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Research questions

The discovery of introns in the eukaryotic genome started as a mystery that has been
and continues to be decrypted nowadays. Our understanding has been extended as a
result of the advances made in next generation sequencing technologies and genome-
wide analysis. Such advances have helped us appreciate how alternative splicing allows
the formation of multiple forms of mature mRNA and protein isoforms from a single gene

thus becoming a major actor in generating eukaryotic diversity.

Hence, alternative splicing is a dynamic process that requires tight regulation to control
its cascade effect. In this context, this drop-wise mechanism involves multiple regulators
which comprise the splicing machinery. Importantly, the correct functioning of splicing is
known to be compromised in cancer and recurrent mutations in genes encoding RNA

splicing factors have been identified in different types of cancer.

The most frequent mutations in cancer are found in the genes splicing factor 3B, subunit
1 (SF3B1), serine/arginine-rich splicing factor 2 (SRSF2), U2 small nuclear RNA auxiliary
factor 1 (U2AF1) and zinc finger, RNA-binding motif and serine/arginine-rich 2 (ZRSR2)
(Yoshida et al., 2011; Dvinge et al., 2016). These splicing factor gene mutations display
certain features that highlight their importance in oncogenesis. First, these mutations
occur in a mutually exclusive manner and all mutated genes code for proteins that play
a role in the early steps of splicing (3’ splice site recognition). Second, SF3B1, SRSF2
and UZAF1 mutations trigger a change of function and ZRSR2 mutations result in a loss
of function (Yoshida et al., 2011).

Hence, to further exploit their oncogenic involvement, many studies have addressed the
splicing mechanistic carried out by these mutant splicing factors. We now know that
mutant splicing factors exhibit an altered splice initiation site or exon recognition which
leads to the formation of aberrantly-spliced transcripts. However, there is a knowledge
gap in the comprehension of how these abnormalities participate in oncogenesis. The
challenge remains to elucidate the fate of the resulting aberrant transcripts and their

functional role.

In recent years, growing efforts are being made to determine the fate of several
aberrantly-spliced targets that can result in human diseases. It is known that splicing
aberrations and their consequences can be cancer-specific thus hampering its study.

Another major issue is whether miss-splicing can constitute a target for therapy. Given
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that splicing is an essential process in cells, splicing inhibitors could presumably display
cytotoxic side effects. Consequently, there has been a drive towards the development of

splicing regulators rather than splicing inhibitors, which remains very challenging.

Further understanding of the fate of aberrantly-spliced targets is thus crucial to better
comprehend the oncogenic consequences of aberrant splicing and develop targeted
therapies. The most frequently mutated splicing factor gene in cancer is SF3B81 with a
high recurrence (23%) in uveal melanoma. The main goal of this thesis is to elucidate the
fate of the transcripts that are aberrantly-spliced in SF3B7-mutated uveal melanoma

cases.
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Chapter | - Once upon a time...

Uveal Melanoma at a glance

Uveal melanoma (UM) is the most common primary tumour in the eye of adults and there
are around 4.3 cases of UM per million worldwide. UM represents 5% of melanomas and
although it shares the melanocytic origin with skin melanoma, they differ widely in terms
of etiology, genetic landscape and clinical progression (Singh, Turell and Topham, 2011;
Mahendraraj et al., 2016).

The first record of UM dates back from 1809-1812 when described by the Scottish
surgeons Allan Burns and James Wardrop. At the time, Allan Burns invited James
Wardrop to assist the enucleation (removal of the eye globe) of a female patient whom
we know now, had UM. Wardrop had previously detected the presence of intraocular
tumours in young children which he reported to arise from the retina and foresought
enucleation as a curative treatment (Wardrop, 1809). Different from those white
retinoblastoma tumours, the eye tumour of the female patient was black — later known to
be due to the pigmentation from the choroid. The colour of the tumor was observed upon
enucleation, which was done a year and a half after the appearance of the first symptoms.
First, the patient experienced a progressive vision loss, leading to complete blindness 4
months before the operation. A year after the intervention, the patient died due to liver

metastasis, the most common metastatic site in UM (Burns, 1811).

UM arises due to the overproliferation of melanocytes from the uveal tract which
comprises the iris, ciliary body and choroid (Figure 1). Most UM cases have their origin
at the choroid (85%), while fewer cases arise from the ciliary body (5-8%) or the iris (3-
5%) (Singh, Turell and Topham, 2011; Mahendraraj et al., 2016).

Figure 1. Anatomy of the eye highlighting the
layers composing the uveal tract (ciliary body, iris
and choroid). Adapted from Blum et al., 2016.
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The genetic landscape of uveal melanoma

There are two main types of mutations in UM. The first event consists of activating
mutations in G-protein coupled receptors. More than 90% of UMs harbour mutations in
GNAQ (Guanine nucleotide-binding protein G(q) subunit alpha) or GNA711 (Guanine
nucleotide-binding protein subunit alpha-11) while lesser cases harbour mutations in
CYSLTRZ2 (Cysteinyl leukotriene receptor 2) and PLCB4 (1-phosphatidylinositol 4,5-
bisphosphate phosphodiesterase beta-4), accounting for 4 and 2.5% cases, respectively
(Van Raamsdonk et al., 2009; Chua et al., 2017; Robertson et al., 2018). These mutations
occur in a mutually exclusive manner and lead to the constitutive activation of Gaq
signaling, which triggers a dysregulation of downstream pathways like Akt/mTOR, Wnt/(3-
catenin, Rac/Rho, MAPK, and PI3K pathways (Bakalian et al., 2008). A detailed figure of
the dysregulated pathways in UM is provided subsequently (Figure 2 Vivet-Noguer et al.,
2019).

The second event comprises mutations in BAP1 (BRCA1 Associated Protein 1), SF3B1
(Splicing Factor 3b Subunit 1), SRSF2 (Serine/arginine-rich splicing factor 2) and EIF1AX
(Eukaryotic translation initiation factor 1A, X-chromosomal). These mutations (called
BSE) are also mutually exclusive in most of UMs and correlate with distinct prognoses.
On one hand, BAP7-mutated tumours are linked with chromosome 3 monosomy and an
early metastatic risk. On the other hand, SF3871 and SRSF2 mutations are mostly linked
with chromosome 3 disomy and a late-onset metastatic risk, while E/IF1AX mutations are
associated with chromosome 3 disomy and low metastatic risk (Figure 1A Vivet-Noguer
etal., 2019).

SF3B1 mutations in uveal melanoma

The splicing factor gene SF3B1 codes for the U2 small nuclear riboprotein complex (U2
snRNP) which plays an essential role in recognition of the intron in splicing. SF3B1 is
mutated in 23% of UMs (Alsafadi et al., 2016). Several hotspot mutations have been
described including R625, K666 and K700, with a distinctive prevalence of R625 and
K666 in UM (Papaemmanuil et al., 2011; Quesada et al., 2011). Provided that SF3B1 is
the splicing factor gene most frequently mutated in cancer and the recurrence of
mutations in splicing factor genes in cancer (Dvinge et al., 2016), SF3B1 mutations have
been thoroughly studied in the last decades. In a nutshell, SF3B7 mutations generate
change-of-function mutants which cause aberrant splicing of less than 1% of all splice

junctions because mutant SF3B1 recognizes a cryptic branchpoint of the intron which is
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located 11-4 nts upstream the canonical site (Alsafadi et al., 2016). While this small
section aims to serve as a highlight of the 23% of UM cases harbouring SF3B7 mutations,
a full chapter is dedicated to describing splicing as an emerging hallmark of cancer with

a particular focus on SF3B1 (Chapter II).

Management of primary uveal melanoma
(surgery, radiation, and photodynamic therapy)

Under primary settings of the disease, effective treatments include surgical resection,
enucleation, radiation, or photodynamic therapy; either alone or in combination. In fact,
enucleation was one of the first treatments used for primary UM. Nowadays, other types
of surgery include partial resections. Additionally, brachytherapy, a form of site-directed
radiotherapy, has proven to be equally beneficial for patients. The most common form of
brachytherapy consists of the insertion of a plaque that releases doses of radiation. If the
tumour size is too large to allow plaque insertion, charged-particle radiotherapy is used
instead (Wang et al., 2013; Barker and Salama, 2018; Mathis et al., 2018; Yang et al.,
2018). Charged-particle radiotherapy utilizes charged particles like protons, helium,
carbon, or other ions to provide localized peaks of dose targeting the tumour (Wang et
al., 2013). Finally, another option is photodynamic therapy (PDT). PDT is a combination
of a photosensitizer compound with an infrared laser that will then activate the compound
to induce damage in a site-specific manner. The development of successful therapies
has diverted the guidelines from enucleation to prioritizing the preservation of vision
whenever possible (Barker and Salama, 2018; Mathis et al., 2018; Yang et al., 2018).
Altogether, current therapies provide effective control of primary UM. However,
retinopathies and vision loss occur in a significant number of patients, thus improvement

of these therapies is needed (Table 1).

Adjuvant therapy and novel approaches

Despite good control of local disease, there is still a high metastatic risk in the long term.
Precisely, between 20 to 50% of patients develop metastases and the 5-year survival rate
has remained unchanged for the last forty years (Diener-West, M. et al., 2005; Aronow,
Topham and Singh, 2018). Hence, several adjuvant therapies used for the treatment of

skin melanoma have been tested in primary UM.

Treatment with the alkylating agent dacarbazine showed no benefits in UM patients

(Desjardins, 1997). No beneficial effects were either observed upon treatment with
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interferon (Richtig, Langmann and Schlemmer, 2006; Lane, Egan and Harmon, 2009).
Dacarbazine and interferon tested in combination did not result in any benefit in UM
patients (NCT01100528) (Binkley et al., 2020) (Table 1). The alkylating agent fotemustine
was also tested in clinical trials for UM but had to be stopped for futility (NCT02843386)
(Piperno-Neumann et al., 2017) (Table 1).

c-Met and c-Kit are overexpressed in UM (All-Ericsson et al., 2004; Mallikarjuna et al.,
2007). Therefore, the tyrosine kinase inhibitor crizotinib (inhibitor of c-Met
phosphorylation) has been evaluated in clinical trials but it showed adverse and
discontinued effects (NCT02223819) (Khan et al., 2020) (Table 1). On the other hand,
the effect of the tyrosinase kinase inhibitor sunitinib (inhibitor of c-Kit) is being assessed
on clinical trials (NCT02068586) (Sato et al., 2020) (Table 1).

As aforementioned, BAP1 inactivating mutations are associated with a higher risk of
metastasis in UM. Some clinical trials are based on targeting BAP1-related processes
like inhibiting histone deacetylases which are deubiquitinated by BAP1 (Scheuerman et
al., 2010; Sahtoe et al., 2016). In line with this, a clinical trial is running to test vorinostat
in UM (NCT03022565) (Table 1).

The eye is an immune-privileged environment but contains immune cells like T cells and
dendritic cells (Char, Char and Kaleta-Michaels, 1992; De Waard-Siebinga et al., 1996;
Polak et al., 2007). Dendritic cells present antigens in order to induce the immune
response through activation of T cells and immunotherapy targeting dendritic cells has
shown promising results in skin melanoma (Aarntzen et al., 2012). Although skin
melanoma and UM differ in terms of etiology, genetics and progression, they share the
expression of antigens like tyrosinase-related protein 1 (TRP-1) and glycoprotein 100
(gp100) (Steuhl et al., 1993; De Vries et al., 1998), which are frequent targets of dendritic
cells immunotherapy (Aarntzen et al., 2012). First clinical trials of dendritic cell
vaccination showed a response for UM patients (Bol et al., 2014), thereby progressing to
phase Ill which is currently running (NCT01983748) (Table 1).

A novel approach for laser therapy is based on AU-011, a compound composed of viral
nanoparticles conjugated with a photosensitizer which is injected intravitreal and triggers
necrosis upon infrared laser (NCT03052127) (Yang et al., 2018) (Table 1). Additionally,
tissue factor (TF) is overexpressed in UM cell lines (Walker et al., 2002) and recently, a
fusion protein named ICON-1 was developed to selectively target TF-overexpressing UM

cells. ICON-1 a fusion protein of human coagulation factor VIl that upon binding to TF will
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trigger a decrease in neovascularization. ICON-1 is currently in clinical trials
(NCT02771340) (Yang et al., 2018) (Table 1).

Some of the adjuvant therapies used for UM prevent metastasis in skin melanoma but
show minimal effect in UM. In fact, no improvement in the patient overall survival (OS) of
UM patients has been observed yet (Aronow, Topham and Singh, 2018; Yang et al.,
2018). Altogether, the results from clinical trials with adjuvant therapies highlight the need
to further investigate them. Accordingly, novel approaches are being investigated as well,
like testing dendritic cells immunotherapy, AU-011 and ICON-1, which shed light on the

progress needed to improve adjuvant therapy in UM.

Management of metastatic uveal melanoma

Between 20 to 50% of patients develop metastases, mainly in the liver (89%), and less
commonly in the lungs (29%), bone (17%), skin (12%) and lymph node (11%) (Diener-
West, M. et al., 2005). Despite the existence of effective treatments for primary UM, there
is still no treatment of reference for the metastatic setting. The overall survival of UM
metastatic patients is 6 to 12 months (Kujala, Makitie and Kiveld, 2003; Lane, Kim and
Gragoudas, 2018). The lack of established guidelines makes the management of
metastatic UM rather experimental and diverse. Current treatments include liver
resection, radiotherapy, chemotherapy, targeted therapy and immunotherapy. The latter
is sometimes used in combination with chemotherapy or targeted therapy (Yang et al.,
2018; Rodriguez-Vidal et al., 2020).

Liver-directed approaches
(chemotherapy and surgery)

Given that the liver is the most common site of metastasis (Diener-West, M. et al., 2005),
several approaches are aimed at targeting the liver. For instance, intra-arterial liver
chemotherapy (IAC) consists of releasing the doses of chemotherapy agents to the liver
artery through a catheter. This approach can be combined with chemoembolization
(hepatic artery chemoembolization or HAC). The goal of these therapies is to provide
site-specific chemotherapy to reduce off-target toxicity. Another liver-directed approach
is isolated liver perfusion (IHP), based on vascular isolation of the liver to reduce systemic
toxicity (Yang et al., 2018; Rodriguez-Vidal et al., 2020). These approaches have been
largely tested in metastatic UM, but no improvement in OS has yet been reported and

the lack of established guidelines introduces a lot of bias between treatments which
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challenges comparison and outcome analysis (Yang et al., 2018; Rodriguez-Vidal et al.,
2020).

Radiofrequency ablation (RFA) has also been assessed alone or in combination with
surgery. RFA consists of the transmission of heat, in this case, at the liver site. RFA alone
leads to the same OS as surgery in liver metastatic UM (Mariani et al.,, 2016). Upon
relapse after treatment of the initial metastasis, RFA in combination with surgery is also
beneficial for patients (Servois et al., 2019). It is important to take into account the fact
that the groups of study were small and highly filtered, thus these studies may not
represent or be conclusive for all UM cases. Moreover, the combination of RFA and
surgery is an aggressive treatment and additional studies are needed to assess the

choice of treatment according to the genomic profile of each patient.

On the other hand, surgical resection of the liver is performed for resectable tumours
and often combined with chemotherapy. A modest increase in the OS has been observed
for some patients undergoing liver resection (Rietschel et al., 2005; Rivoire et al., 2005;
Akyuz et al., 2016). However, increased survival may depend on the stage of the tumour

and patient selection (Yang et al., 2018; Rodriguez-Vidal et al., 2020).

Chemotherapy

Provided the shared embryonic origin of UM and skin melanoma, chemotherapy
treatments used for skin melanoma have been tested in metastatic UM (cisplatin,
temozolomide, dacarbazine, temozolomide, cisplatin, carboplatin, and combined
treatments) (Schmittel et al., 2006; Homsi et al., 2009; Spagnolo et al., 2013; Khan and
Carvajal, 2020; Sussman, Funchain and Singh, 2020). However, as previously mentioned,
the etiology, genetic profile and progression of UM and cutaneous melanoma diverge
significantly. UM is chemoresistant and yields very low response rates (0-15%) to skin
melanoma standard treatments. Hence, novel treatments are being explored like
immunotherapy and therapy targeting the dysregulated pathways in UM (Khan and
Carvajal, 2020; Sussman, Funchain and Singh, 2020) (Table 1).

Immunotherapy

Cancer cells are known to evade the immune system and in recent years, emerging
immune checkpoint inhibitors are aimed at boosting the immune response of patients
(Hanahan and Weinberg, 2011). The checkpoint inhibitors targeting T-lymphocyte-

associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) have shown
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successful results in several types of cancer including skin melanoma (Yu et al., 2019).
As previously mentioned, skin melanoma and UM share the expression of antigens like
TRP-1 and gp100 (Steuhl et al., 1993; De Vries et al., 1998). Additionally, UM tumours
also display infiltration of T-cells and dendritic cells (Char, Char and Kaleta-Michaels,
1992; De Waard-Siebinga et al., 1996; Polak et al., 2007). Consequently, checkpoint
inhibitors of CTLA-4 and PD-1 have been tested in clinical trials for patients with
metastatic UM (Table 1). Unfortunately, clinical trials testing inhibitors of PD1 and CTLA4
in UM have shown limited clinical benefit and low response rates (Hofmann et al., 2009;
Guenterberg et al., 2011; Patel et al., 2011; Heppt et al., 2017) (Table 1). UM display a
low mutational burden of a single-nucleotide variant (SNV) mutation of <1 per Mb (Furney
et al., 2013). A high mutational burden is known to correlate with the response to
checkpoint inhibitors (Cooper and Schneidau, 2015). The low mutational burden may
lead to a low neoantigen generation in UM and thus explain why UMs are frequently
resistant to immunotherapy. Much attention has been drawn to further comprehend such

phenomenon in recent years.

A very interesting finding was seen on two outlier patients with metastatic UM that
showed a significant response to anti-PD1 treatment. Strikingly, both patients harboured
germline loss-of-function mutations in methyl-CpG binding domain 4 (MBD4) (Rodrigues
et al., 2018; Johansson et al., 2019), a protein involved in the repair of DNA mismatches
(Bellacosa, 2001). MBD4 inhibition results in a hypermutated tumour most probably
explaining the sensitivity to checkpoint inhibitors (Rodrigues et al., 2018; Johansson et
al., 2019).

Another recent study explored if the transcripts aberrantly spliced by mutant SF3B1 will
code for neo-epitopes. Interestingly, SF381 mutations have been shown to trigger the
formation of tumor neo-epitopes that are recognized by CD8* T cells in SF3B71-mutated
UM metastatic patients. The same study showed that UM cell lines harbouring SF3B1
mutations were targeted and killed by CD8* cells (Bigot et al., 2021).

Another study also reported the presence of tumor-infiltrating lymphocytes expressing
the marker LAG3 in UM cells (Durante et al., 2020). This opens the possibility of testing
checkpoint inhibitors targeting LAG3 in UM, which is currently in clinical trials combined
with PD1 inhibitors (NCT04552223) (Table 1).

Finally, a recent clinical study with tebentafusp was conducted in patients with advanced

UM. Tebentafusp is a fusion protein specific for gp100 that contains a T-cell receptor
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binding domain and an antiCD3 T-cell domain so that it will specifically kill gp100-
expressing UM cells. After a follow-up of 14 months, the risk of dying decreased by half
and the median overall survival was approximately 22 months, compared with 16 months
for other treatments and the 1-year survival rate was 73.2 % versus 58.5% in patients
with other treatments (pembrolizumab, ipilimumab or dacarbazine) (NCT03070392)
(Table 1). Conclusively, the treatment of UM metastatic patients with tebentafusp resulted

in a significant increase of OS in metastatic UM patients.

Overall, immunotherapy based on checkpoints shows poor response rates in metastatic
UM (Hofmann et al., 2009; Guenterberg et al., 2011; Patel et al., 2011; Heppt et al., 2017).
However, the success of checkpoint inhibitors in UM patients harbouring MBD4
mutations highlights the importance of personalized medicine. In line with this, the recent
discovery of neoepitope formation in SF3B1-mutated UM cells and the expression of
LAG3 emphasize the importance of further characterizing the immune profile of UM
tumours (Robertson et al., 2018). Last but not least, treatment of patients with metastatic
UM by targeting the antigen gp100 offers the first experimental approach to improve OS
in advanced UM (NCT03070392) (Table 1).

Table 1. Table of clinical trials in UM over the last 12 years, adapted from clinical trials.gov

T”"?°r Therapy type* Drug/ molecule Target Pathway / Phase Patient  Start Clinicaltrials ID
staging Process number year
Fotemustine Cyt°t°):;ear:'t‘y'at'”9 DNA Il 302 | 2009 | NCT02843386
ICON-1 Tissue Factor Immuno 10 2016 | NCT02771340
Chemo/Targeted
Crizotinib Ras MAPK Il 34 2015 | NCT02223819
Vorinostat HDAC BAP1 10 2019 | NCT03022565
Targeted + Adj Sunitinib VEGF-R2, PDGF-RB | Angiogenes | 150 | 2014 | NCT02068586
tyr kinase is
Primary
52 2017 | NCT03052127
Laser L|ght-acg¥?ted AU- HSPGs
Il 31 2020 | NCT04417530
Recombinant Interferona +
interferon a-2b + . Cell growth 1l 38 2009 | NCT01100528
. alkylating agent
Dacarbazine
Immuno + Adj
Dendritic cells Dendritic I 200 | 2018 | NCT01983748
vaccine cells
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Metastatic

Radio Yitrium-90 - Cell I 48 | 2011 | NCT01473004
microspheres proliferation
Yttrium-90 Cell
. microspheres + ) proliferation
Radio + Chemo Cisplatin (hepatic +DNA 1l 108 2016 | NCT02936388
application) replication
Bevamzump + VEGF + alkylating Anglqgenes I 35 2009 | NCT01217398
Temozolomide agent is
AEBO071 PKC PKC | 153 2009 | NCT01430416
Carboplatin + PDGFR + Cellgrowth | I 7 | 2010 | NCT01200342
Paclitaxel Microtubules
Everolimus + mTOR + IGF1-R mTOR I 14 | 2010 | NCT01252251
Pasireotide
Sunitinib * RTK + alkylating Ras I 124 | 2010 | NCTO1551459
Dacarbazine agent
- MAPK +
Selumetinib / MEK + cell cell I 120 | 2010 | NCT01143402
Temozolomide proliferation . .
proliferation
MAPK +
Sorafenib RAF + VEGFR angiogenes Il 200 2011 | NCT01377025
is
Sorafenib, RAF + VEGFR and MAPK +
Paclitaxel + PDGFR and Il 25 2011 | NCT00329641
. . cell growth
Carboplatin microtubules
Cixutumumab IGF-1R Cell growth Il 18 2011 | NCT01413191
- - Metabolism
ADI_—PEG_Z + Arginine deiminase + cell 8 2012 | NCTO1665183
Cisplatin + cell cycle rowth
Chemo/Targeted 9
Vorinostat HDAC BAP1 Il 23 2012 | NCT01587352
MAPK +
Sorafenib RAF + VEGFR angiogenes Il 32 2012 | NCT02517736
is
PKC +
AEBO071 + MEK162 PKC + MEK MAPK 38 2013 | NCT01801358
Cabozantinib,
Dacarbazine + MET, \./EGFRZ * MAPK Il 47 2013 | NCT01835145
- alkylating agents
Temozolomide
Trametinib+/- MAPK +
GSK2141795 MEK + Akt Akt-mTOR Il 44 2013 | NCT01979523
Selumetinib + MEK1 + alkylating | \1apk 1 152 | 2014 | NCT01974752
Dacarbazine agent
AEBO71 + BYL719 PKC + PI3K PKC + PI3K 30 2014 | NCT02273219
LXS196 + HDM201 PKC + MDM2 PKC + p53 112 2016 | NCT02601378
Selumetinib MEK MAPK 28 2017 | NCT02768766
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Niraparib PARP BAP1 I 47 | 2018 | NCT03207347
BVD-523 ERK MAPK I 27 | 2018 | NCT03417739
BAF
FHD-286 ATPases BRG1 + chromatin | 100 2021 | NCT04879017
BRM remodeling
Defactinib YAP +
Hydrochloride + FAK + Raf/MEK MAPK I 18 | 2021 | NCT04720417
VS-6766
Caspase
Procaspase + activation +
ROST ame ALK yrosing | '@nd il | 38 12021 | NCT04589832
PAC-1 + Entrectinib kinase
Ipilimumab,
Immuno + Radio Nivolumab + CTLA-4 + PD-1 Immuno Il 18 | 2016 | NCT02913417
Radioactive
Microspheres
. T cell
AntiCTLA4 CTLA-4 o I 11 | 2009 | NCT01034787
activation
Nivolumab PD-1+CTLA4 | Immuno I 67 | 2012 | NCT01585194
Ipilimumab
Pembrolizumab +/- PD-1 Immuno I 5 | 2015 | NCT02359851
Nivolumab
IMCgp100 cD3 P'gm‘;”tat'" i 150 | 2016 | NCT02570308
Immuno Pi tati
IMCgp100 cD3 'gm‘:” ato 378 | 2017 | NCT03070392
Ipilimumab * CTLA-4 + PD-1 Immuno I 48 | 2016 | NCT02626962
Nivolumab
BPX-701 + PRAME + FK506-
i binding protem A | MMuno i 116 | 2017 | NCT02743611
CVA21 + 'CA'\C"H_'AE_TF * Immuno 10 | 2017 | NCT03408587
Ipilimumab
Nivolumab + PD1 + LAG-3 Immuno I 27 | 2020 | NCT04552223
Relatlimab
mMRNA
(gp100+tyrosinase) Dendritic mn 23 | 2009 | NCT00929019
dendritic cells
vaccine
INCB024360 + IDO1 inhibitor +
MELITAG 12.1 vanaine I 11 | 2013 | NCT01961115
Cell division
Immuno + Paclitaxel + . +
. Microtubules+ .
Chemo/Targeted Bevggzumab + VEGF + CTLA-4 angpgenes Il 112 2013 | NCT02158520
Ipilimumab is +
immuno
Glembatumumab GPNMB Immuno I 37 | 2015 | NCT02363283
vedotin
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ADV/HSV-tk + DNA replication +
Valacyclovir + PpD-1 Immuno Il 25 2017 | NCT02831933
Nivolumab
Specific T
lymphocytes + CD8 + cell
Cyclophosphamide | growth+alkylating Immuno | 30 2017 | NCT03068624
+ Aldesleukin + agent + IL-2 +Ctla4
Ipilimumab
Pembrolizumab + | = pp 4, yppc | Immunot 1oy, 20 | 2018 | NCT02697630
Entinostat BAP1
Fludarabine + .
Cyclophosphamide | DNA synthesis + DNA I 59 | 2018 | NCT03467516
+TIL alkylating agent replication
IKKb matured Antigens Dendritic | 12 2020 | NCT04335890
Dendritic Cells
IKKb matured Antigens Dendritic | 12 2020 | NCT04335890
Dendritic Cells

Targeted therapy and epigenetic approaches

Emerging therapeutic approaches targeting the signaling pathways dysregulated in UM
are discussed in the following review. Additionally, novel therapies aimed at targeting

BAP1-downstream processes in BAP1-mutated tumours are further explained.
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Abstract: Uveal Melanoma (UM) is a rare and malignant intraocular tumor with dismal prognosis.
Despite the efficient control of the primary tumor by radiation or surgery, up to 50% of patients
subsequently develop metastasis, mainly in the liver. Once the tumor has spread from the eye, the
treatment is challenging and the median survival is only nine months. UM represents an intriguing
model of oncogenesis that is characterized by a relatively homogeneous histopathological architecture
and a low burden of genetic alterations, in contrast to other melanomas. UM is driven by recurrent
activating mutations in Gaq pathway, which are associated with a second mutation in BRCA1
associated protein 1 (BAP1), splicing factor 3b subunit 1 (SF3B1), or eukaryotic translation initiation
factor 1A X-linked (EIF1AX), occurring in an almost mutually exclusive manner. The monosomy of
chromosome 3 is also a recurrent feature that is associated with high metastatic risk. These events
driving UM oncogenesis have been thoroughly investigated over the last decade. However, no
efficient related therapeutic strategies are yet available and the metastatic disease remains mostly
incurable. Here, we review current knowledge regarding the molecular biology and the genetics of
uveal melanoma and highlight the related therapeutic applications and perspectives.

Keywords: uveal melanoma; metastasis; targeted therapy; oncogenesis; Gaq pathway; BAPI1;
SE3B1; EIF1AX

1. Introduction

Uveal melanoma (UM) is the most frequent eye cancer in adults, representing 5% of all types of
melanoma [1]. UM mainly arises from melanocytes within the choroid (85%), but it can also originate
from the ciliary body (5-8%) or the iris (3-5%), to a lesser extent. The incidence of UM worldwide
is estimated at 4.3 cases per million and it has remained stable for the last thirty years [1,2]. Uveal
and cutaneous melanomas display major differences in the etiology, mutational profile, and clinical
progression, despite sharing cell type and embryonic origin [3].

Uveal melanoma primary tumor can be effectively treated with radiation or surgical removal
(enucleation) [4-6]. The prognosis of this cancer remains poor due to the development of metastases
in 20-50% of patients, despite good local control [7]. These metastases mainly appear in the liver
(89%) and they are particularly resistant to treatment, leading to an overall survival of six to twelve
months. Current therapeutic approaches, including chemotherapies or targeted therapies, yield very
low response rates (0-15%) in clinical trials, which highlights the need for more effective therapeutic
strategies by identifying new targets or combined approaches [8,9].

2. Uveal Melanoma Risk and Prognostic Factors

Uveal melanoma risk factors consist of light skin and eye color (low pigmentation) [3]. UM
mutation spectrum does not correlate with ultraviolet radiation (UVR) exposure [10-12], although
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UVR-induced mutational patterns (C-to-T transitions) have been described in rare cases (5.6%) [13].
Germline inactivating mutations in BAP1 (BRCA1 associated protein 1) also represent a genetic risk
factor in rare familial and bilateral UM cases, accounting for 2-5% of cases [14-17]. Recently, two UM
cases have been reported to harbor germline loss-of-function mutations in MBD4 (methyl-CpG binding
domain 4) [18,19]. MBD4 plays a role in repairing DNA mismatches and its inactivation leads to a
hypermutated tumor profile that is sensitive to immune checkpoint inhibitors [19,20].

The UM prognostic features include the age of the patient, tumor size, cell origin and heterogeneity,
cytogenetic aberrations, and genetic profile [21-24]. No improvement in overall survival has been
observed during the last 30 years, even though prognostication has improved due to the advances in
understanding the genomic and genetic status of UM [25,26].

3. Biology-Based Therapeutic Strategies in Uveal Melanoma

3.1. Dysregulated Signaling Pathways

UM exhibits a dysregulation of a set of genes and pathways, most of which have been elucidated
in the last two decades and that have been considered as candidates for therapeutic targeting. Here,
we describe the potential therapeutic opportunities that are based on the main UM altered signaling
pathways and related processes.

3.1.1. Apoptosis and Cell Cycle

BCL2 and MDM?2 are the first genes reported to be highly expressed in UM [27-29]. TP53 is very
rarely mutated, but is frequently inactivated by MDM?2 overexpression in UM. Consequently, Bcl2 and
Mdm? are described as potential targets for therapeutic intervention. For instance, treatment with
inhibitors of the apoptotic proteins Bcl2/xL coupled with alkylating agents has been shown to trigger
tumor growth inhibition in UM PDXs (Patient-Derived Xenografts) [30]. Clinical studies have failed
to provide a therapeutic benefit due to strong adverse effects, although preclinical investigations of
Bcl2 and Mdm? inhibitors have confirmed their antitumorigenic effect in UM [30,31]. Evaluation of
other strategies to re-activate p53, including inhibitors of Mdm4, a homolog of Mdm2, may offer good
alternatives [32,33].

Rb (Retinoblastoma gene) inhibits proliferation and it is frequently inactivated in UM by
phosphorylation induced by cyclin D1 (CD1) overexpression [34,35]. Precisely, CD1 is overexpressed
in approximately 40% of cases [27,28]. In other cases, Rb phosphorylation may be due to p16/NK4a
promoter methylation [36]. Rb pathway is disrupted in a wide number of cancers and the targeting
approaches include CD inhibitors that are being tested in UM in combination with other therapies.
HDAC (histone deacetylase) inhibitors are currently being assessed in UM and they have been found
to induce CD1 degradation. Cotherapy with HDACi and CDKi has been shown to induce cell death in
UM cell lines [32]. Additionally, CD1 activates CDK4/6, the downstream targets of the MEK pathway
that is frequently altered in UM, which implies a potential co-targeting of MEK and CDK4/6.

3.1.2. Hypoxia-Induced Response

HIF (Hypoxia Inducible Factor) is the main node for hypoxia response and it triggers a metabolic
reprogramming when the growing tumors lack oxygen supply to increase glucose uptake and promote
angiogenesis [37]. This hypoxia response occurs through cMET or CXCR4 (C-X-C chemokine receptor
type 4). HIF is overexpressed in specific subsets of UM and its inhibition has been shown to suppress
tumor growth in UM mouse models [10,38].

3.1.3. cMET-PI3K Pathway

cMET encodes the transmembrane tyrosine kinase receptor that is activated through the binding
of the hepatocyte growth factor (HGF). HGF is primarily produced in the liver and it is implicated in
the growth of various malignancies. cMET expression levels are higher in UM metastatic tumors as
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compared to primary tumors, an intriguing fact given the presence of high levels of HGF in the liver
tumor microenvironment. The HGE-cMET pathway has been described to mediate resistance to MEK
inhibitors in metastatic UM [39]. In fact, HGF-cMET activates the PI3K-Akt pathway through PI3Kf
to compensate for the lack of MEK pathway activation. Therefore, blocking HGF-cMET signaling
can resensitize the tumor cells to MEK inhibitors. This effect was observed in ex vivo UM metastatic
explants [39]. A combination of MEK and ¢cMET inhibitors is a promising approach that remains to be
further investigated. On the other hand, the PI3K-Akt pathway is activated upon PTEN (Phosphatase
and TENsin homolog) loss [40]. PTEN is a tumor suppressor that is underexpressed in 40% of UMs
(mainly by LOH of the PTEN locus) [40—-42]. There is growing evidence that PTEN is downregulated by
miRNAs in UM [43,44]. Rescuing PTEN function is challenging but approaches targeting the PI3K/Akt
pathway continue to be evaluated as combined therapies in UM.

3.1.4. NF-kB Proinflammatory Signaling

NF-«kB (nuclear factor-kappa B) pathway activation has been described to contribute to the
mechanism of resistance to BET (Bromodomain and Extra-Terminal motif proteins) inhibitors in the
UM cells. Inhibitors of NF-kB signaling synergized with BET inhibition in vitro and in vivo, which
suggested that the inhibition of NF-kB signaling may improve the efficacy of BET inhibition in patients
with advanced UM [45]. Furthermore, NF-«B signaling pathway contributes to PRAME (Preferentially
Expressed Antigen in Melanoma) upregulation [46]. PRAME expression has been reported to correlate
with the metastatic risk of UM [47]. These findings shed light on the potential targeting of this antigen
by PRAME-specific HLA-A2 T-cell clones [48]. A recent study showed that 50% of metastatic UM
expressed PRAME and HLA class I, which can be recognized by PRAME-specific T cells, implying the
applicability of PRAME-TCR therapy on metastatic UM patients [49]. Currently,a PRAME-TCR clinical
trial is ongoing for AML (Acute Myeloid Leukemia) and metastatic UM patients (NCT02743611).

3.2. Genomic Aberrations and Mutational Burden

Few genomic and genetic events characterize UM (Figure 1a). In fact, UM presents a low
mutational burden, with an SNV mutation rate of <1 per Mb [11]. Additionally, UM displays a
near-diploid karyotype with only a few chromosomal changes affecting chromosome 3 or chromosome
arms 1p—, 6p+, 6q-, 8p—, 8q+. The cytogenetic alterations are tightly linked with the clinical outcome.
The presence of both monosomy 3 and gain of 8q is correlated with high metastatic risk [50,51].
Harboring only one of the latter events correlates with an intermediate risk and the absence of such
aberrations corresponds to a low risk of developing metastasis [10,11,50]. Notably, the monosomy of
chromosome 3 is reported in up to 50% of primary UMs and it is considered to be a poor prognostic
factor (Figure 1a) [17].

UMs are generally resistant to immunotherapy, which is probably due to their low mutational
burden and the consequent low neoantigen generation. However, two exceptional UM cases have
recently been reported to exhibit a response to PD-1 inhibitor. As previously stated, these cases are
characterized by a hypermutated profile due to the presence of a germline loss-of-function mutation in
MBD4 [18,19].

3.3. Mutational Landscape and Related Therapeutic Perspectives

UM malignant transformation relies on two main events. First, a Gaxq-pathway activating mutation
in either GNAQ, GNA11, CYSLTR2 (cysteinyl leukotriene receptor 2), or PLCS4 (phospholipase C
p4), [13,52-54]. Second, a mutation in either BAP1, SF3B1 (splicing factor 3b subunit 1), SRSF2
(serine/arginine-rich splicing factor 2), or EIFIAX (eukaryotic translation initiation factor 1A X-linked)
(Figure 1a,b) [10,55]. Based on the characterization of these genetic events, there is a growing interest
in therapies targeting either Gaq downstream effectors, BAP1-related molecular mechanisms, splicing,
or further related biological processes.
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(a)

Uveal Melanoma 1
GNAQ/11,CYSLTR2 orPLCB4 3

98%
w ?
(23%) (4%) (13%)

Metastatic risk A

Figure 1. Genomic and genetic alterations in uveal melanoma (UM) and the affected biological
processes. (a). Frequency of mutations in UM and the associated prognostic value: BRCA1 associated
protein 1 (BAP1) mutations are mostly associated with chromosome 3 monosomy and an early
metastatic risk (~5 years after primary UM diagnosis), splicing factor 3b subunit 1 (SF3B1) and
serine/arginine-rich splicing factor 2 (SRSF2) mutations are mainly associated with chromosome 3
disomy and a late-onset metastatic risk (~8 years after primary UM diagnosis), while eukaryotic
translation initiation factor 1A X-linked (EIFIAX) mutations are associated with chromosome 3 disomy
and a low risk of metastasis. Data is retrieved from The Cancer Genome Atlas (TCGA) UM dataset
(cBioportal for Cancer Genomics) [56,57]. (b). Main biological processes impacted by the recurrent
mutations in UM. Mutations in components of G protein-coupled receptors (GPCRs) lead to the
constitutive activation of Gouq signaling and several downstream pathways. Further oncogenic events
include mutations in BAP1, SF3B1/SRSF2, or EIF1AX, involved in chromatin modulation, splicing, and
translation initiation, respectively. Mutations are indicated by 4.

3.3.1. Gag-Pathway Activating Mutations

The first UM driver event consists of mutations that activate the Gaq pathway [13,52]. GNAQ/11
mutations are reported in approximately 96% of UM patients, mainly at codon Q209 and less
recurrently at R183 or G48 [13,58]. PLCS4 and CYSLTR2 mutations have been recently reported at lesser
frequencies (2.5% and 4%, respectively) [10]. PLCp4 hotspot mutation is located at p.D630, the region
corresponding to the phospholipase C (3-4 catalytic domain [53], and CYSLTR2 mutation encodes an
L129 substitution [54]. These mutations are mutually exclusive hotspot mutations that activate the
Gugq signaling, thereby stressing the importance of this pathway in UM oncogenesis (Figure 2) [53,54].
Of note, none of these mutations is correlated with differential prognosis or clinical outcome, which
suggests an oncogenic rather than metastatic driver effect [10,54,59].
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Figure 2. Dysregulated pathways in uveal melanoma. Recurrent mutations in GNAQ, GNA11, PLCB4,
and CYSLTR2 are mutually exclusive and trigger the activation of Guq signaling and related pathways
(Akt/mTOR, Wnt/B-catenin, Yes-associated protein (YAP), and MAPK pathways) in UM. Mutations are
indicated by 4.

GNAQ and GNA11 encode the subunits Gaq and Gal1 that are bound together with 3 and vy
subunits. The resulting heterotrimeric complex is coupled with a GPCR protein (G protein-coupled
receptor), which is involved in several signaling transduction pathways, as shown in Figure 2. In
the basal state, Geg/11 is bound to a GDP and it remains inactive. Upon GTP binding, the complex
undergoes conformational changes and then targets downstream effectors [52]. GNAQ/11 mutations
lead to a constitutively active « subunit, which results in a dysregulation of several downstream
pathways including Akt/mTOR, Wnt/p-catenin, Rac/Rho, MAPK, and PI3K pathways [60].

The importance of Gaq pathways in UM oncogenesis has been described in vitro and in vivo.
Accordingly, GNAQ/11 knockdown inhibits the growth of GNAQ/I1-mutated UM cell lines, an effect
that is not observed in GNAQ/11 wild-type (WT) cell lines [61]. Moreover, mouse models that
harbor GNAQ/11 mutations develop multiple tumors, which confirms the oncogenic impact of these
mutations [13,62,63]. Mice with melanocyte-specific expression of GNA1122%L recapitulated human
Gg-associated melanomas and developed pigmented neoplastic lesions from the melanocytes of the
skin and non-cutaneous organs, including the eye and leptomeninges, as well as atypical sites, such as
the lymph nodes and lungs [62,63].

Gag-Corresponding Therapeutic Strategies

Gag/11 inhibitors development has been a major concern over the last two decades, given the
high recurrence of GNAQ and GNA11 mutations in UM. YM-254890 (YM) is a cyclic depsipeptide
that is extracted from bacteria that acts as a selective Goq inhibitor by preventing the GDP release,
leading to the blockage of GDP/GTP exchange reaction and Goq activation [64,65]. Interestingly, YM
was shown to inhibit R183 Gaq mutant rather than Q209L Gaq mutant [65,66]. FR900359 (FR) is a
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YM analog that was obtained from plants that depicts a similar mode of action. FR has been recently
described to trigger differentiation and inhibit the migration of GNAQ/11-mutated melanoma cells [67].
FR mainly inhibits Q209L, Q209P, and Q209L Gxq/11 mutants, promoting UM cell cycle arrest and cell
death [68]. Despite the promising results of Gag/11 inhibitors in vitro, such inhibitors have not yet
been evaluated for clinical application.

On the other hand, much attention has been drawn on targeting the Gaeq downstream effectors
Protein Kinase C (PKC) and MEK. The inhibition of each of these pathways has been evaluated, but
showed no clinical benefit, which suggested the need for combinatory strategies to abolish different
Gaq downstream effectors at once [69,70]. The inhibitors of MEK and PI3K (MEKi, PI3Ki) separately
show a modest apoptotic effect on GNAQ/11-mutated UM cell lines that is significantly increased upon
combination [61,71,72]. Similarly, PI3Ki and mTORIi exhibit an apoptotic effect in a wide range of UM
cells and tumor growth inhibition in vivo [73]. Another promising strategy is coupling PKC inhibition
with p53 activation. Cotreatment with Mdm?2i and PKCi decreases the growth rate of the UM cells and
promotes cell death that is induced by DNA damage [74]. In vivo studies show that the dual inhibition
of PKC and Mdm2 or PKC and mTOR reduces tumor growth in UM PDXs [31]. These results have
boosted the assessment of such compounds in clinical trials.

Recent findings pinpointed ARF6 as a downstream effector of Goaq [75]. Interestingly, ARF6 is a
GTPase that is known to play a role in proliferation, invasion, and metastasis in some cancers [76,77].
In UM, inhibiting ARF6 induces a decrease in proliferation in vitro and tumorigenesis in vivo [75].
Moreover, activated ARF6 triggers the transport of 3-catenin to the nucleus, where it can activate
transcription factors, thereby promoting invasion and metastasis [75]. 3-catenin is the main node in
the canonical Wnt pathway, which plays a vital role in embryonic development and it is known to
be mutated in various cancers [78]. B-catenin and its downstream effector Wnt5a were found to be
overexpressed in a subset of aggressive UM tumors [79]. Moreover, (3-catenin inhibition was shown to
induce apoptosis and inhibit cell growth, invasion, and migration in vitro [80].

Hippo pathway, together with the mTOR (Mammalian Target of Rapamycin) pathway, regulate
organ size in mammals [81]. YAP (Yes-associated protein) is one of the main effectors of the Hippo
pathway, but it can also be activated in a Hippo-independent manner by Gaq through Trio-Rho/Rac
or through MOB1 phosphorylation [82,83]. In proliferating cells, YAP is active until a certain cell
density is reached. Subsequently, MTS1 and MTS2 (mammalian STE20-like protein kinase 1 and 2)
activate LATS1/2 (large tumor suppressor homolog 1 and 2) that phosphorylate YAP, which will stay
in the cytoplasm and be further degraded, which leads to growth inhibition [82,84]. On the contrary,
dephosphorylated YAP remains in the nucleus, where it can bind to TEAD (transcriptional enhancer
activation domain), inducing gene expression and eventually cell proliferation [81]. All the UM cell
lines harboring GNAQ/11 mutations exhibit low YAP phosphorylation and nuclear localization, which
indicates YAP activation. The cell growth of GNAQ/I1-mutated UM cells is significantly decreased
upon YAP knockdown or inhibition [84,85]. Notably, a recent study identified GPCR-mediated YAP
activation and RTK-driven AKT signaling as key pathways that are involved in the escape of UM
cells from MEK inhibition [86]. Verteporfin is a drug that is used for the treatment of vascular
occlusion of abnormal blood vessels and it has been reported to inhibit TEAD-YAP interaction [85,87].
However, its specificity to YAP has not been confirmed. In UM cells, verteporfin decreased colony
formation and proliferation in three-dimensional (3D) cultures. Moreover, verteporfin reduces tumor
size and cell proliferation in vivo [82,84]. Recently, FAK has been revealed to activate YAP by MOBI1
phosphorylation, resulting in Hippo pathway inhibition. FAK inhibition has been shown to abolish
YAP-dependent UM tumor growth in vitro and in vivo [83].

Overall, the successful inhibition of Gxg-signaling-dependent oncogenesis may be achieved by
synergistically targeting several downstream effectors. Additional therapeutic strategies have to be
pursued for the metastatic settings provided that GNAQ/11 mutations have no prognostic value in UM.
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3.3.2. BAP1, SF3B1, SRSF2 or EIF1AX Mutations

The second oncogenic event of UM consists of mutations in BAP1, EIF1AX, SF3B1, or SRSF2. These
mutations are mutually exclusive in almost all UM cases [10,55,88]. BAP1 mutations are recurrently
found to be associated with chromosome 3 monosomy in early metastatic risk cases. Mutations on
SF3B1 and SRSF2 are mainly associated with chromosome 3 disomy and a late-onset metastatic risk,
while EIFIAX mutations are associated with chromosome 3 disomy and a low risk of metastasis
(Figure 1a) [55,88].

BAP1

BAP1 encodes a deubiquitylase that forms protein complexes that are implicated in several
pathways along with cell cycle, cell differentiation, and DNA damage response and it has been
described to act as a tumor suppressor in various cancers [17,89,90]. The expression of BAPI is
lost in up to 84% cases of metastatic UM, due to inactivating mutations. BAP1 is mutated in 38%
of primary UMs, mainly in tumors with monosomy 3, thereby being characteristic of belligerent
tumors [10,15,91]. Remarkably, around 84-89% of metastatic tumors harbor somatic mutations in BAP1.
Hence, BAP1 alterations are strongly correlated with a higher metastatic risk and reduced survival
rate [10,15,59,91,92]. Therefore, targeting BAP1-related processes represents a promising therapeutical
strategy for preventing metastatic progression and improving patient survival. BAP1 binds to ASXL1
to form the polycomb complex that deubiquitinates histone 2A [93,94]. Thus, the loss of BAP1 increases
ubiquitinated expression and it may sensitize tumor cells to HDAC (histone deacetylase) inhibitors,
like valproic acid, trichostatin A, LBH-589, and syberynalide hydroxamic acid. HDAC inhibition
has been shown to stop cell proliferation, induce cell cycle arrest, trigger apoptosis, block migration,
promote cell differentiation, and impact the gene expression profile in preclinical UM models [95-97].
A very recent study demonstrated that the combination of MEK and HDAC inhibitors considerably
decreased tumor growth in both subcutaneous and liver metastasis xenograft models of UM, which
encourages clinical co-targeting of MEK and HDAC in advanced UM [86].

EZH2 (Enhancer of Zeste Homolog 2) forms the polycomb repressive complex 2 (PRC2), which
methylates histone H3 lysine 27 (H3K27). BAP1 loss leads to increased H3K27 that, in turn, raises
the expression level of EZH2 [98]. However, the UM cells were reported to resist EZH?2 inhibition
regardless of their BAP1 status [99].

Additionally, BAP1 forms a complex with BRCA1 and BARD1, which takes part in double-strand
break repair through homologous recombination (HR) [100]. BAP1 deficiency results in impaired
HR, which may suggest an increased dependency on other DNA repair pathways and a consequent
sensitivity to PARP inhibition [100-102]. A clinical trial of a PARP inhibitor (Niraparib) in BAP1-deficient
neoplasms including UM is ongoing (NCT03207347).

Overall, targeting BAP1-related processes is a potential therapeutic strategy. Nevertheless,
successful approaches to target metastatic malignancies may require combined treatment in order
to block all the related processes. A synthetic lethality screen can be a precious tool in revealing
vulnerabilities to therapy in BAP1-deficient UM patients.

EIF1IAX

EIF1AX missense mutations are recurrent in 13% of UMs. These mutations are mainly associated
with disomy 3 and present a low metastatic risk [10,88]. EIF1AX encodes eukaryotic translation initiation
factor 1A (elF1A) and it is essential in the recruitment of the ternary complex and for assembling
the 43S preinitiation complex (PIC) [103]. Translation initiation is a rate-limited step that is tightly
regulated and factors taking part at this stage are known to be misregulated in tumorigenesis [104].
EIF1AX overexpression has been documented to boost translation and cell proliferation in bovine
mammary epithelial cells [105]. Interestingly, EIF1AX was found to harbor heterozygous mutations
in papillary carcinomas, the most common thyroid cancer, and in ovarian carcinoma with a worse
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prognosis when coupled with mutations of the Ras family [106,107]. Very recently, EIFIAX and RAS
mutations have been shown to cooperate to induce tumorigenesis in isogenic cell lines and mice.
EIF1AX-A113splice variants, which are recurrent in advanced thyroid cancer, stabilize the PIC and
enable a general increase in protein synthesis through ATF4-induced dephosphorylation of EIF2«.
RAS stabilizes c-MYC, which cooperates with ATF4 to sensitize mTOR to amino acid supply. These
combined events were shown to generate therapeutic vulnerabilities to MEK, BRD4, and mTOR kinase
inhibitors [108]. These findings pinpoint new therapeutic strategies and emphasize the importance of
understanding the biological impact of different EIF1AX mutations in UM.

SF3B1 and SRSF2

The splicing factor (SF) genes SF3B1, U2AF35, ZRSR2, and SRSF2 are recurrently mutated in
hematological malignancies [109-111] and solid tumors [112-114], which include UM [11,88,115,116].
It is noteworthy that the SF hotspot mutations take place in a mutually exclusive manner and they
affect proteins that are involved in the 3" splice site (3’ss) recognition, an early step of splicing, resulting
in specific aberrant splicing patterns. SF3B1 and SRSF2 mutations are recurrent in UMs and they lead
to a change of function of the SF [109]. Such events highlight the involvement of splicing aberrations
in oncogenesis and the relevance of SF therapeutic targeting.

SRSF2 belongs to the family of serine/arginine (SR)-rich proteins that aid splicing through binding
exonic splicing enhancers (ESEs). SR proteins contain at least an SR rich binding domain and an RNA
recognition motif (RRM), where RNA binding proteins (RBPs) attach. On early steps of splicing, SF1
binds to the BP and SRSF2 and ZRSR2 simultaneously bind to ESEs to aid the binding and stability
of the U2AF subunits [117]. SRSF2 is most commonly mutated in chronic myelomonocytic leukemia
(CMML) (47%) [118] and myelodysplastic syndromes (MDS) (15%) [119]. Recently, SRSF2 has also
been found to be mutated in 4% of UMs [10,120]. Upon hotspot mutations at P95m which is located
downstream the RRM, SRSF2 undergoes a conformational change on the RRM, and consequently
acquires more affinity for G-rich versus C-rich ESEs motifs, differently from the WT, which has an
equal affinity for these motifs [109,120-122]. The resulting misregulated exon inclusion causes an
aberrant splicing pattern of a broad range of genes comprising the tumor suppressor ARMC10 or
EZH2 [122,123]. The mis-spliced form of EZH? is sensitive to nonsense-mediated RNA decay (NMD),
which implies a decrease in EZH2 levels which has already been observed in MDS progression [124].
In fact, EZH2? and SRSF2 mutations take place in a mutually exclusive manner [122]. Even though the
SRSF2 mutation rate is low in UM [10,120], it may be a significant event, given the cascade effect of
misrecognition of ESEs on a large number of target genes.

SF3B1 encodes the U2 small nuclear riboprotein complex (U2-snRNP) that is responsible for
branchpoint (BP) recognition and it is mutated in 23% of UMs [116]. U2-snRNP binds to the BP of
the intron in an incomplete manner. Further interactions are required to enhance BP identification
and stabilize the interaction, including base-pairing that is mediated by SF3B1 and U2AF35/65
binding. SF3B1 structure consists of a hydrophilic N-terminal harboring a U2AF-binding motif
and a C-terminal with 22 different HEAT (Huntingtin, Elongation factor 3, protein phosphatase 2A,
Targets of rapamycin 1) repeats [125,126], whose function remains to be elucidated [120]. Hotspot
mutations target the HEAT repeats at codons R625, K666, and K700 [125,126]. Hotspot mutation
K700 prevails in hematological malignancies, whereas the R625 and K666 mutations prevail in UM
and they are frequently associated with disomy 3 and a late metastatic risk [11,55,88,115]. SF3B1
mutations have been thoroughly investigated and were reported to induce an aberrant splicing pattern
by an alternative 3’ss usage upstream the canonical 3’ss in breast cancer, CLL, and UM [116,127].
SF3B1 mutations generate change-of-function mutants, leading to aberrant splicing of less than 1%
of all splice junctions by recognizing an alternative BP localized at 11-14 nts upstream the canonical
site [116]. SF3B1 has been reported to be involved in the splicing of key apoptotic genes, like MCL1
and BCL2/xL, which are appealing cancer targets [128]. Yet, further studies are required to link the
splicing aberrations to oncogenesis. These findings have resulted in a growing interest in splicing
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modulators as therapeutic agents. Microbial and natural metabolites that inhibit splicing were the first
candidates, including FR901464 and derivatives. The FR9014 series was isolated from Pseudomonas
sp. Number 2663 and constitutes the first antiproliferative molecules that are associated with splicing
inhibition. Spliceostatin A is a methylated derivative of FR901464. Spliceostatin B was also isolated
from Pseudomonas sp. Number 2663. Spliceostatin E was isolated from Burkholderia sp. FERM
BP3421. Thailanstatins were recovered from Burkholderia thailandensis MSMB43. Meayamycin and
Sudemycins are synthetic derivatives from the depicted natural products [129,130]. These splicing
inhibitors have been shown to regulate Mcl-1 splicing and inhibit cell proliferation in a dose-dependent
manner [131,132]. Other compounds that were isolated from bacteria include Pladienolides A-G,
E7107, FD-895, and herboxidiene. E7107 has been tested on clinical trials in various solid tumors. No
significant response was observed, even though the mRNA levels were altered in a dose-dependent
manner [133]. An additional natural compound that is extracted from plants, isogingketin, was also
described as a general splicing inhibitor with anti-tumor activity [134]. Nevertheless, inhibiting an
essential biological process, like splicing, confers high cytotoxic effects, thereby limiting the therapeutic
window [135,136]. Specific compounds are then needed to restore the normal splicing level, rather
than inhibiting the whole process of splicing.

Recently, encouraging results were obtained with H3B-8800, a small molecule that is derived from
pladienolide that targets SE3B1 complex. Cells harboring SF3B1 mutations presented higher sensitivity
to this inhibitor than cells with WT SF3B1, a feature that may overcome the high cytotoxicity of splicing
inhibition. The preferential inhibition is associated with an enrichment of alternative 3’ss in SF3B1
mutant cells as compared to WT cells [137]. Further studies are ongoing to confirm the specificity of
H3B-8800 in vivo and in a clinical trial in patients with advanced myeloid malignancies, including
MDS, AML, and CMML (NCT02841540).

New perspectives also emerged from the studies of neopeptides that were generated by the aberrant
transcripts in SF3B1-mutant cells. In fact, the splicing-derived putative neoepitopes have a high degree
of recurrence, which is suggestive of potential interest for immunotherapeutic intervention. Moreover,
these neopeptides are considered for prospective personalized cancer vaccine development [138].

4. Conclusions

UM is a rare cancer in adults, with very stereotyped oncogenic events that have been mostly
decrypted over the last 10 years. The epidemiological, genetic, and transcriptional specificity of UM
highlight the importance of UM as a model of oncogenesis. The understanding of the molecular
mechanisms that underlie UM has considerably progressed over the last decade. However, these
advances have not yet been translated into therapeutic progress, and the prognosis of the metastatic
form of UM remains somber.

Conclusively, targeted therapies remain to be improved by combinatory strategies in light of a
better understanding of the UM-underlying molecular mechanisms. Recently-reported exceptional
immune responses in UM patients harboring MBD4 mutations point up the importance of deciphering
cancer mechanisms in order to determine the oncogenic actors and develop the appropriate therapeutic
strategies. Moreover, the development of preclinical models that recapitulate the different routes of
UM malignant transformation is essential for validating novel therapeutic strategies.
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As discussed in the review, there is still an urgent need to find an effective treatment for
metastatic UM and thus improve the OS (Kujala, Makitie and Kivela, 2003; Lane, Kim and
Gragoudas, 2018). Many treatments aimed at targeting dysregulated signaling pathways
have been evaluated in trials but the response rates were very low. Growing evidence is

thus arguing for targeting several pathways simultaneously.

In line with the current trend of targeting UM dysregulated pathways simultaneously, we
recently described concurrent inhibition of Bcl-2/XL/W and MDM2 as a promising
therapy for UM. In this study we carried out an in vitro screen of 30 combinations of
inhibitors targeting dysregulated pathways in 8 UM cell lines and their effect was
assessed by cell viability, cell cycle, and apoptosis. Precisely, we assessed inhibitors
targeting BCL2/XL, MEK, MDM2-p53 and mTOR pathways. The most synergistic

combinations were selected to be then tested in patient-derived xenografts (PDX).

The top 8 synergistic combinations in UM cell lines included BCL2/XL inhibitors (ABT263
and ABT199) combined with either mTOR (AZD8055, RAD001), MEK (Trametinib), or
MDM2 (RG7112, HDM201, Nutlin3, CGM097). These combinations resulted in an
increase of caspase 3/7 activation corresponding with an increase of sub-G1 phase and
a decrease of cells in S phase. Our in vitro data suggest that BCL2/XL inhibitors sensitize
cells to the inhibition of mMTOR, MEK and MDM2 and therefore we tested the
combinations in PDXs. Precisely, the tested inhibitor combinations included BCL-2/XL/W
alone or combined with MEK1/2 (ABT263 and trametinib), mTOR (ABT263 and RAD001)
or MDM2 inhibitor (ABT263 and HDM201).

While trametinib and RADO0O1 showed a significant antitumour response when
administered alone, no additive effect was seen upon combination. However, we
observed a synergistic effect upon combined treatment with ABT263 and HDM201. This
synergistic effect coupled with the high expression of BCL2 and MDM2 in UM (Coupland
et al., 1998; Brantley and Harbour, 2000; Helgadottir and Héiom, 2016) points out the
interest for testing this combination in clinics. Conclusively, inhibiting Bcl-2/XL/W and
MDM2 is a promising therapy for UM patients. Consistent with our findings, several
inhibitor combinations are currently being tested in clinical trials for UM patients (Table

1). The corresponding manuscript is attached as an annex (Annex |).
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Chapter Il — Splicing as an emerging hallmark of cancer

What is splicing?

The mRNA is transcribed in the nucleus as an immature form named pre-mRNA. The
pre-mRNA undergoes three maturation processes: 5’ capping, splicing and addition of a
3’ polyadenylation tail. The mRNA processing is tightly coupled with transcription and
once the pre-mRNA is processed, the mRNA is exported to the cytoplasm to undergo
translation (Wahl, Will and Liihrmann, 2009).

This chapter is focused on splicing which consists of the removal of the introns (non-
coding sequences) and ligation of the exons (coding sequences) of the pre-mRNA. The
machinery in charge of carrying out splicing is the spliceosome and it recognizes four
consensus regions of the introns: the 5’ splice site (5’ ss), the 3’ splice site (3’ ss), the
branch point (BP) and the polypyrimidine tract. The 5’ ss contains a GU dinucleotide and
the 3’ ss harbours an AG dinucleotide. The 3’ ss is also characterized by the presence of
a sequence rich in pyrimidines, namely the polypyrimidine tract, found upstream the 3’
ss and downstream the BP. The BP contains a conserved adenosine that is essential for
the first splicing reaction (Figure 2) (Yoshimi and Abdel-Wahab, 2017). Further details
are provided in the following section about how the different components of the

spliceosome will recognize these consensus sequences and trigger splicing reactions.

donor 5’ ss 3’ ss acceptor

1 g
Pre-mRNA Exon 1 S0 = i

YNYURpY PY AG
BP

Figure 2. Schema of a pre-mRNA including two exons linked by an intron with its consensus
sequences; donor 5’ ss: 5’ splice site, 3’ ss: 3’ splice site, BP: branch point, Py: polypyrimidine
tract. Dinucleotide residues (GU at the 5’ ss and AG at the 3’ ss) and the BP sequence are also
displayed.

Discovery of splicing

The discovery of splicing took place later than we may think. In 1977, two independent
teams led by Phillip Sharp and Richard Roberts described this phenomenon for the first
time in adenovirus. They isolated the DNA from adenovirus and formed R-loops with
MRNA isolated from cells infected with the virus. They detected some RNA untailed

fragments of approximately 100-200 nucleotides at the 5’ and 3’end. The single-stranded
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RNA fragments at the 3’ end belonged to the polyA tail which is added as a post-
transcriptional modification. Regarding the single-stranded 5’ fragments, they concluded
the RNA sequence next to the polyA is processed or spliced into a shorter RNA. Hence,
these fragments corresponded to what we now call introns (Berget, Moore and Sharp,
1977; Chow et al., 1977).

Discovering that genes are comprised of coding sequences (exons) which are separated
by long non-coding sequences (introns) was puzzling at the time. This discovery and
following advances in molecular cloning furthered our understanding of the complexity
of gene expression and evolution of multicellular organisms. Splicing serves as an
excellent example of efficiency as several combinations (protein isoforms) can be
obtained from the same genetic sequence by combining different fragments

(exons/introns).

Constitutive and alternative splicing

In mammals, approximately 95% of the genes are alternatively spliced. In fact, alternative
splicing prevails in higher eukaryotes, thereby enabling the production of multiple mRNA
variants from a single gene. Several splicing events can take place and lead to several
mMRNA products (Figure 3) (Pan et al., 2008; Barash et al., 2010).

pre-mRNA mRNA pre-mRNA mRNA
A Consttutvey I ©)Atematve s el
spliced exon promoter (I

B) Cassette D@D@r_] F) Alternative Q@ﬁ: I_ﬁ:

exon pN |t | terminator
N -

C) Mutually- L@D@u G) Alternative |_i&|_| [
exclusive 5’ splice site = | ' l
exons

D) Retained m I_'_l_|_| H) Alternative DAE I_n_'
intron [ 1 | I 3'ss site VS [

Figure 3. Schema of constitutive (A) and alternative (B-H) splicing events. The first column
displays the sequence of pre-mRNA and the second column exhibits the potential MRNA products
for each event. Introns are coloured in grey and exons in blue. Adapted from Dvinge et al., 2016.

Spliceosome and splicing process

Before detailing the splicing mechanisms, a description of the spliceosome components
is needed. The spliceosome is a large complex of RNAs and proteins and there exist two

types: the major and the minor spliceosome. The major spliceosome carries out splicing
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for approximately more than 95% of all introns and is comprised of the small nuclear
ribonucleoproteins or “snurps” (snRNPs) U1, U2, U4/U6 and U5 which contain a small
nuclear RNA and a large number of associated proteins (Yoshimi and Abdel-Wahab,
2017). On the other hand, while the minor spliceosome shares a similar mechanism of
splicing with the major spliceosome and most proteins, it recognizes different consensus
sequences of a rare type of introns and consists of snRNPs U11, U12, U4atac, U6batac
and U5 which is used by both spliceosomes (Hall and Padgett, 1994, 1996; Will et al.,
1999). Notably, the minor spliceosome is approximately 100 times less abundant than

the major spliceosome (Montzka and Steitz, 1988; Tarn and Steitz, 1996).

The splicing process consists of two consecutive transesterification reactions that will
allow intron removal and exons ligation to occur. First, the 2’ hydroxyl group of the
conserved adenosine located at the BP (Figure 2) performs a nucleophilic attack on the
phosphate at the 5 ss (Figure 4 complex B*). This leads to the cleavage of the 3’-5’
phosphodiester bond at the 5’ ss and the formation of a 2’-5’ phosphodiester bond
between the first nucleotide of the intron and the adenosine of the BP, which prompts
the lariat formation (intronic loop) (Figure 4 complex C). Second, upon the new
conformation, the 3’ hydroxyl at the 5’ of the free exon carries out a nucleophilic attack
on the phosphate at the 3’ ss. This triggers the removal of the lariat and the ligation of
the exons through a 3’-5’ phosphodiester bond (Figure 4 complex C and final product)
(Wahl, Will and Lihrmann, 2009; Yoshimi and Abdel-Wahab, 2017). These subsequent
reactions are mediated by the spliceosome through the base-pairing of small nuclear
RNAs (snRNAs) to the consensus sequences of the pre-mRNA and the binding of
additional proteins. Overall, RNA-RNA, protein-RNA and protein-protein interactions are
crucial to identify and remove the intronic sequences and ligate the exons (Yoshimi and
Abdel-Wahab, 2017).

High-resolution structures obtained by cryo-electron microscopy have brought light to
the different steps that take place during splicing and the involvement of the distinct
spliceosome components at each step (Yan et al., 2015; Cretu et al., 2016; Nguyen et al.,
2016; Wan, et al., 2016). The first step consists of the complex E formation by the binding
of the snRNP U1 to the 5’ ss, the splicing factor to the BP and U2AF2 and U2AF1 (splicing
factor U2 Small Nuclear RNA Auxiliary Factor (U2AF) heterodimer composed of 65
(U2AF2) and 35 kDa subunits (U2AF1)) to the polypyrimidine tract and 3’ ss, respectively.
Once bound to the 3’ ss, U2AF1 allows the replacement of SF1 for the snRNP U2 to the

BP, which results in the formation of complex A. The BP-U2 interaction requires further
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stabilization by binding of additional factors including SF3A1 and SF3B1 (Splicing Factor
Subunit 3a and 3b subunit 1) as well as the splicing factors SRSF2 and ZRSR2
(Serine/Arginine Rich Splicing Factor 2 and Zinc finger RNA-binding motif and
serine/arginine-rich 2) (Wahl, Will and Lihrmann, 2009). SF3B is a core component of
U2 snRNP and is composed of several subunits, including the p14/SF3b14a which binds
to the BP and SF3B1 (Zhang et al., 2018). SF3B1 mediates the binding of snRNP U2 to
the BP by interacting with the intronic sequencing and binding to the C-terminus of
U2AF2 (Gozani, Potashkin and Reed, 1998).

Next, the pre-assembled U4/U6-U5 complex binds to constitute complex B. Complex B
gets activated (Complex B*) when U1/U4 is released. As previously explained, the first
transesterification reaction occurs driving conformational rearrangements that lead to
complex C. Last, complex C catalyzes the second transesterification reaction that results
in the formation of mature mRNA. The spliceosome components are finally detached and

reused for the following reactions (Wahl, Will and Lihrmann, 2009) (Figure 4).

5’ss
Pre-mRNA [N

Complex E

Figure 4. Splicing is a dynamic and tightly regulated process that consists of successive
binding of the snRNPs U1, U2, U4/U6 and U5 to the pre-mRNA. These interactions are
reinforced by additional binding of splicing factors (SF3B1, U2AF1, U2AF2, SRSF2 and ZRSR2).
SF3B1 mediates the binding of U2 snRNP to the BP. U2AF2 binds to the polypyrimidine tract and
U2AF1 binds to the 3’ ss. SRSF2 recognizes exonic splicing enhancer (ESE) sequences. ZRSR2
interacts with U2AF2 and SRSF2. Adapted from Yoshimi and Abdel-Wahab, 2017 and Dvinge et
al., 2016.
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Where is the spliceosome stored?

The spliceosome is stored in nuclear bodies. Precisely, shRNAs are transcribed in the
nucleus, exported to the cytoplasm and assembled into complexes with the 7 conserved
Sm proteins and hypermethylated at the 5 end. Once assembled, snRNPs are
transported back to the nucleus where they congregate as Cajal bodies (Matera, Terns
and Terns, 2007), named after Santiago Ramoén y Cajal who described them in 1910 for
the first time (Ramon y Cajal, 1910).

On the other hand, splicing factors including SF3B1, U2AF, SRSF2 and ZRSR2, are
located in nuclear speckles (Lerner et al., 1981; Caceres, Screaton and Krainer, 1998).
Nuclear speckles are found in the interchromatin of the nucleosomes where DNA is
scarce. Nuclear speckles are frequently close to active transcription sites, supporting the
hypothesis that nuclear speckles are involved in the regulation of suppliance of pre-
mRNA processing machinery. In fact, nuclear speckles also contain transcription factors,
translation initiation factors and structural proteins (Lamond and Spector, 2003) which
can be explained by the fact that most splicing events take place co-transcriptionally
(Girard et al., 2012).

Nuclear speckles are dynamic compartments whose density is variable according to the
levels of gene expression and signal response needed for each cell line. When
transcription is inactive, splicing factors are assembled in bigger and round nuclear
speckles. Upon active transcription levels, speckles become smaller because fewer

splicing factors are present (Lamond and Spector, 2003; Spector and Lamond, 2011).

The suppliance rate of splicing factors from speckles could be regulated by kinases that
colocalize in nuclear speckles. Phosphorylation of the serine/arginine-rich (SR) splicing
factors is required for their recruitment and binding with the spliceosome (Caceres,
Screaton and Krainer, 1998; Spector and Lamond, 2011). For example, the
phosphorylation of the SR protein SRSF1 triggers the assembly of the spliceosome while
its dephosphorylation is required for the first splicing reaction to occur (Tacke, Chen and
Manley, 1997). Other than SR proteins, the only phosphorylated splicing element is
SF3B1. SF3B1 phosphorylation occurs at the first splicing reaction and remains
phosphorylated during the two transesterification reactions (Figure 4 Complex B*) (Wang
et al., 1998; Bessonov et al., 2010). The threonine-proline dipeptide motifs at the N-
terminal of SF3B1 are phosphorylated by CDK2 (cyclin-dependent kinase 2) (Seghezzi
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et al., 1998; Boudrez et al., 2002), CDK1 (cyclin-dependent kinase 1) (Boudrez et al.,
2002) and DYRK1A (Dual Specificity Tyrosine Phosphorylation Regulated Kinase 1A) (De
Graaf et al., 2006). Precisely, threonine residues T211, T235, T313 and T328 as well as
the serines 129 and 322 have been reported to be phosphorylated (Girard et al., 2012).

All about the protein SF3B1

SF3b is a core component of the U2 snRNP together with SF3a and the 12s RNA unit
(Will et al., 2001). SF3b plays a key role in pre-mRNA splicing in 3’ ss recognition by
mediating the binding of the U2 snRNP to the BP and reinforcing this bond by interacting
with U2AF2 (Gozani, Potashkin and Reed, 1998; Will et al., 2001; Darman et al., 2015;
Alsafadi et al., 2016). SF3b is a 450 kDa multiprotein complex holding seven subunits:
SF3b155, SF3b130, SF3b145, SF3b49, p14/SF3b14a and SF3b10 (Will et al., 2002).
SF3B1/SF3b155 is the largest subunit and contains an N-terminal with the and p14
(Spadaccini et al., 2006) and U2AF2 binding domains respectively (ULM; U2AF-ligand
motif) (Figure 5) (Cass and Berglund, 2006; Spadaccini et al., 2006; Thickman et al.,
2006). The C-terminus of SF3B1 (residues 1-459) displays a HEAT (Huntington,
Elongation factor 3, protein phosphatase 2A, Targets of rapamycin 1) domain (Wang et
al., 1998; Golas et al., 2003; Spadaccini et al., 2006), which includes 20 tandem repeats
organized as a superhelix (Figure 5) (Wang et al., 1998; Cretu et al., 2016).

E622
R625 K700 D781

vV VvV V
SF3B1 N-terminal | poev fptall | T I T T T T T T T T ITTT[T[]]C-terminal
T T T A A A A 1
190 350 475 D598 H662 G742 E902 1280 1304
| E592 K666 D894

a-helix HEAT repeats

Figure 5. Structure of the human protein SF3B1. N-terminal and C-terminal are highlighted with
their corresponding domains (ULM; U2AF ligand motifs and 20 HEAT repeats). Adapted from Liu
et al., 2020; Canbezdi et al., 2021.

Mutations of the splicing factors genes SF3B1,
U2AF1,ZRSR2 and SRSF2 in cancer

In 2011, whole-exome sequencing pinpointed for the first time the presence of U2AF,
ZRSR2, SRSF2 and SF3B1 mutations in myelodysplastic syndromes (MDS) (Yoshida et
al., 2011). Contemporary studies reported SF3B71 mutations in chronic lymphocytic
leukemia (CLL) (Quesada et al., 2011; Wang et al., 2011), in myelodysplasia with ring
sideroblasts (Papaemmanuil et al., 2011) and U2AF1 mutations in MDS (Graubert et al.,
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2012). Later, SF3B1 mutations were also described in breast cancer (Stephens et al.,
2012), pancreatic cancer (Biankin et al., 2012) and uveal melanoma (UM) (Furney et al.,
2013; Harbour et al., 2013; Martin et al., 2013). Gradually, mutations in spliceosomal
genes have been characterized in both hematologic malignancies and solid tumours,
thereby emerging as a hallmark of cancer. Notably, the splice factor genes UZAF1,
ZRSR2, SRSF2 and SF3B1 mutations are the most frequently mutated in cancer (Dvinge
et al., 2016).

Interestingly, as explained earlier in this chapter, the splicing factors U2AF1, ZRSR2,
SRSF2 and SF3B1 participate at the initial step of splicing which consists of the 3’ ss
recognition. The fact that these mutations take place in a mutually exclusive manner
suggests that either the splicing factors bear redundant functions or that loss of more
than one may trigger synthetic lethality. These mutations are also heterozygous with at
least one copy of the wild-type allele preserved, implying that further alterations in
splicing are not tolerated for survival. Splicing factor gene mutations confer a gain or a
change of function, except for ZRSR2 mutations, which lead to a loss of function.
Altogether, the high frequency of U2AF1, ZRSR2, SRSF2 and SF3B1 mutations in cancer

suggests they could drive tumorigenesis (Dvinge et al., 2016).

Despite sharing the role of 3’ ss recognition as splicing factors, the splicing factors
U2AF1, ZRSR2, SRSF2 and SF3B1 recognize and bind to distinct sites. Furthermore,
they harbour different hotspot mutations that prevail in different cancer types. Given the
emerging role of splicing factor mutations in cancer, growing efforts have been made to
understand the underlying mechanism. Mutant splicing factors carry out abnormal or
aberrant splicing that will lead to the formation of aberrant mRNA transcripts. Precisely,
each mutant splicing factor will cause aberrant splicing of a specific set of genes, a
phenomenon known as the splicing signature (Yoshida et al., 2011). In this section, the
role of each splicing factor will be delineated together with the functional impact upon

the presence of mutations in cancer.

Splicing factor U2AF1

U2AF2 binds to the polypyrimidine tract and U2AF1 binds to the 3’ ss (Zamore, Patton
and Green, 1992; Wu et al., 1999) and interacts with SRSF2 (Cho et al., 2011). U2AF1
mutations usually target the S34 and Q157 residues at the conserved two zinc-finger
domains. S34 and Q157 hotspot mutations are both found in hematologic malignancies
(5-12% of MDS, 9-16% secondary acute myeloid leukemia (AML), 8-17% CMML, 2-7%
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AML, 16% RARS/RCMD-RS) (Yoshida et al., 2011; Graubert et al., 2012; Saez, Walter
and Graubert, 2017) and S34 are also found in lung cancer (3%) (Imielinski et al., 2012;
Esfahani et al., 2019). S34 and Q157 mutations trigger exon skipping and contribute to
disease progression (llagan et al., 2015; Okeyo-Owuor et al., 2015; Shirai et al., 2015; Fei
etal., 2018). While WT (wild-type) U2AF1 recognizes the conserved yAGr (y=pyrimidine,
r=purine) motifs at the 3’ ss of the intron, S34F mutant U2AF1 preferably recognizes
CAGr>TAGr motifs and Q157 mutant U2AF1 has more affinity for yYAGG>yAGA motifs
(Brooks et al., 2014; Dvinge et al., 2016).

Mutant U2AF1 mis-splices genes involved in MDS pathogenesis through epigenetic
regulation and response to DNA damage (llagan et al.,, 2015; Shirai et al., 2015).
Precisely, mis-splicing of BCOR by mutant U2AF1 results in a BCOR isoform which lacks
a domain that interacts with the transcription factor MLL-AF9 (fusion target in AML),
thereby repressing AF9-induced transcription (Shirai et al., 2015). The targets DNMT3B
(DNA Methyltransferase 3 Beta) and FANCA (Fanconi Anemia Complementation Group
A), involved in hematologic malignancies progression, are also mis-spliced by mutant
U2AF1 (llagan et al., 2015). CTNNB1 (Catenin Beta 1), CHCHD7 (Coiled-Coil-Helix-
Coiled-Coil-Helix Domain Containing 7) and PTBP1 (Polypyrimidine Tract Binding
Protein 1) targets, which play a role in oncogenic pathways are also mis-spliced by
mutant U2AF1 (Brooks et al., 2014). Another study explored the functional link of the mis-
spliced targets by U2AF1%34F. H2AFY (H2A Histone Family Member Y) and STRAP
(Serine/Threonine Kinase Receptor Associated Protein). Interestingly, mis-splicing of

these targets leads to different phenotypes of myeloid lineages in MDS (Yip et al., 2017).

Overall, many studies pinpoint that mutant U2AF1 leads to mis-splicing of targets that
play a role in pathogenesis, yet additional studies are needed to exploit this functional
link with oncogenesis. To this end, some studies have suggested that U2AF75%F impairs
RNA processing through defects in 3° UTRs (Park et al., 2017) or the formation of R-loops
(Chenetal., 2018; Nguyen et al., 2019). Other mis-spliced targets include genes involved
in ribosome processes and translation (Shirai et al., 2015). Another study further
described the emerging role of U2AF1 as a translational repressor through mRNA
binding. In contrast, upon the presence of S34F mutation, U2AF1 no longer binds the
mRNA of its targets. For instance, mutant U2AF1 does not bind /L8 (Interleukin 8) mMRNA
that results in increased secretion of IL8 which is linked with a worse prognosis (Palangat
etal., 2019). A study also reported that mutant U2AF1 mis-splices IRAK4 leading to exon

4 retention, encoding a longer protein that activates MAPK (Mitogen-Activated Protein
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Kinase) and NF-Kb pathway, a driver of MDS/AML malignant transformation (Smith et al.,
2019). Although the oncogenic link of mutant U2AF1 is not clearly established yet,
increasing evidence is showing a direct role of mutant U2AF1 in oncogenesis through

cancer-specific targets.

Splicing factor ZRSR2

ZRSR2 recognizes both U1 (spliced by the major spliceosome) and U12 introns (spliced
by the minor spliceosome) but it is mainly involved in the splicing of the latter (Tronchére,
Wang and Fu, 1997; Madan et al., 2015). ZRSR2 mutations are found in hematologic
malignancies (1-11% of MDS, 0.8-8% of CMML, 2-8% of secondary AML, 5-6% of AML,
1.4% of RARS/RCMD-RS) (Anczukow and Krainer, 2016; Saez, Walter and Graubert,
2017) and bladder cancer. Differently from mutations of U2AF1, SRSF2 and SF3B1 that
consist of missense mutations, ZRSR2 mutations are found along the gene which is
located on the chromosome X and trigger the appearance of stop codons. This, coupled
with the higher recurrence of ZRSR2 mutations in males, confirms a loss-of-function, in
contrast with UZAF1, SRSF2 and SF3B71 mutations that consist of either change-of-
function or gain-of-function (Yoshida et al., 2011; Anczukow and Krainer, 2016). ZRSR2
mutations trigger retention of U12-type introns, affecting oncogenic targets like PTEN
(Phosphatase And Tensin Homolog), MAPK1, MAPK3, BRAF and E2F2 (Madan et al.,
2015). Elucidating the mechanisms impaired upon mis-splicing of these targets remains

crucial to establish a link between mutant ZRSR2 and oncogenesis.

Splicing factor SRSF2

SRSF2 recognizes exonic splicing enhancer (ESE) sequences at the exon of the 3’ ss
(Graveley and Maniatis, 1998; Schaal and Maniatis, 1999; Liu et al.,, 2000). SRSF2 is
mutated in chronic myelomonocytic leukemia (CMML) (47%) (Meggendorfer et al.,
2012), MDS (15%), (Haferlach et al., 2014) RARS/RCMD-RS (5%) (Saez, Walter and
Graubert, 2017) and UM (4%) (Dvinge et al., 2016; Robertson et al.,, 2018). SRSF2
belongs to the SR family of proteins which play an essential role in splicing. Hotspot
mutations target the residue P95 at the N-terminal RNA recognition motif and the C-
terminal RS domain (Papaemmanuil et al., 2011; Yoshida et al., 2011). Although SRSF2
has an equal affinity for G/C-rich motifs, upon P95 hotspot mutations, mutant SRSF2
acquires more affinity for G-rich ESEs motifs, thereby promoting exon exclusion (Yoshida
et al., 2011; Gentien et al., 2014; Dvinge et al., 2016; Kim et al., 2016).
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The tumour suppressors ARMC10 and EZH2 have been described to be aberrantly-
spliced by mutant SRSF2 (Muto et al., 2013; Kim et al., 2016). Mutant SRSF2 induces the
formation of an aberrantly-spliced transcript of EZH2 which is sensitive to NMD
(Nonsense-Mediated mRNA Decay) degradation. The resulting decreased EZH2 levels
have been previously linked with MDS progression (Muto et al., 2013). Further studies
are needed to fill the gap between SRSF2 mutations and the resulting oncogenic

functional impact.

Splicing factor SF3B1

The main actor of this thesis is SF3B17, the most frequently mutated splicing gene in
cancer (Vivet-Noguer et al., 2019). SF3B1 guides the binding of U2 to the BP while
interacting with U2AF2 (Gozani, Potashkin and Reed, 1998). Hence, the following
sections will focus on SF3B71 models, the type of SF3B7 hotspot mutations and the
corresponding underlying mechanism, a phenomenon that has been thoroughly
characterized in recent years (Darman et al., 2015; DeBoever et al., 2015; Alsafadi et al.,
2016).

SF3B1 hotspot mutations are found in hematologic malignancies (48-79% RARS/RCMD-
RS, 6-26% CLL, 4-7% MDS, 4-5% CMML, 3-7% AML), (Papaemmanuil et al., 2011; Wang
et al., 2011; Yoshida et al., 2011; Quesada, Ramsay and Lopez-Otin, 2012; Anczukow
and Krainer, 2016), pancreatic ductal adenocarcinomas (3%) (Biankin et al., 2012),
breast cancer (1.8%) (Stephens et al., 2012), skin cancer (Kong, Krauthammer and
Halaban, 2014), bladder cancer (Dvinge et al., 2016), skin melanoma (1%) (Anczukow
and Krainer, 2016) and UM (~23%) (Furney et al., 2013; Harbour et al., 2013; Martin et
al., 2013). Although SF3B1 is mutated at a low percentage in most solid tumors (Kong,
Krauthammer and Halaban, 2014), SF3B1 is mutated in a significant number of UM
(~23%) (Furney et al., 2013; Harbour et al., 2013; Martin et al., 2013; Alsafadi et al., 2016).
Reported hotspot mutations commonly target the HEAT repeats in a cancer lineage-
specific fashion. Precisely, R625 hotspot mutations are more common in UM (Furney et
al., 2013; Harbour et al., 2013; Martin et al., 2013), whereas K700 hotspot mutations

prevail in hematologic malignancies and skin cancer (Figure 5) (Dvinge et al., 2016).
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SF3B1™t underlying mechanism

During the last years, our group and others have contributed to the characterization of
the mechanistic consequences of SF3B871 mutations (Darman et al., 2015; DeBoever et
al., 2015; Alsafadi et al., 2016).

DeBoever and colleagues first showed that mutant SF3B1 recognizes a cryptic 3’ ss
located upstream of the canonical 3’ ss. Mutant SF3B1 mediates this aberrant splicing of
a specific set of genes with a sequence requirement comprising the dinucleotide AG
located ~13-17 bp downstream the BP and >10 bp upstream the canonical 3’ ss. Hence,
introns, where the BP is ~24 bp far from the 3’ ss, are sensitive to aberrant splicing
induced by mutant SF3B1. However, not all genes meeting these requirements showed
the usage of a cryptic 3’ ss, suggesting that further criteria are taking place. To investigate
whether the resulting aberrant transcripts are sensitive to NMD pathway degradation,
they performed a gene enrichment analysis of the NMD reactome. They found that
indeed, the NMD reactome was enriched in differentially expressed genes mis-spliced
by SF3B1™!. Nevertheless, in-frame and out-of-frame cryptic 3’ ss transcripts were
subject to NMD at similar rates, thus suggesting that aberrant 3’ ss selection does not
affect gene transcription. They further screened for oncogenic targets amongst the
aberrantly-spliced genes by mutant SF3B1. Several genes involved in cancer were
spotted (DeBoever et al., 2015) but further studies are essential to bringing light to the

oncogenic link.

In extension to this work, Darman and collaborators showed that SF3B7 mutations result
in a neomorphic protein. SF3B1™' mediates the selection of a cryptic 3’ ss through the
usage of a cryptic BP but still requires the canonical polypyrimidine tract. They also
predicted that half of the resulting aberrant transcripts were sensitive to NMD. In this
study, they analyzed data sets harbouring different SF3B7 hotspot mutations and
highlighted that some aberrant transcripts are shared across cancer types while others

are cancer-specific (Darman et al., 2015).

Both studies characterized the splicing pattern of mutant SF3B1 by RNA-sequencing
from patients’ tumors harbouring different hotspot mutations (DeBoever et al. and
Darman et al. covered CLL, breast cancer and a few UM samples). A third study
published in our group further approached the mechanism underlying mutant SF3B1 on
primary and metastatic UM samples (Alsafadi et al., 2016). The previously described

aberrant splicing pattern was validated; mutant SF3B1 triggers mis-splicing of a limited
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set of junctions (~0.5%) (DeBoever et al., 2015; Alsafadi et al.,, 2016). Furthermore,
cellular models harbouring WT/mutant SF3B71 demonstrated that mutant SF3B1 directly
causes aberrant splicing through a gain-of-function. Loss or change of function were
excluded because the splicing pattern could not be recapitulated by knockdown either
by overexpression of SF3B1"7". As already introduced in the other studies, mutant SF3B1
recognizes a cryptic AG and BP located 11-14 nts upstream of the canonical ones
(Darman et al., 2015; DeBoever et al., 2015; Alsafadi et al., 2016). To note, WT SF3B1
mediates the binding of U2 snRNP to the BP and to further stabilize this binding, WT
SF3B1 binds U2AF2. However, the novel binding of mutant SF3B1 at the cryptic BP is
less dependent on U2AF interaction. Conclusively, the recognition and binding to a
cryptic 3’ ss upstream of the canonical site lead to the inclusion of an intronic fragment
(Figure 6) (Alsafadi et al., 2016).

/U2 snRNA

U2snRNA -, 65 (35
r\ J;sF331Wj,‘gsl U2AF [ /SF3Bqm U2AF
T |
i — —EEA  sF3p1m-sensitive
pre-mRNA - BP .-~ . .-
~--.._BP.---"AG --..BP - AG pre-mRNA
mRNA L1 [ Aberrant mRNA
transcript ‘l’ /79\ NMD transcript
Proteins “ “ ® Aberrant/degraded

proteins

Figure 6. Schema of the mechanism of splicing for SF3B1"" and SF3B1™. The consensus
sequences of the intron (Figure 2) are recognized by the spliceosome. SF3B1"T recognizes the
canonical sites that results in the canonical mRNA transcript that will be translated into proteins
(left panel). SF3B1™ recognizes cryptic sites located upstream of the canonical ones which leads
to the formation of an aberrant mMRNA transcript with an additional intronic fragment (red) whose
fate remains unknown (right panel). Adapted from Alsafadi et al., 2016.

Two questions arise from these studies: 1) How do SF3B71 mutations alter the base-

pairing of U2 snRNA? 2) What is the fate of the resulting aberrant transcripts?

How do SF3B1 mutations alter the base-pairing of
U2 snRNA?

A recent study showed that SF3B1 interacts with another splicing factor named SUGP1
(SURP and G-patch domain containing 1). Upon SF3B1 mutations, interaction with the
splicing factor SUGP1 (SURP and G-patch domain containing 1) is weakened during BP

recognition. This loss can be partially rescued by SUGP1 overexpression. Furthermore,
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the knockdown of SUGP1 recapitulates the aberrant splicing pattern induced by mutant
SF3B1. This suggests that the lost interaction of mutant SF3B1 with SUGP1 contributes
to aberrant splicing (Zhang et al., 2019). In addition to these findings, Liu et al. and our
group demonstrated that SUGP7 mutations coupled with loss-of-heterozygosity trigger
the SF3B1™ splicing pattern in cell lines and tumours (Z Liu et al., 2020; Alsafadi et al.,
2021).

Another explanation may be that mutations at the HEAT repeats of SF3B7 change the
conformational disposition of SF3B1. During 3’ ss recognition, the conformation of the
HEAT repeats of SF3B1 is supported by interactions with SF3b130, SF3b10 and
SF3b14b which form a superhelix. The superhelix and SF3b14b form an RNA-binding
pocket (Cretu et al., 2016). The distance between the cryptic and the canonical 3’ ss
changes for each hotspot mutation (Zhaoqi Liu et al., 2020). The differences between the
splicing signatures induced by each hotspot mutation have been poorly studied. Our
group recently developed cell models harbouring different SF3B71 hotspot mutations to
compare the functional outcome and predict the tertiary structure in silico. The analysis
revealed that hotspot mutations may trigger a conformational change at the N-terminal
of SF3B1, thereby affecting the binding with other splicing factors. At the same time,
hotspot mutations trigger different rates of aberrant splicing. The extent of the
conformational change directly correlates with the rate of aberrant splicing that could
explain different functional impacts (Canbezdi et al., 2021). Additional studies should
explore additional conformational changes at the HEAT repeats that could be further

exploited in the clinics in a hotspot-specific trend.

What is the fate of the resulting aberrant
transcripts?

These studies have brought light to the mechanism underlying SF3B7 mutations.
However, we still ignore the fate of the resulting aberrant transcripts. Whether these
aberrant transcripts will be degraded by NMD or translated into truncated or untruncated
proteins remains uncertain. To this end, several studies have disclosed the fate of some
of the resulting aberrant transcripts. This section will briefly outline those studies that

provide an insight into the oncogenic involvement of the aberrant transcripts.

For example, SF3B1 mutations lead to the formation of a MAP3K7 aberrant transcript
that contains a premature codon and is thus degraded by NMD. The decrease in MAP3K7

protein levels triggers a hyperactivation of the NF-kB pathway, an MDS driver (Lee et al.,
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2018; Li et al., 2021). Likewise, SF3B1%"¢ induces aberrant splicing of PPP2R5A. This
results in downregulation of PPP2R4A and an increased MYC stability thus impacting
apoptosis (Zhaoqi Liu et al., 2020). SF3B1 mutations also cause mis-splicing of DVL2,
which codes for a negative regulator of the Notch pathway (Pozzo et al., 2020; Zhao et
al., 2021).

Another study demonstrated that SF387 mutations give rise to the inclusion of a poison
exon in the BRD9 transcript, ultimately repressing BRD9 (Inoue et al., 2019). BRD9
recruits the non-canonical chromatin remodeling complex (ncBAF) to the gene to
regulate transcription. BRD9 contributes to oncogenesis in several types of cancer and
targeting BRD9 is being extensively explored (Zhu, Liao and Tang, 2020). An interesting
approach was in fact proposed in this study to correct BRD9 aberrant splicing. Strikingly,
tumor growth was repressed by the usage of antisense oligonucleotides or mutagenesis
(Inoue et al., 2019).

Overall, growing evidence shows that SF3B1™-induced mis-splicing can play a role in
oncogenesis. However, it remains to be determined whether the impact of SF3B71

mutations is broader.

SF3B1 models

Depletion of SF3B71 by knockout is lethal in mouse embryos. SF3B1 haploinsufficiency
impairs SF3B1 interaction with proteins of the polycomb group which is involved in gene
transcription. This results in dysregulation of the Hox genes which play a key role in
embryonic development. Accordingly, SF3B1 heterozygous mice have defects in the

skeleton (Isono et al., 2005).

The development of knockin mice models with SF3B1 mutations has also been assessed.
The fact that hematopoiesis is highly conserved between mice and humans coupled with
the high recurrence of SF3B7 mutations in hematologic malignancies has driven the
development of this type of model. Obeng et al. generated a conditional knockin mouse
model to assess the effects of K700E hotspot mutation, commonly found in MDS.
Although the mice developed macrocytic anemia and progressive myelodysplasia, there
was no presence of ring sideroblasts. While increased usage of aberrant 3’ ss was
confirmed, ABCB7 (a target mis-spliced by mutant SF3B1 and consequently
downregulated), was not mis-spliced in the mouse model. This can be explained by the
lack of intronic conservation between mice and humans and the fact that ABCB7 is not

mis-spliced across all hematologic malignancies (Obeng et al., 2016). The same findings
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were described by a second study (Mupo et al., 2017). A third study established a mouse
model with conditional expression of heterozygous SF3B71X°¢ mutation in B cells but

CLL was only recapitulated partially (Yin et al., 2019).

On the other hand, the SF3B1 ortholog is also essential for development in zebrafish (An
and Henion, 2013) and C. elegans (Serrat et al., 2019). In contrast to cancer cells that
harbour SF3B7 mutations in heterozygosis and require the SF3B1 WT allele for viability,
homozygous sftb-1 (SF3B1 ortholog in C. elegans) mutations have been observed in C.
elegans (Serrat et al., 2019). This sftb-1[K718E] C. elegans model does not display an
aberrant 3’ ss usage as the main splicing defect (Serrat et al.,, 2019), as previously
described (Darman et al., 2015; DeBoever et al., 2015; Alsafadi et al., 2016). In contrast,

exon skipping was the most frequent event of aberrant splicing (Serrat et al., 2019).

Several reasons may explain the differences observed in the splicing outcome. First, the
shorter length of introns, the absence of a BP and the presence of a consensus
UUUUCAGI/R sequence instead of a polypyrimidine tract in C. elegans (Morton and
Blumenthal, 2011). Second, the fact that only about 35% of genes are alternatively
spliced in C. elegans (Tourasse, Millet and Dupuy, 2017), while 95% of genes are
alternatively spliced in humans (Pan et al., 2008). Third, it is known that aberrant
transcripts are often the under-representated form and thus harder to detect. Last, some
transcripts displaying alternative 3’ ss usage may be degraded by NMD (Darman et al.,
2015).

Overall, these models recapitulate the disease partially and exhibit splicing aberrations
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