cell death pathways. It is plausible that UC2288 treatment prompts the autophagic
progress to an advanced level in UM cells, which results in a sustained activation of elF2a-
mediated ER stress signalling and a constant mitochondrial dysregulation, disrupting cellular
homeostasis and leading to cell death.

It has been noticed that a reduced cell viability can be a result of inducing cell death and/or

inhibiting cell proliferation. Thus, we also assessed the influence of UC2288 on UM cell
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proliferation. Our data indicated that it could induce S phase cell cycle halt in UM cells (Fig.
13A). Cyclin proteins are the pinnacle marker protein of cell cycle transgression in cancer cells.
The cyclin super family is activated by one or more for cells to progress through the different
stages of cell cycle (352). In particular, Cyclin E1 activation along with an induction of
downstream signalling pathways occurs to allow for cell progress from the preparation G1 phase
into the active cell cycle S phase. And Cyclin A2 is required for cells to progress further into S
and G2 phase, where DNA is synthesised with quality control prior to mitosis (352, 353). In the
current study, the expression of cyclin E1 was increased, whereas that of cyclin A2 was
decreased upon the treatment of UC2288 treatment (Fig. 13B). This is consistent with the
observed S phase arrest. Abnormalities within the cell cycle are often documented in cancer cells
as unrestricted cell cycle progression facilitates tumour growth and metastasis. To this end, cell
cycle inhibitors have been explored as potential anti-cancer therapies when administered
individually or in combination with other agents. Mills et al. assessed the therapeutic effect of a
range of cell cycle modulators in combination with conventional chemotherapies in both adult
and paediatric cancers. They found a promising result of improved patient outcomes (354). As to
the findings of the current study, UC2288 may also serve as a potential adjuvant therapy to

improve patient outcomes in UM.

As mentioned above, metastasis is the primary cause of death in UM. Thus, it is important for us
to explore the anti-metastatic effect of UC2288. Tumour migration and invasion were assessed
using transwell migration and invasion assays in the presence or absence of Matrigel (a pseudo-
ECM widely adopted in cancer research) as well as colony formation assay. UC2288 can
potently reduce tumour migration and invasion; and also promotes a reproductive cell death (Fig.
15A-D). This is further validated with the expression of EMT markers. MMP2 is an
endopeptidase involved in ECM degradation (355). It plays a key role in tumour metastasis and
EMT by breaking down ECM components. [3-catenin is a key factor involved in Wnt signalling
pathway contributing to cell adhesion and transcriptional regulation (356). It is also known that
in EMT, B-catenin accumulates in the cytoplasm and translocate to the nucleus to activate EMT
transcription factors and enhance mesenchymal markers favouring tumour cell migration and
invasion. Our findings indicated that the expression of both MMP2 and B-catenin are decreased

drastically after UC2288 treatment (Fig. 15E). Noteworthy, the previous study showed that
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autophagy activation downregulates EMT (357), which is aligned with our observation that

UC2288-induced autophagy is accompanied with a decreased expression of EMT markers.

UC2288 was previously reported as a p21 inhibitor (358). It is known that p21 is an oncogenic
protein and a downstream target of p53. It acts as a cell cycle regulator and its activation can
potentiate cancer cell death. In our study, UC2288 shows a potent tumour suppressive effect,
which is contradicted to its role of a p21 inhibitor. Indeed, we observed a moderate increase of
cell viability in UM cells upon p21 siRNA silencing (Suppl. Fig. 5). Thus, we consider p21 is not
likely involved in the anti-UM effect of UC2288.

More importantly, our in vivo testing showed that UC2288 has exhibited superior effect in
tumour suppression in a UM xenograft model (Fig. 16A). Tumour tissues were significantly
disrupted upon its treatment (Fig. 16B), but it has minimal impact on the key non-tumour tissues
(Fig. 16C). This suggests that UC22888 has a favourable tumour selectivity in in vivo setting,
complimentary to our in vitro observation (Fig. 10B). It has induced a significant cell death in
the tumour tissues, which is accompanied with an elevated level of ATF4 (Fig. 14B), which
findings is also consistent with our in vitro observation that it can induce ER stress and cell death
(Fig.12 and 14).

4.5 Conclusion

In this study, we have identified UC2288 as a novel and effective agent in treating UM. It has
displayed a consistent cytotoxicity in in vitro, ex vivo and in vivo UM models with a favourable
tumour selectivity and tissue penetration. Its effect is mediated through an induction of ROS
accumulation, mitochondrial disruption, elF2a-involved ER stress and autophagy-involved cell
death. It also shows superior anti-metastatic effect in UM cells. Our in vivo testing yielded a
consistent result for its anti-UM role. Overall, our findings shed a new insight on introducing
UC2288 as a potent candidate drug to be further evaluated in clinical setting for its role in the
treatment of primary and metastatic UM, which application may also be an adjuvant therapy to

existing regimens.
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Chapter 5: UC2288 increases in efficacy when treated in
glucose depletion culture medium in uveal melanoma cell

lines

Abstract

Purpose

Uveal melanoma (UM) is the primary intraocular malignancy in adults. It is associated with a
poor prognosis, as metastasis occurs in over 50% of cases. Metabolic reprogramming is a well-
known hallmark of cancers and changes in nutrient uptake can affect tumour cell survival. This
study provides an insight on the glucose-dependent metabolism in UM cell lines. The previous
chapter has indicated UC2288 as a potent anti-UM candidate drug. In this study, we further
explored the synergistic effect of glucose deprivation in UC2288 treatment against UM

Methods

UM cell lines were treated with various nutrient deficient medium to ascertain macronutrient
deficiency. This effect was validated with the treatment of metabolic inhibitors. The effect of
glucose deprivation on UC2288 treatment was analysed using cell viability, reactive oxygen
species, lactate dehydrogenase and glycolytic rate assays. The synergistic effect of glucose

depletion and UC2288 was also verified in patient tumour-derived primary cultures.
Results

Glucose deficiency was shown to have the greatest impact on UM cell survival. Glucose
depletion further increased UC2288-induced cell death, ROS production and cytotoxicity in UM
cell lines. Such effect was also observed in UM spheroids generated through 3D bio-printing.
Furthermore, consistent findings were obtained in patient tumour-derived primary cultures.
Surprising results was shown with 1Csp where it remained similar in both glucose depleted and

glucose sufficient medium. However, Emax was obtained at a lower dose in glucose depleted
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medium suggesting synergism occurs when cells are co-treated making UC2288 more

efficacious.
Conclusion

Glucose deprivation and UC2288 co-treatment showed a synergistic effect in inducing cell death
in UM models. Molecular characterisation indicated that glucose depletion may not enhance the
potency of UC2288 but confer metabolic disturbance through additive effects. UC2288 in

glucose restricted condition may promise for an improved treatment effect in UM patients.

5.1 Introduction

In cells, metabolism generates energy to support cellular functions. Nutrients for energy
production and biosynthesis are obtained from external resources and bio transformed by cellular
enzymes to meet the needs of cell growth, development and reproduction (359). Cells rely on the
tricarboxylic acid (TCA) cycle to produce energy, which process mainly involves the metabolism

of glucose, amino acid, and fatty acids.

In healthy cells, dietary carbohydrates are broken down into individual hexoses and further
utilised either anaerobically through oxidation to pyruvate and then into lactate, or aerobically
with pyruvate transported into the mitochondria as a part of the TCA cycle and Oxidative
Phosphorylation (OXPHQOS) reactions (360). Amino acids are key building blocks for a range of
cellular events including energy production and anabolic growth. They can generally be
classified into 2 groups: the essential amino acids that can only be obtained through dietary
intake and the non-essential amino acids that can be synthesised in cells. Both types of amino
acids are utilised in the proteolytic pathway to generate energy for cellular functions (359, 361).
Lipids like triglycerides, cholesterol, and fatty acids (FAs), play a range of roles in cells. Dietary
lipids are absorbed through the intestinal wall, resynthesised and packaged in the enterocytes to
be redistributed throughout the body. The packaged lipoproteins are important for energy storage

as well as the formation of cell membrane and signalling molecules (362).

Unlike healthy cells whereby energy production and metabolism are highly regulated, tumour
cells are well known to carry mutations in genes involved in multiple signalling pathways

resulting in distinct characteristics such as extensive cell replication, evasion of cell death and
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enhanced invasiveness and metastasis (363, 364). To maintain a high proliferative profile,
tumour cells attain metabolic changes to adapt to environmental limitations such as a limited
resource of nutrients and lack of oxygen. With the flexibility in metabolic pathways, tumour cells
can maintain a rapid ATP production to sustain energy needs, an enhanced macromolecule

biosynthesis, and a strict regulation of cellular redox balance (365).

The Warberg effect is one of the hallmarks of tumour cells. Stepping away from the
mitochondrial OXPHQOS, they heavily rely on aerobic glycolysis for ATP production. In addition,
there is also an increased level of metabolic intermediates that are precursors for biosynthesis of
macromolecules (366). In mitochondrial OXPHOS, 36 moles of ATP can be produced with every
mole of glucose compared; while in glycolysis, only 2 moles of ATP can be obtained with every
mole of glucose. However, glycolysis occurs at a much faster rate than OXPHOS in tumour cells,
allowing for rapid attainment of energy that is needed for cell proliferation (367). Moreover,
glucose transformed into lactate in tumour cells, in favour of speeding up the ATP production as

well as energy production in a low oxygen environment (368).

Amino acid metabolism is also greatly impacted in tumour cells. Glutamine is the most abundant
amino acid in the body; protein synthesis is yet to meet the largely enhanced need for glutamine
in tumour cells (369). In addition to meet the nitrogen supply, tumour cells also partially oxidise
glutamine to be fed into the TCA cycle to generate ATP and NADPH (370). Glutamine usage for
energy production and reactive oxygen species (ROS) neutralisation is recognised as a hallmark
of oncogenesis, termed as glutaminolysis (370). Apart from altered glutamine metabolic profile,
tumour cells also display enhanced arginine and tryptophan catabolism for cellular growth and
proliferation (371). L-arginine is a critical nutrient for T-cell activation and formation of memory
T-cells. Likewise, tryptophan is also widely involved in immune activation and regulation. In
tumour cells, enzymes are upregulated to increase the catabolic rates of these two amino acids as
required by tumour microenvironment (TME). This effectively reduces the amount of immune

cells in the surrounding areas leading to immune evasion (371).

Lipid metabolism is also dramatically altered in tumour cells. Lipids such as FAs, cholesterol and
triglycerides are essential building blocks for cell membranes, signalling factors and energy
storage (372). A shift towards de novo synthesis as the traditional dietary uptake of FAs is often

deemed too slow for the rapidly proliferating tumour cells (373). De novo synthesis allows for
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versatility in usage such as lipid modification for inter- and intra-cellular membranes, protein
acylation and lipid mediator formation (373). Excess FAs are converted into triglycerides and
cholesterol esters to be stored in droplet forms in tumour cells. The abundance of lipid drops is
another hallmark of tumour formation (374).

Uveal melanoma (UM) is a rare yet deadly malignancy that arises from the melanocytes within
the uveal track of the eye. Up to 90% of cases arise from the choroid, but some can also occur
from the iris (3% - 5%) and the ciliary body (5% - 8%) (375). The median age of UM patients is
around 62 years old, and the risk of UM increases with age. UM occurrence is evenly distributed
between male and female, however, incidence of UM is significantly higher in Caucasians
compared to other ethnic groups (376). Extensive research has identified several genetic
mutations associated with UM, notably in the GNAQ, GNA11, BAP1, EIF1AX, and SF3B1
genes. These mutations significantly influence tumour behaviour and patient prognosis. For
instance, mutations in GNAQ and GNALL are present in approximately 90% of UM cases, may
indicate early oncogenic events. Loss-of-function mutations in BAP1 are strongly linked to
metastatic progression, whereas mutations in SF3B1 and EIFLAX are generally associated with a
more favourable prognosis (377). In addition to these genetic mutations, chromosomal
abnormalities such as monosomy 3, loss of chromosome 8p, and gain of chromosome 8q are
prevalent in UM with an association with an increased metastatic risk and poor patient outcomes
(378). Despite advancement in understanding the genetic and chromosomal profiles of UM, these

insights have yet to be translated into therapeutic treatments (379).

Despite the extensively studied metabolic alterations in many types of cancers, metabolic
information in rare cancers like UM remains little. The development of targeted drug therapies
for UM has encountered significant challenges, necessitating the exploration of innovative
treatment strategies. In the current study, we investigated the glucose metabolic profile in UM.
More importantly, we evaluated the anti-cancer effect of a previously identified potent drug
candidate UC2288 in UM cells with or without glucose depletion.
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5.2 Material and methods

5.2.1 Reagents

2', 7'-dichlorodihydrofluorescein diacetate (CM-H2DCFDA), AlamarBlue Cell Viability Reagent,
CyQUANT LDH Cytotoxicity Assay, dimethyl sulfoxide (DMSO), eBioscience Annexin V-FITC
Apoptosis Detection Kit, L-glutamine, Penicillin-Streptomycin (P/S), and Roswell Park
Memorial Institute Medium (RPMI-1640) with and without glucose were obtained from Thermo
Scientific (Lidcombe, NSW, Australia). Foetal bovine serum was supplied by CellSera
(Rutherford, NSW, Australia), while thiazolyl blue tetrazolium bromide (MTT) was acquired
from Chem-Supply (Gillman, SA, Australia). PVDF membranes were procured from Merck
Millipore (Bayswater, VIC, Australia), and JC-1 dye was sourced from Sapphire Bioscience
(Redfern, NSW, Australia).

5.2.2 Cell lines

Human 92.1 cell line was gifted by Prof. M.J. Jager (Leiden University Medical Centre, Leiden,
Netherlands). OMMZ2.5 cell line was a kind gift from Dr. S Manisha (University of Melbourne,
Melbourne, Australia). All cell lines were authenticated by commercial suppliers through DNA
sequencing and comparison. To maintain mycoplasma-free cultures, cells were periodically
tested for mycoplasma contamination every four months using the MycoAlert Mycoplasma
Detection Kit (Lonza, Mount Waverley, VIC, Australia). 92.1 and OMM2.5 cells were
maintained in RPMI medium supplemented with 10% heat-inactivated foetal bovine serum (FBS)
(v/v), 1% Penicillin-Streptomycin (P/S), and 1% L-Glutamine. Cultures were incubated at 37°C
in a humidified atmosphere with 5% CO.. To preserve genetic integrity, all cells were used

within 30 passages

5.2.3 Cell viability assay

Cells were plated in a 96-well plate at 90% confluency and allowed to adhere overnight.
Following incubation, cells were treated with 2288, which was dissolved in DMSO and diluted
in the appropriate culture medium supplemented with 1% FBS. After 24 hours of treatment,

MTT (0.5 mg/mL) was added, and the cells were incubated for up to 4 hours until purple crystals
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were visible under the microscope. The resulting purple formazan crystals were dissolved in
DMSO, and the plate was shaken for 5 minutes at room temperature to ensure complete
solubilization. Absorbance was recorded at 550 nm using the Multiskan SkyHigh Microplate
Spectrophotometer (Thermo Fisher, Lidcombe, NSW, Australia). The 1C50 value was determined
using the MTT assay and analysed through non-linear regression of cell viability versus drug
concentration in GraphPad Prism 7.0 (San Diego, CA, USA).

5.2.4 AlamarBlue assay

The AlamarBlue assay was performed to confirm the results of MTT assay. Cells were seeded
and treated following the same conditions as described above. AlamarBlue was diluted (1:9) in
FBS-free medium and added to the treated cells. After an incubation period starting with 30
minutes until colour change from blue towards pink is visible, absorbance was measured at
550/590 nm using the Victor X Multilabel Plate Reader (PerkinElmer, Waltham, MA, USA).

5.2.5 Lactate dehydrogenase (LDH) cytotoxicity assay

The LDH assay was carried out alongside the MTT assay by using the supernatant from the
treated cells. The supernatant was collected and transferred from the treatment plate, followed by
the addition of the LDH assay reagent. The mixture was incubated at room temperature for 30
minutes with shaking on a plate shaker while being protected from light. A stop solution was
then added, and absorbance was recorded at 490/655 nm using a microplate reader (Model 680,
Bio-Rad, Gladesville, NSW, Australia).

5.2.6 Reactive oxygen species (ROS) assay

Reactive oxygen species (ROS) levels were assessed using the CM-H2DCFDA probe, a general
ROS indicator. The reagent was prepared following the manufacturer’s instructions, and cells
were incubated in the dark for at least 1 hour and a maximum of 1.5 hour. Fluorescence intensity
was then recorded at 450/500 nm using the Victor X Multilabel Plate Reader (PerkinElmer,
Waltham, MA, USA)
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5.2.7 3D bio-printed cell culture

The Rastrum 3D bioprinter (Inventia Life Science, Alexandria, NSW) was used to create tumour
cells encapsulated in a PEG-based hydrogel, forming a complex matrix that simulates the tumour
microenvironment. The 3D Large Plug Model was selected, and the structure along with the
printing protocol was designed using the Rastrum Cloud platform (Inventia Life Science).
Printing was performed in a 96-well flat-bottom plate (Corning) following the manufacturer’s
instructions. To enhance matrix adhesion, a base inert layer was primed and printed first. Cells
were suspended at a concentration of 5 x 10%/mL in an activator solution obtained from Inventia
Life Science. Printing was then carried out by alternating layers of bioink and cell-containing
activator, enabling covalent interactions that embed the cells within the matrix. This alternating
droplet technique ensured uniform gelation and an even distribution of cells. Following the
printing process, 150 pL of medium supplemented with 10% (v/v) FBS was added, and the cells
were incubated at 37°C for five days before drug treatment.

5.2.8 Primary UM tumour derived cell lines and melanocyte primary cultures

Human uveal melanoma (UM) tumour samples were collected with approval from the St.
Vincent’s Hospital Sydney Human Ethics Committee (HREC/17/SVH/346), and all experiments
were performed in accordance with established ethical guidelines and regulations. Following
surgical excision, tumours were transported to the laboratory, washed three times in PBS (pH
7.4), and treated with Trypsin-EDTA to dissociate individual cells. The isolated cells were then
cultured, ensuring all processing was completed within 24 hours of tumour removal. Isolated
cells were then cultured at 37°C in a humidified incubator with 5% CO: using RPMI-1640
medium supplemented with 20% FBS (v/v), 1% L-glutamine, 1% penicillin-streptomycin (P/S),
1% ITS, and 2% GCT.

Human primary melanocytes were isolated from healthy donor eyes with the approval from the
University of Sydney and the South-East Illawarra Area Human Research Ethics Committees.
Primary melanocytes were isolated as previously described (380) and maintained in Ham's F12
supplemented with 10% FBS (v/v), 1% L-glutamine, 10 ng/ml cholera toxin, 100 nM PMA
(phorbol 12-myristate 13-acetate) and 0.1 mM isobutylmethylxanthine (IBMX) at 37 °C and 5%

CO:. All experiments were carried out using cells at passages 2 to 5.
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5.2.9 Agilent Seahorse Real time analysis

Cells were seeded according to the manufacturer's instructions and incubated over night to allow
cells to settle. Analyser cartridge is hydrated on cell seeding day with manufacturer’s pH buffer.
Cells were treated for either 24 hours as extended treatment time or 4 hours for short treatment
time. Rot/AA and 2-DG was diluted and added into the analyser injection wells according to
manufacturer’s instructions. Statistical tests were conducted within the analyser using the

glycolytic rate assay template.

5.2.10 Statistical analysis

All data are presented as mean * standard deviation (SD), with statistical significance set at p <
0.05. Cell culture experiments were performed in triplicates, with three independent repetitions
conducted at different time points. Statistical analyses were carried out using one-way ANOVA,
followed by Dunnett’s post-hoc test for comparisons between multiple independent groups,
utilizing GraphPad Prism 7.0.

5.3 Results

5.3.1 UM cells rely on glucose metabolism for cell survival and proliferation

We selected the primary tumour-derived 92.1 and metastatic tumour-derived OMM2.5 cell lines
in the current study, which cell lines have been adopted in the study shown in Chapter 4 and in
many other studies (317-319). These UM cell lines were incubated in the glucose- or glutamine-
free medium for 24 hours. As shown in Fig. 18A, 92.1 and OMM2.5 cell lines both exhibited a
decreased cell viability (0.17 folds of the control for 92.1; 0.30 folds of the control for OMM2.5)
in glucose-free medium, while that was only mildly reduced in glutamine-free medium (0.75
folds of the control for 92.1; 0.80 folds of the control for OMM2.5). Noteworthy, the treatment
was performed in the medium supplied with a reduced percentile of FBS (1% for treatment vs.
10% for culture maintenance). This aims to minimize the influence from other nutrients,
hormones and lipids. And subsequent experiments using 2-deoxyl glucose (2DG) for glucose
metabolism inhibition, benzylserine for glutamine metabolism inhibition and etomoxir for fatty

acid oxidation inhibition were performed to further confirm such findings (Fig. 18B).
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Consistently, cell viability of 92.1 was reduced to 0.01 folds of the control upon the treatment of
2DG (p<0.001); however, that of benzylserine and etomoxir treatment did not change. In the case
of OMM2.5 cells, the viability was also significantly decreased to 0.70 folds of the control in
2DG treatment group (p<0.01); while that of benzylserine and etomoxir were only slightly
decreased (0.89 and 0.83 folds of the control, respectively). Through targeted nutrient
deprivation and metabolic inhibition experiments, we explored the roles of the three main energy

recourses in UM cells.
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Figure 18. Molecular characterisation of metabolic effect in UM cell lines. Um cell lines
demonstrate glucose dependence when treated in nutrient depleted medium. Nutrient depleted
medium was brought to exclude either glucose or glutamine, all medium was supplemented with
1% FBS and cells were treated for 24 hours, and MTT cell viability assay was conducted as end
point assay to determine cell viability (A). Metabolic activity was further validated using

metabolic inhibitors. 2 deoxyl-glucose (2DG) (2mM) was used for glucose metabolism,
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benzylserine (1mM) was used for glutamine metabolism and etomoxir (40uM) was used for fatty
acid oxidation. All cells were treated for 24 hours then MTT assay was conducted as end point
assay to determine cell viability. The experiments were conducted in triplicate, with three
independent replicates performed for each experiment (n = 3). *p<0.05, **p<0.0I;
**%p < 0.001 vs. control by unpaired Students t test using GraphPad Prism 9.0.

5.3.2 Glucose depletion promotes the anti-cancer effect of UC2288 in UM cell lines

Considering glucose deprivation significantly reduced cell viability, it is important to know
whether there are any clinical applications in the treatment of UM, especially when combined
with other pharmacological treatments. To this end, we treated UM cell lines with the candidate
compounds identified in our laboratory that have potent anti-cancer effect with or without
glucose deprivation. Interestingly, we found that glucose depletion has a pronounced synergistic
effect on UC2288, but no other drugs tested (Fig 19A). 92.1 cell line displayed a further 0.37-
fold reduction in glucose free medium (p<0.001) and OMM2.5 showed a further 0.62-fold
decrease in cell viability (p<0.001). Such effect was not observed in other drugs tested especially

afatinib (84), suggesting a specific influence on UC2288 activity.

Confirmatory analysis was conducted using AlamarBlue cell viability assay. 92.1 showed a
further reduction of 0.37 folds and OMMZ2.5 showed a further reduction of 0.54 folds (p<0.001)
(Fig. 19B). Furthermore, the anti-cancer potential of UC2288 was estimated as to its IC50 values
in both cell lines. Our result showed that the IC50 values did not differ with or without glucose
deprivation (IC50 of 2.70 + 3.19 with glucose and 3.57 + 1.35 without glucose in 9.21; IC50 of
1.92 + 0.58 with glucose and 1.92 + 1.33 without glucose in OMMZ2.5) (Fig. 19C). However, it is
observed that the maximal effect of UC2288 in the absence of glucose was greatly improved
achieving a complete cell killing at a significantly lower concentration (3uM) compared to
treatment with glucose (8uM). This indicated that the synergistic effect of glucose deprivation
does not influence the potency of UC2288 but largely promote its maximal effect in UM cell

lines.

As indicated in Chapter 4, UC2288 demonstrated a favourable selectivity to UM tumour cells.

Accordingly, further analysis was conducted on human non-tumour eye cell lines as well as three
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independent melanocyte primary cultures. The Mauller glial cell MIO-M1 and retinal pigment

epithelium cell ARPE were selected as to be aligned with our previous study. In addition, we

also included three healthy melanocyte primary cultures obtained from three independent healthy

donors. As shown in Fig. 19D, glucose deprivation did not change the cellular effect of UC2288

in non-tumour cells; thus, its synergistic effect is specific to UM tumour cells.
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Figure 19. Molecular characterisation of UC2288 effect in UM cell lines when treated with

glucose depleted medium. The effects of UC2288 co-treatment with glucose depleted medium is

tested on UM cells for potential additive effects. Cell viability study was conducted with cells
seeded and treated with UC2288 (3uM) and afatinib (5uM) in glucose depleted medium for 24

116



hours. Cell viability was determined using MTT cytotoxicity assay (A). Confirmatory study was
conducted under similar condition with AlamarBlue assay (B). ICso of UC228 in UM cell lines
was estimated using Graphpad Prism as described in the previous chapter. Non-tumour cell lines
ARPE and MIO-M1 were also tested with UC2288 (3uM) in glucose depleted medium. Cell
viability was tested with MTT assay (D). The experiments were conducted in triplicate, with three
independent replicates performed for each experiment (n = 3). *p<0.05; **»<0.01;
*¥%p < 0.001 vs. control by unpaired Student’s t test using GraphPad Prism 9.0.

5.3.3 Glucose deprivation enhanced the molecular effect of UC2288 on UM cell lines

As shown in Chapter 4, UC2288 exhibited a significant cytotoxicity in UM cells, accompanied
with an elevated ROS level and impaired mitochondrial health. Thus, the molecular effect of
UC2288 was further investigated in glucose-containing and glucose-free media accordingly. 92.1
displayed an increased cytotoxicity from 1.35 folds to 2.09 folds upon the treatment of UC2288
in the presence and absence of glucose, respectively (Fig. 20A). A similar result was also
observed in the case of OMM2.5 cells (UC2288 cytotoxicity increased from 1.50 folds to 3.63
folds in the presence and absence of glucose). ROS level often reflects oxidative damage and
cytotoxic effects of drug treatment. 92.1 exhibited an increase in ROS production from 1.95 folds
to 5.57 folds in the presence and absence of glucose, respectively (Fig. 20B), while a consistent
result was yield in OMMZ2.5 cells (an increase of ROS level from 2.00 folds to 18.17 folds in the
presence and absence of glucose). These findings collectively indicated that glucose-free
medium significantly promoted cytotoxicity and ROS production upon UC2288 treatment in UM
cells, suggesting a critical role of metabolic stress in amplifying oxidative damage of UC2288 in

conjunction with glucose deprivation.

Mitochondrial health is also a key indicator of cell survival. JC-1 assay was adopted to assess
mitochondrial membrane potential, enabling a more thorough evaluation of cellular health and
metabolic function following UC2288 exposure. Surprisingly, although UC2288-induced
mitochondria health damage was more dramatic in the absence of glucose in both cell lines (Fig.
20C), such effect was to a much less extent compared to that observed in ROS production and
cytotoxicity (a further 0.17 fold decrease in 92.1 and 0.16 fold decrease in OMMZ2.5). This
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suggested that the synergistic effect of glucose deprivation may primarily impact on

mitochondrial function rather than influence its health.

As indicated in Chapter 4, the traditional 2D monolayer cannot represent the complex tumour
physiology. It is highly desired that 3D culture models can be used in cancer drug development.
Accordingly, the current study evaluated the anti-cancer effect of UC2288 under glucose-
deprived condition in the 3D bio-printed UM cell cultures. In such an advanced model, UM cells
were encapsulated in hydrogel matrix to mimic the tumour microenvironment and better assess
drug distribution and efficacy. UC2288 was able to achieve greater cell death in glucose free
medium at a lower dose in 3D bio-printed UM cultures (Fig. 20D). Cell viability decreased to
0.29 folds in glucose free medium compared to 0.54 folds with glucose in 92.1 cells (p<0.05).
These findings suggest that glucose-free medium enhances the drug's effectiveness, allowing for

a greater therapeutic impact at a lower dose.

Given that tumour heterogeneity has consistently presented a significant challenge to achieving
effective tumour suppression, it remains a critical factor in the development of targeted
therapeutic strategies. To better validate UCC2288, three patient-derived tumour primary
cultures were utilized to assess the effectiveness of UC2288 in the presence or absence of
glucose. Such a clinically relevant ex vivo model is desired to evaluate the therapeutic potential
of UC2288 in a physiologically representative environment. As shown in Fig. 20E, treatment in
glucose free medium has further promoted the efficacy of UC2288 in reducing UM cell viability.
UM primary cultures displayed a further decrease in cell viability, a further increase in ROS
accumulation across all primary cultures. The primary culture 3 showed no significance in the
effect of UC2288 with or without glucose as both conditions achieved close to complete killing.
This may be due to the heterogenous nature of UM tumours with diverse sensitivity to drugs.
Thus, UC2288 was effective to induce a significant anti-UM effect in an heterogenous tumour

environment and its effect was greatly amplified by glucose deprivation.
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Figure 20. The cell death profile of UC2288 and glucose depletion on UM cell death. Further
studies have been implemented to better evaluate the effect of UC2288 and glucose depletion on
UM cell lines. The LDH assay (A) is superimposed on the MTT assay as it only requires the
supernatant of the treated cells. equal amounts of LDH assay are added to extracted medium and
incubated before absorbance is read. ROS assay utilises the chemical CM-H2DCF-DA which
was diluted PBS according to manufacturer s instructions before incubating it with cells for up to
1.5 hours (37°C) (B). JC-1 assay was diluted and according to the manufacturers instructions
and incubated with cells for 20 minutes (37°C) before measured twice at differing wavelength as
written in the protocol (C). (D) Cells were printed with PEG-hydrogel and incubated to allow 3D
structure formation for 5 days, then cells were treated with UC2288 with and without glucose for
further 4 days before tested with AlamarBlue assay. (E) UC2288 and glucose depletion was
tested on patient tumour derived primary cell lines. Cells were treated as described in the
previous assays and MTT, AlamarBlue and ROS assay was performed in the same way as
described as before. Data are presented as fold of control (mean +SD) and statistical analysis
was done with unpaired Student’s t test. All experiments were done in triplicate with n=3 in each

repeat. *p < 0.05; **p < 0.01; ***p < 0.001 vs. control using GraphPad Prism 9.0.

5.3.4 The impact of UC2288 on glucose metabolism in UM cells

As shown in Chapter 4, UC2288 can impact on mitochondrial health and lead to ROS
accumulation in UM cells. In the current study, glucose depletion exhibited a synergistic effect in
further enhancing its effect. Thus, it is possible that the pharmacological effect of UC2288 may
partially be attributed to disturbing glucose metabolism and TCA cycle in UM cells, in line with
the observation that glucose deprivation more impacts on UC2288-induced mitochondrial

dysfunction rather than impairing its health (Fig. 20B and C).

UC2288 boosts the effects of glucose omission. Through the Agilent Seahorse Glycolytic Rate
Assay, real-time extracellular acidification was evaluated, providing critical insights into the
dynamic changes of glycolytic activity and metabolic adaptations of the UM cells in response to
UC2288 treatment. UM cells were treated for 4 and 24 hours to assess their glycolytic rates in a

short or long duration. The basal glycolic rate was changed over time in both cells. The
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glycolytic rate was elevated for the short treatment duration (92.1 depicted an increase of 152.82
glycoPER and OMM2.5 showed an increase of 76.4 glycoPER (pmol/min/Cells)) but returned to
normal level in the long run (Fig. 21A). Compensatory glycolytic rates remained steady with an
acute treatment of UC2288 but decreased with a prolonged duration (92.1 showed a decrease of
308.77 glycoPER and OMM2.5 showed a decrease of 45.8 glycoPER (pmol/min/Cells)) (Fig.
21B). The difference in the degree of change between the 2 samples may be due to the difference
in cell line origin. Metastatic UM cells has been discussed in the previous chapters and is known
to possess mutations that increase aggressive and proliferation. With an increase in drug
treatment resistance. It is understandable the changes in OMMZ2.5 is not as high when compared
to 92.1. UC2288 likely increases basal glycolysis in UM cells to engage in compensatory

glycolysis, ultimately leading to metabolic stress and decreased cell viability. And glucose
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deprivation aggravates such effect to promote its impact on cellular metabolism.
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Figure 21. Glycolysis changes over time when UM cells are treated with UC2288. UM cells
undergo specialised analysis utilising the real-time metabolic change analyser Agilent Seahorse.
Cells were seeded according to manufacturers instructions and analysing cartridge was
hydrolysed a day prior as advised. UC2288 (3uM) was treated at 2 time points with 24 hours as
extended treatment and 4 hours and immediate treatment. Rot/AA and 2DG was injected into

assay wells as pre-determined by the manufacturer’s assay settings and resulting analysis was
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calculated by the analyser using raw values. (A) shows the basal glycolysis of UM cells prior to
metabolism inhibition induced by the analyser. (B) shows the compensatory increase in
glycolysis due to mitochondria oxidation inhibition by Rot/AA. where data are presented as
glycoPER (mean £+ SD), and statistical analysis was done with one way ANOVA. All experiments
quadruplet with n=1 in each repeat. *p <0.05; **p <0.01; ***p <0.001 vs. control using
GraphPad Prism 9.0

5.4 Discussion

UM is the most common intraocular malignancy in adults and its treatment options remain
limited, particularly for metastatic diseases (379). Despite advancements in cancer drug
development, effective systemic therapies for UM are not proved (308, 311). UM is associated
with a high mortality rate (up to 52% within 35 years), with approximately 80% of UM-related
deaths occurring within the first 10 years of diagnosis (4). Its poor prognosis is significantly
exacerbated by metastasis, as up to 50% of patients have developed metastatic diseases resulting
in rapid decay of health and quality of life. This emphasises the urgent need for novel and
effective drug therapies in the treatment UM and its metastatic diseases. Novel strategies such as
exploiting metabolic dependencies and signalling pathways, may improve patient outcomes and

address the challenges associated with such tumour progression and metastasis.

Among the three main mechanisms involved in the TCA cycle, tumour cells incline to heavily
rely on aerobic glycolysis for ATP production. This study first investigated the role of glucose,
fatty acid and glutamine metabolism played in sustain UM cell survival with the approaches of
nutrient exclusion or metabolic inhibitor treatment. As shown in Fig. 18, UM cells significantly
dependent on glycolysis for cell growth compared to other macronutrients. This suggested the

clinical applications of glucose deprivation as a combination therapy to drug treatment.

As shown in Chapter 4, UC2288 has been shown to have a potent anti-cancer effect in UM cells.
The current study obtained evidence to demonstrate that glucose deprivation can specifically
amplify the anti-UM effect of UC2288 (Fig. 19A and B). Noteworthy, such synergistic effect of

glucose deprivation to UC2288 is also tumour selective (Fig. 19D).
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A decreased cell viability may be a result of increased cytotoxicity and/or reduced cell
proliferation. Further molecular analysis showed that glucose depletion largely aggravates the
cytotoxicity of UC2288 and its impact on mitochondrial function and mildly promoted its

influence on mitochondrial health (Fig. 20).

Interestingly, glucose deprivation did not change the potency of UC2288 (ICso values) in
reducing cell viability but greatly enhanced its maximum efficacy (Fig. 19C). This finding
suggests that glucose is extensively involved in the mode of action of UC2288, possibly inducing
metabolic stress or modulating cellular signalling pathways. As the mitochondria generally
provides energy and biomaterials for all cellular functions, this suggests a potential divergence in

the underlying mechanisms.

Given that mitochondrial dysfunction and ER stress are the primary outcomes of UC2288
treatment in UM cells, it is worth to further investigate the underlying mechanisms of UC2288-
induced anti-cancer effect in relation to glucose metabolism. The well-established Agilent
Seahorse XF analysis measures extracellular acidification rate (ECAR) and oxygen consumption
rate (OCR) to calculate cellular glycolysis over time. ECAR determines the conversion of
pyruvate to lactate, including basal OXPHOS levels; while OCR isolates and subtracts OXPHOS
to derive basal glycolysis (glycolysis at rest). Mitochondrial function is inhibited by Rotenone
and Antimycin A (Rot/AA), suppressing OXPHOS and increasing glycolysis to sustain cellular

function, termed as compensatory glycolysis (381).

The outcome of the assay generally indicates the glycolytic rate of UM cells. In the current
experimental setting, UM cell lines were treated with UC2288 for a short and long period. The
acute treatment of UC2288 induced an initial spike in basal glycolysis, which gradually returned
to baseline level with a prolonged treatment duration (Fig. 21A). Notably, no compensatory
glycolysis was observed immediately following UC2288 administration, but the capacity for
compensatory glycolysis was further declined over time (Fig. 21B). These findings suggest that
UC2288 may induce a metabolic reprogramming with an accelerated glycolysis to meet the
needs for cell survival initially. However, as to a prolonged treatment, the mitochondria is
overloaded with accumulated stress, ultimately leading to cell death. Thus, glucose deprivation
likely disrupts the initial metabolic reprogramming and in turn, promoted the maximal efficacy
of UC2288.
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Metabolic reprograming is a definitive feature of tumours and plays a pivotal role in tumour
progression and survival. Tumour cells shift metabolic processes to meet the need for their rapid
growth and survival in a highly dynamic and unforgiving manner (382). Cell metabolism in
tumours is highly influenced by external stresses such as blood perfusion, nutrient uptake and
waste secretion (383). Blood perfusion is imbalanced within solid tumours as aberrant formation
of vascular network resulting in fluctuations in blood flow and oxygen delivery (383). Hypoxia
in tumours encourage the production and secretion of Hypoxia-inducible factor 1-alpha (HIF-1a),
which in turn, alters metabolic profile to favour glycolysis through increasing glucose transporter
expression (384). Paradoxically, irregular vasculature limits nutrient supply leading to a change
in nutrient gradients in tumours (385). It has been noticed that lower glucose levels were widely
found in tumour tissues and surrounding extracellular fluids. Conversely, glucose metabolism is
often accelerated in tumours (385, 386). To accommodate the discrepancies in nutrients and
oxygen levels, tumour cells exhibit remarkable flexibility and plasticity in metabolism to sustain
their growth. Namely, utilising amino acid such as glutamine, lipids like fatty acids and glucose

metabolites such as lactate to fuel the TCA cycle in energy production and anabolism (387).

Through the dedicated works of Otto Warburg, glucose metabolic reprogramming is one of the
most well-known hallmarks of cancer progression (388). Normal cells in nonmonic condition
can generate up to 36 mol of ATP through 1 mol of glucose via OXPHQOS. In contrast, cancer
cells preferentially convert pyruvate to lactate via glycolysis instead of channelling pyruvate into
the TCA cycle, even though the net yield of ATP is drastically smaller than that of OXPHOS
(389). To meet their increased glucose demands, cancer cells enhance glucose uptake by
upregulating glucose transporters such as GLUTL1. This upregulation facilitates greater glucose
influx, supporting accelerated glycolysis (390). This preference is due to the upregulation of
LDH, which regenerates NAD* from NADH, sustaining high glycolytic rates. The lactate
produced is then exported into the TME, aiding nutrient distribution to tumour cells (389). Such
symbiosis between lactate production and consumption in tumour cells effectively mitigate
issues such as hypoxia and nutrient deficiency within the tumour mass (391). Moreover, lactate
production from pyruvate also generates NADPH, a ROS scavenger, thereby reducing oxidative
stress in cancer cells (392). Additionally, lactate within the TME promotes metalloprotease
activity, facilitating extracellular matrix degradation and enhancing cancer metastasis and

invasion (393).
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Apart from being a major source of energy production for cancer cells, metabolite intermediates
from the glycolytic pathways are also utilised in multiple anabolic processes including nucleic
acid, protein and lipid biosynthesis (394). This metabolic reprogramming supports the rapid
proliferation of cancer cells.

Given the multitude of glycolysis has on tumour growth, invasion as well as management of
nearby non-cancer cells, it is second nature to attempt to target glycolysis through inhibiting
glucose transporters, key enzymes involved in the glycolytic pathways such as hexokinase and
phosphofructokinase, as well as glucose transformation enzymes like pyruvate dehydrogenase
kinase and lactate dehydrogenase (395). Indeed, glucose metabolism has been correlated with
metastatic UM. Metastatic lesion with higher glucose uptake levels were associated with up to a
4-fold reduction in overall survival (396). In monosomy 3 UM samples, a compensatory increase
in GLUT1 transporters was observed, likely due to the decreased expression of GLUTZ2, located
on chromosome 3¢26.2 (397). Evidently, quercetin was found to impair UM proliferation
through interfering glucose uptake and metabolism (398). Although advancements have been
made to identify the relationship between glucose metabolism inhibition and anti-tumour effect
in UM cells, limited research has been conducted with glucose inhibition as an additive effect to
enhance UM treatment. Here we propose glucose inhibition not as a form of treatment but as an

effective addition to enhance drug treatment outcomes in UM.

The findings of this study indicated a predominant reliance on glucose metabolism in UM cells
in comparison to glutamine or fatty acid metabolism. Glucose consumption was further enhanced
upon the treatment of UC2288. Thus, a disruption of glucose supply synergistically aggravates
the effect of UC2288. Consistently, we observed that UC2288 impedes on UM metabolic activity,

in particular glucose consumption.

As glutamine consumption and fatty acid oxidation inhibition showed minimal impact on UM
cell viability (Fig. 18B), it is plausible that UC2288 may specifically influence glucose
metabolism and/or fatty acid synthesis. Accordingly, future investigation will be required to
elucidate the detailed mode of action of UC2288 in relationship to these specific metabolic
pathways. As glycolysis is increased to produce lactate, it may bypass the mitochondria electron
transport chain and TCA cycle to produce energy. ldentifying glycolysis metabolite intermediates

may examine the influence of UC2288 in glucose metabolism.
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In the realm of macronutrient metabolism, lipid metabolism reprograming has been newly
identified as a hallmark of cancer malignancy (399). Lipids are widely used by tumour cells to
create basic cellular structures for growth. Owing to this, tumour cells often have an increased
lipid uptake, storage and lipogenesis to meet their growing needs for rapid proliferation (400). It
is well known that fatty acid metabolism remodelling, especially de novo fatty acid synthesis is
greatly increased in tumour cells when compared to normal counterparts due to their increased
metabolic demands and a reduction in serum lipid availability (399, 401). On the other hand,
glucose and glutamine are used as substrates in the TCA cycle to produce acetyl-CoA for fatty
acid synthesis under nonmonic conditions. Due to hypoxia, nutrient imbalance is often
encountered in tumour masses requiring an alternative source of fatty acids. In hypoxic cells, de
novo fatty acid synthesis is bypassed through scavenging serum fatty acid and those in the TME
(402). As a matter of fact, the cell killing effect of FA synthesis was reversed with the addition of
the FA palmitate (403). The significance of fatty acid synthesis and lipid metabolism in cancer
lies in their essential roles in supporting tumour growth, survival, and therapy resistance, making

them promising targets for novel therapeutic strategies.

Lipid metabolism plays a critical role in the progression of UM, driving tumour growth, survival,
and metastasis through the reprogramming of fatty acid synthesis and lipid utilization pathways.
In particular, recent findings indicate acetyl-CoA carboxylase (ACC) was shown to be elevated
in UM increasing FA synthesis (404). ACC is the rate limiting enzyme found in the ER that is
responsible for the initiation of long chain FA synthesis. This enzyme irreversibly acetyl CoA to
malonyl CoA to be used for both energy and FA synthesis (401). Additionally, UM cell
cytoplasm is found to contain high levels of lipid droplets as well as the production structural
protein adipophilin. Under hypoxic or high energy dependence conditions, decreased levels of
adipophilin emphasised the increase in lipid usage and were associated with an increased
metastatic risk and more aggressive phenotypes (405, 406). Indeed, studies have found co-
treatment targeting metabolic pathways such as fatty acid synthase (FASN) and mTOR was
successful in inhibiting UM growth (407).

Likewise, metabolite composition may also be explored to elucidate lipid metabolism with or
without UC2288 treatment in UM cells. And the expression of protein markers such as ACC,
FASN and SREBP1 that are key regulatory proteins in fatty acid synthesis may be assessed to
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indicate the likely signalling pathways involved. And in vivo validation of the current findings is
highly desired in UM xenograft mouse models to consolidate the clinical application of current

findings.

Overall, this study demonstrated that UM cells are primarily dependent on glucose rather than
glutamine or fatty acid oxidation for its metabolism. Glucose deprivation has shown a synergistic
effect in promoting the anti-cancer effect of UC2288 in UM cells, which is mainly mediated
through further increasing ROS production and its cytotoxicity. There is an increase in glucose
consumption in UM cells when treated with UC2288, which may provide molecular mechanism
to support the synergistic effect of glucose deprivation in UC2288 treatment in UM. Although
the results are yet to be solidified, glucose deprivation may serve as an effective combined

therapy to boost the anti-cancer effect of UC2288 in the treatment of UM.
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Chapter 6: conclusion and future directions

6.1 conclusion

UM is one of the most common eye cancers in adults with a ~50% metastasis rate. There is a
diminishing survival rate of UM, once metastasis is confirmed (4). Though genotypical risks
factors such as mutations within GNAQ/11, BAP1 and monosomy 3 and phenotypical risks such
as Caucasian decent, fair skin and iris colour and increasing in residential latitude, have been
identified for UM. This information has yet to be translated therapeutically. In fact, common
therapeutic options for UM patients remain non-pharmacologically with a potential irreversible
impact on vision (19). Advancement in non-pharmacological therapeutical development is now
effective in treating primary UM, however micro-metastasis has often formed prior to the initial
diagnosis (310). Currently, there is only one drug approved for the treatment of unresectable
metastatic UM. Nonetheless, due to genetic limitations, only a portion of patients may benefit
from tebentafusp for a mild increase of survival (46). As previously discussed, numerous clinical
trials investigating pharmacological interventions in UM have yielded disappointing outcomes.
Consequently, mortality rates associated with this deadly cancer remain high, underscoring the

critical need for effective therapeutic drugs to improve patient outcomes.

It is imperative that novel therapeutic targets are highly desired in UM. Here we recontextualize
an established receptor - epidermal growth factor receptors (EGFR) for the treatment of UM.
EGFR is a family of transmembrane proteins with four subfamilies of receptor tyrosine kinases:
EGFR (HER1), HER2, HER3 and HER4 (125). Although EGFR (HER1) has limited effects in
UM (84), the other receptors have yet to be explored. Here using afatinib (84) and lapatinib
(Chapter 2) as representative drugs, we showed that HER2 is a targetable receptor in the
treatment of UM. Targeting HER2 receptors in UM was able to greatly reduce cell viability,
prevent metastasis and reproductive cell growth. The effect of HER2 inhibition was tested in in
vitro, ex vivo and in vivo models to ensure wholistic effect. HER2 inhibition-induced anti-UM
effect was shown to be tumour selective with minimal disturbance in healthy eye cell lines and
no apparent side effects in xenograft mouse models. Thus, HER2 has been proven to be a viable

therapeutic target in treating UM.

129



Building upon the concept of reimagining classical paradigms, we have undertaken an in-depth
exploration of cell death signalling pathways to identify novel therapeutic approaches derived
from traditional ideas. This endeavour involves examining established mechanisms such as
apoptosis, necrosis and the unconventional cell death method — autophagy. Autophagy holds both
tumorigenic and tumour suppressive effect. It was initiated thought to maintain homeostasis and
sustain cell survival in stressful environments (20). A prolonged progress of autophagy often
results in an overload leading to cell death. In Chapter 3 and 4, we uncover that autophagy may
be closely linked to ER stress and ROS production in UM. UC2288 is a novel small molecule
compound with potent anti-UM effect in in vitro, in vivo and ex vivo models. As UC2288 is a
soluble epoxide hydrolase (SEH) and p21 inhibitor, it was thought to exert its anti-cancer effect
through regulating epoxy fatty acid metabolism or disrupting p21 signalling. Surprisingly, we
showed that either mechanism is related to its anti-UM effect.

More excitingly, our study shown in Chapter 5 indicated that UM cells primarily depend on
glucose metabolism for survival and proliferation. And glucose depletion has a selective
synergistic effect to UC2288 in inducing cell death and ROS accumulation. Further studies
showed that glucose depletion does not directly impact on the potency of UC2288 but exerts an
additive effect to its anti-UM effect. It is hypothesised that UC2288 may induce a metabolic
reprograming involving glycolysis and/or fatty acid synthesis. Future studies with pathway
identification and metabolite intermediate determination are expected to better understand such

synergistic effect of glucose deprivation.

6.2 Future directions

Although progress has been made for receptor and novel compound identification, detailed
studies in regard to mechanism of action through signalling pathways and adjustment of novel
molecule chemistry to better target UM is greatly desired. Future research in this direction may

include:

1. Our study has demonstrated that HER2 receptors are expressed in both UM cell lines and
patient tumour samples, with further validation through TCGA database analysis.

Emerging evidence suggests that HER2 expression may play a role in tumour progression,
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survival signalling, and therapeutic resistance, highlighting its potential as a therapeutic
target in UM. This finding also raises the possibility that other receptor subfamilies,
previously overlooked, may have therapeutic relevance in UM. Therefore, we advocate
for a re-evaluation of common oncogenic factors, including hypoxia-inducible factors,
tumour necrosis factors, and vascular endothelial growth factors, along with their
respective receptors. A deeper investigation into these pathways may reveal novel,
previously unrecognized therapeutic targets for UM.

UC2288 has demonstrated potent anti-UM effects both in vitro and in vivo, inducing cell
death and inhibiting metastasis. However, its primary effector receptor remains
unidentified. Detailed proteomic and pathway analyses could provide a breakthrough in
uncovering key protein changes, leading to the identification of upstream signalling
pathways and the drug’s target protein responsible for initiating the cell death cascade.
Identifying these targets could enhance UC2288’s selectivity and specificity, improving
its potency while minimizing adverse effects.

. The combination of glucose inhibition and UC2288 resulted in a significantly greater
increase in cell death compared to other anti-cancer drugs. However, the full extent of its
additive effect remains unclear, limiting its clinical application. Further studies, such as
proteomic analysis to assess changes in key protein expression, could provide deeper
insights into this synergy. A better understanding of this interaction may facilitate
optimized clinical trial designs, enabling improved glucose depletion strategies through
combination dosing or dietary modifications to enhance its feasibility in clinical settings.
Similarly, metabolite composition analysis should be conducted to obverse the difference
in metabolite concentration in UC2288 treatment with and without glucose to identify the
potential inhibition caused by UC2288. This can identify key proteins that is responsible
for UC2288’s enhanced effect. This is proposed to be down through HPLC analysis of
protein lysates to identify increases or decreases in glucose and lipid metabolites.

Due to the eye’s secluded nature and restricted systemic accessibility, effective drug
delivery into the aqueous humour remains a major challenge in ocular treatment. While
UC2288's high potency makes it a viable candidate for intraocular micro-injection, less
invasive approaches, such as nanoparticles and extracellular vehicles (EVs), represent the

forefront of drug delivery innovations. Conjugating UC2288 with nanoparticles or EVs
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could enhance its ocular delivery, improving therapeutic efficacy while minimizing
invasiveness.

6. Given the heterogeneity of UM tumours, the wide range of cellular mutations in patient
tumours remains a significant barrier to achieving effective in vivo responses in clinical
trials. Many drugs that initially showed promise in vitro have demonstrated lacklustre
effect in Phase 1l and I11 trials, leading to disappointing outcomes. To address this issue,
we utilized primary patient-derived ex vivo models to better mimic tumour heterogeneity.
However, UC2288 was tested on only one primary and one metastatic cell line.
Considering the vast number of UM cell lines, it is essential for future studies to
incorporate a broader panel of cell lines representing common mutations, such as
GNAQ/11 and BAP1, to ensure a more comprehensive evaluation of UC2288’s
therapeutic potential in UM.

By integrating classical and emerging paradigms, my PhD project identifies innovative
therapeutic strategies for UM. Through re-evaluating established receptors and cell death
mechanisms, we have discovered novel therapeutic target, a lead compound as well as potential
combined therapies that are effective in treating UM. These innovative discoveries serve as
critical steppingstones toward improving UM patient outcomes and paving the way for more

effective treatments in the future.
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Supplementary Figure 1. Anti-cancer activity of lapatinib in OCM-1 and MP46 UM cell lines.
OCM-1 and MP46 cells were treated with lapatinib (0-50 uM) at 37°C for 24 h. Cell viability
was assessed using MTT reduction assays. ICses of lapatinib in UM cell lines were estimated by

non-linear regression (GraphPad Prism 7.0; San Diego, CA).
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Supplementary Figure 2. Protein expression of Her2 in the patient tumour-derived UM primary
cell lines.

The total cell lysate of the three-patient tumour-derived UM primary cell lines was subject to

western blot analysis. The blots were probed with anti-Her2 antibody.

Lanes: 1: cell line 1; 2: cell line 2; 3: cell line 3; M: protein marker.
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Supplementary Figure 3. The expression of HER2 (ERBB2), EGFR and HER4 (ERBB4) in
UM from the TCGA database.

The expression of EGFR and HER4 was compared with that of HER2 via the unpaired t-test (the
middle and right panels).

HER2 vs EGFR: p<0.0001, t=41.00, df=158, mean of HER2=10.87, mean of EGFR=5.089

HER2 vs HER4: p<0.0001, t=32.89, df=158, mean of HER2=10.87, mean of HER4=3.578
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Supplementary figure 4. Drug screening of novel sEH and P21 inhibitors on UM cell lines.
C918, 92.1, Mel202 and MP46 were primary UM cell lines and OCM1 was a cutaneous
melanoma cell line. All drugs were treated at 1uM of respective drugs with DMSO in culture

medium as negative control. MTT assay was conducted 24 hours post addition of drug and data
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is represented as folds compared to negative control (mean £ SD). Experiments were repeated on

one to two occasions with 6 replicated in each experiment. * P <0.05, ** P < 0.01, *** P <0.001.
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Supplementary figure 5. of P21 SiRNA silencing on cell viability of UM cell lines. The effect
of P21 inhibition in UM cell lines was confirmed with SiRNA silencing. Cells were incubated
with P21 SiRNA as recommended by the manufacturer. Cell were incubated for 48 hours before
sacrificed to conduct western blot for inhibition confirmation and MTT for cell viability

confirmation. Successful silencing of P21 did not affect cell viability in 92.1 cell lines.
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