N
N

N

HAL

open science

Identification of novel therapeutic strtegies for Uveal
Melanoma

Nabil Amirouchene-Angelozzi

» To cite this version:

Nabil Amirouchene-Angelozzi. Identification of novel therapeutic strtegies for Uveal Melanoma. Biolo-
gie cellulaire. Université Paris Sud - Paris XI, 2014. Francais. NNT: 2014PA11TO077 . tel-01403857

HAL Id: tel-01403857
https://theses.hal.science/tel-01403857
Submitted on 28 Nov 2016

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-01403857
https://hal.archives-ouvertes.fr

€™ UNIVERSITE aN
3y PARIS )
SUD institutCurie

Ensemble, prenons le cancer de vitesse.

CANCEROLOGIE

UNIVERSITE PARIS-SUD

ECOLE DOCTORALE 418 :
DE CANCEROLOGIE

Laboratoire : Departement de transfertde !’Insitut Curie
Equipe : Biophenics

THESE DE DOCTORAT

Aspects moléculaires et cellulaires de la biologie

par

Nabil AMIROUCHENE ANGELOZZI

|ldentification of novel therapeutic strategies
in Uveal Melanoma

Date de soutenance : 26/11/2014

Composition du jury :

Directeur de theése : Sergio ROMAN ROMAN  PhD,HDR (DEpt. de transfert, Institut Curie, Paris)
Rapporteurs : Fréderic MOURIAX PU/PH (Dept ; d’Ophtalmologie CHU Rennes)
Gérard MILANO DR1 (Centre Antoine lacassagne, Nice)
Examinateurs : Eric RAYMOND PU/PH (CHUV,Lausanne, Suisse)
Jean-Yves PIERGA PU/PH (Dept. d’Oncologie, Institut Curie, Paris)

Salem CHOUAIB DR1 (UMR753, Institut Gustave Roussy, Villejuif)




Acknowledgements

This PhD had been a wonderful experience. | would like to thank the persons that
made it possible.

The one who gave me the possibility to spend these 3 years in Paris and in Curie:
Sergio, my thesis director, an exceptional person from a professional and human
point of view, and Pr. F. Doz.

The members of the jury, who accepted the task of reading my manuscript: the
“rapporteurs” Frédéric Mouriaux and Gérard Milano who accepted to review my work
and come to Paris for my discussion, Salem Chouaib, Eric Raymond and Jean-Yves
Pierga who accepted to be my “examinateurs”.

All the persons in the “Departement de transfert” of Institut Curie, in particular Fariba
Nemati, who offered me constant support during working week-ends, Virginie Maire
and Lynda Latreche whose friendship resulted also in important technical support for
my thesis, Marie Schoumacher whose contributions had been essential for the
second part of my project, the Affymetrix group for their precious help, all the
members of the BCBG-RPPA and Biophenics team for providing me with company
and support, Marc- Henri Stern, Olivier Lantz, Sophie Piperno-Neumann and the
other clinicians and researchers of the Uveal Melanoma Group of Curie, who became
the audience of my lab meetings, Dominique Gallier, one of the pillars of the
department, Didier Decaudin and the LIP team who contributed to my thesis, and all
the friends | met in the Institute, an essential and unforgettable component of my
parisian life.






Foreword

Uveal Melanoma is a rare tumor; about half of the patients develop metastasic
disease and are referred to specialized centers for treatment.

Unfortunately no therapy has yet been identified which can prolong survival in the
metastatic setting.

During my PhD | aimed to establish preclinical models that reflect the molecular
characteristics of this disease. Using these models | searched for therapeutic
approaches that could guide clinical trials towards effective treatment for advanced
Uveal Melanoma.

This manuscript starts with an introduction to Uveal Melanoma in which | underline
the necessity of cellular models correspondent to our latest understanding of the
disease and | present the treatment options currently proposed or under preclinical
and clinical evaluation. Results are described in two sections : in the first a paper is
presented describing the establishment of new, relevant, cell lines and showing the
efficacy of mMTOR inhibitor Everolimus in relevant preclinical models; the second
section contains a manuscript which describes a drug association screening that led
to the identification of the combination of Everolimus with PI3K inhibitor GDC0941 as
a promising strategy to induce apoptotic death in a class of Uveal Melanomas. A
chapter containing conclusions and future perspectives terminates the thesis. In the
Appendix | included the paper presented in the first part of the Results in its original
format as it was published in Molecular Oncology.
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CHAPTER 1

INTRODUCTION



A MELANOMA OF THE EYE

Uveal Melanoma, a primary malignant tumor of the eye has
progressively been recognized as a unique pathological entity,
quite different, from a clinical and biological point of view, from
its cutaneous counterpart, skin Melanoma. The aim of this
research thesis is to propose novel therapeutic strategies based
on new preclinical models corresponding to our latest

comprehensive knowledge of the disease.

|. EPIDEMIOLOGY OF UVEAL MELANOMA
1. Uveal melanoma is a rare cancer

Uveal Melanoma (UM) is a malignant tumor that arises from resident melanocytes of

the Uvea, a pigmented vascular layer situated in the eye between sclera and retina.

It is the most frequent primary intraocular malignant tumor in adults and it accounts
for 3% of all melanoma cases. Its age-adjusted incidence of 5 new cases per million
per year (according to the american Surveillance, Epidemiology and End Results
Database) has remained unchanged in the past 30 years (Singh and Topham, 2003;
Singh et al., 2011). A similar incidence was obtained in European studies, where a
country-related variation was reported (from a minimum of 2 per million in Spain and
southern lItaly to up to 8 per million in Norway and Denmark) (Virgili et al., 2007); this
would suggest that fair-skinned subjects have a much higher risk of developing the
disease than dark-skinned ones (Mouratova, 2012). Accordingly, ethnic variations in
the annual age-adjusted incidence for UM were reported in the USA where 0,31
cases per million were accounted for Blacks; 0,38 for Asians; 1,67 for Hispanics and

6,02 for non-Hispanic Caucasians (Hu et al., 2005).

UM is usually diagnosed during the sixth decade of life (Papastefanou and Cohen,
2011). The most common site of primary tumors is the choroid (73.7-87,37 percent of
cases), while ciliary body and iris are less frequently affected (13,2-21,1% and 2,3-
5,3% respectively) (Mouratova, 2012).



Gender ratio approximates 1:1 with a slight increased prevalence of males in a
series of reports (Desjardins et al.,, 2006; Mouratova, 2012; Singh and Topham,
2003).

2. Risk factors

No environmental risk factor/exposure has been identified so far, rendering
prevention through large-scale screening impossible. A correlation between the
incidence of the disease and the ethnicity or the geographical origin of the cases is
suggested from epidemiological studies. Moreover, a meta-analysis on host
susceptibility factors in UM has identified light eye color, fair skin color and ability to
tan as statistically significant risk factors (Weis E et al., 2006). No clear evidence was
found that proved sunlight or occupational exposure to be a risk factor for the
developement of the disease, as it is in the case of cutaneous melanoma (Guénel et
al., 2001; Lutz et al., 2005; Singh et al., 2004). Moreover, recent whole exome
sequencing analysis failed to show any UV-induced DNA damage “signature”, which

excludes sun exposure as a risk factor (Furney et al., 2013).

Beside environmental aspects, genetic alterations have been correlated with an
increased risk of developing the disease in the context of familial cancer syndromes.
However, they are estimated to represent only 0,6% of all UMs (Singh et al., 1996).
UM has been reported to occur in the context of Xeroderma pigmentosa, Li-Fraumeni
syndrome, familial breast and ovarian cancer, familial atypical mole and melanoma
syndrome (van et al., 2013). Nevi of Ota are also risk factors (Singh et al., 1998) and
germline mutations of the protein BAP1 (BRCA1l associated protein 1) had been
recently identified in families displaying UM in the context of hereditary cancer
syndromes (Abdel-Rahman et al., 2011). Studies discussing the occurrence of
mutations in the CDKN2A locus and BRCA2 gene are quite controversial, probably
suggesting a marginal role of these mutations in familial UM (Buecher et al., 2010;
Goldstein et al., 2006; Soufir et al., 2000).



Il. NATURAL HISTORY
1. Primary tumor

The Uvea is a highly pigmented layer because of the abundance of resident
differentiated melanocytes derived from neural crest progenitors (fig.1). Even if
melanocytes are fully differentiated
cells, proliferation of melanocytes
may still occur and results in benign Retn -

neoplasms (uveal nevi) or in

malignant melanoma. As for

Choroid

cutaneous melanoma, there is scs —| 1B

clinical and histopathological
Choriocapillaris

evidence suggesting that UM arises Choroldal stroma

both from pre-existing and de novo

. . Figure 1. Picture of a human choroid showing the enrichment
nevi (Harbour et al" 2004’ Smgh et for melanocytes and the well developed network of blood vessels

al., 2005a; Smith et al, 2007). (horocsnllato) adapted fom Krierszerbaum and Tres
Since the uvea can be anatomically divided into iris (the
anterior part), the ciliary body, and choroid (posterior)
(fig.2), UM can be classified into iris, ciliary body and
choroidal UM.

UM grows initially with a discoid shape. According to its

location, it might acquire a hemispheric shape, and

obliterate the choriocapillaris. Because of the higher

Figure 2. The 3 anatomical part  PNYSIcal compliance of the inner part of the eye, UM

of the Uvea (in red) (from Dan-
Ning Hu; pathobiology of the
Uveal tract)

invades the retina inward (choroidal melanomas) and

spreads into the subretinal space with a collar
button shape or mushroom configuration (for

bigger tumors) (fig.3). Invasive tumors might also

affect the lens and penetrate the posterior

chamber (anterior tumors), leading to possible  Figure 3. Highly pigmented Uveal melanoma
with a discoid shape (A). Amelanotic Uveal

secondary glaucoma. Scleral infiltration is also  Melanoma with a mushroom appearance (B)
(from Ralph EJ; Intraocular tumors in adults)

quite frequent, with 30% of tumors presenting



invasion along ciliary vessels, the vortex veins and the ciliary nerves. Patterns of
diffuse growth on the uvea plane or with circumferential spread along the iris root is

reported in 5% of the cases.

2. Metastatic UM

The uveal tract is highly vascularized (fig.1), as a consequence of its primary function
as a supplier for nutrition to the adjacent neuroepithelium and sclera and its lack of
linfatic drainage. Hematogenous spread is thus the mechanism for metastatic

dissemination.

Micrometastatic disease is thought to be present already at the time of diagnosis, as

the different treatments for primary tumors show quite similar outcomes.

The liver is the most common affected organ (89%), lung and with decreasing
frequencies bone, skin and lymph nodes might also be a site of metastatic spreading.
Rare cases of metastatic disease in the central nervous system, adrenal gland, heart,
kidney, spleen, colon and pancreas are also reported (Mouratova, 2012).

The reasons for the hepatic tropism of UM cells is still under debate. Different studies
underlined the importance of HGF/c-Met signalling (Surriga et al., 2013a; Wu et al.,
2012a), but also of the pathways downstream the receptors EGFR (Epidermal growth
factor receptor), IGF-1R (Insulin-like growth factor 1 receptor) and CXCR4
(Chemokine receptor type 4) (Bakalian et al., 2008). Postmortem studies on the liver
of patients with UM identified foci of nonproliferative and avascular micrometastasis
(Borthwick et al., 2011; Grossniklaus HE, 2013), suggesting that UM cells might

remain dormant and might respond to stimuli

004

disease progression is suggested by the

- s from the hepatic microenvironment to
= McLean IW - 1980 . - . -
B 0101 — Benjamin 8 - 1948 progress into clinically evident disease.
% 0.08 A
g 006 1 Interestingly, a bimodal pattern of metastatic
§

0.02

bimodal distribution of mortality (Demicheli

000

041 2 34 66 7T 89 101 121314 15
years

. : L et al., 2014) which presents a main peak 2-3
Figure 4. Bimodal mortality distribution as

demonstrated in a meta—anlysis of different years after prlmary treatment and a Second
datasets might suggest the presence of two

biologically distinct subtypes of metastatic UM peak at about 8-9 years. These distributions
(Demicheli et al., 2014).



might correspond to two biologically distinct entities, one subtype UM metastasis with

a rapidly course and one subtype with a slowler progressive evolution (fig.4).

3. The rapid evolution of metastatic disease is still unchallenged

Primary tumors are successfully treated with surgery and radiotherapy: local control
is higher than 90% at five years with plaque radiotherapy (Desjardins et al., 2003),
proton beam (Caujolle et al.,, 2013; Munzenrider et al., 1989) and enucleation
(Diener-West et al., 2001; Sanke et al., 1981).

On the contrary, the 5-year mortality ranges between 16% and 53% depending on
the size of the tumor (Singh et al., 2005b) and this is mainly due to distant
recurrences. About 90% of the diagnosis of metastatic disease are made within 15
years after enucleation with a peak in the second and third year (Zimmerman et al.,
1978). A study from Kujala and colleagues reports a cumulative incidence of patients
developing metastases of 31% in 5 years, 45% of patients in 15 years, 50% in 25
years and 52% within 35 years (Kujala et al., 2003). The death rate following a report
of melanoma metastasis is 80% at 1 year and 92% at 2 year (Singh and Borden,
2005). As a consequence, the median survival with metastatic disease is short: 2-6
months (Diener-West et al., 1992), while it rises at 19-28 months when the disease
does not involve the liver (Woodman, 2012). This fact has not been significantly

impacted up to now by medical treatment.

lll. HISTOLOGICAL FEATURES

Histologically, under the standard Hematoxylin and Eosin staining, three types of
primary or metastatic uveal melanoma are defined: (1) tumors with predominant
spindle cell (with two subtypes A and B), (2) with predominant epithelioid cells and (3)
with a mixt component of spindle and epithelioid cells. Spindle cells are characterized
by elongated nuclei, finely dispersed chromatin and indistinct nucleoli (subtype A) or
prominent nucleoli (subtype B). Epithelioid cells are large cells with round or
polygonal shapes, large pleomorphic nuclei and prominent eosinophilic nucleoli.

These cells, considered as poorly differentiated melanocytes, are sometimes flanked



by giant anaplastic
tumor cells which may
display a small-cell
appearance (Fig. 5 A-D).
UMs are classified as
epithelioid (5% of the

cases) when more than

ey via 4
A P " 50% of cells have an
Figure 5. The Callender classification of UM: spindle cell subtype A (A), spindle

cell subtype B (B) mixed (C), epithelioid (D) fasciular (E) and necrotic (F) subtypes epithelioid appearance
(from from Ralph EJ; Intraocular tumors in adults).

and classified as mixed
cells when the epithelioid component accounts for less than 50% of the tumoral cells.
About 30% of intraocular tumors UM are of the spindle cell type. This classification,
proposed by MCLean and modified by Callender (McLean et al., 1983, 2004),
originally included also a necrotic and a fascicular variants (fig.5 E,F). It has been
highly regarded for its prognostic value: tumors exclusively composed of spindle
cells have a better outcome than tumors with a component of epithelioid cells

(Shields and Shields, 2008).

Another histologic characteristic often reported in UMs is
the low mitotic index (fig.6). Some studies have reported
a lower proliferation rate in tumors of the spindle cell
type (in which the rate of cells in G2/M/S is 1,9-4,5%),
than in tumors of the epithelioid or mixed type :
(proliferation rate 5,5-8,4%) (Hodge et al., 1995; Rennie  Figure 6. Paucity of Mitosis in

UM histologic specimens (from

et al., 1989). Therefore mitotic/proliferative index has _ffO'T; IRa)'Dh EJ; Intraocular tumors
In adults).

been regarded as a prognostic factor (Gass, 1985;
Karlsson et al., 1996; Lattman et al., 1995).

Another morphological criteria associated with
survival is the nucleolar size (Gamel et al., 1982;
Huntington et al., 1989). However, this parameter did

not enter in daily practice because of its insufficient

Figure 7. The presence of vascular

loops has also been accounted as INter-observers reproducibility. Microvascular
negative prognostic factor (from from .
Ralph EJ; Intraocular tumors in adults). patterns characterized by back to back vascular



loops was also regarded as factor associated with metastatic spread (Folberg et al.,
1993) although not as significant as the other histological criteria (McLean et al.,
1997).

The density of the lymphocytic infiltrate might also be correlated with metastatic

dissemination and poor outcome (De la Cruz et al., 1990; Whelchel et al., 1993).

These different morphological parameters have been combined with tumor size
(width and thickness) (Shields et al., 2009) and scleral extension/local invasion
(McLean et al.,, 1997; Mooy et al.,, 1995; Seddon et al., 1983) to constitute an
histoprognostic index.

IV. MOLECULAR BIOLOGY OF UM
1. Cytogenetics

Genetic studies on frequent chromosomal alterations in Uveal Melanoma began in
the early nineties following analogous studies carried on cutaneous Melanoma
(Becher et al., 1983). Confirming early data concerning single case reports (Griffin et
al., 1988; Horsman et al., 1990), Prescher and colleagues reported frequent non-
random aberrations in primary UM involving chromosome 3 in 43-65% of cases
(Prescher et al., 1990). Usually the entire copy of the chromosome is lost , in 5-10%
of the cases a duplication of the remaining copy occur (isodisomy)(Aalto et al.,
2001; Scholes et al., 2001); less frequently partial deletions occur (Diener-West et
al., 2004). Monosomy of chromosome 3 was soon correlated with reduced survival by
Presher and collegues, who showed that 57% of patients bearing tumors with
monosomy 3 developed metastatic disease for a median follow up of 3,4 years while
a control group bearing UMs disomic for chromosome 3 remained metastasis-free.
Monosomy 3 also relates to histopathological parameters such as epitheliod cytology

and ciliary body involvement (Prescher et al., 1995, 1995).

Loss of the entire chromosome 3 or of a part or the full short arm of it appears to be
an early event in tumorigenesis of UM, since this aberration is usually found in all

neoplastic cells (Prescher et al., 1990). A correlation with aberrations in chromosome



8 (gain of 8g) have also been assessed by cytogenetic studies (Prescher et al.,
1995)

Numerous analysis have been performed in order to find a putative tumor suppressor
gene whose inactivation could correlate with LOH (Loss of heterozygosity) of
chromosome 3 (Blasi et al., 1999; Kilic et al., 2005; Scholes et al., 2001; Sisley et al.,
1993; Tschentscher et al., 2001). Only recently, with an approach of high throughput
sequencing of the whole chromosome 3 in tumors characterized by monosomy 3 the
group of A. Bowcock was able to identify somatic mutations of the protein BAP1 as

recurrent mutation in UM with monosomy 3 (Harbour et al., 2010).

Another recurrent chromosomal aberration in UM involves the chromosome 8, in
40-55% of cases. More frequently a gain of 8q or an isochromosome 8q (associated
with loss of 8p) are found, gain of the entire chromosome 8 are less frequently
reported. Gain of 8g had also been showed to be an independent predictor of
survival (Sisley et al., 1997). Indeed a study by Kilic et al. reported a loss of statistical
significance after correction of the correlation for confounding variables, such as
vascular pattern, cell type and 3p or 3q loss (Kilic et al., 2006). As for monosomy 3
gain of 8q correlates with ciliary body involvement (Sisley et al., 2000), and the two
anomalies are often seen togather (Aalto et al., 2001; Horsman and White, 1993).

Indeed gain of 8q in tumors with concomitant loss of chromosome 3 seems to hold an
important role in tumor progression, but appers to be secondary to the loss of
chromosome 3, as subclones with different pattern of aberration of chromosome 8

were found in tumors with monosomy 3 (Prescher et al., 1994).

Copy number gain in the long arm of chromosome 8 might possibly influence UM
growth through the overexpression of genes such as MYC (situated on 8g24),
NBS1(8g21) whose expression was reported to correlate with cytologic severity and
survival (Ehlers and Harbour, 2005), DDEF1, which was found to be overexpressed
in UM with gain 8qg and to increase moaotility in low-grade UM, (Ehlers et al., 2005),
while a potential metastasis suppressor gene situated on the short arm of

chromosome 8, LZTS1, was reported by the group of Harbour (Onken et al., 2008a).

Anomalies of chromosome 6 (gain in 6p and/or loss on 6q) were recorded in 28-
44% of samples (Prescher et al., 1990; Singh et al., 1994, Sisley et al., 1992). Loss



of 6p had been associated with low risk of developement of metastasis (White et al.,
1998a) while loss of 6g was associated with poor overall survival. Aalto et al. found
a strong enrichment of 6q gain in metastasizing tumors and metastasis compared to
non metastasizing primary tumors (83%,40% and 7% respectively), while gain of 6p
is more prevalent among low-risk tumors compared to metastasizing ones and to
metastasis (29%,20%,17% respectively) (Aalto et al., 2001). Rearrangements of
chromosome 6 are found more frequently in choroidal melanomas, and gain of 6p is
relatively exclusive with monosomy 3 while it is associated with alterations of 8q, and
probabely precedes it, as suggested by Parrella et al. on the basis of the strong
association of 6p alterations with the other two anomalies (Parrella et al., 1999).
Moreovoer loss of 6p is suggested to represent a separate branch of an evolutionary
bifurcation in UM: tumors could progress towards a high metastatising phenotype
characterized by LOH of chromosome 3 or to a more indolent type of metastasizing
tumor characterized by alterations of chromosome 6 (Ehlers et al., 2008; McCannel
TA et al., 2010; Parrella et al., 1999).

Approximately 30% of UM present loss of 1p and/or gain of 1q; in the analysis of
Aalto et al. both anomalies were enriched in tumor metastasis and metastasizing
tumors, and loss of 1p has been suggested to be a marker of worse prognosis (Trolet
et al., 2009), however loss of 1p was not showed to be an independent marker of
survival and it is not usually taken into account in DNA-based prognostic algorithms
(Cassoux et al., 2014; Kilic et al., 2006).

Alterations on chromosome 9 (loss of 9p), loss of chromosome 10, loss of 1123,
gain in chromosome 7 and loss of 16q as well as loss of one the sexual
chromosomes in 35-50% of cases have also been reported but lower frequencies
and the absence of a clear correlation with prognosis and biological behaviour limited
further analysis (Horsman and White, 1993; Horsthemke et al., 1992; Parrella et al.,
1999; Prescher et al., 1990; Scholes et al., 2001; Sisley et al., 1992, 2000; Wiltshire
et al., 1993).
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2. Mutations
2.1 UM mutational status compared to cutaneous melanoma

Initial assessment of mutational status in Uveal Melanoma tumors followed again the
path traced for Cutaneous Melanoma. N-Ras mutations are shown not to play a role
in pathogenesis of Uveal Melanoma (Mooy et al., 1991). HRas and Kras were found
to be wild type in Uveal Melanoma series (Soparker et al., 1993). B-Raf mutations is
not a recurrent event in Uveal Melanoma either: reports on uveal melanomas
harboring Braf mutations are sporadical (Malaponte et al., 2006), and the absence
of BRaf mutations found in many tumor series suggests that BRaf mutations may
arise sporadically in small distinct subgroups of uveal melanoma, such as iris
melanomas (Hriquez et al.,, 2007) or in small subclones (Maat et al.,, 2008a).
Therefore, they do not play a role in the vast majority of cases (Edmunds et al.,
2003).

Mutations in p53 are an uncommon event (Kishore et al., 1996). Microdeletions of
CDKNZ2A locus or promoter methylation are reported to increase the frequencies of
inactivation of the locus (Merbs and Sidransky, 1999; van der Velden et al., 2001;

Wang et al.,, 1996). However, recent studies are quite discordant on the role of
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CDKNZ2A inactivations in UM (Edmunds et al., 2002; Lamperska et al., 2002). Finally,

occasional mutations in NF1 have also been reported (Foster et al., 2003).

2.2 Identification of GNAQ/11 mutations

An approach of high throughput screening for new putative oncogenes in mice
melanocytes (Van Raamsdonk et al., 2004) identified mutations in the GNAQ or
GNAL11 genes as in the majority of UM, with a frequency of 83-96% (Onken et al.,
2008b; Piperno-Neumann et al., 2014a; Van Raamsdonk et al., 2008, 2010).

GNAQ and GNA11 encode members of the Goq family of heterotrimeric G protein
a, subunits of G proteins that mediate the cellular response to extracellular stimuli via
interaction with membrane receptors (G protein coupled receptors). Mutations in
GNAQ and GNA11 occur in a mutually exclusive manner at arginine 183 (R183) or
glutamine 209 (Q209) and constitutively activate downstream signaling pathways.
From a recent review of COSMIC database, this appear to be the case in
approximately 5-6% of sequenced cancers (O’Hayre et al., 2013). High frequencies
are found in eye melanomas, leptomeningeal melanocytic lesions (60%) and in a
subset of skin melanomas (6%), while in other tumors such mutations are quite
sporadical. Therefore, GNAQ and GNA1l mutations are thought to be driver
mutations in melanocytic lesions and to occur early in UM. Indeed, mutations in these
proteins had been found in most blue nevi of the skin (83%) (Van Raamsdonk et al.,
2008), implying that these lesions might not be sufficient for malignant progression in
UM. This hypothesis is supported by the fact that stable transfection of mutated
GNAQ into normal melanocytes is not sufficient to transform cells (Van Raamsdonk
et al., 2008).

Mutations in GNAQ are enriched in blue nevi (54,7%) and primary UMs (44,7%)
compared to UM metastasis ( 21,7%), while GNA11l mutations are more prevalent in
metastases (56,5%) compared to primary tumors and blue nevi (31,9% and 16,7%
respectively) (Van Raamsdonk et al., 2010), an observation confirmed by Dono et al.
(Dono et al., 2014). However, no significative correlation between GNA mutational
status and patient survival has been proved (Koopmans et al., 2013; Van

Raamsdonk et al., 2010). Studies to elucidate differences between GNAQ and
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GNA1ll roles are made difficult by the absence of selective pharmacological
compounds targeting each type of Gag mutation. Therefore, no proof of any
biological difference between GNAQ vs. GNA11l mutated status has been found so
far and the two proteins are thought to have redundant functions and activate same
downstream pathways. Mutations at R183 and mutations at Q209 are mutually
exclusive but interestingly the former seems to have much less oncogenic activity
than the latter since mouse injected with melan-a cells transduced with GNA11
R183C variant developed tumors with increased latency compared to mice injected
with cells bearing GNA11 Q209L variant. This fact might explain the lower
prevalence of substitutions in R183 compared to Q209, and, possibly, also the

selectivity observed in pharmacological response (Van Raamsdonk et al., 2010).

Gag proteins are known to activate via Phospholipase C (PLC) and Protein Kinase C
(PKC) the Mitogen Activated Protein Kinase (MAPK) pathway, that was ideed shown
in several reports to be constitutively activated in UM bearing GNAQ/11 mutations
(Chen et al., 2013a; Mitsiades et al., 2011; Van Raamsdonk et al., 2008, 2010).
However recent studies show that GNA mutated proteins also activate an alternative
pathway: GNAQ/11 mutations would cause, through Trio, a guanine nucleotide
exchange factor, the overactivation of Rho and Rac GTPase, these proteins in turns
would lead to nuclear localization of the protein YAP, a component of the Hippo
pathway, and possibly JNK and p38 (Feng et al., 2014; Vaqué et al., 2013; Yu et al.,
2014a)

2.3 BAP1, a tumor suppressor gene with a putative role in

metastatic disease

Various studies attempted to identify a tumor suppressor gene in chromosome 3 in
UM (Blasi et al., 1999; Parrella et al., 2003; Tschentscher et al., 2001). The increased
accessibility and efficacy of sequencing technologies led to systematic analysis for
mutations in UM characterized by monosomy 3. Exome sequencing of tumors with
monosomy 3 identified BAP1 as a tumor suppressor gene coupled with LOH of

chromosome 3 (Harbour et al., 2010).
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BAP1 gene is located on chromosome region 3p21.1. Mutations in BAP1 are found in
47-58% of primary UMs (Koopmans et al., 2013; Shah et al., 2013). As chromosome
3 loss is strongly associated with metastatic risk, the rate of BAP1 mutations
increases among aggressive metastasizing tumors, reaching 84% in this subset
(Harbour et al., 2010). These mutations are inactivating mutations with mutation sites
spread all along the BAP1 gene. Coding sequences are the most affected regions,
but splicing sites might also be mutated. The BAP1 gene encodes for a protein with
various functions. It was first reported to be a ubiquitin hydrolase which is capable to
bind the BRCAL protein and enhances BRCA1 mediated suppression of cell growth
(Jensen et al.,, 1998). BAP1 was also shown to interact with ASXL to form the
polycomb repressive deubiquitinase complex (PR-DUB). PR-DUB is a transcriptional
modulator which cooperates with polycomb complexes to regulate the expression of
a wide series of genes with roles in developmental processes, and stem cell
properties (Carbone et al., 2013). BAP1 is able to deubiquitinate transcription factor
HCF1, suggesting a role of BAP1 in transcription regulation (Yu et al.,, 2010).
Interestingly, deubiquitination of Histone 2A by PR-DUB was shown to play a role in
DNA damage repair by promoting the repair of double-strand breaks. (Ismail et al.,
2014; Yu et al.,, 2014b). Since ubiquitination has been related to a wide range of
cellular processes, such as labeling of proteins for degradation, DNA damage repair,
gene transcription, cell membrane trafficking, progression through cell cyle, stress
response, cell communication, differentiation and apoptosis (Carbone et al., 2013),
the cellular interactions and functions of BAP1 are probably still largely uknown. In
particular, the precise roles of BAP1 in UM tumorigenesis are unclear.

BAP1 mutations were initially reported to characterize UM tumors with a propensity to
metastasize (Harbour et al., 2010). Indeed, since LOH of chromosome 3 negatively
impacts on prognosis, and BAP1 mutations are found in presence of chromosome 3
LOH, the cytogenetic model supports the hypothesis of a role of BAP1 mutations in
the metastatic progression of UM. In line with this assumption, Harbour and
colleagues show that knock down of BAP1 in UM cells derived from primary tumors
and wild-type for BAP1 induces in gene expression an enrichment of a set of
transcripts associated with metastasis (Harbour et al., 2010). This result is in
agreement with a previously published transcriptional signature that allow to separate

low-risk non-metastasizing from high-risk metastasizing UM primary tumors (Onken
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et al., 2004). Therefore the study of Harbour and colleagues suggests a central role
of BAP1 in promoting UM metastasis. Again, such a statement remains an
hypothesis due to a lack of reliable models for studying BAP1 role in the progression

to metastatic disease.

Using a transcriptional analysis of knock down models, the group of Harbour explains
the effects of BAP1 loss as a loss of differentiation and gain of stem-cell properties.
However, transcriptional profiles do not correlate with the previously published
signature of metastastic disease. This might imply that a knock down model is
artificial and do not appropriately mimic UM metastastic tumor cells (Matatall et al.,
2013). In vitro cellular effects of BAP1 knock down also slow down cell doubling
times (Matatall et al., 2013), a notion that is hardly integrated with the concept of a
more aggressive disease, and that has not been yet correlated with distinct cell cycle

patterns in patient biopsies.

Finally BAP1 familial syndroms have been described where germline mutations of
BAPL1 increase the risk of development of melanocytic tumors, non melanocytic skin
cancers, mesothelioma, clear cell renal carcinoma, meningioma, lung, ovarian,
pancreatic and breast carcinoma. This fact suggests a role of BAP1 as a tumor
suppressor gene and early driver of tumor progression rather than having a role
specifically in advanced disease (Murali et (Abdel-Rahman et al., 2011; Goldstein,
2011; Murali et al., 2013; Testa et al., 2011; Wiesner et al., 2011, 2012).

On the other hand, somatic mutations of BAP1 have been reported in tumors other
than Uveal Melanoma, such as mesothelioma and clear cell carcinoma (Pefia-Llopis
et al., 2012; Yoshikawa et al., 2012). Finally, genetically engineered mouse models of
BAP1 developed myeloid proliferations, suggesting that this protein have a broad

range of actions and the effects of BAP1 loss might differ in differnet tumor types .

Further studies on cellular functions of BAP1 and on the phenotype of the different
molecular subtypes of UMs are needed to elucidate the role of BAP1l in the

progression of this disease.
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2.4 Other recurrent mutations identified in UM

Other recurrent mutations in subgroubs of primary Uveal Melanomas have also been

reported.

In 2013 three independent studies (Furney et al., 2013; Harbour et al., 2013; Martin
et al., 2013a) reported 15-20% mutations of the SF3B1 gene (splicing factor 3b,
subunit 1), enriched in the subgroup of UM characterized by disomy 3 and good
prognosis. SF3B1 encodes for subunit 1 of splicing factor 3B, a component of the
spliceosome, the cellular machinery that processes pre-mRNA into mature mRNA,
and is reported to be mutated in myelodisplastic syndromes and myeloproliferative
neoplasm (Papaemmanuil et al., 2011; Quesada et al., 2012; Rossi et al., 2011;
Yoshida et al., 2011). SF3B1 was subsequently found mutated also in solid tumors
such as bladder, lung, endometrial, pancreatic and breast carcinoma as well as in
cutaneous melanoma (Scott and Rebel, 2013). Mutations in SF3B1 occur in hot spots
in functional regions called HEAT repeats, in a situation of heterozigosity where a
wild type allele is preserved. In UM, they are more common at position R625 but
mutations in other positions such as K666 and K700 (Furney et al.,, 2013),
E622,Y623,E783, and the occurrence of indels and small deletions are also reported
(Martin et al., 2013a).

SF3B1 mutations are associated with aberrant splicing in Chronic lymphocytic
Leukemia and Myelodysplastic Syndrome (Wang et al., 2011; Yoshida et al., 2011).
In line with these reports, Furney et al. shows that SF3B1 mutations in UM are
associated with alternative splicing. Interestingly, the same splicing signature found in
UM was could also be used to identify SF3B1 alterations in in Chronic lymphocytic
Leukemia and Myelodysplastic Syndrome (Gentien et al., 2014), implying common
features in RNA splicing pattern alterations caused by mutated SF3B1. On the other
hand, in haematological malignancies, the relative frequence of SF3B1 mutations
differs from UM, K700 mutation being the most prevalent. Martin et al. found that, in a
small number of primary tumors that gave rise to metastasis, mutations in SF3B1
were located in positions other than R625 (Martin et al., 2013a), this suggests that
different mutational hotspots have possibly different effects on tumor progression.
This is also confirmed by the fact that while SF3B1 mutations are associated with a

worse prognosis in haematological malignancies (Rossi et al., 2013), in UM the
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strong correlation with disomy 3 and epithelioid histologic appearance, link SF3B1
alterations with good prognosis,and this is confirmed by survival analysis (Harbour et
al., 2013). Consequently, SF3B1 mutations are mutually exclusive with BAP1 loss
and very few tumors showing both mutations have been reported (Martin et al.,
2013a) .

In addition to SF3B1 mutations, the same report from (Martin et al., 2013a) identifies
also 24% of mutations in EF1AX among primary UMs enriched for chromosome 3
disomy, in a pattern of mutual exclusivity with SF3B1 mutations.

EF1AX (also EIF1A) located at Xp22 encodes the eukaryotic translation initiation
factor 1A, which plays a role in the interaction between the ribosomal 40S subunit
and the mRNA allowing the formation of a stable mMRNA-ribosome complex and the
initiation of translation (Pestova et al., 1998). Alterations in this gene are all located in
exons 1 and 2 and are mostly missense mutations, although altered splicing sites
leading to small deletions are also reported. In females only the active allele was
targeted by mutations. Nonetheless, the protein is still expressed in mutated tumors.
Studies on yeast elF1A suggest that these mutations could impair the function of the
protein by altering the balance of transcripts in neoplastic cells towards a pattern of
gene expression favoring cell proliferation and survival (Martin et al., 2013b). Such

hypothesis remains still to be assessed in pathologic situation such as UM.

The mutational pattern of SF3B1 and EIF1AX and the correlation with cytogenetical
data suggest an evolutionary fork between High-risk BAP1 mutated tumors and
tumors disomic for chromosome 3. The propensity to metastasize of tumors with
disomy 3 and an average low risk for metastasis could vary according to SF3B1 or
EF1AX mutational status (fig.9).
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Figure 9. Evolutionary model of UM. GNAQ/11 are early driver mutations
and have been reported in the vast majority of UM, conversely BAP1 (and
LOH of chromosome 3),SF3B1 and EIF1AX are secondary driver mutations
nad identify a class of UM characterized by bad prognosis (BAP1 mutated
tumor, with LOH of chromosome 3 ) and a class with intermediate-good
prognosis (EIF1AX or SF3B1 mutatedtumors ), where the risk of metastasis is
influenced by the type of mutation and by the cytogenetical pattern.

Other mutations are found sporadically in UM, such as mutations in EGFR (Daniels
et al.,, 2012) and NF1 (Foster et al., 2003). But the rate of mutations detected in

primary tumors remains overall quite low when compared with other types of tumors

as well as with cutaneous and acral melanoma (fig.10). Uveal Melanoma has not
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2014; Pefia-Llopis et al., 2012) , but the use of
models different from UM where loss of BAP1 of
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function was artificially induced prevent any conclusion on a role of BAP1 on genetic

stability in UM disease.
To resume

e The relative rate of mutaions in UM is very low

e Mutations in GNAQ and GNAL11l are early drivers of tumorigenesis but
other alterations might be necessary for the acquisition of the malignant
phenotype.

e BAP1 mutations with LOH of chromosome 3 have a high tendancy for
metastatic spread, while SF3B1 or EF1AX mutations in chromosome 3
disomic tumors are secondary events affecting distint UM subtypes and

represent alternative branches of biological progression.

3. RNA expression based classifications

Analysis of RNA expression has been used as well as a tool to investigate and
characterize UM. Unsupervised hierarchical cluster analysis of gene expression
profiles in primary Uveal Melanoma defines two subgroups of tumors, which almost
perfectly matches with copy number status of chromosome 3 (Tschentscher et al.,
2003). No strong correlation was on the contrary found between molecular
subgroups and chromosome 6 and 8q status. Interestingly, this classification stands
the removal of chromosome 3 from the analysis, implying that these classes are not a
mere consequence of the transcription of genes located on chromosome 3. A similar
approach was used in the work by Onken and colleagues (Onken et al., 2004). Using
an unsupervised analysis, this study confirms the biological basis of a classification of
primary UMs into two transcriptional subgroups, caracterized repectively by a good
(class I) or a bad prognosis (class Il). Again the two classes strongly correlate with
chromosome 3 monosomy but are not correlated with status of chromosome 6 and
8qg. Both studies also depict an unbalaced pattern of transcriptional deregulation,
where the molecular classes enriched in monosomy 3 present an overall profile of

downregulation of the gene expression.

The analysis on a series of 25 tumors of a possible correlation between the molecular

class and variables such as age, gender, tumor diameter, tumor thickness, local
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invasion, ciliary body involvement and pigmentation rank demonstrated a significant
association only for age, which is associated with class Il profile (Onken et al., 2004).
This has implication on prognosis and suggests that tumor diameter, tumor thickness,
invasivity and location are independent prognostic factors with no or minimal impact

on the biological phenotype of the disease.

Notably, the discriminant genes identified in the two studies minimally overlap,
making difficult a further validation of other hypothesis on the biological meaning of
these transcriptional profiles. Since both classifications are strongly correlated with
the previously established cytogenetic classes, it is reasonable to think that the
molecular classification might be more informative than cytogenetics for the
phenotypical classification of the disease, as transcriptomics allows to take into
account also epigenetic changes whose role in the disease is still not known. Indeed
systematic studies on the epigenetics of UM that might complement genetic and

transcriptional analyses have not been yet been published.

4. Epigenetic of UM

Almost all the studies on epigenetics in UM have focused on candidate genes,

selected on the basis of analogies with cutaneous melanoma.

The pattern of promoter hypermethylation is the most frequently reported epigenetic
change. Reduced expression of p16(INK4a) occur with frequencies ranging from 0%
to 30% in different series (Edmunds et al., 2002; Merbs and Sidransky, 1999; Moulin
et al., 2008; van der Velden et al., 2001; Zeschnigk et al., 2003) and was found also
in Uveal Melanoma cell lines (Van der Velden et al., 2001). RASSF1A, a tumor
suppressor gene adjacent to BAP1 locus, was found to be hypermethylated in 13-
83% of UMs and might have a role in the early phases of tumorigenesis of UM
(Calipel et al., 2011; Dratviman-Storobinsky et al., 2012; Maat et al., 2007; Merhavi et
al., 2007; Moulin et al., 2008). Methylation of hTERT promoter is reported in 52% of
samples analysed by Moulin et al. (Moulin et al., 2008), while other studies point out
the methylation of the EFS gene (Neumann et al., 2011); RASEF was also found to
be hypermethylated in a significant number of samples (Maat et al., 2008b), and
sporadical hypermethylation of genes such as MGMT, DAPK, IGF2, NEUROG1
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(Merhavi et al., 2007) RARB and TIMP3 (Merhavi et al., 2007; Moulin et al., 2008;
van der Velden et al., 2003) have also been reported. Systematic analysis of
methylation by high-throughput technologies are expected to provide new
understanding on the relevance of these epigenetic mechanisms in the development

of the disease.

In the study of the possible roles of microRNA in the progression of disease, a more
comprehensive approach has been attempted by the group of Harbour, who reports
that unsupervised miRNA expression profiles shows a bimodal clustering completely
concordant with the previously published classl-classll RNA-based classification
(Onken et al., 2004; Worley et al., 2008). miRNA let-7b and miR-199a are the most
significant discriminators of the two classes in this analysis, however these results
are quite discordant with those issued from a similar analysis performed by Larsen
and colleagues (Larsen et al., 2013). Only one study attempts to compare UM with is
normal counterpart and reports a comparison of four UM with four normal choroid
samples; the analysis pointed out that miRNA-20a, miRNA-106a, miRNA-17, miRNA-
21 and miRNA-34a were upregulated while miRNA-145 and miRNA-204 were
downregulated in tumoral samples (Yang and Wei, 2011). In vitro experiments in UM
cell lines showed that miRNA-34a, miRNA34b/c and miR-137 inhibit cell growth and
migration through downregulation of c-MET and MITF (Chen et al., 2011; Dong and
Lou, 2012; Yan et al., 2009), while miR-9 suppression was involved with cell
migration through activation of NF-kB (Liu et al., 2012). Other miRNAs whose
downregulation has been associated with development and progression of UM are
miR-182 (Yan et al., 2012) and miR-124a (Chen et al., 2013b). Independent
validation in wider cohorts of samples is needed to prove the biological significance
of these findings.

IV. MOLECULAR NETWORKS

Studies on biological samples and tumor-derived models had been conducted also at
the protein level.
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1. MAPK pathway
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BRAF.

The MAPK kinase pathway is constitutively activated in the vast majority of UMs.
Weber et al. identified constitutive activation of ERK in 86% of the samples tested,
which was absent in normal uveal cells. Calipel et al. showed that UM cell lines
possess an activated MAPK pathway, even in the absence of B-Raf mutations, that
controls cell proliferation, probably through regulation of cyclin D1 expression (Calipel
et al., 2006).

Different key proteins have been implicated in the deregulation of the MAPK pathway
in UM.

First, mutations of GNAQ/11, found in about 90% of UM have been reported to
promote constitutive MAPK activation through induction of PLCP function and
consequent activation of PKC. In vitro modeling confirmed these hypothesis: GNAQ
Q209 transfected melanocytes show increased ERK phosphorylation compared to
controls, and silencing of GNAQ or GNA11 reduces phospho-ERK levels, increases
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number of resting cells, reduces overall cell number and decreases anchorage-
independent growth (Van Raamsdonk et al., 2008, 2010). An indirect confirmation
comes also from the differential activity of chemical inhibitiors: PKC and MEK
inhibitors have been shown to be selective for UM with GNAQ and GNA11 mutations
compared to WT cell lines (Khalili et al., 2012; Wu et al., 2012b).

Second, few other proteins appear to play roles in UM tumoral progression and have
been suggested to cooperate in MAPK pathway activation. HSP90 chaperone protein
has been shown to be important in the wild type form of BRaf activity specifically in
UM, and HSP9O0 inhibition was shown to reduce viability specifically in UM cell lines
(Babchia et al., 2008). C-kit activation, possibly through an autocrine SCF/c-Kit loop,
has been assessed in UM cell lines and associated with constitutive ERK activation
(Lefevre et al., 2004). Moreover, transcriptomic studies showed that c-KIT gene
upregulation was associated with metastastic tumors (Onken et al., 2004),

suggesting a possible role in in the progression of the disease.

2. PI3K pathway

PI3K pathway has been implicated in
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between lower PTEN expression in tumors and a correlation with reduced survival is
reported (Abdel-Rahman et al., 2006). In this study, on 75 primary UM, 12% showed
loss of PTEN expression, and another 42% showed a reduced immunostaining
compared to internal control. Microdeletions of the PTEN gene were suggested to be
the most important mechanism of PTEN insufficiency. However, PTEN loss does not
seem to be a major cause of activation of PI3K pathway in UM, and mutations in the
known key components of the pathway are rare (Babchia et al., 2010a; Daniels et al.,
2012).

Still AKT phosphorylation was detected in more than half of the samples studied in
(Saraiva et al., 2005) and (Babchia et al., 2010a), a finding that supports activation of
the PISK/AKT axis in UM.

However, the role of PI3K pathway downstream effector, mTOR, is controversial.
MTOR associates with other proteins to form the mTORC1 complex, which is
activated by PI3K/AKt pathway and has a central role in the regulation of protein
synthesis. mMTOR can also associate with other proteins to form the mTORC2
complex, which holds a function in cytoskeleton organization and is insensitive to the
effets of the mTORCL1 inhibitor Rapamycine. While Babchia et al. shows no role of
mTOR in UM cell proliferation, a work from Ho et al. demonstrates a strong
synergistic activity of a MEK inhibitor with two different mTOR inhibitors, Rapamycine
and AZDB8055, suggesting that the interconnection between PI3K and MAPK
pathway is strong at the mTOR level as well (Babchia et al., 2010a; Ho et al., 2012a).

3. RTKs induced signaling pathways

Kit and IGFR1 are among the cell membrane receptors that are suggested to play a

role in MAPK and PI3K pathway activation.

Kit is a receptor tyrosine kinase involved in differentiation, cell adhesion, migration
and proliferation. A Role for c-Kit and its ligand SCF in the proliferation of choroidal
melanocytes was suggested by Mouriaux et al. (Mouriaux et al., 2003). A search for
activating mutations that could justify a constitutive signaling proved negative, but
high expression of the receptor was detected by different groups in 63-87% of
tumoral samples (All-Ericsson et al., 2004; Pache et al., 2003; Pereira et al., 2005).

Moreover, inhibition of the autocrine loop SCF/c-Kit or treatment with STI571
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(imatinib) an inhibitor of ABL, KIT and PDGFR, reduced proliferation and migration of
UM cell lines (All-Ericsson et al., 2004; Lefevre et al., 2004; Pereira et al., 2005).

Kit signaling was suggested to contribute to the activation of MAPK and PI3K/AKT
pathways because stimulation of melanocytes with SCF results in activation of ERK
and AKT. In UM cell lines however, SCF stimulation led only to ERK activation
(Pereira et al., 2005).

IGF1R (Insulin-like Growth Factor 1 Receptor) is a transmembrane receptor that

transduces signals from IGF1, a soluble factor produced by the liver. Binding of IGF1
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IGF1R was also shown to be involved in tumor invasivity. IGFR1 is overexpressed in
metastastic tumors. Importantly, liver is the most frequent site for UM metastatic
spread and hepatocytes secrete high levels of IGF1, supporting a possible role of an
IGF1R/IGF1 paracrine loop in metastatic growth. Several studies analyzed the
expression of IGFR in primary UMs by immunohistochemistry and showed a
correlation between the expression of the receptor and subsequent metastatic
spread (All-Ericsson et al., 2002; Economou et al., 2005; Mallikarjuna et al., 2006). A
trend towards higher serum levels of IGF1 in patients with locally advanced disease
was also found (Topcu-Yilmaz et al., 2010), and a study on a small series confirms
the correlation between IGF1R expression and liver metastasis and shows
consequent activation of the AKT pathway (Bao et al., 2012a). In agreement with the
previous finding, Yoshida et al. showed positive staining for IGF1R in UM hepatic
metastatic samples, and that a long-term cell line derived from a liver metastasis had
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reduced growth and decreased AKT-S347 phosphorylation upon IGF1R inhibition
(Yoshida et al., 2014). Altogether, these studies suggested that IGF1R signaling
might be involved in liver metastatic spread, with a possible link to AKT activity. One
discordant study exists however, where an anticorrelation of IGF1R staining with
extrascleral invasion and no association with survival on a series of 167 primary UMs
was detected (Al-Jamal and Kivela, 2011).

The specific liver tropism of UM metastases led to investigate the role of the
hepatocyte growth factor (HGF) in the progression of the disease. Foci of metastatic
melanoma in the liver stained diffusely for HGF, while primary tumors showed
staining for HGF at the level of the choriocapillaris suggesting that HGF might
regulate the invasion and migration of UM cells. Moreover, the HGF receptor c-MET
was found to be selectively expressed in vimentin positive/keratin negative uveal
melanoma cells and tumor samples, a phenotype found to correlate to extravasation
and invasivity (Hendrix et al., 1998). In the study by Economou et al., c-MET
expression correlated with metastatic spread, although less then IGFR1 and only in
the univariate analysis (Economou et al., 2005). Another study reports as well a
correlation between c-MET expression and metastatic death but found no HGF
staining in tumors with liver metastases suggesting that c-Met contribution to tumoral
progression could be ligand independent (Mallikarjuna et al., 2007). Another
confirmation of a role of c-Met in metastatic spread comes from drug-response
studies with the c-Met inhibitor Crizotinib whose administration led to reduced liver
micrometastasis in an in vivo mouse model of UM (Surriga et al., 2013).

4. YAP signaling
Recently, genome-wide RNA interference approaches in Drosophila allowed the
identification of an alternative signaling pathway downstream of GNAQ/11 (Vaqué et
al.,, 2013; Yu et al.,, 2014). These two studies elegantly demonstrate that mutated
GNAQ/11 trigger YAP dephosphorylation and nuclear localization, and thus activate
YAP signaling activity independently of PLCp signaling. YAP is a component of the
Hippo pathway and, together with its homologue TAZ, is responsible for activation of
different nuclear transcriptor factors including TEADs and SMADs. In nonproliferating
cells, YAP activity is reduced and this can be done in two different ways. In the

classical Hippo signaling cascade, YAP is phosphorylated and is either degraded or
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retained in the cytoplasm. Alternatively, binding with the protein angiomotin (AMOT)
sequesters YAP away from the nucleus. Mutants GNAQ/11 were shown to activate
the guanine nucleotide exchange factor Trio, which in turns activates the small
GTPases Rho and Racl,
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(Vaqué et al., 2013).

The pattern of singaling network characteristic of UM reflects the peculiarity of the
disease already seen at the genetic level , and the growth of knowledge on activated
pathways had proved essential for the choice, at the preclinical and clinical level, of

therapeutic strategies with targeted agents.

Table 1 shows the differences, in terms of frequent chromosomal aberrations and
recurrent mutations, between uveal and cutaneous melanoma and displays the

molecular pathways resulted to be alterated in these two types of disease.
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UVEAL MELANOMA

Gain
1q 24%
6p 18-29%
8q 40%
Activatory
GNAQ/11 80-90%
SF3B1 15-30%

MAPK
PKC
PTEN/PI3K
YAP

CUTANEOUS MELANOMA

MOST FREQUENT CHROMOSOMAL ABERRATIONS

Loss

1p 25%
5] 43-65%
6q 29%
XY 35-50%

Inactivatory
BAP1 50-60%
EEF1AX 24%

Gain

1q 25-33%
6p 24-28%
7 50%

8q 34%
18,20 40-60%
MUTATIONS

Activatory

BRAF 60-70%
NRAS 15-25%

Loss
1p 28%
6q 28-42%
9(p) 80%
10 60%

14,15,16,17q, 20-40%
21,22

X 20-40%
Inactivatory

CDKNZ2A infrequent

PTEN 10%

MAIN ALTERED DOWNSTREAM SIGNALING PATHWAYS

MAPK

PTEN PI3K

CDK4/Rb
MDM2/p53

30-80% of
familial cases

Table 1. Most frequent alterations found in Uveal Melanoma Compared to Cutaneous Melanoma. (Albert and Polans,
2003; Babchia et al., 2010 ; van den Bosch et al., 2010; Chen et al., 2013a; Feng et al., 2014 ; Haluska et al., 2006; Harbour
et al., 2010; Kilic et al., 2006; Martin et al., 2013b; Nelson et al., 2000; Piperno-Neumann et al., 2014a; Prescher et al., 1990;

Van Raamsdonk et al., 2008, 2010; Sisley et al., 1992).

V. PROGNOSTIC ALGORITHMS

The increase of knowledge in tumor characterization and subclassification derived

from clinico-pathological and molecular studies has greatly implemented the

prognostic algorithms for UM, but up to now, no general consensus has been

reached on gold standard prognostic algorithms assessing the risk for primary tumors

to evolve into disseminate disease.

While gene expression profile classification has been progressively more widely

accepted in the United States of America (US) and Canada for prognostic purposes,

a greater confidence on reproducibility and cost-effectiveness has pushed European

centers to rely on algorithms based on clinical, histological and cytogenetic markers.
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The prognostic algorithm widely used in the US, proposed by the group of Harbour, is
completely based on gene expression profiles presented in (Onken et al., 2004) and
relies on the analysis of the expression of 12 discriminating genes and 3 endogenous
control genes (Onken et al., 2010). The test, named DecisionDx-UM test proposed in
the US with the purpose of being the standard prognostic tool for clinical decisions,
was validated in a clinical trial involving over 400 patients. A positive predictive value
of 95% in predicting 4 years metastasis free survival and a negative predictive value
of 80% resulted from the study (Onken et al., 2012). The test uses RNA extracted
from fine needle aspiration biopsy samples as well as from formalin-fixed paraffin
embedded enucleated or resected tumors (reported technical success is 97%). It is
for the moment performed in a single accredited center in the US and is therefore still
subjected to cost and reproducibility problems. This has probably impaired unbiased

comparisons with the other prognostic algorithms.

European approaches rely on the evaluation of anatomopathological parameters
such as tumor size at enuclation, local invasiveness, cell type and the cytogenetic
evaluation of aberration of chromosome 8q and 3 using (Cassoux et al., 2014;
Damato et al., 2009).

The approach is exemplified by an online algorithm proposed by Damato et al. that
takes into account age, sex, TNM size category, ciliary body involvement,
cytomorphology, closed loops, mitotic count, chromosome 3 loss and 8q gain as
assessed by multiplex ligation-dependent probe amplification, presence of
extraocular spread (Damato et al., 2011).

Trolet et al. uses DNA arrays, which allows deletion of partial chromosomal losses
and isodisomies, to define a high-risk class of primary tumors. Statistical analysis of
the predictive power of the different combinations of recurrent chromosomal
alterations suggests that the combination of loss of chromosome 3, loss of 8p, loss of
16q, gain of 6p, gain of 8 showing a proximal breakpoint and evaluation of 8q logratio
after the breakpoint permits prediction of metastatic evolution with a positive
predictive value of 84,6% and a negative predictive value of 87,5%, a performance
similar to DecisionDx test (Trolet et al., 2009). Indeed a validation study made in the

same institution suggest that most robust prognostic information proposes is
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provided by a classification based on 4 subgroups on the basis of chromosome 3

monosomy and 8q gain only (Cassoux et al., 2014).

A comparison of DecisionDx and different prognostic factors made by Harbour's
group demonstrates better sensitivity, specificity, negative and positive predictive
values obtained with the molecular classification compared to simple monosomy 3
detected by array Comparative Genome Hybridisation (aCGH) (Worley et al., 2007).
However a study of the same group has indeed demonstrated a superiority of Single
Nucleotide Polimorphism Arrays to aCGH in predicting metastasis (Onken et al.,
2007). This demonstrate that a randomized comparison between DecisionDx and
other cutting edge algorithms proposed by other Institution is still needed to fully
validate a gold standard for prognosis of UM. An independent analysis was
attempted by Gill and Char, who compared the different molecular tests proposed in
Europe and the US on the basis of the relative frequencies of patients with positive
test results and metastasis/mortality rates (Gill and Char, 2012). However, times of

follow up are different in the different studies making a real comparison impossible.

The increase of knowledge on mutational and functional status of driver genes will
urge a deeper understanding of the relationship between gene expression and
genetic and epigenetic alterations. The prognostic value of BAP1 expression by
immunohistochemistry was recently evaluated (Kalirai et al., 2014; Koopmans et al.,
2014).And only one BAP1 deficient tumor clustered in class | in the series of 55
primary UM analysed by Harbour (Harbour et al., 2010). Methylation of BAP1
promoter or other epigenetics mechanisms could produce loss of the protein
expression and induce to underestimation of the correlation between molecular class
of risk and BAP1 expression, since this correlation has still to be assessed by non
DNA-based methods such as immunohistochemistry. Recently, Harbour modified the
molecular classification by defining a third group, class I-b, with intermediate
prognosis, rendering this prognostic test more accurate and showing that multiple
variables have to be taken into account to predict the phenotype of the disease
(Harbour, 2012). Even if gene expression profiles, which represent an information
integrated for tumoral heterogeneity, expression of drivers and regulatory tumoral
alterations could be hardly be reduced to the dicotomic presence or absence of a
single protein, for the routine practice the advantages of a test based on the

immunohistochemistry for BAP1 are evident. Other markers easily detected by
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immunodetection in tumoral samples might be integrated in such prognostic
algorithms, like PTP4A3, which is reported by (Laurent et al., 2011) to be highly
overexpressed in metastatic tumors. Moreover, the increase of experimental
procedures that imply mutation detection for therapeutic purposes increase the value
of testing also alternative diagnostic algorithm based on mutational profiles of a panel
of genes (GNAQ/11,BAP1,EF1AX,SF3B1), and US academic centers are starting to
assess the value of prognostic algorithm based on the integration of cytogenetics

with mutational profile (Ewens et al., 2014).

VI. PRECLINICAL MODELS
1. Invitro...

“Human uveal melanoma cell lines are
difficult to establish in vitro, particularly in
contrast to their counterpart, cutaneous
melanoma, for reasons that are unclear”

June Kan-Mitchell and colleagues, 1989

The first known report of established ocular melanoma cells lines is described by
Daniel Kirby in 1929. The author was able to culture a portion of a patient-derived
tumor. Out of six primary cultures, none survived more than 10 passages in vitro and
the attempt to use chick embryo fibroblasts as feeder cells resulted in outgrowth of
these cells at the expenses of melanoma cells. The author still concluded that
‘undoubtedly, with proper mediums they could be caused to divide and multiply
indefinitely in vitro” (Kirby, 1929). Other attempts to grow UM cell lines in culture are

reported only decades after (Barishak et al., 1960; Vrabec, 1948).

Eventually in 1984 Albert et al. described the establishment of 6 Uveal Melanoma cell
lines, which were cultured for more than 100 passages (Albert et al., 1984). Irradiated
MRC5 were successfully used as a feeder layer. Supplementation of Ham's F-12
medium with glucose, cholera toxin, epidermal growth factor, fetal bovine serum
(FBS) (15%, v/v), and donor horse serum (5%, v/v) was necessary for the growth of
these lines. The authors were able to identify three almost pure spindle cell lines, two

spindle-shaped with a small component of epithelioid cells, and one predominantly

31



epithelioid cell line. Interestingly, Albert et al. reported a progressive loss of
pigmentation in serial passages, described carefully the cytologic architecture using
electron microscopy and concluded “that all the cell lines examined contained human
chromosomes in diploid or near diploid numbers. Several types of chromosome
abnormalities including breaks and rearrangements were noted “ (Albert et al., 1984).
The establishment of a stable and nowadays widely used cell line was described five
years later by Kan-Mithcell J and colleagues. They derived the OCM-1 and OCM-2
cell lines from biopsied specimens of choroidal melanoma and for the first time
injected them in the anterior chamber of immunosuppressed rabbits to produce a
xenograft model of the UM disease (Kan-Mitchell et al., 1989). Culture medium was
glutamine enriched RPMI164 supplemented with 10% FBS only, and no feeder layer
was used. Colonies of growing melanoma cells were already seen after 3 weeks of
culture. Karyotype analyses by chromosomal spreads showed that both cell lines
were close to be tetraploid (a degree of aneuploidy quite uncommon in primary UMs),
suggesting that strong selection might have already occurred.

In 1993, C Aubert reports the establishment of 5 Uveal Melanoma cell lines out of 29
ocular melanomas (Aubert et al., 1993). In 1995, the establishment from a primary
tumor of the mixed spindle and epithelioid cell line 92.1 was reported by the group of
M. J. Jager. Full karyotype of the 92.1 cell line revealed a tetrasomy of chromosome
8, a tetrasomy of 6p with translocation to a sex chromosome and to chromosome 17
with no cytogenetic anomalies reported on chromosome 3, showing this time a
reasonable resemblance to cytogenetic profiles of low risk primary UM (De Waard-
Siebinga et al., 1995). Overall, the success rate was 1/12 from freshly derived tumors
over a period of 1,5 years, and an unspecified number of unsuccessful attempts to
grow in vitro cell lines from frozen tumor tissues was also reported. In 1996, 2
primary (EOM-3, EOM29) and 3 metastatic uveal melanoma cell lines (OMM-1,
OMM-2, OMM-3) were established. They showed, among other structural
chromosomal aberrations, aneuploidy of chromosomes 3, 8 and 6. Several others
cell lines have been subsequently established and widely used for in vitro and in vivo
studies of UM.

In the laboratory practice, in most of cases UM cell lines are acquired directly from
the group which has generated them or from laboratories that received them from
another source. The majority of UM lines can not be purchased from institutional cell
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banks such as the ATCC (American Type Culture Collection), and only 4 UM cell
lines are registered in the EMBL-EBI (European Searchable tumor line database and
cell bank) .

Importantly, the sharing those lines between different laboratories has drastically
increased the number of impredictable variables of selection in culture conditions and
multiplied the risk of contamination.Folberg et al. examined 7 UM cell lines obtained
from original stocks. The study shows that one cell line (MUM2C) was genetically not
related to the original patient but rather to cell lines C918 and M619, and that the
lines OCM3 and OCM8 comes from the same patient (Folberg et al., 2008). With a
similar intent of assessing the identity of UM cell lines, Griewank et al. published a
systematic genetic and molecular characterization of UM cell lines. This study shows
that a wide number of cell lines used by the scientific community display a genetic
background not correspondent to the disease: 5 out of 19 cell lines listed present
V600E BRAF mutations, among them OCM-1 and SP6.5 widely used in preclinical
studies; only 3 cell lines present GNA1l and 8 GNAQ mutations, while 3 were
negative for both Gaq (Griewank et al., 2012). These studies pinpoint the lack of
good disease modeling, with for instance cell lines bearing BRAF mutations which
are mostly absent in UM patients. Together, it underlines the necessity of increasing
the number and diversification of our UM preclinical models. Having good and
relevant models for UM is a prerequisite to allow more solid biology and also to avoid
the risk of chosing a model on the basis of a phenotypical effects matching common
lab work expectations (faster growth, better uptake in vivo, metastatic spread) that

might not be fully representative of the disease.

2. ...invivo

During the past decade the growing availability of new therapeutic (“targeted”)
molecules stimulated the characterization of in vivo models of the metastatic disease
for preclinical drug studies.

The majority of the first UM animal models was originated from stable UM cell lines.
Following the experience of Kan-Mitchell, Blanco P et al. describes in 2005 the
characterisation of an orthotopic model issued from 92.1 cell line. Cells were injected
in the suprachoroidal space of the eye of immunosuppressed rabbits. The model

showed micrometastasis to the liver in 18% of the animals and macroscopic
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metastasis to the lungs in 41%. Isolation of circulating tumor cells in 26% of sampled
blood was also possible (Blanco et al., 2005; Kan-Mitchell et al., 1989).

A mouse xenograft model of UM was later presented by Yang et al., with, notably,
the assesment of liver metastasis. The model was derived by the Mel290 cell line, a
GNAQ/11 wt cell line originated from a primary tumor. Injections of cells in the
posterior compartment of the eye or in the tail vein led, 4 weeks after inoculation, to
the development of micrometastasis in the liver, in significantly higher numbers in
case of posterior compartment injection (Yang et al.,, 2008a). In another study the
authors developed a similar metastatic xenograft model with the GNAQ-mutant cell
line Omm1.3 cell line (derived from a UM metastasis); cells were labeled with EGFP-
luciferase allowing visualisation of distant spreading with positron emission
tomography. 7 weeks after retro orbital injection of cells, metastatic sites were

detected predominantely in the lungs and liver (Surriga et al., 2013a).

Syngenic models have not been so far of a significant use for preclinical modeling of
UM. Sponateous UMs develop too sporadically (Folberg et al., 2008), and transgenic
models do not match the histogenesis of the disease. (Crosby et al., 2011) presented
a C57BI/6 mouse model obtained with injection of B16-LS9 mouse melanoma cells in
the eyes and showed metastatic spread to the liver. However, the B16-LS9 cell line
is derived from a mouse skin melanoma which have been shown to be quite different
from UM. Recently Shiffner et al. described uveal melanocytic neoplasia in one
already established transgenic mouse model: a transgenic mouse in which the
metabotropic glutamate receptor 1 transgene is under the control of the promoter of
dopachrome tautomerase (Dct, Trp2), a gene involved in the production of melanin.
This model developed highly pigmented nodular melanomas at the hairless skin
regions of ear, tail and anus as well choroidal thickening and uveal melanocytic
neoplasia, with the gistologic appearance of UM (Schiffner et al., 2014). However, it
is uncertain if this model might represent a good model for UM, especially for the
assessment of drug efficacy, since the murine neoplasia do not possess any already
known genetic or epigenetic alterations found in UM. This model might however be

helpful in addressing novel hypothesis on the biology of the disease at early stages.

The development of Patient Derived Xenografts (PDXs) offers a valuable model to

study in vivo tumor biology and response to therapy. Nemati et al. describes the

34


javascript:void(0);

establishment of 25 Uveal Melanoma mouse PDXs. Histology, molecular analyses by
immunohistochemistry, genetic alteration analysis by single-nucleotide polymorphism
and specific tumor antigen expression revealed strict resemblance to the original
human tumors. An advantage of these models is thus that they present a genotype
and phenotype very similar to the original tumors preserving also tumoral
heterogeneity. The use of PDXs for in vivo modeling avoids the long in vitro culture,
which reduces the original cellular variability and selects for phenotypes adapted to in
vitro growth that are not necessarely the same as in the original tumor. In the PDXs
developed at the Curie Institute 7 out of 15 analysed models have BAP1 deleterious
mutations, and 94% of the xenografted tumors display GNAQ or GNA11l mutations
depicting a situation quite adherent to our current knowledge of the disease. It is
important to remember that one disadvantage in the age of raising interest and
success of immunotherapies is that these models are unsuitable to studiy the role of
the immune system in the phenotype of the tumors and the response to therapy. The
development of Genetic engineered models based on known driver alterations in the

disease might thus provide essential complementary information.

VI. THERAPY
1. Treatment of localized disease

While primary tumors are successfully treated with enucleation and radiotherapy
(proton therapy and plaque brachytherapy) with successful local control rates of over
90% (Diener-West et al., 2001; Shields and Shields, 2004, 1993), no effective

therapy has been yet identified for the metastatic disease.
1.1 Standard care

Primary disease is typically treated with enucleation or radiotherapy. The choice of
treatment is guided by tumor characteristics and localization, visual acuity of the
contralateral eye, age and health of the patient as well as by the acquaintance and
technical experience of the ophthalmologist with the different procedures as well as
by the possibility to access to an accelerator for the production of radioactive

isotopes.
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Enucleation, more common in the past, is today the treatment of choice for large
tumors (tumor depth >= 12mm, tumor diameter >=18mm), when they are located
around the optic disc, when they cause secondary glaucoma, when presenting
extensive bleeding, retinal detachment or vitreous hemorrhage. Enucleation is
usually accompanied by conventional radiotherapy in case of posterior extra-scleral
invasion, while conjunctival resection is performed in case of anterior exteriorization

of the tumoral mass.

Radiotherapy is usally delivered with external irradiators (external proton
radiotherapy) but it might be performed also with implantable devices (plaque
brachytherapy). Since radiotherapy based treatments allow to spare eye and vision,
they have become the treatment of choice for small and medium size UMs and
several groups consider them for larger tumors as well (Puusaari et al., 2004a;
Shields et al., 2002) even if loss of visual acuity and other complications are
increased in these cases (Puusaari et al.,, 2004b). Common side effects of ocular
radiotherapy are cataract, optic neuropathy, maculopathy and neovascular glaucoma
and depends on the type and dose of radiation and on the localization of the tumor.
External proton radiotherapy offers the advantage of a more homogeneus delivery of
the charged particles, and therefore a more homogeneus biological effect on the
different areas of the tumor. Plague brachytherapy present the advantage of being
easily avaible in a major number of centers, requires less compliance from the patient
and might be used when proton beam is discouraged by possible side effects, as in

tumors located near the lacrimary gland.

External radiotherapy implies the delivery of charged particles, usually protons;
helium and carbon ions being used as alternative in few centers. It is less invasive
than surgical procedures and allows to focus collimated beams at the desired tissue
depth, with theoretical sparing of surrounding tissues. Possible complications are
retinal detachment, maculopathy, papillopathy, cataract, glaucoma, vitreous
hemorrhage and dryness as well. Dendale et al. describes results of proton beam
radiotherapy on a series of 1406 patients. 5-year control rate was 96% and
complication rate was 7,7%(Dendale et al., 2006). Desjardins et al. reports, within an
integrated analyisis of recent patient series from Insitut Curie and a review of the
literature, a local recurrence rate at 10 years of 5% and a rate of secondary

enucleation of 10-15%. Interestingly the study suggests that post-irradiation
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treatment with endoresection or transpupillary therapy of the residual tumoral scar
decreases the rates of complications, possibly reducing the level of cytokines or other
soluble factors released by the residual tissue (Desjardins et al., 2012). Moreover
proton beam might reveal particularly useful in selected cases, as for anterior lesions,
like diffuse iris melanomas, many of which are unresectable (Konstantinidis et al.,
2013) but epidemiological studies suggest a benefit also in the case of larger tumors
or tumors near the optic disk. Proton therapy might be also used as salvage therapy
for local tumor recurrence after plaque radiotherapy, phototherapy or surgical
resection (Damato et al., 2013). Some centers advocate also its use as neoadjuvant
treatment but an arm of the COMS (Collaborative Ocular Melanoma Study) showed
that pre-enucleation external beam radiotherapy of large choroidal melanomas does
not improve survival ( Collaborative Ocular Melanoma Study Group ; 1998). On the
contrary proton therapy should be possibly avoided in patients at higher risk of
developing retinopathy, such as diabetic patients, or when long treatment and follow-
up are more difficult, where surgery might be more appropriated.

Radiation therapy with plaque brachytherapy is a widely used alternative to proton
beam irradiation since randomized trials showed no differences in survival comparing
this modality of treatment with enucleation: the COMS showed that the mortality rates
after lodine-125 plaque therapy and enucleation are similar (Diener-West et al.,
2001), cobalt plaque radiotherapy also proved non inferior to enucleation in patient
survival (Augsburger et al., 1989, 1990) and similar findings were reported for
ruthenium brachitherapy (Seregard, 1999) even if higher risk of tumor recurrences
comparing iodine and ruthenium brachytherapy had been reported in a series of 597
patients (Wilson and Hungerford, 1999). A recent systematic review of observational
studies found in the literature confirmed the absence of a significant difference with
proton therapy in mortality or enucleation rates but found higher rates of retinopathy
and cataract formation (Wang et al., 2013). A meta-analysis on 27 studies comparing
the efficacy of charged particle therapy and plaque brachytherapy confirmed the
absence of a significant difference in mortality, even if a rete of local recurrences was
singnificantly inferior with proton beam therapy. The study also suggests that better
autcomes might be possible with proton beam with respect to retinopathy and
cataract formation rates (Wang et al., 2013). Therefore plaque therapy becomes the

treatment of choice when proton beam therapy is not feasible, in case of lack of an
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accelerator in the medical center or if the procedures needed for proton beam are
hardly beared by the patient, and also for selected small anterior lesions. The
different radioisotopes used, on the basis of their half-life and tissue penetration can
be chosen in accordance to tumor size: Ruthenium 106 emits beta radiation which is
a charged particle and has limited tissue penetration, while cobalt 60 and iodine 125
emits gamma radiations and might be more suitable for larger tumors . Higher tissue
penetration, and higher doses are associated to increased damage to surrounding
tissues. Correct positioning as eccentric placement for small tumors of the optic disk
and the fovea and adapted devices as slotted plaques incorporating the optic nerve
when the latter shows neoplastic invasion are important to reduce side effects and
maximize the therapeutic effects. Loss of visual acuity , radiaition retinopathy, retinal
hemorrhage, radiation maculopaty, optic neuropathy and retinal detachment are the

main documented side effects of this treatment option (Jensen et al., 2005).

1.2 Other reported techniques

Local surgical resections might allow eye retention, with retinal detachment,
vitreous hemorrhage, cataract and elevated ocular pression as possible
complications; however the limited number of studies on this technique suggest
higher rates of local recurrence as well as a low percentage of cases with residual
tumor and are therefore not performed as sole therapeutic procedure but in addition

to radiation therapy (Bechrakis et al., 2010).

Other less documented procedures are stereotactic radiation therapy, suggested
as an option for centrally located choroidal tumors with recurrence rates comparable
to brachytherapy, although high incidence of retinopathy and optic neuropathy is
reported (Dunavoelgyi et al.,, 2011, 2012); combination of stereotatic radiation
therapy and local surgery is suggested by a german study in order to reduce

radiation complications (Suesskind et al., 2013).

A non ionizing radiative therapy option is represented by transpupillary
thermotherapy a technique that allows to deliver infrared radiations to tumor cells
through a dilated pupil, however the use of lower energy radiation doesn’t seem to

diminish visual side effects compared to conventional radiotherapy, while local
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control appears much reduced (Singh et al., 2008); another study suggest that an
association with brachytherapy could provide similar results in terms of local and
distant recurrences and side effects as brachyterhapy alone (Yarovoy et al., 2012).

Finally photodynamic therapy relies on the injection of compounds that are
activated at the tumor level by visible light rays and generate reactive oxygen species
that induce tumor cell death. This technique had been shown some efficacy in
causing tumoral regression in selected cases (Barbazetto et al., 2003; Campbell and
Pejnovic, 2012). Still strong proves of efficacy are lacking, and this procedure might
be even less effective in highly pigmented lesions. However a photoactivated
cytotoxic compound, Verteporfin, was recently proved to possess in its “inactive” form
a “targeted effect” on molecular pathways important for the progression of UM (Feng
et al., 2014; Yu et al., 2014a); Verteporfin proved in vivo to have an inhibitor effect on
UM and could possibly have an efficacy not only in the treatment of the primary
lesion but also as adjuvant therapy; still the association with a complementary
therapeutic procedure would probably be necessary for the control of the primary

tumor.

Therapeutic possibilities remain much more limited for up to 50% of patients, who will
develop metastatic disease with only 0,5-20% of overall 5 years survival (Diener-
West et al., 2005; Rietschel et al., 2005).

2. Adjuvant therapy

Adjuvant therapies have been tested in small non-randomized trials with the aim of

preventing metastatic disease but without any proof of efficacy.

Adjuvant intra arterial hepatic chemotherapy with fotemustine had been tested by a
swiss study on 22 high-risk patients. The comparison with a matched control group
randomly selected from archives showed a non significant increase in median overall
survival : 9 years [95% confidence interval (Cl) 2.2-12.7] for the treated patients
versus 7.4 years (95% CI 5.4-12.7; P=0.5) for the control group, with 5-year survival
rates of 75 and 56% respectively (Voelter et al., 2008). Even if a trend that favors
fotemustine treatment appears from this study the authours could not draw a clear

conclusion on the real efficacy of the therapy; however a randomized multicentric
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phase Il trial with adjuvant intravenous (i.v.) fotemustine is ongoing (Piperno-
Neumann, 2012). This trial had been designed in order to assess a significant 20%
difference in 5-year overall survival in high risk patients (defined by clinical or
genomic criteria: tumor diameter>18 mm or >15 mm associated with retinal

detachment, monosomy 3 or partial deletion of 3p associated with 8qg gain).

Similar approaches had been tested with molecules enhancing the immune
response towards tumoral cells (cancer immunotherapy): adjuvant therapy with
Interferon 2 alfa, which was shown in cutaneous melanoma to improve relapse-free
survival, had been attempted but failed to show any significant survival advantage in
121 patients (Lane et al., 2009), while (NCT01585194) a clinical trial testing
ipilimumab, an anti CTL4A antibody that enhance the activity of cytotoxic
lymphocytes, will likely be closed for clinical and commercial reasons. Finally a trial
on adjuvant vaccine therapy was started by the European Organisation for
Research and Treatment of Cancer (EORTC) but no promising datas have yet been

drawn from this study.

A different strategy in adjuvant treatment is represented by the administration of
molecules that could prevent metastatic spreading rather than aiming to eliminate

early non-detectable micrometastasis or circulating tumor cells.

Crizotinib, an inhibitor of c-Met, a cell membrane receptor that is reported to have a
role in metastatic spread, showed to reduce and delay metastasis in an in vivo model
of Uveal Melanoma (Surriga et al., 2013); similar results were reported for the IGFR1
inhibitor Picropodophyllin (Girnita et al., 2006). NCT02223819 clinical trial will
assess the relapse-free survival (RFS) of adjuvant crizotinib in patients with uveal
melanoma class Il (high risk) according to molecular caracterisation (Harbour and
Chen, 2013).

Another strategy proposed to prevent tumoral spread implies the administration of
HDAC (Histone deacetylases) inhibitors. These molecules have been shown to
revert the molecular signature of UM from class Il (high metastatic risk ) to class |
(low risk); the highest efficacy was reported with valproic acid, an antiepileptic drug
which was shown to inhibit the activity of HDAC (Gottlicher et al., 2001; Landreville et
al., 2012); adjuvant therapy with valproic acid might therefore revert the metastatic

phenotype of the primary tumor by altering their gene expression profile; following
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this idea recently a clinical trial testing Adjuvant Sunitinib or Valproic Acid in High-
Risk Patients with UM (NCT02068586) had been started. However Sunitinib efficacy
tested in the metastatic setting was quite modest (see further). Moreover since
HDAC inhibitors had only limited effects in delay tumoral growth in vivo (Landreville
et al.,, 2012), to prevent any possibility of metastatic spread it would also be
necessary to use it as neoadjuvant strategy and eliminate tumoral cells that might
already have migrated at the time of therapy administration. Therefore an association

with a cytotoxic compound would be required.

3. Treatment of metastatic disease

Therapeutic approaches for metastatic disease are represented by systemic
chemotherapy, and, since the disease might be limited to the liver surgery, by loco-
regional treatments such as surgery and hepatic intra-arterial (i.a.)
chemo/radiotherapy; few randomized trials had been reported, and treatment
currently adopted are often based on the numerous non randomized studies that

have been published (Pereira et al., 2013).

3.1 Loco-regional treatments

When metastatic spread is limited to the liver, in selected case with localized and
reduced number, surgery is considered by numerous centers the best therapeutic
option. Several studies have been published suggesting that that complete removal
of liver metastasis improve the survival of high-selected patients (Aoyama et al.,
2000; Frenkel et al., 2009; Mariani et al., 2009).

These works show a two fold increase in median overall survival in RO resected
patients. However these studies are non-randomized and might therefore contain
selection bias as the patients who undergo surgery has limited disease and is likely
to have better survival than patients not fulfilling the selection criteria. However the
study from Mariani et al. shows that the variables “R0O resections” and “number of
metastasis resected” correlated with prolonged survival independently from “absence

of miliary disease” and “prolonged disease free interval from primary tumor
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diagnosis” (Mariani et al., 2009); this suggest that the prolonged overall survival is
also related to the surgical procedure. Indeed surgery at Curie regarded as the
treatment of choice in cases with slowly progressive disease with limited number

of lesions when RO resection is possible.

Another treatment modality when the disease is limited to the liver is represented by
intra-arterial hepatic chemotherapy; this technique implies the injection of the
therapeutical compound directly into the liver through catheterisation of the hepatic
arthery, allowing local treatment also when the disease is widespread into the organ
and nodules are in locations of difficult access with surgery; a small study performed
on 10 patients reports a median survival of 16 months of patients treated with
hepatic arterial infusion of cisplatin, vinblastine and dacarbazine (Melichar et al.,
2009); a large randomized EORTC trial on 117 patients compares hepatic i.a.
fotemustine with systemic fotemustine, showing no improvement in overall survival
with local treatment (median 14 months) but a benefit in progression free survival for

the intra-hepatic arm (4.5 versus 3.5 months) (Leyvraz et al., 2014a).

The local injection of chemotherapeutics might be accompanied by infusion of
chemical compounds (chemo-embolization). This technique allows to concentrate
the drug in the liver and blocks temporarily the vascular supply to the tumor.
Transarterial chemoembolization of liver metastasis with cisplatin followed by
injection of polyvinyl particles have been described on a small series of 14 patients.
57% of patients achieved partial response and 29% had stable disease (SD), median
survival for responders was 14.5 months (Huppert et al., 2010); however a more
recent study on 19 patients testing hepatic i.a. infusion of cisplatin with or without
polyvinyl sponge produced very modest results (Agarwala et al., 2004); another work,
which studied fotemustine chemoembolization on 21 UM metastatic patients showed
partial regression (PR) in 14% of patients and SD in 39% (Edelhauser et al., 2012) .
Indeed all these studies were performed on small non-randomized series and are

insufficient to prove any significant efficacy with these therapeutic procedures.

The same principle supports the use of immuno-embolization, a technique that
consist in hepatic i.a. embolization followed by injection of granulocyte macrophage

colony-stimulating factor (GM-CSF). Sato et al. describes a phase | study on 39
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patients with surgical unresectable liver metastasis treated with immunoembolization
with GM-CSF. On 31 assessable highly-selected UM patients 2 CR, 8 PR and 10 SD
were recorded with a median intent-to-treat overall survival of 14.4 months (Sato et
al.,, 2008). Another study comparing chemoembolization with Carmustine and
Immunoembolization with GM-CSF in 53 patients favored Immunoembolization in
better progression-free survival (PFS) (12.4 vs. 4.8 months) and prolonged OS (27.2
vs 9.9 months) in univariate analysis, which was confirmed in multivariate analysis for

selected subgroups of patients (Yamamoto et al., 2009)

Radio-embolization with Yttrium-90, the intra-arterial local administration of
microsphere containing this radioactive isotope, has more recently been proposed for
liver metastasis of UM. Yttrium-90 is a beta emitter with limited tissue penetration
and therefore allows selective irradiation with limited toxicity. A retrospective review
on 11 patients treated with Yttrium-90 microspheres delivered via the hepatic artery
showed responses in all patients and 1 complete response (CR) and 6 PR in 9
evaluable patients, with 1 year Overall Survival (OS) od 80% (Huppert et al., 2010).
Another study on 22 patients who failed chemo or immunoembolization reports 1CR,
clinical benefit in 62% of patients and a median OS of 10 months (Gonsalves et al.,
2011)

Another reported options in local treatment are stereotactic liver radiotherapy,
particularly in patients with few metastasis with favorable locations (Pereira et al.,
2013) and isolated liver perfusion, which is considered in few specialized centers:
Olofsson et al. from the university hospital of Goteborg, Sweden, reported on a series
of 34 patients 12% of complete responses and 68% of overall radiological responses
with this technique, with a median OS of 24 months (Olofsson et al.,, 2014a). A
clinical trial had been started by the same insititution to prove a clinical benefit on a
randomized trial basis (Olofsson et al., 2014b).

3.2 Systemic treatments

Systemic therapy represents the treatment of choice for multi-organ disease (when
the tumor cells disseminate to other organs such as lungs and bones) and is often

considered for diffuse liver disease .
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Intravenous  systemic treatment had been attempted with different
chemotherapeutics. The compounds traditionally used have been initially chosen in
analogy with treatments used for cutaneous melanoma. Single agent regimens
proposed rely on the use of alkylating agents such as dacarbazine, fotemustine or

temozolomide, no proof.

In the already cited study of Leyvraz et al. among 79 selected evaluable patients
with disease limited to the liver who received i.v. injection of fotemustine median OS
was 13,8 months with 20% survival at 2 years (Leyvraz et al., 2014). Another smaller
study on i.v. fotemustine in metstatic UM reported 10% of PR and 44% SD (Spagnolo
et al., 2013); a small phase Il trial on 14 patients assessing the efficacy of oral
administration of temozolomide reported no complete or partial responses (Bedikian
et al., 2003). Another small phase Il study on 11 patients with second line i.v.
bendamustine showed no responses (Schmidt-Hieber et al., 2004). Similarly a study
on weekly docosahexanoic acid-paclitaxel showed no Objective Responses and a
limited OS (9.8 months) (Homsi et al., 2010). Camptothecin in monotherapy
produced equivalent results (Ellerhorst et al., 2002).

Combinatorial approaches with conventional chemotherapies did not showed up to

now any advantage in Overall Survival in comparison with monotherapies.

A randomized phase Il trial on 48 patients testing the alkylating agent treosulfan
alone and in combination with gemcitabine favored the combination with
gemcitabine, with one patient out of with PR was reported for 1 patient out of 24 and
7 SD in the combination arm versus no objective responses and 3 SD in the
monotherapy arm, however no difference in OS could be assessed (Schmittel et al.,
2006) addition of cisplatin to the combination resulted in excessive hematologic

toxicity without improvement in efficacy (Schmittel et al., 2005).

A multicenter study on a series of 24 patients reports the association of bleomycin,
vincristine, lomustine and dacarbazine with intereferon alpha (Kivela et al.,
2003), again no objective response was observed and median OS was 10.6 months
and the combination of dacarabazine, carmustine, cisplatin and tamoxifen were

used in the study of Pereira et al. with unsatisfactory efficacy (Pereira et al., 2013).
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The small number of studies, mostly consistent in small series, and the relative lack
of prospective and randomized phase Il trials, which is a consequence of the rarity
of this tumor, explains the absence of a clear consensus on therapies for metastatic
disease. Up to now no effective standard therapy had been defined; Augsburger et
al. reviews 80 publications published between Jan 1, 1980 and June 30, 2008. Only
28% were prospective phase I/l or phase Il trials, and the most promising results are
issued from trials on highly selected patients; on the contrary the largest unselected
study reported, the COMS study on 738 patients, shows the worst median OS (only
3.6 months) (Augsburger et al., 2009; Diener-West et al., 2005). Treatments are
therefore usually decided according to the different expertise of the regional centers
of reference for the disease.

But with the increasing molecular knowledge and availability of targeted therapies,
clinicians and pharmaceutical companies have shown great interest in testing new

molecules for the prevention and therapy of metastatic UM.

3.3 Molecular targeted therapy of metastatic UM

Targeted therapy allows, by the administration of compounds that interfere with
specific cellular molecules, the inhibition of signaling pathways whose function is
altered in tumors. No specific compound is known to target the mutated proteins
GNAQ/11, EF1AX and SF3B1, which are recurrently mutated in UM, or to exert
synthetic lethality with BAP1 loss. However numerous studies tried to assess the
response of UM to the wide number of targeted compounds already available for

preclinical and clinical studies.

a. Targeting neaongiogenesis and the escape from immune

surveillance

Anti VEGF/VEGFR compounds had been tested quite early. A few preclinical reports
attested in vivo inhibitory activity of Bevacizumab, an anti-VEGF-A antibody, in UM
models (Sudaka et al., 2013; Yang et al., 2010); moreover, Bevacizumab was

“already known “ in the field of UM since its use have been suggested for the
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treatment of local complications of radiations on primary tumors (Mashayekhi et al.,
2014).

However preclinical studies also suggest that alternative compensatory mechanism
act upon Bevacizumab blockade of VEGF (Lattanzio et al., 2013; Logan et al., 2013)
possibly undermining its efficacy. A clinical phase Il study of bevacizumab combined
with temozolomide on 35 patients showed a 6-month PFS rate of 20%, with durable
SD in five patients (14%). Median PFS and OS were 12 weeks and 10 months
respectively. (Piperno-Neumann et al., submitted 2014); combination of Bevacizumab
with Aflibercept (a potent inhibitor of the action of VEGFR1 and VEGFR2) also
showed limited efficacy in UM (Tarhini et al., 2011).

6 patients with metastatic UM were included in a pilot study testing low-dose
thalidomide, an antineoplastic and antiangiogenic agent, in combination with
interferon alpha2-b. The study failed to show any efficacy on UM patients (Solti et al.,
2007).

Immunotherapy treatment with Ipilimumab is also reported. Retrospective series
reported limited activity of the compound in metastatic UM patients with a range of
OS form 5,2 to 9.6 (Danielli et al., 2012; Kelderman et al., 2013; Luke et al., 2013;
Maio et al., 2013). Anti-PDL1 antibodies, other molecules that increase immunitary
response versus tumoral cells, have also been suggested to be effective in UM
through in vitro studies on UM cell lines (Yang et al., 2008b), however no dedicated

clinical study had yet been started.

b. Targeting alteration of cellular pathways of UM

As UM show constitutive activation of MAPK pathway (Babchia et al., 2008, 2010;
Calipel et al., 2006; Weber et al., 2003), numerous preclinical studies have tested
MEK inhibitors as a therapeutic approach for UM. Calipel et al. demonstrate
effective inhibition of UM cell lines with the MEK inhibitor UO126 independently of
BRaf mutational status (Calipel et al., 2006). Studies on the potent and orally
available non ATP-competitive MEK1 inhibitor Selumetinib (AZD6244) demonstrated
a specificity for GNAQ and BRAF mutated lines (Ambrosini et al., 2012) and showed
to downregulate not only MAPK signaling but to reduce phosphorylation of mTOR
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effector p70S6K in GNAQ mutated cell line 92.1 (Ho et al., 2012b), confirming the
possibility of interconnections between the two pathways already reported by
Babchia et al. (Babchia et al., 2010).

With the identification of GNAQ and GNA1l mutations as drivers of UM, MEK
inhibitors where shown to possess selectivity for mutated tumors and the validation
of this class of molecules towards the clinical setting was pushed further. However
the in vitro efficacy of MEK inhibition seems less important on GNAQ/11 mutated
lines than on BRAF mutated ones as showed by the study of Mitsiades et al,
suggesting a reduced efficacy of this class of compounds in UM compared to its
cutaneous counterpart (Mitsiades et al., 2011).

A randomized phase | trial compared the efficacy of temozolomide vs. Selumetinib
in120 first-line metastatic patients (Carvajal RD et al., 2014). Objective response rate
was 15% for Selumetinib versus 0% with chemotherapy , stablilization was achieved
in 50 vs 23% of the patients respectively; the median PFS was significantly improved
in patients receiving Selumetinib: 16 versus 7 weeks; but not OS (11.8 months
versus 9.1 months).

Sorafenib, another compound acting on the MAPK cascade, but upstream of MEK
had been tested for activity in UM. Sorafenib is a small molecule inhibitor of RAF as
well as PDGFR-B, VEGFR and Kit. Unfortunately clinical assessment of this strategy
has failed to show any efficacy: a phase Il trial of Sorafenib in combination with
Paclitaxel and carboplatin (SWOG S0512) was terminated early because of absence
of objective response with RECIST criteria (Bhatia et al., 2012). Indeed, recent
studies in cutaneous melanoma showed that inhibition of BRaf in BRaf Wt tumors
paradoxically activates MEK1/2, promoting neoplastic proliferation that suggest that
single agent BRaf inhibition might be detrimental in UM patients (Infante and
Swanton, 2014).

GNAQ and 11 mutations were reported to be oncogenic and to activate MAPK
pathway through PLCB/PKC activation. Consequently, a blockade of PKC activity
would represent an alternative strategy to inhibiting the MAPK cascade. Two PKC
inhibitors, Enzastaurin (LY317615) and Sotrastaurin (AEB0O71), have been tested in
UM cell lines (Wu et al., 2012b, 2012c). Both showed to selectively target GNAQ
mutated cell lines with a reduction in cell viability correlated with inhibiton of
PKC/ERK PKC/NFKB signaling activities. A clinical phase | trial had been launched to
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confirm activity of Sotrastaurin in metastatic UM patients (NCT01430416). A
preliminary report showed clinical benefit in about half of patients. Unfortunately, a
limited number of objective responses were observed and the drug activity appeared
more often correlated with disease stabilization (Piperno-Neumann et al., 2014b).
Ancillary studies have therefore been focusing on the search of biomarker of PKC
inhibitor efficacy in patients but with still no success (Piperno-Neumann et al.,
2014a). A second phase Ib/ll trial is ongoing, combining sotrastaurin (AEB0O71) and a
MEK inhibitor (MEK 162) (NCT01801358).

A second pathway that was shown to be activated in UM is the PI3BK/mTOR pathway
(Abdel-Rahman et al., 2006; Ambrosini et al., 2013; Babchia et al., 2010a; Bao et al.,
2012b; Musi et al., 2014a; Ye et al., 2008). Babchia et al. reports reducution in cell
viability upon administration of the PI3K inhibitor LY294002 , and the result was
confirmed on other cell lines by (Babchia et al., 2010b).Reports on AKT inhibitors
activity is more controversial, Lefevre reports limited in vitro efficacy of AKT inhibition
AKT inhibitors showed limited effects on UM cell lines in while more important effects
were reported by Ambrosini et al. (Ambrosini et al., 2013; Lefevre et al., 2004).
Interestingly, inhibition of the downstream AKT effector mTOR with Rapamycin, a
selective inhibitor of the mMTORC1 complex, had only minor efficacy on the tested cell
lines in the study of Babchia (Babchia et al., 2010b). However, in another study the
effects of the ATP competitive mTOR inhibitor AZD8055 were more pronounced than
the effects of Selumetinib on a xenograft model of the GNAQ mutated cell line 92.1
(Ho et al., 2012a), supporting a potential role for mTOR driven signaling in UM
growth. Even if preclinical work on mTOR signaling and activity in UM is still limited, a
phase II clinical trial (NCT01252251) has already been launched to test the
Rapamycin analogue Everolimus (RADOO1) in combination with the somatostatin
receptor inhibitor Pasireotide in metastatic UM. The outcomes of this trial are
expected at the end of 2015. Another clinical trial (NCT01979523) is testing the AKT
inhbitor GSK2141795 in combination with MEK inhibitor Trametinib, while no
clinical assesment of PI3K inhibitors has yet been reported.

The activation of other signaling cascades which are suggested to converge to MAPK
and PI3K cascades depends on signaling form receptor tyrosine kinases (RTKS)
such as C-Kit, IGF1R and MET.
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C-kit pathway has been shown to be activated in UM, with early studies
demonstrated a good inhibition with Imatinib, a c-kit inhibitor, in UM cell lines (Lefevre
et al., 2004). However, another study using tumor-derived UM cells reported only a
weak activity of Imatinib, comparable to the effects achieved in cutaneous
melanoma (Knight et al., 2006). In agreement with this finding, a phase Il trial in UM
assessing the efficacy of Imatinib in UM metastatic patients was stopped after 5
months because of absence of objective response in 13 patients (Penel et al., 2008).
Similar conclusions were drawn from another study on 12 patients (Hofmann et al.,
2009). A pilot study on 20 patients with Sunitinib, a multi kinase inhibitor that acts on
c-KIT, PDGF and VEGF receptors, showed as well modest results: median OS and
PFS were 8.2 and 4.2 months respectively, which is similar to the data presented for
conventional therapies. Grade 3 and 4 toxicity was also frequently observed and led
to dose reductions in 11 patients. Moreover no correlation of c-Kit expression with OS
or PFS of patients was found (Mahipal et al., 2012). Finally a randomized multicenter
trial on 74 comparing Dacarbazine with Sunitinib in advanced UM patients was

stopped for futility (Sacco et al., 2013).

IGFR was suggested to be enriched in metastatic tumors (Economou et al., 2005).
Inhbition of this receptor with Picropodophyllin resulted in reduced UM cell viability,
diminished phosphorylation of ERK and AKT, induced apoptosis and caused tumor
regression in OCM1 injected xenografts; in this model a reduced number of liver
micrometastasis compared to controls was also observed (Economou et al., 2008;
Girnita et al., 2006).

To date, no clinical trial with specific IGFR pathway inhibitors is ongoing. Indeed
Pasireotide, a somatostatin analogue that has been shown to suppress IGF1R
function (Patel et al.,, 2011) is being tested in metastatic UM patients, and
somatostatin receptors were recently found expressed in about 50% of metastasis
(Valsecchi et al.,, 2013),a notion that further supports the value of testing this

compound.

Finally, inhibition of MET was suggested to have an impact on spreading and
progression of UM in preclinical models. Met is the RTK for the hepatocyte growth

factor, a soluble molecule produced in the liver which was suggested to contribute to
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progression of UM and might possibly explain UM specific tropism. Surriga et al.
tested the MET and ALK inhibitor Crizotinib in a xenograft model of UM metastasis
(Surriga et al., 2013): the experimental group treated with Crizotinib presented a
significant decrease in number and size of metastases compared to the control
group. The same study reports that Crizotinib alone failed to induce significant
antiproliferative and cytotoxic effects on already established tumors, showing that
Crizotinib alone is probably insufficient to cure metastatic disease but might be more

effective in adjuvant combination therapy.

Another class of compounds which might impact on UM metastasis are HDAC
inhibitors. A preclinical study showed some proof of efficacy of HDAC inhibitors on
primary and metastatic UM already in 2003 (Klisovic et al., 2003); this therapeutical
strategy was then re-proposed by Landreville et al. . HDAC inhibitors were identified
as a result of a bioinformatics screen of compounds able to revert the molecular class
towards a low-risk profile and were then suggested to decrease the propensity of
tumors to induce metastasis, however they resulted in limited reduction of cell
viability in vitro and in vivo (Landreville et al., 2012). A clinical trial NCT01587352 is
currently testing the efficacy of Vorinostat, an HDAC inhibitor, on metastatic UM
patients , even if this class of compounds might be more useful in an adjuvant
setting, as in the case of clinical trial NCT02068586, testing Valproic Acid, wich
demonstrated activity in inhibiting HDAC, in high risk (non-metastatic) UM patients.

Another therapeutic strategy suggested by preclinical works imply the use of HSP90
inhibitors. Two compounds, 17-AAG and its analogue 17-DMAG, are very potent
inhibitors of UM cell proliferation in vitro, and their specificity of action might rely on
inhibition of HSP90 chaperone activity towards B-Raf or Cyclin D1 (Babchia et al.,
2008). Moreover, a combination of 17-DMAG, an HSP90 inhibitor, with Imatinib has
synergistic inhibitory effects on cell proliferation in UM cell lines, suggesting a

possible therapeutic use of these compounds in combination (Babchia et al., 2008).

Finally two recent papers show the implication of the protein YAP in the proliferation
and survival of GNAQ/11 mutated UM cell lines (Feng et al., 2014; Yu et al., 2014a).
These papers showed that inhibition of YAP using the compound Verteporfin reduces
tumor growth in UM xenografts. However further studies using more specific

compounds in a wider range of UM models are required to confirm these preliminary
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results. Importantly, the limited efficacy obtained with single drug therapy also
suggests that drug combinations might be more effective in killing UM cell and reduce

tumor growth in vivo.
c. Combination therapy

Single agent therapies proved limited efficacy in UM, moreover, the effectiveness of
these agents tested on other type of cancer had been limited by the emergence of
drug resistances. This pushed clinicians and researchers to test combinatorial

therapies in order to obtain significant clinical benefit.

Combinations with compounds targeting the three main pathways that had been
implicated in UM (MEK/ERK, PKC and PI3K/mTOR ) have been studied in the
preclinical setting.

Chen et al. tested the combination of PKC inhibitor Sotrastaurin and MEK inhibitor
MEK162 on a 92.1 xenograft mouse model and showed tumor shrinkage with the
combination which was not achieved with monotherapies (Chen et al., 2013a). In
vitro assays with MEK inhibitor PD0325901 and Sotrastaurin showed a strong
synergy and an increase in apoptosis. The two drugs were confirmed to target the
same pathway, being MEK downstream of PKC, and to lead to a more complete
dephosphorylation of ERK possibly preventing a negative feedback loop to MEK
inhibition via PKC. A phase Ib/ll clinical trial with AEBB071 and MEK162 in patients
with metastatic UM is currently ongoing (NCT01801358).

The combination of MEK inhibitor and PI3K inhibitor was also reported to have a
synergistic effect with induction of apoptosis in a GNAQ/11 dependent manner by
Khalili et al. The effect is explained by a reverse correlation between MAPK or AKT
phosphorylation and PI3K or MEK inhibition respectively (Khalili et al., 2012); this
confirms the crosstalk between ERK and PISK/MTOR pathway in UM already
suggested by Babchia (Babchia et al., 2010).

A combination between MEK inhibitor Selumetinib and AKT inhibitor MK2206 was
reported as synergistic in GNAQ mutated cell lines 92.1 and Omm1.3, while no
synergy was observed in the BRAF mutated cell line OCM1 and the GNAQ/11 Wild
type cell line Mel290. This study reported a selective induction of autophagy with the

combination in GNAQ mutated cell lines. Finally an enhanced effect of the
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combination was assessed in a xenograft model injected with 92.1 cells (Ambrosini et
al., 2013). NCT01979523, a clinical trial with MEK inhibitor trametinib with or without
AKT inhibitor GSK2141795 is currently testing the effects of this double inhibition in

metastatic UM patients.

Ho et al. tested the association between MEK inhibitor Selumetinib and the ATP-
competitive mTOR inhibitor AZD8055. Although this combination was synergistic in
a GNAQ as well as in a BRAF mutated context, significant increase of apoptosis was
shown for BRAF mutated cell lines only; in vivo experiments also confirmed an
enhanced efficacy with tumor regression on a BRAF mutated model only, while the
effect of the combination was not statistically different form mTOR inhibitor

monotherapy in a GNAQ mutated context (Ho et al., 2012a).

The combination of a PI3K inhibitor with the PKC inhibitor Sotrastaurin had also
been tested: Musi et. al. reported a synergistic effect of BYL719 with Sotrastaurin in
GNAQ mutant cells, with induction of apoptosis. In vivo studies with injected 92.1
cells proved an increased inhibition of tumor growth compared to monotherapies
(Musi et al., 2014b).

The possibility of targeting the PISK/mTOR pathway in UM with a combination of
PI3K inhibitor and an mTOR inhibitor had been reported by Babchia, who showed
a synergistic interaction in 92.1 cell line (Babchia et al., 2010b).

Finally the idea of combining MEK inhibition with MET inhibition is suggested by
Chattopadhyay, who showed a GNAQ-selective effect of the combination of MEK
inhibitor Selumetinib and MET inhibitor MK8033, which resulted in an increase of
apoptosis in GNAQ mutants only. On the contrary a reduction in cell migration was
observed in GNAQ mutated as well as WT cells (Chattopadhyay et al., 2014).
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Objectives

Uveal Melanoma patients lack of effective therapy for metastatic disease. New understanding of the
molecular pathology of the disease is fueling the interest in testing new therapeutic strategies with
targeted compounds as well as drug combinations.

The abundance of the molecules requiring efficacy assessment compared to the low incidence of the
disease, as well as the enormous number of different possible associations (in number and time-
schedules) of promising compounds require a systematic preclinical testing.

Unfortunately the preclinical models widely used for the preclinical assessment of therapeutic
options in UM do not satisfy our current knowledge on the pathobiology of the disease.

These models do not display BAP1 mutations, a marker of aggressive and metastatic disease, and
they present in some cases BRAF mutations , which are not found in UM patients. Moreover these
cell lines have been strongly selected by long term passages in culture and possibly subjected to
contamination with other UM cell lines because of the lack of availability of certified batches from
institutional cell banks.

During my PhD | aimed to establish UM cell lines derived from patients or from Patient-derived
xenografts and representing the genetic landscape of the disease in order to use them for the
assessment of the efficacy of different therapeutic strategies. | also aimed to develop a rapid and
effective pipeline for the discovery of synergistic interactions in 2 drug combinations exerting a
selective cytotoxic or cytostatic effect on UM cell lines in order to enhance the in vivo discovery of
effective combination strategies.
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Abstract

Uveal melanoma (UM) is the most common primary tumor of the eye in adults. There
is no standard adjuvant treatment to prevent metastasis and no effective therapy in
the metastatic setting. We have established a unique panel of 7 UM cell lines from
either patient's tumors or patient-derived tumor xenografts (PDXs). This panel
recapitulates the molecular landscape of the disease in terms of genetic alterations
and mutations. All the cell lines display GNAQ or GNA11 activating mutations, and
importantly four of them display BAP1 (BRCAL associated protein-1) deficiency, a
hallmark of aggressive disease. mTOR pathway was shown to be activated in most
of the cell lines in the absence of AKT signaling upregulation. mTOR inhibitor
Everolimus reduced the viability of UM cell lines and significantly delayed tumor
growth in 4 PDXs. Our data suggest that mTOR inhibition with Everolimus, most
probably in combination with other agents, may be considered as a therapeutic

option for the management of uveal melanoma.
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[. Introduction

Uveal melanoma (UM) is the most frequent and aggressive ocular primary tumor in
adults with approximately 5 new cases per million per year in the United States and
in Europe (Mallone et al., 2012)(Singh et al., 2011). Even if local control rate with
photon radiotherapy exceeds 90% at 10 years (Dunavoelgyi et al., 2011) enucleation
remains the treatment of choice for large tumors (Singh and Topham, 2003; Singh et
al.,, 2011). Up to 50% of patients develop metastasis, which occur only via
hematogenous spread because of the absence of lymphatic drainage of the eye and
are rarely detected at the time of initial diagnosis (2-4% of the patients)(Harbour and
Chen, 2013). In 90% of cases, metastatic spread involves the liver usually leading to
death within a few months despite medical treatment (Gragoudas et al., 1991).
Currently, no effective adjuvant therapy is available to prevent metastases, neither

there is any effective treatment once metastases have developed.

Genome-wide techniques of genetic analysis (Trolet et al., 2009) and expression
profiling (Onken et al., 2004) divide UM in two subgroups according to the risk of
metastatic spreading. UM at high risk for metastasis are associated to monosomy of
chromosome 3, loss of 6q and gain of 8q (Trolet et al., 2009). Although occurring in the
same cell lineage uveal and skin melanomas represent different diseases: we have
recently demonstrated that uveal melanomas display a remarkably low mutation burden
with ~2000 predicted somatic single nucleotide variants per tumor and low levels of
aneuploidy. Moreover no ultraviolet radiation DNA-damage signature has been found in
UM (Furney et al., 2013) and BRAF or NRAS mutations commonly found in cutaneous
melanoma are not observed in UM (Cohen et al., 2003; Cruz et al., 2003; Edmunds et
al., 2003; Kilic et al., 2004; Rimoldi et al., 2003; Weber et al., 2003). Mutually
exclusive mutations in the GNAQ/11 genes activating the MAP kinase pathway have
been described in the majority of UM (Van Raamsdonk et al., 2010, 2008). Although
GNAQ/11 mutational status is not correlated with disease-free survival, these
mutations are considered oncogenic drivers and consequently potential good targets
for therapeutic intervention. Inactivating mutations of the tumor suppressor BAP1
occur in ~85% of aggressive tumors and are associated with metastatic disease
(Harbour et al., 2010). Recently exome and whole genome sequencing of uveal
melanomas identified recurrent mutations in SF3B1 (Furney et al., 2013; Harbour et

al., 2013; Martin et al., 2013), which encodes a component of the spliceosome, and

83



in the translation initiation factor EIF1AX (Martin et al., 2013). SF3B1 and EIF1AX
mutations are inversely correlated with chromosome 3 monosomy and associated with

good prognosis (Furney et al., 2013; Harbour et al., 2013; Martin et al., 2013).

The currently available UM cell lines do not completely reflect the genetic alterations
recurrently found in UM (Griewank et al., 2012). Some cell lines display BRAF
mutations, which are not found in UM samples and to our knowledge no UM cell line
harboring BAP1 mutations, which represent a hallmark of aggressive UM, have been
described so far. The first goal of our study was to develop cellular models of UM
covering the genetic landscape (genetic alterations and mutations) of this disease, to
provide a good model for assessing the efficacy of new drugs and drug combinations.
Next we looked at the activation status of PI3K/mTOR signaling pathway and
assessed the effect of Everolimus on cell viability. We have finally examined the
effect of mMTOR inhibition in vivo using several previously described patient-derived
UM xenografts (Némati et al., 2010).

[l. Materials and Methods

1. Tumor samples.

Eighty-seven tumor samples were obtained either from patients (60 from primary
tumors and 13 from metastasis) or from 14 patient-derived xenografts (PDXs), which
were established as described in (Némati et al., 2010). All patients had previously
given their informed consent for experimental research on residual tumor tissue

available after histopathologic and cytogenetic analyses.

2. Establishment of uveal melanoma cell lines.

Fresh or DMSO frozen tumor samples obtained from pathologists were mechanically
fragmented, passed in a 40 uM Nylon filter and resuspended in RPMI 1640 (Gibco,
France), supplemented with 20% (vol/vol) fetal bovine serum (FBS, Invitrogen,

France), 100 U/ml penicillin and 100 pg/ml streptomycin (P/S, Invitrogen, France).
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Once cell lines showed unlimited proliferation and were cultured for more than 40
passages were considered as established. Optic microscopy images were taken with
a Leica DM IL microscope and a Nikon DS-L1 camera.

3. Cell culture.

92.1(De Waard-Siebinga et al., 1995), Mel202(Ksander et al., 1991), were purchased
from The European Searchable Tumour Line Database (Tubingen University,
Germany). OMM1, OMM2.5 (Luyten et al., 1996)(Chen et al., 1997) were kindly
provided by P.A. Van Der Velden (Leiden University, The Netherlands). All cell lines
were cultured in RPMI1640 supplemented with 20% FBS (Life Technologies),
Penicillin 100U/ml —Streptomycin 100ug/ml (Life Technologies). All cell lines were
tested for Mycoplasma and proved to be Mycoplasma free. Cell lines were
maintained in a humidified atmosphere (5% CO2) at 37°C. All cell lines were
genotyped: Short Tandem repeat Polymorphism (STR) profiles of 92.1, Mel202,
OMM1, OMM2.5 matched at 100% those presented in reference (Griewank et al.,
2012).

4. Chemicals.

MTOR inhibitor Everolimus/Rad001, MEK inhibitor GSK1120212, and AKT inhibitor
KRX-0401 were supplied by Euromedex (France) and dissolved in DMSO
(Rad001,GSK1120212) or ethanol (KRX0401) at 10mM and stored at —20°C.

5. Cell viability assays.

We determined cell viability using a colorimetric assay based on  3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT; M-2128, Sigma) as
explained in (Marty et al., 2008). Cells were seeded at appropriate concentration in
96-well plates at day 0 (MM28:3500 cells/well; MP38:8000 cells/well; MP41:1500;
MP46:6000 cells/well;, MP65:8000 cells/well;, MM66:6000 cells/well; 92.1;
Mel202:4000 cells/well; OMM1:1500 cells/well; OMMZ2.5:3500 cells/well); drug was
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added to the medium at day 2 and cell viability tested by MTT assay at day 7. Results
are expressed as relative percentages of metabolically active cells compared with
untreated controls. Drug sensitivity curves were calculated using GraphPad Prism 4.

6. Genomic analysis.

The DNA was extracted from cell pellets using a standard phenol/chloroform
procedure. The total RNA was isolated from cell pellets using a miRNeasy mini kit
(Qiagen, Courtaboeuf, France) and cDNA synthesis was performed with MuLV
Reverse Transcriptase in accordance with the manufacturers' instructions (Invitrogen,
Cergy-Pontoise, France), with quality assessments performed on an Agilent 2100
bioanalyzer. For Sanger sequencing, gDNA was amplified by PCR and the products
were sequenced using dye-terminator chemistry as previously described (16). Primer
sequences for BAP1, GNAQ, GNQ11, SF3B1 and EIF1AX are available upon
request. Sequences were visualized using Sequencher software. To perform Loss of
heterozygosity and copy number values analysis and to detect other abnormalities,
genetic analyses of the cell lines were done using Affymetrix Genome-Wide SNP
Arrays 6.0. or Cytoscan HD (Affymetrix, High Wycombe, UK). DNA was used to
perform Affymetrix Human mapping SNP 6.0 assay as described in (Tuefferd et al.,
2008) or Cytoscan assay according to the manufacturer’s protocol at the Institut
Curie microarray core facility. Genetic profiles were compared to the profiles of the
corresponding tumors and PDXs by Chromosome Analysis Suite (Affymetrix). To
perform Short Tandem repeat Polymorphism (STR) analysis GenePrint 10 system kit

(Promega, France) was used according to manufacturer’s instructions.

7. Cytopathologic analysis.

Cells were fixed in a 4% formalin solution and embedded in paraffin. 4 ym sections
were cut from the embedded blocks, and then dewaxed for immunostaining. Heat-
induced epitope retrieval was performed at 97° for 20 min in EDTA buffer pH 9.0
(Dako S2367 ). Mouse antihuman BAP1 antibody (monoclonal mouse anti BAP1 (C4)
Santa Cruz Biotechnology, Inc, Santa Cruz, CA) was applied for 1 hour at a

concentration of 1:200. For antibody revelation polymer HRP (DAKO Envision,
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Denmark) was used followed by application of di-aminobenzidin (DAB ) for 5 minutes.
The immunostaining was performed on a Dako Autostainer Platform. A brown
coloration of nuclear localization of strong intensity was observed in the presence of
the protein. Cell nuclei were counterstained with Herris’ Hematoxylin. Epithelial cells

of normal breast glands were used as positive control for BAPL1.

8. Western blotting.

Tissue lysates were loaded onto gels, transferred to nitrocellulose and revealed as
described in (Marty et al., 2008). Quantification was performed using a LAS-3000
Luminescent Image analyzer and Image Gauge software (Fuji, FSVT, Courbevoie,
France). Actin was used for normalization between samples and detected using anti-
beta-actin primary antibodies at the dilution of 1:5000 (Sigma-Aldrich, Saint Quentin
Fallavier, France). AKT, phospho-AKT (S473), phospho-AKT (T308), S6, phospho-
S6 (Ser 235/236) (Cell Signaling Technology, Ozyme, Saint Quentin en Yveline,
France) and BAP1 (C4) (Santa Cruz Biotechnologies) antibodies were used at
1:1000 dilution.

9. In vivo antitumor efficacy of mTOR inhibitor.

Female SCID mice were grafted with a tumor fragment of 15 mm?®. Mice bearing
tumors with a volume of 40 to 200 mm?® were individually identified and randomly
assigned to the control or treatment groups (6-10 animals per group). Number of
mice used were respectively: for PDXs MP34: 8 mice for the control group, 8 for the
treatment group; for PDXs MP41: 10 mice for controls and 9 for the treatment group;
for PDX MP55: 10 mice for the control group and 8 mice for the treatment group; for
PDX MP46:
8 mice for the control group and 6 for the treatment group. Mice were weighed twice
a week. Tumor volumes were calculated by measuring two perpendicular diameters
with calipers. Xenografted mice were sacrificed at the end of treatment or when their
tumor reached a volume of 2,000 mm®. Each tumor volume (V) was calculated
according to the following formula: V = a x b/ 2, where a and b are the largest and

smallest perpendicular tumor diameters. Relative tumor volumes (RTV) were
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calculated with the following formula: RTV = (V,/V1), where Vy is the tumor volume on
day x and V; is the tumor volume on the first day of treatment. Growth curves were
obtained by plotting the mean values of RTV on the Y axis against time (X axis,
expressed as days of treatment). Antitumor activity was evaluated according to tumor
growth inhibition (TGI), calculated with the following formula: percent TGl = 100 -
(RTVt/ RTVc x 100), where RTVt is the median RTV for a treatment group and RTVc
is the median RTV for its control group at the end of the therapy. mTOR inhibitor
(Everolimus) was reconstituted in PEG300/HPBCD/Glucose 5% (10/10/80), and
administered PO at a dose of 2mg/kg 3 times a week, for 4 to 6 weeks. In all in vivo
experiments, mice of the control groups received 0.2 ml of the drug-formulating
vehicle with the same schedule as the treated animals. The experimental protocol
and animal housing were in accordance with institutional guidelines as put forth by
the French Ethical Committee (Agreement C75-05 - 18, France), and the ethics
committee of the Institut Curie that approved this project.

10. Expression of tumor-specific antigens

Expression of tumor-specific antigens was assessed by reverse transcription-PCR on
RNA extracted from cellular culture as described in (Némati et al., 2010).

11. Assessment of Synergy in drug combination experiments

Synergy computed as excess over Bliss (Straussman et al., 2012) was assessed by
calculation, for each combination of doses tested, of its fractional inhibition value (1-
fraction of viable cells compared to controls) and by successive subtraction of the
fractional inhibition value calculated according to the Bliss independence model.
Therefore Excess over Bliss= c- (a+b-2*a*b) where a is the fractional inhibition
obtained with a x concentration of drug A, B is the fractional inhibition obtained with
an y conscentration of drug B and c is the fractional inhibition obtained with x
concentration of drug A combined with y concentration of drug B. Synergy calculated
as Combination Index was obtained using Chu and Talalay median-effect equation
(Chou, 2006) with the software Compusyn ComboSyn, Inc., Paramus, NJ. USA, 2005
(Chou, 2010).
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12. Statistical methods.

For in vitro experiments 95% Confidence Intervals on 3 independent replicates were
calculated to assess statistical significance for synergic effects of drug combinations.
For in vivo experiments the statistical significance of the difference between
calculated RTVs for treatments groups versus its control groups was calculated by

the two-tailed Student's t test.

[1l. Results

1. Establishment of UM cell lines

We have established 7 UM cell lines: 2 of them, MP38 and MP65, were obtained
directly from human primary tumors (success rate of 3%), 3 cell lines derived from
PDX models (Némati et al., 2010) of liver (MM28 and MM66) or skin (MM33)
metastasis, while MP41 and MP46 derived from PDX models of primary tumors (See
Table 1). MP38 and MP65 display a fusiform morphology, MP41 shows a
predominant epithelioid appearance while MP46, MM28, MM33 and MM66 have a
mixed morphology (see Figure 1). All the cell lines grow adherent to the flask with
MM66 having a minor component growing in suspension. Estimated doubling times

(shown in Table 1) ranged between 40 and 120 hours.
2. Characterization of UM cell lines

Copy number and SNP profiles were generated for each cell line and compared to
the profiles obtained from the tumors of origin (patients or PDXs). DNA arrays profiles
are represented in supplementary figure 1. Genotype analysis by Affymetrix mapping
SNPs arrays confirmed the overall conservation of chromosome alterations between
cell lines and corresponding tumor specimens, in particular for chromosomes 1, 3, 6,
8 and 16 whose status are known to have an impact on classification and prognosis
of the disease (Couturier and Saule, 2012; Harbour, 2012). Six cell lines display loss

or LOH of 1p and gain of 1q; five cell lines display chromosome 3 monosomy or
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LOH of BAP1
Morphology Doubling  Status of chromosomes 1;3;6;8 and BAP1
Model Origin chromosome Protein  GNAQGNA11 SF3B1  EIF1AX
time 16 Mutations
3 Expression Mutations
MP38 c.68- No c.626
Primary Tumor S 80h L3q;G8;L16q Yes® _ _ _
cL 9_72del a>T
PDX established Yes
MP41 c.626
from Primary E 41h L1p;G1q;L3;G6p;L6q;L8p;G8q;L16 Yes? _ _ _
CL a>AIT
Tumor
PDX established No
MP46 c.626
from Primary M 110h G1q;G6p;L64;L8p;G8q;L16q Yes _ _ _ _
CL a>T
Tumor
MP65 No c.626
Primary Tumor S 120h G1q;G6p;G8 Yes c.1717del _ _ _
CL AST
PDX established No
MM28 c.626
from Liver M 109h L1p;G1q;L3q;G6p;L60;L8p;G8q;L16 Yest c.1881C>A _ _ _
CL A>T
Metastasis
PDX established
MM33 c.626
from Skin M 91h G1,G6p;G8;G16 No Yes _ C.22G/A
CL a>C
Metastasis
PDX established
MM66 c.626
from Liver M 80h G1q;L6q;G8 No _ Yes _ _ _
CL A>T
Metastasis
92.1 Yes c.626
Primary tumor M 38h der(X) t(X ;6)(q28 ;pll),+85 ND ND c.17G/A
cL asT?
Mel202 Yes c.629
Primary tumor M 43h ND ND ND _ ©1798c>T
cL G>A*
OMM1  Subcutis der(1)t(1 ;3)(p31 ;p13),+3[50%], Yes 626
M 34h ND ND _ - _
cL Metastasis add(8)p11),add(16)(p12) ® AST?
0MM2.5 Yes c.626
Liver Metastasis M 50h ND ND ND _ - _
CL a>C*’
MP34 Yes C.626
Primary tumor E 7d L1p ;L6q Yes® _ _ €.1793c>T
X AST
MP41 Yes 626
Primary tumor = 15d L1p ;G1q.L6q;L8p;G8q;G16p;L16g  No _ _ _
X a>AIT
MP55 No c.626
Primary tumor E 8d L3;G6p;Lg;G8p;G8q; Yes c.516C > G _ _ _
X AST
MP46 No c.626
Primary tumor M 11d Glq ;L3 ;G6p ; L8p; G8q;L16q Yes _ _ _ _
X a>T

Table 1. Characteristics of UM cell lines and Xenografts used in this study.

Model: CL, cell line; X, Xenograft; Morphology: S, spindle cell; M, mixed; E, Epithelioid.; Doubling time. h: hours; d:days. ND:

not determined.

Uniparental disomy of 3q; ? Uniparental disomy of chromosome 3; * as determined by Western Blot and Immunocytochemistry;
“92.1 and Mel202 were tested for GNAQ 626A>C, GNAQ 626A>T, GNA11 626A>T the other data on GNA mutations were
issued from (Griewank et al., 2012); °(De Waard-Siebinga et al., 1995) ®(Luyten et al., 1996).

Copy number variations and LOH refers to chromosomes 1, 3, 6, 8 and 16 (G:gain; L:loss).
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Figure 1. Morphological analysis of established uveal melanoma cell

lines. Light microscopy image of UM cell lines showing predominant
epithelioid (MP41) spindle (MP38; MP65) or mixed morphology (MM28;
MM33; MP46; MM66). MM28 (A), MM33 (B), MP38 (C), MP41 (D), MP46
(E), MP65 (F), MM66 (G).

isodisomy. Five cell lines show gain of 6p and loss or LOH of 6q and one shows loss
of 6qg only. A gain of 8q was observed in six cell lines except for MP38, with three

showing also 8p loss. Loss of 16q was found in four cell lines.

As shown in table 1 all cell lines harbor mutually exclusive mutations in either GNAQ
or GNA1l as occurred in the corresponding tumor of origin. GNAQ c.626A>C;
p.GIn209Pro in MM33 and GNAQ ¢.626A>T p.GIn209Pro in MP46 and MP38, while
MP41, MP65, MM28 and MM66 bear GNA1ll mutations (GNAll c.626 a>T;
p.GIn209Leu). Three cell lines display loss of function mutations of the BAP1 gene
associated with a LOH of chromosome 3. MP38 harbors a deletion of 14 pb (c.68-
9 72del) leading eventually to the loss of a splice site. MP65 displays a frame-shift
deletion of 1pb (c.1717del; p.Leu573TrpfsX3) and MM28 harbors a BAP1 point
mutation (c.1881C>A; p.Y627). Western blot showed expression of BAP1 in MP41,
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MM33 and MM66 cell lines and absence of the protein in the 3 BAP1 mutated cells
and in MP46 (Figure 2). The expression of BAP1 was also checked by
immunocytochemistry (data not shown) confirming nuclear localization of BAP1 in
MP41 M33 and MM66 lines, and absence of nuclear staining in the remaining cell
lines. A strong BAP1 nuclear staining was observed as well in a series of previously
described UM cell lines including 92.1, Mel202, , OMM1,, and OMM2.5 (Griewank et
al., 2012).

O
- o— - BAP1

L —_———— Y B-Actin

Figure 2. Western blot analysis of BAP1 protein expression in UM cell
lines. Immunostaining on cell lines MM33, MP41 and MM66 reveals presence
of the protein BAP1 while MP28 MP46 and MP65 show loss of BAP1 protein

expression.

All the cell lines established in this study as well as cell lines received from other
laboratories were tested for known SF3B1 mutations. Only Mel202 proved to be
mutated for SF3B1 (c.1793c>T; p.Arg625Gly). EIF1IAX gene were also tested at
exons 1 and 2 and proved mutated in cell lines MM33 (c.22G/A; p.Gly8Arg) and 92.1
(c.17G/A; p.Gly6Asp). Short Tandem repeat Polymorphism (STR) genotyping was

performed and results are reported in Supplementary table 1.

The expression of 12 tumor-specific antigens (i.e., MAGE1l, MAGE2, MAGES3,
MAGE4, MAGE6, MAGE10, MAGE-C2, LAGE1, LAGE2, NAl7, tyrosinase, and
Melan-A) was assessed on cell lines;data are shown in Supplementary table 2. All
the cell lines except MM33 showed a strong expression of Tyrosinase and NA-17.
Expression of MAGE and LAGE antigens was found to be negative or very low in our
cell lines except MP46 which exhibits a 20% and 100% expression of MAGE2 and
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MAGES3 respectively). This expression pattern corresponds to what has been already

described for the original models and patients (Némati et al., 2010).

3. Activation of mTOR pathway and effect of Everolimus on UM cell lines

UM cells have been reported to display activation of the PKC, MEK-ERK and
PISK/mMTOR pathways (Abdel-Rahman et al., 2006; Khalili et al., 2012; Pépulo et al.,
2011, 2010; Saraiva et al., 2005) . Clinical trials with PKC and MEK inhibitors are in
progress. The MEK inhibitor Selumetinib has been shown to increase progression
free survival compared to standard of care, but failed to demonstrate a statistically
significant increase in overall survival (Carvajal et al.,2013). No clinical data
concerning the use of PI3K/mTOR inhibitors in UM have been reported so far. Some
in vitro studies have addressed the effect of these inhibitors using UM cell lines but in
a BAP1-proficient context and sometimes with cell lines displaying activating B-RAF
mutations (Babchia et al., 2010; Ho et al., 2012; Khalili et al., 2012). We therefore
decided to assess the activation status of PI3K/mTOR pathway on our panel of cell

lines which recapitulate the genetic features of the disease.

First, we tested the activation of the pathway on 2 BAP1 mutated (MP38 and MP65)
and 2 BAP1 wild-type cell lines (MP41 and MM66). BT20, a cell line displaying a
PI3KCA mutation conferring a constitutive activity to the kinase, was used as control
for the activation of PIBK/mTOR pathway. Analysis of the phosphorylation of mTOR
downstream target S6 ribosomal protein (El-Hashemite et al., 2003) showed an

activation of mTOR pathway comparable to that of BT20, with evidence of

phosphorylation of the protein also after 24h of serum starvation in 3 out of 4 uveal
melanoma cell lines (Figure 3). Phospho-AKT was barely detectable on western blot,
and the ratio between phospho AKT and total AKT was found dramatically low as
compared to BT20 (Figure 3). This suggests that mTOR activation of UM cell lines is
not dependent of AKT phosphorylation. In agreement with this hypothesis, the AKT
inhibitor Perifosine did not significantly alter cell proliferation of UM cell lines

(supplementary Figure 2).
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Figure 3. Analysis of mTOR and AKT signaling pathway in UM cell.
UM cell lines were cultured for 24h at different serum concentrations.
P(Ser473)-AKT, P(Thr308)-AKT, AKT, P(Ser235/236)-S6, S6 and B-Actin

were evaluated on cellular lysates by Western blot analysis.

Viability of 10 UM cell lines (MM28, MP38, MP41, MP46, MP56 and MM66, 92.1,
Mel202, OMM1 and OMM2.5) was significant affected by Everolimus at relative low
doses even if a full inhibition of cellular viability was not reached (Figure 4A). The
slopes of curves obtained with Everolimus suggest a cytostatic rather than cytotoxic
effect. As depicted in Figure 4B, a dramatic reduction in S6 phosphorylation could be
observed in 6 different UM cell lines treated with Everolimus at 1 nM. The most
sensitive cell lines in terms of cellular viability (MM66, OMM1 and OMM2.5) display
the higher reduction in S6 phosphorylation, whereas MP65 and MP41 are the more
resistant to Everolimus in terms of both cell viability and S6 phosphorylation.
However a statistically significant correlation between the effect of Everolimus on S6
phosphorylation and cellular viability in the different cell lines could not be
demonstrated. Altogether our data demonstrate that UM cell lines display mTOR
signaling activation and that Everolimus significantly affects cell proliferation at doses

at which it inhibits mTOR downstream signaling.
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Figure 4. Sensitivity of a representative panel of uveal melanoma cell lines to mTOR inhibitor Everolimus and
effect of Everolimus on UM cell lines viability. A. UM cell lines were treated for 24 hours with different
concentrations of Everolimus and P(Ser235/236)-S6, S6 and B-Actin assessed by Western blot analysis. B. MM28
(GNAQ 11 mutated, BAP1 deficient) Mp38 (GNAQ mutated, BAP1 deficient), MP41 (GNA11l mutated), MP46 (GNAQ
mutated, BAP1 deficient) MP65 (GNA11 mutated, BAP1 deficient), MM66 (GNA11 mutated), 92.1 (GNAQ mutated,
EIF1AX mutated), Mel202 (GNAQ mutated, SF3B1 mutated), OMM1 (GNA11l mutated), OMM2.5 (GNAQ mutated)
were seeded at adequate concentration and left in contact with the drugs for 5 days. Cell viability was quantified with
MTT assay. Results are expressed as mean of at least 3 separate experiments. Error bars represent standard errors

of the mean.

4. Everolimus effects in vivo

We then decided to test in vivo the effect of Everolimus using our UM PDX panel
previously characterized (Laurent et al., 2013; Némati et al., 2010) and representing
the genetic landscape of UM. Four models were tested for this purpose: MP34,
MP41, MP55, and MP46. We did not succeed in establishing cell lines from MP34
and MP55 PDXs. MP34 displays a mutation in GNAQ and the others harbor GNA11
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mutations. Two of them (MP46 and MP55) do not express BAPL1 protein as assessed
by immunohistochemistry (Laurent et al., 2013). MP34 harbors an SF3B1 mutation.
Mice were treated with Everolimus per os at 2mg/kg 3 times per week for 4 to 6
weeks. As depicted in Figure 5, treatment with the mTOR inhibitor resulted in a
significant tumor growth delay in the models MP41, MP55 and MP34, with a Tumor
Growth Inhibition (TGI) of 57%, 51% and 47 % respectively, and a moderate effect in
MP46 with a TGI of 38%. Taken together, our results show that Everolimus

significantly reduced tumor growth of uveal melanoma in vivo.
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Figure 5. Effects of mTOR inhibitor Everolimus in the growth of four UM PDXs in vivo. Growth curves of four
human uveal melanoma xenografts: MP46 (A), MP55 (B), MP34(C), and MP41(D), treated with Everolimus (A) per
os at 2 mg/kg 3 times a week, or receiving vehicle (M) with the same schedule as the treated animals for 4 (MP46,
MP55, MP34) to 6 (MP41) weeks. Tumor volume and RTV were calculated as described in Materials and Methods.
Growth curves were obtained by plotting mean RTV against time. Bars, SD. For the treated groups n = 6-8 mice;
for the control groups n = 8-10 mice. P values calculated at the end of the treatment were < 0.05 for the four

models.
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5. Effect of combined MEK inhibitor and Everolimus on UM cell

proliferation

Given that tumor regression was not achieved with Everolimus alone and since
MTOR inhibitors have been reported to have a rather cytostatic than cytotoxic effect
(Weigelt et al., 2011), combinatorial approaches need to be addressed to implement
efficient therapeutic schedules. MAPK inhibitors clearly represent good candidates to
be tested in combination with Everolimus given that GNAQ/11 activating mutations
result in MAPK upregulated activity. Interestingly the MEK inhibitor Trametinib has
shown in our hands to display the lowest ICsy among a panel of compounds tested
on UM cell lines (data not shown). Moreover recent data encouraged further testing
MEK inhibitors in uveal melanoma metastatic patients ( Carvajal et al. 2013) . We
therefore tested on the already described panel of 10 UM cell lines whether the MEK
inhibitor GSK1120212 (Trametinib) could enhance the in vitro efficacy of Everolimus.
Figure 6A-C shows the effect of single drug and of the combination on the 10
different cell lines. Analysis of synergism was performed according to two different
models: Bliss independence (Keith et al., 2005) and combination Index described by
Chou and Talalay (reference). Although both analyses gave roughly the same results
the first method was more reproducible in our hands and therefore only the data
generated with it are shown in Supplementary Figure 3. Importantly, the majority of
UM cell lines exhibited low to moderate synergy between Everolimus and Trametinib
suggesting that combinatorial approaches with agents targeting MEK and mTOR
pathways could be promising for treatment of UM patients. This needs to be
addressed in preclinical in vivo models. Under our in vitro experimental conditions
combination of Everolimus and Trametinib did not result in induction of apoptosis
(examining cleaved PARP by Western blot) in UM cell lines with the exception of
92.1 cells in which Everolimus was shown to increase the apoptosis induced by
Trametinib (data not shown). Furher investigations will be necessary to better
understand the molecular mechanisms resulting in the observed synergy of these two

compounds.
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Figure 6. Effect of the combination of MEK inhibitor Trametinib and mTOR inhibitor Everolimus on the viability of a
panel of 10 UM cell lines. Cell lines were treated at the indicated doses of inhibitors for 5 days and cell viability was
determined by MTT as described in Material and Methods. Drug concentration is expressed as Molarity; Drug concentration
in (C) is expressed as sum of the concentration of each drug . A and B: single drug curves for Everolimus and Trametinib, C:
combination. Drug concentrations for the combination had been selected maintaining a constant ratio between the two drugs

in order to facilitate synergy evaluation.

IV. Discussion

An efficient management of UM patients requires a better understanding of genetic
and molecular abnormalities implicated in development and progression of this
disease. With the emergence of an armamentarium of targeted drugs it is mandatory
having at your disposal relevant in vitro and in vivo preclinical models for testing new
drugs and drug combinations in order to rationally set up clinical trials. We have
recently described a panel of patient-derived UM PDXs which recapitulates the
genetic features of primary human UMs and exhibit genetic stability over the course
of their in vivo maintenance (Laurent et al., 2013; Némati et al., 2010). Although this
panel represents a useful preclinical tool for both pharmacologic and biological
assessments, it is preferable for some functional studies to have access to a panel of
well-characterized tumor cell lines. Unfortunately obtaining UM cell lines from
patients is not easy and the cell lines reported to be of uveal origin do not always
display the genetic alterations described in UM. Actually some UM cell lines
described in the literature have activating mutations in BRAF (Calipel et al., 2003;
Griewank et al., 2012) despite the absence of these mutations in UM tissues, and no
UM cell line harboring BAP1 mutations, a hallmark of metastasizing UM, has been

reported. In this paper we have established and characterized 7 new human UM cell
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lines. Five of them were obtained from PDXs models and the other two directly from
human primary tumors. This suggests that the success in establishing UM cell lines
could be significantly improved by previously engrafting the UM samples in
immunodeficient mice as already reported for colorectal tumors (Dangles-Marie et al.,
2007). We are still working to develop UM cell lines from our entire collection of PDX
and hope to expand our cell lines panel in the future. The UM cell lines described
here match the genotype of the tumors of origin. All of them harbor mutually
exclusive activating mutation in either GNAQ or GNA1l. Importantly we have
established 4 BAP1-deficient UM cell lines. Interestingly we could not demonstrate
any BAP1 mutation in the BAP1 deficient model MP46, which display a LOH with
isodisomy of chromosome 3. For all the cell lines established, the absence of nuclear
BAP1 totally correlated with LOH of chromosome 3. The 7 cell lines were found to be
wild type for SF3B1 while one was found mutated in the EIF1AX gene. These two
mutations are associated with good prognosis (Furney et al., 2013; Harbour et al.,
2013; Martin et al., 2013).

We have shown that Everolimus significantly affects the cell growth of our UM cell
line panel and other UM cell lines previously described. It has been reported that
Everolimus very slightly affects cell proliferation of two UM cell lines (92.1 and
Mel270) at doses at which it entirely inhibit mTOR downstream signaling (Babchia et
al., 2010). Interestingly, the cell lines displaying the highest sensitivity to Everolimus
in terms of cell viability exhibited a more pronounced reduction in the phosphorylation
S6 ribosomal protein and viceversa. We have also shown that mTOR signaling
seems activated in the absence of significant activation of AKT. The activation of
MTOR can be a consequence of MAPK activation resulting from GNAQ/11 activating
mutations present in 84% of UM. In a recent study the PI3K inhibitor GSK2126458
showed a reduced efficacy on GNAQ or GNA11 mutated UM cell lines compared to
wild type uveal melanoma cells (Khalili et al., 2012). Interestingly in the same study
RPPA analysis showed a reduced phosphorylation of pS473-AKT in GNAQ mutated
cells compared to GNAQ wild type. Basal P-4EBP and basal P-S6 were on the
contrary higher in the GNAQ mutated cell lines, suggesting a key role of the pathway
downstream of MTOR in GNAQ mutant cells. This is in line with the observation that
in our cellular models phosphorylation of AKT was very weak in comparison with a

cell line (BT20) displaying a constitutive active PISK/AKT pathway. On the contrary,
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phosphorylation of S6 in our cellular models and in BT20 cell line was similar.
Interestingly MP41 and MM66 showed significant phosphorylation of S6 even after
24h serum starvation at the same levels of the controls, suggesting a constitutive

activation of the pathway.

Inhibiting PI3K axis alone or in combination with mTOR inhibition has been proposed
as a therapeutic strategy for UM (Babchia et al., 2010). These studies have shown
that PI3K inhibition by LY294002 is more effective than mTOR inhibition by
Everolimus but these differences were significant only in a GNAQ/11 wild type

context.

Few studies have addressed the effect of PISK/mTOR pathway in vivo and results
were non-conclusive or conducted with cell lines not perfectly representing the
genetic landscape of UM (Ho et al., 2012). Here we show that the mTOR inhibitor
Everolimus significantly delayed tumor growth in 4 different UM PDX models. In vivo
effect of Everolimus does not seem to be dependent of the BAP1 status but the
reduced number of PDX models (2 BAP1 proficient and 2 BAP1 deficient) cannot
allow concluding about a potential influence of BAP status on the response to this
agent. In vitro data suggest that genetic differences and specifically BAP1 mutations
does not influence the response to Everolimus. Although cell lines established from
UM metastases were at least as sensitive to Everolimus as cell lines established from
primary tumors, it is important to note that the four UM PDX models used in this work
were established from primary tumors. In the absence of a comprehensive study
addressing the genetic landscape of metastatic UM we need to be cautious in the

conclusions about potential effects of Everolimus on metastatic UM patients.

Given that treatment with Everolimus did not result in tumor regression, combination
strategies need to be addressed in vitro and in vivo. Actually, the effect of
Everolimus alone is probably cytostatic and it might benefit from combination with
MEK inhibitors or low doses of dual mTOR/PI3K inhibitors as suggested in recent
studies (Mitsiades et al., 2011; Nyfeler et al., 2012).

Everolimus has already indications in oncology and a clinical phase 2 trial is
currently ongoing at Sloan-Kettering cancer center with the aim of assessing its
efficacy in combination with a somatostatin receptor inhibitor Pasireotide on patients
with metastatic UM (clinicaltrial.gov identifier NCT01252251). Our preliminary data
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indicates a synergy of Everolimus and the MEK inhibitor Trametinib. It would be
necessary to evaluate the synergy displayed by other combinations of currently
available inhibitors of PIBK/mTOR and MEK-ERK pathways across a heterogeneous
panel of UM cell lines and then to assess their efficacy in vivo . We believe our
approach using in vitro and in vivo models will help to orientate in the future

innovative clinical trials in uveal melanoma patients.

V. Conclusions

We have established 7 UM cell lines from either patient surgical specimens or
patient-derived xenografts (PDXs). This panel of cell lines has been fully
characterized in terms of genetic alterations and recurrent mutations and
recapitulates together with our previously described panel of PDXs (Laurent et al.,
2013; Némati et al., 2010) the diversity of UM genetic landscape. Moreover we have
demonstrated in our UM cellular models the activation of mTOR pathway in the
absence of significant AKT phosphorylation. Treatment with the mTOR inhibitor
Everolimus resulted in the reduction of cell viability of all the studied UM cell lines and
significantly delayed in vivo tumor growth of 4 independent UM PDXs. Although
efficient therapeutic combinations need to be carefully evaluated, our data suggest
that Everolimus could be considered as a therapeutic option for managing UM.
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Supplementary Figure Legends

Supplementary Figure S1. DNA microarray analysis of the 7 Uveal Melanoma
cell lines. Allele ratio (top) copy number values (middle), and LogZ2ratio (bottom) for
MM28 (A), MM33 (B), MP38 (C), MP41 (D), MP46 (E), MP65 (F), MM66 (G); red

line:LOH.

Supplementary figure S2. Sensitivity of a representative panel of uveal
melanoma cell lines to AKT inhibitor Perifosine. MM28 (GNAQ 11 mutated, BAP1
deficient) MP38 (GNAQ mutated, BAP1 deficient), MP41 (GNA11 mutated), MP46 (
GNAQ mutated, BAP1 deficient) MP65 (GNA11l mutated, BAP1 deficient), MM66
(GNA11 mutated), 92.1 (GNAQ mutated, EIF1AX mutated), Mel202 (GNAQ mutated,
SF3B1 mutated), OMM1 (GNA11l mutated), OMM2.5 (GNAQ mutated) were seeded
at adequate concentration and left in contact with the drugs for 5 days. Cell viability
was quantified with MTT assay. Results are expressed as mean of at least 3

separate experiments. Error bars represent standard errors of the mean.

Supplementary figure S3. Synergy by excess over Bliss (A) and

corresponding normalised cell viability fractions (B) for the combination of
Everolimus and Trametinib on a panel of 10 UM cell lines. Fractional inhibition
calculated for Trametinib and Everolimus used as single agent and in combination
were used to assess synergy as explained in paragraph 2.11. Results from 3
independent experiments were used to calculate 95% confidence intervals. A shows
synergy values as mean of three separate experiments, values that resulted
significantly > 0 with a p value <0.05 are colored in red (synergy), values that
resulted significantly < 0 with a p value <0.05 are colored in blue (antagnism), values

that produced synergy values not significantly different from O are colored in white
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(antagonism). B. express the corresponding percentage of fractional inhibition for

each condition tested.
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Supplementary Figure 1
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Supplementary Figure 2
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Supplementary Figure 3
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Supplementary Table S1. Short tandem repeats profiles of uveal melanoma cell

lines.
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Supplementary Table S2. Expression of tumoral antigens relative to maximal
expression

MM33 MP46 MP65 MM66 Mel285 MM28 MP38 MP41

NA17 +/- +++ +++ +++ 0 +++ +++ +++

Melan-A + +++ o+ o+ 0 ++++ ++++ ++++

MAGE-2 0 ++ 0 0 0 +/- +/- +/-

+/-1 <= 4%; +: 4-20%; ++: 20-100%; +++: 100%; ++++: > 100%.
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ABSTRACT

Uveal Melanoma (UM) is the most frequent primary ocular tumor. About a half of the
patients develop metastatic disease, for which no treatment has proved effective. We
have developed a fast pipeline to screen 2 drug combinations for synergy. We
applied this method to a panel of UM cell lines representative of the molecular
background of the disease. We tested 7 targeted agents for which promising
preclinical results have been reported, assessing all the possible 2-drugs
combinations. We selected the most synergistic associations for further in vitro
evaluation. Among them the most promising is the association of mTOR inhibitor
Everolimus and PI3K inhibitor GDC0941, which resulted in a strong increase of
apoptosis compared to monotherapies in several UM cell lines. This efficient

combination is therefore very promising for in vivo studies.
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I. INTRODUCTION

Uveal Melanoma (UM) is the most common primary ocular tumor in adults, with an
average incidence of 5 cases per million (Singh and Topham, 2003). Up to 50% of
patients with UM develop metastatic disease, to the liver in 90%. The median survival
of metastatic UM patients is 6 months (Gragoudas et al., 1991). All therapeutic

approaches have up to now failed in proving an advantage in patient survival.

A series of preclinical studies have been conducted in the last years with the goal of
identifying efficient therapeutic strategies. The most promising results have been
obtained with Selumetinib and Sotrastaurin, two molecules targeting respectively the
MAPK and the PKC pathways. However, no improvement in overall survival has
been demonstrated in clinical trials with the administration of these compounds
(Carvajal RD et al., 2014; Piperno-Neumann et al., 2014).

In a previous work we have shown the efficacy of Everolimus, a selective inhibitor of
MmTOR pathway, on relevant models of UM (Amirouchene-Angelozzi et al., 2014).
Even if a significant growth inhibition was demonstrated both in vitro and in vivo,
Everolimus failed to induce apoptosis of UM cells and it did not induce tumor
regression in vivo. mMTOR acts as downstream effector of PI3K and AKT, two key
proteins of the PISK/mTOR pathway which have been suggested to be potential
therapeutic targets following combinatorial strategies in UM (Khalili et al., 2012a;
Musi et al., 2014a).

We have recently described the establishment of a panel of relevant UM cell lines.
Importantly, four cell lines display a BAP-1 deficiency, a marker of high risk tumors
strongly associated with tumor progression and metastasis (Amirouchene-Angelozzi
et al., 2014). To our knowledge no preclinical study systematically comparing drug
combinations in a large panel of relevant UM cell lines has been conducted.

In this study we have performed a screening on UM cell lines to identify synergistic
combinations that could overcome the low efficacy observed in vitro and in vivo with
monotherapies. Seven compounds targeting the key effectors of the MAPK/PKC and
PISK/mMTOR pathways were evaluated in two-drug regimens in vitro. The most

promising associations were tested for their effects on cell cycle and apoptosis on
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two selected cell models. Finally we validated our results on the full panel of UM cell

lines.

[I. MATERIALS AND METHODS
1. Cell culture.

MM28, MP38, MP41, MP46, MP65 and MM66 were established in our laboratory as
described in (Amirouchene-Angelozzi et al., 2014). 92.1 (De Waard-Siebinga et al.,
1995), Mel202 (Ksander et al., 1991), were purchased from The European
Searchable Tumour Line Database (Tubingen University, Germany). OMM]1,
OMM2.5 (Luyten et al., 1996)(Chen et al., 1997) were kindly provided by P.A. Van
Der Velden (Leiden University, The Netherlands). All cell lines were cultured in
RPMI1640 supplemented with 10% (92.1, Mel202, OMM1, OMM2.5) or 20%
(MM28, MP38, MP41, MP46, MP65, MM66) FBS (Life Technologies), Penicillin
100U/ml —Streptomycin 100ug/ml (Life Technologies). All cell lines were tested for
Mycoplasma and proved to be Mycoplasma free. Cell lines were maintained in a
humidified atmosphere (5% CO2) at 37°C. All cell lines were genotyped: Short
Tandem repeat Polymorphism (STR) profiles of 92.1, Mel202, OMM1, OMM2.5

matched at 100% those presented in reference (Griewank et al., 2012).

2. Chemicals.

MEK inhibitor AZD6244 (Selumetinib), MEK inhibitor GSK1120212 (Trametinib), PKC
inhibitor AEBO71 (Sotrastaurin), PI3K inhibitor GDC0941, mTOR inhibitor Rad001
(Everolimus), PIBK/mTOR inhibitor BEZ235, and AKT inhibitor KRX-0401 (Perifosine)
were supplied by Euromedex (France) and dissolved in DMSO (AZD6244,
GSK1120212, AEBO71, GDC0941, BEZ235) or ethanol (KRX0401) at 10mM and
stored at -20°C.
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3. Drug combination cell viability assays.

Cells were seeded in 200uL of culture medium, at appropriate concentration, in 96-
well plates at day 0 (MM28: 3500 cells/well, MP38: 8000 cells/well; MP41: 1500
cells/well; MP46: 6000 cells/well; MP65: 8000 cells/well; MM66: 6000 cells/well; 92.1:
2000 cells/well; Mel202: 4000 cells/well; OMM1: 1500 cells/well; OMM2.5: 3500
cells/well); drugs were added to the medium at day 2 and cell viability tested at day 7
by MTT (M-2128, Sigma) assay as explained in (Marty et al., 2008). A
spectrophotometer Infinite M200 (Tecan) was used to read colorimetric results of the
MTT test. Results are expressed as relative percentages of metabolically active cells
compared with untreated controls. Cell viability was calculated as fraction of viable
cells for a given concentration of compound compared to the corresponding control
wells. Drug sensitivity curves were calculated using GraphPad Prism 4.

4. Procedure for drug combination in cell viability assays.

At day 2 a master plate (2ml DeepWell 96 well plates; STARLAB) with serial dilutions
of Drug A, drug B and DMSO was prepared. Drugs were diluted in culture medium in
the first well of the series (first column), at the desired concentration, and the DMSO
adjusted at 0,1% in the first well (fig 1A). From the first well medium containing drugs
or DMSO only was iteratively diluted 1:4 for 8 times; wells in position 6 were left with
medium only and acted as control wells (fig 1B). The highest drug concentration for
each serial dilution was decided so that the final concentrations of the 2 drugs
produced a comparable effect on cell lines and exerted their full efficacy in
monotherapy within the first half of dilutions. For each compound these “starting
concentrations“ were extrapolated on the basis of previous experiments on MP41
and MP38 cell lines or from the literature. Finally medium was aspirated form the
culture plate and replaced with 170 pL of fresh medium and: 30 pL of medium
containing dilutions of Drug A + 30uL of medium containing dilutions of DMSO (row
B-C); 30 pL of medium containing dilutions of Drug A + 30pL of medium containing
dilutions of Drug B (row D-E), 30 pL of medium containing dilutions of Drug B + 30uL
of medium containing dilutions of DMSO (row F-G) (fig 1 D). Concentrations of

DMSO up to 0,3% were tested on the cell lines and did not resulted toxic.
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Figure 1. Drugging procedure for combination assays. A:Drugs and DMSO were diluted in medium in master plates at
the desired concentration; B:Drugs and DMSO were dilutioned iteratively (ratio 1:4) in the master plates C: concentration in
the master plate was defined in order to have a final drug concentration in single drug dilutions that exerted its full activity in
the first half of the wells of the series; D: 30uL of the serially diluted drug or DMSO from the masterplate were added to

seeded 96 well plates to produce a duplicate of dilutions for drug A, for drug B and for the combination of the two.

Each 96 well plate contained in the end, in duplicate, 9 serial dilutions 1:4 of 2 single
drugs and 9 two drugs dilutions corresponding to the combination of the first dilution

of first drug with the first dilution of second drug and so on (Fig.2).
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Figure 2. Drug combination data. For each combination tested the
information correspondent to drug association is represented by
cell viability upon serial (1:4) dilutions of the 2 drugs combined at a
costant ratio.

Three different combinations were tested on the whole panel of cell lines for each
experimental procedure, the tests were repeated until at least an independent

triplicate for each drug combination was obtained.

5. Calculation of the Synergy.

To assess drug synergy we recalculated the cell viability for the association of the 2

drugs from single drug viability data, according to Bliss independence definition.

Bliss assumes that the effect of 2 drugs acting independently on a given system will
result in an effect equal to the effect of drug A + the effect of drug B — the products of
the effects of drug A and B. Thus if a given amount of drug kills half of the cells of a
well compared to controls and the drug B exerts the same effect, if the two
compounds act independently, they will kill 50%+50%-25% =75 % of the cells, or
from another point of view Drug A will kill 50% and drug B the 50% of the remaining
cells (50%+25%=75%). The effect of a drug on a viability is by definition 1-viability,
which means that if cell viability of a certain drug concentration is 40% (or 0,4) the
effect of the drug is 100%-40%=60% (or Fa=0,6). This effect following Bliss

independence hypothesis is termed additivism.
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Figure 3. Bliss additivism. The effects of a drug
combination in the case of independence (additive
effects) can be calculated on the basis of single drug
effects (purple line). Purple dots represent the effects
experimentally assessed with drug combination. The
ratio between assessed and calculated effects with the
combination (two-headed arrows) represents the
synergy (or antagonism) of the combination.

If the effect of a combination is more
important than what calculated in case of
independence this effect is synergistic, and if
it is less important the behavior of the two
drugs is antagonistic. When no significant
synergy or antagonism is assessed the

drugs have additive effect (fig.3).

To estimate the magnitude of the effect we
defined a Bliss ratio index, defined as the
normalized cell

ratio between viability

obtained with drug combination and
normalized cell viability calculated in case of
independence. Bliss ratio greater than 1

indicates synergy, an index smaller than 1

antagonism while a ratio of 1 indicates additivism. Values are given as average of at

least 3 replicates and defined as synergistic or antagonistic if 95% C.I. did not include

1; Synergy tables were colored accordingly to statistical significance (fig. 4)
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An Average Synergy Score was calculated for each combination as mean of the

highest Bliss ratios obtained for every cell line.

Drug A DrugB Cell lines

GDC0941 | RADOOL MP38  MP41  MP46  MPES __ MM28  MMS6 921  Mel202  OMML _OMM2.5
E‘ 10uM 16 1,6 0,6 3,7 5,6 16
+ 2,5uM 19 17 0.8 15
=4 626nM 14 14 0,38 15 16 1,2
a0 156nM 11 13 08 1,2 11 13 13 1
S 39nM 1 1 0,9 11 1 11 12 Average
pud 9,8nM 1 09 09 11 1 1 11 1
9' 2,4nM 09 11 0,9 11 1 1 1 09 Synergy
0,6nM 1 1 09 12 1 1 1 09 Score
0,2nM 1,1 0,9 1 1 1 1 09

1
1,9 1,7 09 54 96 16,3 52 1]

Bl synergy (C.I. >95%)
] Antagonism (C.I. >95%)
] Addittivity (no proof of Synergy or Antagonism)

Figure 4. Synergy table. Bliss ratio values are calculated for each of the 9 tested dilutions of a drug
association (columns). The first and second columns indicate the concentrations at which Drug A and Drug
B are associated. Each column represents a cell line. Results from 3 independent experiments were used to
calculate 95% confidence intervals; bliss ratio values are expressed as mean of three separate experiments,
values that resulted significantly > 0 with a p value <0.05 are colored in red (synergy), values that resulted
significantly < O with a p value <0.05 are colored in blue (antagnism), values that produced synergy values
not significantly different from 0 are colored in white (antagonism). An Average Synergy score was

calculated as mean of the highest Bliss ratio for every cell line.

6. Cell cycle analysis by Flow cytometry.

We collected floating and detached (after trypsinization) treated and control cells.
Then, we washed them once with PBS and then with PBS containing 0.5% BSA. We
fixed the cells in cold 70% ethanol with gentle vortexing. After fixation, we incubated
the cells in PBS containing 10 pg/ml propidium iodide (PI; P3566, Invitrogen) and 200
pMg/ml RNase A (Pure Link™ RNase A, Invitrogen) for 30 min at RT. We collected the
samples using FACScalibur (Becton Dickinson) and we analyzed a minimum of
20,000 cells per sample using CellQuest software (Becton Dickinson). We quantified
DNA content by using FlowJo Software (Milteny Biotec) and we expressed results as

a distribution of cells in each cell-cycle phase. Statistical significance on 3
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independent experiments was assessed with two-ways ANOVA with Bonferroni post-

test using the Software GraphPad Prism.

7. Apoptosis evaluation.

Following drug treatments, we harvested cells at 72h and we detected apoptosis us-

ing the following assays:

Detection of PARP cleavage: We performed immunoblot (see corresponding para-
graph above) using whole protein lysates of floating plus adherent cells to visualize

the cleavages of PARP and, which serve as markers of cells undergoing apoptosis.

Annexin V assay: we determined the proportion of apoptotic cells by using the annex-
in-V-FLUOS staining kit (Roche) according to the manufacturer’s instructions. After
sequential staining by annexin V and PI, we performed flow cytometry analyses on a
LSRII Instrument (Becton Dickinson). Using FlowJo software, we analyzed a mini-
mum of 20,000 cells per sample and we evaluated the percentage of living cells with
low annexin V and low PI staining, apoptotic cells with high annexin V and low PI

staining and necrotic cells with high annexin V and high PI staining.

8. Western blotting.

Tissue lysates were loaded onto gels, transferred to nitrocellulose and revealed as
described in (Marty et al., 2008). Quantification was performed using a LAS-3000
Luminescent Image analyzer and Image Gauge software (Fuji, FSVT, Courbevoie,
France). Actin was used for normalization between samples and detected using anti-
beta-actin primary antibodies at the dilution of 1:5000 (Sigma-Aldrich, Saint Quentin
Fallavier, France). Cleaved PARP Cleaved PARP (Asp214) Rabbit mAb (Cell
Signalling) was used at 1:1000 dilution.

125



lll. RESULTS
1. Set up of a pipeline to study two-drug regimen synergy

We chose a small series of compounds targeting some of the pathways recognized
to be deregulated in UM: the MEK/ERK, the PKC and the PI3BK/mTOR pathways.

The compounds tested were: mTOR inhibitor Rad001 (Everolimus), PI3K inhibitor
GDC0941, the dual PISK/mTOR inhibitor BEZ235, AKT inhibitor Perifosine, PKC
inhibitor AEBO71 (Sotrastaurin), MEK inhibitors GSK1120212 (Trametinib) and
AZD6224 (Selumetinib).

We set up a simple pipeline to be able to reliably test major effects of synergy
between every couple of drugs in a relevant panel of 10 UM cell lines. This panel is
representative of the genetic landscape of the disease (see Tablel). Five cell lines
harbor GNAQ mutations, while the other five are mutated in GNA11. Four cell lines
are BAP-1-deficient. One cell line display a SF3B1 mutation and another one an
EIF1AX mutation. Each drug was tested in combination with all the others except for

the two MEK inhibitors, Selumetinib and Trametinib,

Cell line MP38 MP41 MP46 MP65 MM28 MM66 92.1 Mel202 OoMM1 OMM2.5
Origin Primary Primary Primary Primary Metastasis Metastasis Primary Primary Metastasis Metastasis
GNAQ
Mutations €.626 a>T c.626 a>T c.626 a>T c.629 G>A €.626 a>C
GNA11
Mutations c.626 a>A/T c.626 a>A/T c.626 a>A/T c.626 a>A/T 626 a>A/T
BAP1
Mutation ¢ gg-9_72del c1717del  c.1881C>A
BAPLloss  Yes Yes Yes Yes
Sngl c.1793c>T
Mutations
LAk c.17G/A

Mutations

Table 1: Cell lines used for the synergy screening with their respective origin (Primary or Metastasis),
Mutational status of GNAQ/11, BAP1, SF3B1 and ELF1AX and expression of BAP1l as assessed by
Immunohistochemistry.
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2. Synergistic combinations

Among the associations evaluated the most synergistic were the combination of
MTOR inhibitor Everolimus and PI3K inhibitor GDC0941 (overall synergy score:
4,75); followed by the combination of Everolimus with dual mTOR/PI3K inhibitor
BEZ235 (Synergy score: 3,1), the combination of GDC0941 and MEK inhibitor
Selumetinib (Synergy score: 2,17), the combination of GDC0941 and Sotrasturin
PKC inhibitor (Synergy score 2,14), the combination of BEZ235 and Selumetinib
(Synergy score: 2,04). All the other combinations scored less than 2 (see Figure 5).

w

I~

(o8]

[

Average Synergy Score*

Figure 5. Average synergy score for all the tested combinations.

3. Analysis of the effects of drug combination

Among the combinations displaying an average bliss score higher than 2 we selected
three for further studies: GDC0941 PI3K inhibitor combined to mTOR inhibitor
Everolimus, GDC0941 combined to MEK inhibitor Selumetinib, and the association of
Everolimus and Selumetinib. We excluded the combination of PI3K and BEZ from
further testing because it did not show superiority compared to PI3K-Everolimus
combination.BEZ235 is a dual PI3BK/mTOR inhibitor and the comparable effect of the

two combinations suggests that the synergy is likely to be due to PI3K inhibition in
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both associations. For the same reason we did not further analyze BEZ235-
Selumetinib combination. We did not further test Sotrastaurin-GDC0941 given that
PI3K inhibitor synergy with Sotrastaurin has been already described (Musi et al.,
2014). We decided to include in further evaluation the combination of Everolimus with
Selumetinib as comparative control because the compounds are in the other 2
combinations and it shows a modest synergy (Synergy Score: 1,48). Full Synergy
data for the 3 selected combinations are depicted in Fig.6; the complete data for all

the combination tested are presented in supplementary Fig.1).

In order to study the nature of the synergistic interactions of these three combinations
of drugs we selected two cell lines: Mel202 and MM28. The former displayed the
highest bliss ratio score for the combination of GDC0941 with Everolimus as well as
for the combination of Everolimus with Selumetinib, while it was the third most
synergistic cell line in Selumetinib and GDC0941 combination. MM28 showed a slight
antagonism for the three combinations at the doses resulting in the highest synergy
in Mel202 (Fig. 6).

Cell cycle analysis was performed for the three combinations on Mel202 and MM28
after 72h of contact with the drugs, at concentrations at which bliss ratio was the
highest. Single treatments did not significantly affect cell cycle in Mel202 or MM28
while a significant increase in G1 resulted in Mel202 with the combination of
Everolimus and Selumetinib (G1=79+/-1%; p<0,01) and with the combination of
Everolimus and GDCO0941 (G1=86+/-8%; p<0,05) compared to untreated cells
(G1=77+/-3%). The only combination that affected significantly cell cycle on MM28
was Everolimus with GDC0941 (G1=86+/-8%; p<0,05) compared to untreated control
(G1=77+/-3%) (Fig.7A).

128



GDCog941 |Everolimus| MP38  MPA1  MP46  MPG5  MM28  MM66 921  Mel202  OMML OMM2.5
10pM 16 16 06 3,7 6,6 16
2,5uM 19 17 038 15
626nM 626nM| 15 13 14 14 08 15 16 12
156nM 156nM| 1,2 11 1,1 13 08 1,2 11 13 13 1
39nM 3onM| 11 11 1 1 09 11 1 11 1,2 1
9,8nM 98M| 11 09 1 09 09 11 1 1 11 1
2,4nM 24nM| 1,1 09 09 11 09 11 1 1 09
0,6nM o6enM| 1 09 1 1 09 12 1 1 1 09
0,2nM 020M| 11 0,9 11 0,9 1 1 1 1 09
Selumetinib| _ GDC0941] MP38  MPA1 _ MP46  MP65  MM28  MM66 921  Mel202  OMMIL _OMM25
1um 10uM 14 18 07 NA 104 NA 11 13
250nM 25uM w1 oo 14
63nM 626nM 14 12 12 14 11 12 16 14 11 12
16nM 156nM 11 09 a1 1 1 11 12 11 1 a1
4nM 39nM 11 1 1 12 11 11 11 09 1 a1
1nM 9,8nM 1 09 1 12 1 1 11 1 1 1t
0,1nM 2,4nM 11 11 1 11 11 1 1 1 11 11]
0,06nM 0,6nM 1 1 1 12 11 11 11 1 1 1]
0,02nM 0,2nM 11 09 11 14 11 1 12 1 1 1
SelumetinibEverolimus | MP38  MPA1 _ MP46  MP65  MM28  MM66 921  Mel202  OMMIL OMMZ25
M 1oum] 14 14 14 11 07 18 21 19 13 1
250nM 2,5uM| 14 15 14 17 08 19 15 EEl s 12
63nM 626nM| 13 15 13 23 1 18 13 18 1.2 12
16nM 156nM| 1,2 12 1,2 16 1 14 11 14 1 12
4nM 3onM| 1,1 11 1,2 13 1 1,2 11 12 11 11
1nM 9enM 1 11 11 11 1 12 11 11 1
0,1nM 24nM| 11 11 11 12 09 11 11 1 11 11
0,06nM 06nM| 09 1 11 11 09 11 11 11 11 1
0,020M 02nM| 09 11 1 09 1 1 1.1 11 1,1

Figure 6. Synergy Table for the 3 selected combinations:

applicable.

Analysis of cell cycle profiles revealed also a strong subG1 peak in Mel202 samples
treated with the combination of Everolimus and GDC0941. A smaller subG1 peak
was also visible in Mel202 samples treated with GDC0941 and Selumetinib
combination, while for Everolimus and Selumetinib combination subG1 population

was very reduced. No subG1 peak was observed in MM28 samples with either single

or combination treatments (Supplementary figure 2)

The analysis of apoptosis, performed by Annexin V staining, revealed a significant
increase in apoptotic (Q3= 12+/-2%; p>0,01) and late apoptotic cells ( Q2=25+/-1%;
p<0,001) with Everolimus and GDC0941 combination compared to controls (Q3=2+/-
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D Addittivity (no proof of Synergy or Antagonism)

Everolimus+GDCO0941,
GDC0941+ Selumetinib, Everolimus+Selumetinib. Results from 3 independent experiments
were used to calculate 95% confidence intervals; bliss ratio values are expressed as mean of
three separate experiments, values that resulted significantly > 0 with a p value <0.05 are colored
in red (synergy), values that resulted significantly < 0 with a p value <0.05 are colored in blue
(antagnism), values that produced synergy values not significantly different from 0 are colored in
white (antagonism). Average Synergy score for each combination are depicted aside. NA: non

Average
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0,1%; Q2= 2,+/-1%). Selumetinib and GDC0941 combination did not significantly
increased apoptotic cells (Q3=8+/-1%) or late apoptotic cells (Q2= 8+/-1%). A slight
non-significant increase in apoptotic cells (Q3=5+/-0,3%) and a significant increase in
late apoptotic cells (Q2= 9+/-2%) was found with Selumetinib and Everolimus

combination (Fig. 7B).
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Figure 7. Cell cycle and apoptosis analysis of single drug treatments and combination of: GDC0941,
Everolimus; Selumetinib. Mel202 (A,C) and MM28 (B,D) were incubated for 72h with 0,25uM Selumetinib,

2,5uM Everolimus, 2,5uM GDC0941 single drug or combination as indicated for each experimental condition.

A,B : Cell cycle analysis. Bars represent the mean and variability is expressed as Standard Error of the

Mean. Statistical Significance was assessed with two ways ANOVA with Bonferroni post-test correction.

*=p>0,05

**=p<0,01. C,D : .Annexin V test for Apoptosis. The arrow indicates the strong increase in

apoptosis with the combination of Everolimu and GDC0941 in Mel202 only. Pictures are representative of a

duplicate.
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On the basis of the highest synergy score and of the strongest effects on induction of
apoptosis on cell line Mel202 we selected Everolimus and GDC0941 combination for
validation of pro-apoptotic effects using the entire panel of UM cell lines. MP38,
MP41, MP46, MP65, MM28, MM66, 92.1, Mel202, OMM1, and OMM2.5 were tested
by Western Blot analysis of cleaved PARP in the same experimental condition
previously used to test apoptosis in Mel202 cells. A strong induction of cleaved PARP
was found with the GDC0941/Everolimus combination compared to single treatments
in Mel202, 92.1, MM66, MP65 and OMM2.5.In OMM1 combination did not result in
an increase of the apoptosis induced by single agents. In the remaining cell lines no
apoptotic effects of either single of combination treatments were observed.
Importantly, no synergy could be detected in Mel285, a GNAQ, GNA11 wild type
uveal melanoma cell line and Melan3, a primary uveal melanocyte cell line (Fig.8).

MP38 MP41 MP46 MP65 MM28 MM66
e -+ - 4+ -+ - 4+ -+ - 4+ P3Ki
ST - RO~ - SRR - (g < - = + 4+ - - + + - - 4+ 4+ mMTORI
cPARP - — - —— - -
actin | e - - ———— - ——————— — — — — w—
controls
A
I \
92.1 Mel202 OMM1 OMM2.5 Mel285 Melan3
B T T S -+ -+ -+ -+ -+ -+ PI3Ki
I s T S . S 2 - - 4+ 4+ - -+ 4+ - - + + mTORI
cPARP —_ - - — ’ — ———

ACHN | - v - — st — l ————————— — - —— ‘

Figure 8. Assesment of apoptosis induced by the association of GDC0941 and Everolimus.
Lysates of MP38,MP41,MP46,MP65,MM28,MP66,92.1, Mel202,0MM1,0MM2.5 were
assessed for cleaved PARP by immunoblotting after 72h exposure to 2,5uM GDC0941, 2,5uM
Everolimus or the association of the two. Mel285, an uM cell line wild type for GNAQ/11 and
Melan3 (a primary line of human uveal melanocytes) were used as control.
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V. DISCUSSION

In this study we have used a simple pipeline to assess drug synergy in cell lines in
order to identify potential effective combination strategies for UM patients. We have
included seven drugs affecting signaling pathways recognized to be deregulated in
UM patients. The experimental procedure in our screening combines 2 drugs at a fix
and constant ratio, at concentrations at which the single drugs display comparable
efficacy. This allows the evaluation of the synergistic effects of two-drugs regimens in
vitro. In order to screen a relevant number of combinations on a panel of 10 lines we
decided to test the drugs simultaneously. Our data show that the mTOR inhibitor
Everolimus and the PI3K inhibitor GDC0941 synergistically induce a strong apoptotic

effect in a half of the tested cell lines.

Some previous studies have addressed the in vitro (and some cases in vivo) efficacy

of this drugs mainly in monotherapy regimens.

MEK inhibitors Trametinib and Selumetinib as well as PKC inhibitor Sotrastaurin have
demonstrated a selective activity on GNAQ GNA11 mutated UM (Khalili et al., 2012b;
Mitsiades et al., 2011; Wu et al., 2012). A clinical trial has proved an improvement in
progression free survival in patients treated with Selumetinib compared to a control
group treated with Temozolomide (Carvajal RD et al., 2014) but without impact on
overall survival. Clinical trials with PKC inhibitor Sotrastaurin (NCT01430416) and
MEK inhibitor Trametinib (NCT01979523) are ongoing (Piperno-Neumann et al.,
2014).

The PI3K/AKT/mTOR pathway has been suggested to play a key role in UM
(Ambrosini et al., 2013a; Abdel-Rahman et al., 2006; Babchia et al., 2010a; Bao et
al., 2012; Ye et al., 2008; Musi et al., 2014b). The effect of PI3K inhibitors on UM cell
lines has been addressed by testing LY294002, GSK2126458, and BYL791; the last
two compounds were shown to be more potent on GNAQ/11 mutated cell lines
compared to wild type counterparts (Babchia et al., 2010a; Khalili et al., 2012b; Musi
et al., 2014b).
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Lefevre et al. (Lefevre et al.,, 2004) have reported a rather limited effect of AKT
inhibiton on UM cell lines, while MK2206 AKT inhibitor has been demonstrated to
selectively reduced viability in GNAQ/11 mutated models (Ambrosini et al., 2013b;
Babchia et al., 2010b). In our hands, the AKT inhibitor Perifosine showed a limited

effect on UM cell line viability.

MTOR inhibition with Rapamycin on UM cell lines has been described by Babchia et
al., who reported limited activity of the compound but efficacy of the combination with
LY94002 on one GNAQ mutated cell line (Babchia et al., 2010b). The efficacy of the
ATP competitive mTOR inhibitor AZD8055 in a xenograft model, without evidence of
apoptotic effects in vitro, has been also reported (Ho et al., 2012). The PI3K inhibitor
we decided to test is GDC0941 a potent PI3K inhibitor highly selective for a/d with a
modest effect on pl10B and pl10y. We also selected for evaluation an agent
targeting PIBK/mTOR pathway on a wider range of targets: BEZ235 a p110a/y/d/3
and mTOR inhibitor, which targets with a lower affinity ATR and show a poor
inhibitory effect of Akt and PDK1. Everolimus was selected for our screening based
on the significant tumor growth inhibitory effects on 4 UM PDXs (Amirouchene-
Angelozzi et al., 2014). In vitro analysis showed that Everolimus displays cytostatic
effects, and therefore drug combination seems necessary to improve its efficacy.
Clinical trials with Selumetinib and Sotrastaurin showed as well a limited response:
Selumetinib slightly increased disease free survival but did not affect overall survival
(Carvajal RD et al., 2014). Sotrastaurin has been shown to display a limited efficiency
in patients and combination with the MEK inhibitor MEK162 is being tested in a
clinical trial (NCT01801358). AKT inhibitor GSK2141795 is also being tested in

association with Trametinib.

Among the most synergistic combinations that we selected for further in vitro
characterization two of them associate Everolimus, a cytostatic inhibitor of mTOR.
The effect of Everolimus is relatively constant for a wide range of concentrations, as
previously seen from sensitivity curves (Amirouchene-Angelozzi et al., 2014). On the
contrary treatment with the other compounds tested resulted in sigmoidal shaped
sensitivity curves with a narrower efficacy window. On the basis of our experimental
pipeline effective concentrations of the second drugs were associated with high
doses of Everolimus, even if lower doses of this compound have been proved to be
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effective. Therefore, we decided to validate our results using a matrix of doses with
the goal of investigating the minimal doses at which the synergy is effective and
evaluating the possible dependency of the synergy on specific ratios of

concentrations between the two compounds.

We have used a panel of 10 lines repre sentative of the disease in terms of somatic
mutations. Half of them are mutated for GNAQ and the other half for GNA11. 4 cell
lines have a loss of expression of BAP1, while two presented either an SF3B1 or an
EIF1AX mutation. Half of the cell lines were issued directly from patients and the
other half from PDXs, and finally half of them were derived from primary tumors and
the other half from metastasis. Even if the number of cell lines could not allow
performing statistical analysis with stratification for the different variables no
correlation could be observed between response to the different combinations and

mutational status.

Interestingly MM28, a BAP1 mutated, GNA11 mutated cell line, presented a profile of
widespread antagonism. MM28 are slow cycling cells (doubling time: 109h). Although
this might contribute to the phenotype observed another slow cycling BAP1 mutated
GNA mutated cell line, MP65 (doubling time 120h) display a completely different
behavior, suggesting that doubling times cannot explain this results. A comparative
pathway activation analysis by RNA or proteomic analysis comparing MM28 cell line

with the others could be very informative.

The combination of PI3K and Everolimus as well as the combination of PI3K and
BEZ235 resulted in the highest average bliss ratio synergy scores. GDC0941 targets
selectively PI3K subunits a/6 , BEZ 235 on the contrary also targets y/f PI3K subunits
and mTOR and it is capable of inhibiting both TORC1 and TORC2 complexes.
Combination of Everolimus and GDC0941 resulted in synergistic effects very similar
to those found with Everolimus and BEZ235 association. This suggests that the
synergy derives from the effect of either GDC0941 or BEZ235 on PI3K subunits
o/d and that inhibition of TORC2 does not contributes to the synergy. For these

reasons the combination with BEZ235 was not validated further

The combination of Everolimus and GDC0941 resulted in a strong increase of

apoptosis on half of the cell lines tested. Babchia et al. have shown that the
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synergistic effects of LY294002 and Rapamycin on 92.1 are related to the inhibition
of the feedback of mTOR on AKT (Babchia et al., 2010b). We have previously
reported (Amirouchene-Angelozzi et al., 2014) that on the tested cell lines AKT
phosphorylation is low compared to tumor cell lines that have constitutive activation
of AKT. The resistance of the UM cell lines to the AKT inhibitor Perifosine suggests
that a rebound of mMTOR inhibition on AKT phosphorylation is not the principal
mechanism explaining the synergy. However this may seem to be in contradiction
with the efficacy of GDC0941. Understanding the molecular basis of the synergy
between Everolimus and GDC0941 would require wide unbiased analysis using

transcriptomic or proteomic approaches.

Although the combination of PI3K inhibitors with Selumetinib was also found
synergistic the bliss scores and apoptotic fractions were lower than those obtained
with the combination with GDC0941 and Everolimus. Khalili et al showed a very
strong increase of apoptosis on cell line Mel202 with the combination of
GSK2126458 PIBK/MTOR inhibitor and Trametinib (Khalili et al., 2012b). A large
inhibition of PIBK/mTOR pathway could explain the effect of this combination. In our
hands combination of BEZ235 and Trametinib did not show a significant synergy, and
the synergistic effects of GDC0941 and Trametinib were lower than what found with
Selumetinib. Moreover the PI3K inhibitor used by Khalili might affect other targets
than those affected by BEZ235. It would be interesting to evaluate the induction of
apoptosis with combinations of all these compounds. The combination of Selumetinib
and Everolimus resulted in a modest increase in apoptosis. This is in line with the
results of Ho et al. showing a modest increase of SubG1 fraction with the same
combination. These authors show a modest (10 to 15%) increase of apoptosis with
the combination of Selumetinib with an ATP competitive inhibitor AZD8055 (Ho et al.,
2012). However the model tested, OCM1, is a BRAF mutated cell line. Other
combinations reported as synergistic include PKC/MEK inhibitors and PKC/PI3K
inhibitors. The PKC inhibitor Sotrastaurin has been tested by Chen et al. with MEK
inhibitors MEK162 or PD0325901. These combinations were shown to be synergistic
on GNAQ/11 mutated cell lines and resulted in tumor regression in a 92.1 xenograft
mouse model (Chen et al., 2013). In our study the combination of Sotrastaurin with

either Selumetinib or Trametinib resulted in modest synergies. This suggests that the

135



effects might be compound dependent. Sotrastaurin and BYL719 in the study of
Musi et al. showed an increase in apoptosis but the effect is modest (maximum with
92.1 with 9% of SubG1 fraction with the combination) (Musi et al., 2014b).

Obviously the next step of this work will be to evaluate in vivo the most promising
combinations identified in our screening and specially the combination Everolimus
and GDCO0941. For this purpose we have access to a unique panel of UM PDXs.
Confirmation of our in vitro data in relevant in vivo models will hopefully allow the

implementation of clinical trials using rational combination of drugs.
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Supplementary Figure 1. Synergy table for the 20 drug associations tested.

Supplementary Figure 2. Representative profiles of cell cycle analysis after
72h incubation with Everolimus, GDC0941, Selumetinib or 2 drugs
combinations of those compounds. Cell cycle profiles are representative of 3
independent experiments. Mean and Standard Error of the Mean are showed within
each graph. Arrows indicates subG1 peaks.
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CONCLUSIONS AND PERSPECTIVES

We have established a panel of 7 human UM cell lines representative of the genetic
landscape of the disease. This panel has been used as a tool to discover effective
therapeutic strategies for UM. First, we have focused our interest on the PIBK/mTOR
pathway and we have assessed the effects of the mTOR inhibitor Everolimus on UM

cell viability.

Interestingly we obtained significant tumor growth delay in vivo by using 4 different
UM PDX models. Given the relative resistance of these tumors these data are
promising and could justify the assessment of Everolimus in clinical trials. Everolimus
is already approved by FDA and EMEA for renal cell carcinoma after failure of anti
VEGF therapy, for Advanced ER+, Her2- breast cancer in combination with
Exemestane, and for progressive PNETSs; the set-up of a clinical study on
Everolimus would be therefore less challenging than for other inhibitors of the
PIBK/mMTOR pathway. We have recently found one PDX model completely resistant
to Everolimus and this gives the opportunity to investigate and identify potential

biomarkers predicting the response to this drug.

The promising in vitro data showing that Everolimus and a MEK inhibitor
synergistically affected the viability of some UM cells led us to proceed to a drug
combination screening by using inhibitors targeting the major pathways deregulated
in UM. This screening is based on the concept of synergy, or increase of the effect of
a drug by its combination with a second one, and it lays on the hypothesis that this
drug have already a good efficacy in the disease. If two drugs of a combination
display already selectivity on their own it is highly probable that the synergy will be
also specific. On the contrary it might be even higher on normal cells thus resulting in
potential side effects. In this way, the use of control cells (GNAQ/11 wild type, normal
melanocytes) may help in assessing specific effects. However melanocytes grow
very slowly and other physiologic cell lineages might possess activated pathways that
could make them even more susceptible to active targeted drugs, and even more

susceptible to the synergy.
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Testing in these combinatorial assays drugs that are already proved as promising in
vivo or in clinical trials increases the chances of finding non-toxic, effective
combinations. We performed our combination screening on a small non-automated
way. Indeed the pipeline we propose has shown to be quite effective and the same

principle could be applied on a wider scale with a robotic approach.

We have found that half of the models tested in vitro are highly susceptible to
undergo apoptosis when PI3K inhibitor GDC0941 is added to Everolimus. The
molecular mechanism of this effect has not been assessed yet, although preliminary
results suggest that a feedback on AKT is not responsible for the synergy. The
variability in apoptotic effects on our cell lines suggest that different classes of UM
might exhibit variable susceptibility to the combination. It is therefore crucial to
investigate the molecular basis of Everolimus-GDC0941 synergy. Finally in vivo tests
conducted in our panel of UM PDX models are necessary to further evaluate the

efficacy of the combination.

4 of our established cell lines are BAP1 deficient. These cell lines are to date the
only in vitro models of UM to display this phenotype. Since BAPL1 is lost in about 80%
of metastasizing tumors, and as a consequence in a similar percentage of UM
metastasis, selective targeting of these cell lines could represent an effective strategy
for the therapy of metastatic UM. Ashworth et al. have shown the possibility to target
the loss of tumor suppressor genes with synthetic lethality. Cancer cell harboring
homozygous inactivation of either BRCA1 or BRCA2 genes are selectively killed by
PARP inhibitors (Farmer et al., 2005). The same strategy could be applied in UM.
High Throughput siRNA or drug screening could identify a genetic or molecular target
whose function is necessary for cell viability in the absence of BAP1 but whose
inactivation could be tolerable in cells with wild type BAP1. Such a strategy could

spare toxicity in normal cells, while specifically targeting cells with BAP1 loss.

Having “naturally mutated” cell lines with BAP1 loss is essential, and an attempt to
artificially modulate BAP1 expression in wild type cells is unlikely to serve in this
purpose. In our experience we did not observed an evident morphological difference
in BAP1 mutated cell lines, as might be suggested by studies on knock down of

BAP1 UM cells. Harbour et al. describes upon RNA interference mediated
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knockdown of BAP1 on 92.1 the development of “a rounded epithelioid morphology,
and cell growing as multicellular non-adherent spheroids” (Harbour et al., 2010). We
did not observe such characteristics in BAP1 mutated cells compared to wild type.
Moreover the knock down of BAP1 in wild type cells is reported to block cell cycle in
cell lines infected stably with specific short-hairpin RNA (Matatall et al., 2013). We
have observed the same phenomenon in our laboratory. Moreover Matatall reports
the overcome of cell cycle block in 4 weeks, which might suggest that the protein is
re-expressed at least at low levels or that other mutations allow to compensate for
the loss. This might add another element of artificiality and preclude any comparison

between manipulated cells and their wild type counterparts.

A trend towards longer doubling times in the BAP1-loss subgroup is observed in our
cellular models. This would go against the intuitive idea that a more aggressive tumor
cycles faster. Interestingly we could not observe fast growing BAP1 mutated PDXs, in
comparison with wild type PDXs (personal communication of Dr. Nemati). An
histopathological study on cell cycle markers as Ki67 or estimators of cell cycle
distribution (Yanagita et al., 2012) could address this question in the clinical setting.
Indeed this could be a possibly explanation for the chemoresistance showed by UM

metastasis treated with classical alkylating agents.

In our drug study no pattern of response was clearly found to be related to BAP1
status. But 4 models are not sufficient for effective statistical comparisons. Therefore
more BAP1 models have to be established for solid statistical inference on in vitro
tests.

Interestingly one of the cell lines displaying BAP1 protein loss, MP46, does not show
any mutation of BAP1. BAP1 mutations were identified in patient DNA with an a
heteroduplex detection method (Laurent et al., 2013). Deep sequencing can
increase the odds of finding an undetected mutation, however it is possible that
alterations in non-coding regions or epigenetic alterations could be responsible for
the phenotype. The percentage of UM displaying BAP1 loss without a known
mutation in the BAP1 gene is still unknown, although it is probably a quite rare

phenomenon (Koopmans et al., 2014). A report on clear cell carcinoma indicates a
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similar situation in clear cell renal cancer with BAP1 loss. A study on 25 samples with
negative BAP immunohistochemistry resulted in only 22 tumors with assessed BAP1
mutation. Tracking back BAP1 expression in MP46 (BAP1 mRNA, activation status of
the promoter) could offer new insights on the possibility of alternative mechanism of

BAP1 silencing.

Our BAP1-deficient cell lines are a valuable tool to study BAP1 functions in UM. The
difference in the phenotypical expression of BAP1 deficiency in different pathologic
contexts (hereditary tumor syndrome with germ-line mutations of BAP1, aggressive
UM and clear cell carcinoma, BAP1 mutated mouse models of Myelodysplastic
syndrome) indicates that the functions and possibly the players interacting with BAP1
are different in different cells. Our cell lines represent the perfect instrument to
investigate the functions of BAP1 in the specific context of aggressive UM. Indeed
the putative functions of BAP1 in tumor progression and tumor invasivity would find in

our model the perfect ground for in vitro experimentation.

In our study we could assess only 2 SF3B1 mutated cell lines and only one which
bears a mutation of EF1AX. Two of those cell lines have been developed by other
laboratories several years ago. No other cell lines bearing SF3B1 or EF1AX
mutations is known, and targeted sequencing of all the available UM cell lines could
increase the possibilities of assembling panels of cell lines which allow to

discriminate SF3B1 or EIF1AX dependent phenotypes as well.

In conclusion we have provided the scientific community of an indispensable tool for
the study of UM and BAP1, we have proposed a highly effective pipeline for the study
of drug synergy in vitro and we have identified Everolimus, alone and in combination
with PI3K inhibitor GDC0941 as a promising strategy in the treatment of advanced
UM.
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Everolimus, possibly in combination with other agents, may be considered as a therapeutic
option for the management of uveal melanoma.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Uveal melanoma (UM) is the most frequent and aggressive
ocular primary tumor in adults with approximately 5 new
cases per million per year in the United States and in Europe
(Mallone et al., 2012; Singh et al., 2011). Even if local control
rate with photon radiotherapy exceeds 90% at 10 years
(Dunavoelgyi et al., 2011) enucleation remains the treatment
of choice for large tumors (Singh and Topham, 2003; Singh
et al.,, 2011). Up to 50% of patients develop metastasis, which
occur only via hematogenous spread because of the absence
of lymphatic drainage of the eye and are rarely detected at
the time of initial diagnosis (2—4% of the patients)(Harbour
and Chen, 2013). In 90% of cases, metastatic spread involves
the liver usually leading to death within a few months despite
medical treatment (Gragoudas et al,, 1991). Currently, no
effective adjuvant therapy is available to prevent metastases,
neither is there any effective treatment once metastases have
developed.

Genome-wide genetic analysis (Trolet et al., 2009) and
expression profiling (Onken et al., 2004) divide UM in two
subgroups according to the risk of metastatic spreading.
UM at high risk for metastasis are associated with mono-
somy of chromosome 3, loss of 6q and gain of 8q (Trolet
et al., 2009). Although occurring in the same cell lineage,
uveal and skin melanomas represent different diseases:
we have recently demonstrated that uveal melanomas
display a remarkably low mutation burden with ~2000 pre-
dicted somatic single nucleotide variants per tumor and low
levels of aneuploidy. Moreover, no ultraviolet radiation
DNA-damage signature has been found in UM (Furney
et al., 2013) and BRAF or NRAS mutations commonly found
in cutaneous melanoma are not observed in UM (Cohen
et al.,, 2003; Cruz et al,, 2003; Edmunds et al., 2003; Kili¢
et al,, 2004; Rimoldi et al., 2003; Weber et al., 2003). Mutually
exclusive mutations in the GNAQ/11 genes activating the
MAP kinase pathway have been described in the majority
of UM (Van Raamsdonk et al., 2010, 2008). Although GNAQ/
11 mutational status is not correlated with disease-free sur-
vival, these mutations are considered oncogenic drivers and
consequently potential good targets for therapeutic inter-
vention. Inactivating mutations of the tumor suppressor
BAP1 occur in ~85% of aggressive tumors and are associ-
ated with metastatic disease (Harbour et al., 2010). Recently,
exome and whole genome sequencing of uveal melanomas
identified recurrent mutations in SF3B1 (Furney et al.,
2013; Harbour et al., 2013; Martin et al., 2013), which en-
codes a component of the spliceosome, and in the transla-
tion initiation factor EIF1AX (Martin et al., 2013). SF3B1 and
EIFIAX mutations are inversely correlated with

chromosome 3 monosomy and associated with good prog-
nosis (Furney et al, 2013; Harbour et al., 2013; Martin
et al., 2013).

The currently available UM cell lines do not completely
reflect the genetic alterations recurrently found in UM
(Griewank et al., 2012). Some cell lines display BRAF muta-
tions, which are not found in UM samples and to our knowl-
edge no UM cell line harboring BAP1 mutations, which
represent a hallmark of aggressive UM, have been described
so far. The first goal of our study was to develop cellular
models of UM representing the genetic landscape (genetic al-
terations and mutations) of this disease, to provide a good
model for assessing the efficacy of new drugs and drug combi-
nations. Next we looked at the activation status of PI3K/mTOR
signaling pathway and assessed the effect of Everolimus on
cell viability. Last, to provide in vivo data, we examined the ef-
fect of mTOR inhibition using several previously described
patient-derived UM xenografts (Némati et al., 2010).

2. Material and methods
2.1. Tumor samples

Eighty-seven tumor samples were obtained either from pa-
tients (60 from primary tumors and 13 from metastasis) or
from 14 patient-derived xenografts (PDXs), which were estab-
lished as described (Némati et al., 2010). All patients had pre-
viously given their informed consent for experimental
research on residual tumor tissue available after histopatho-
logic and cytogenetic analyses.

2.2. Establishment of uveal melanoma cell lines

Fresh or DMSO frozen tumor samples obtained from patholo-
gists were mechanically fragmented, passed in a 40 M Nylon
filter and resuspended in RPMI 1640 (Gibco, France), supple-
mented with 20% (vol/vol) fetal bovine serum (FBS, Invitrogen,
France), 100 U/ml penicillin and 100 ug/ml streptomycin (P/S,
Invitrogen, France). Once cell lines showed unlimited prolifer-
ation and were cultured for more than 40 passages, they were
considered established. Optic microscopy images were taken
with a Leica DM IL microscope and a Nikon DS-L1 camera.

2.3. Cell culture

92.1 (De Waard-Siebinga et al., 1995), Mel202 (Ksander et al.,
1991), were purchased from The European Searchable Tumour
Line Database (Tubingen University, Germany). OMM1,
OMM2.5 (Luyten et al., 1996; Chen et al., 1997) were kindly
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provided by P.A. Van Der Velden (Leiden University, The
Netherlands). Cell lines were cultured in RPMI-1640 supple-
mented with 20% (MM28, MM33, MP46, MP41, MP65, and
MME66) or 10% (Mel202, OMM1, and OMM2.5) FBS (Life Technol-
ogies), Penicillin 100 U/ml — Streptomycin 100 pg/ml (Life
Technologies). All cell lines were tested for Mycoplasma and
proved to be Mycoplasma free. Cell lines were maintained in
a humidified atmosphere (5% CO,) at 37 °C. All cell lines
were genotyped: Short Tandem repeat Polymorphism (STR)
profiles of 92.1, Mel202, OMM1, OMM2.5 matched at 100%
those presented in reference (Griewank et al., 2012).

2.4. Chemicals

mTOR inhibitor Everolimus/Rad001, MEK inhibitor GSK1120212,
and AKT inhibitor KRX-0401 were supplied by Euromedex
(France) and dissolved in DMSO (Rad001,GSK1120212) or
ethanol (KRX0401) at 10 mM and stored at —20 °C.

2.5. Cell viability assays

We determined cell viability usinga colorimetric assay based on
3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT; M-2128, Sigma) as explained previously (Marty et al.,
2008). Cells were seeded at appropriate concentration in 96-
well plates at day 0 (MM28:3500 cells/well; MP38:8000 cells/
well; MP41:1500; MP46:6000 cells/well; MP65:8000 cells/well;
MM66:6000  cells/well;  92.1; Mel202:4000 cells/well;
OMM1:1500 cells/well; OMM2.5:3500 cells/well); drugwas added
to the medium at day 2 and cell viability tested by MTT assay at
day 7. Results are expressed as relative percentages of metabol-
ically active cells compared with untreated controls. Drug
sensitivity curves were calculated using GraphPad Prism 4.

2.6. Genomic analysis

The DNA was extracted from cell pellets using a standard
phenol/chloroform procedure. The total RNA was isolated
from cell pellets using a miRNeasy mini kit (Qiagen, Courta-
boeuf, France).cDNA synthesis was performed with MuLV
Reverse Transcriptase in accordance with the manufacturers’
instructions (Invitrogen, Cergy-Pontoise, France) and quality
verified on an Agilent 2100 bioanalyzer. For Sanger
sequencing, gDNA was amplified by PCR and the products
were sequenced using dye-terminator chemistry as previ-
ously described (16). Primer sequences for BAPI1, GNAQ,
GNQ11, SF3B1 and EIF1AX are available upon request. Se-
quences were visualized using Sequencher software. To
perform Loss of heterozygosity and copy number analysis
and to detect other abnormalities, genetic analyses of the
cell lines were done using Affymetrix Genome-Wide SNP Ar-
rays 6.0. or Cytoscan HD (Affymetrix, High Wycombe, UK).
DNA was used to perform Affymetrix Human mapping SNP
6.0 assay as described in (Tuefferd et al., 2008) or Cytoscan
assay according to the manufacturer’s protocol at the Institut
Curie microarray core facility. Genetic profiles were compared
to the profiles of the corresponding tumors and PDXs by Chro-
mosome Analysis Suite (Affymetrix). To perform Short Tan-
dem repeat Polymorphism (STR) analysis GenePrint 10

system kit (Promega, France) was used according to manufac-
turer’s instructions.

2.7. Cytopathologic analysis

Cells were fixed in a 4% formalin solution and embedded in
paraffin. 4 pm sections were cut from the embedded blocks,
and then dewaxed for immunostaining. Heat-induced epitope
retrieval was performed at 97° for 20 min in EDTA buffer pH 9.0
(Dako S2367). Mouse antihuman BAP1 antibody (monoclonal
mouse anti BAP1 (C4) Santa Cruz Biotechnology, Inc, Santa
Cruz, CA) was applied for 1 h at a concentration of 1:200. For
antibody revelation polymer HRP (DAKO Envision, Denmark)
was used followed by application of di-aminobenzidin (DAB)
for 5 min. The immunostaining was performed on a Dako
Autostainer Platform. A brown coloration of nuclear localiza-
tion of strong intensity was observed in the presence of the
protein. Cell nuclei were counterstained with Herris’ Hema-
toxylin. Epithelial cells of normal breast glands were used as
positive control for BAP1.

2.8. Western blotting

Tissue lysates were loaded onto gels, transferred to nitrocellu-
lose and revealed as described (Marty et al., 2008). Quantifica-
tion was performed using a LAS-3000 Luminescent Image
analyzer and Image Gauge software (Fuji, FSVT, Courbevoie,
France). Beta-Actin was used for normalization between sam-
ples and detected using anti-beta-actin primary antibodies at
the dilution of 1:5000 (Sigma—Aldrich, Saint Quentin Fallavier,
France). AKT, phospho-AKT (S473), phospho-AKT (T308), S6,
phospho-S6 (Ser 235/236) (Cell Signaling Technology, Ozyme,
Saint Quentin en Yveline, France) and BAP1 (C4) (Santa Cruz
Biotechnologies) antibodies were used at 1:1000 dilution.

2.9. In vivo antitumor efficacy of an mTOR inhibitor

Female SCID mice were grafted with a tumor fragment of
15 mm?. Mice bearing tumors with a volume of 40—200 mm?
were individually identified and randomly assigned to the
control or treatment groups (6—10 animals per group). Num-
ber of mice used were respectively: for PDXs MP34: 8 mice
for the control group, 8 for the treatment group; for PDXs
MP41: 10 mice for controls and 9 for the treatment group; for
PDX MP55: 10 mice for the control group and 8 mice for the
treatment group; for PDX MP46: 8 mice for the control group
and 6 for the treatment group. Mice were weighed twice a
week. Tumor volumes were calculated by measuring two
perpendicular diameters with calipers. Xenografted mice
were sacrificed at the end of treatment or when their tumor
reached a volume of 2000 mm?. Each tumor volume (V) was
calculated according to the following formula: V = a x b%2,
where a and b are the largest and smallest perpendicular tu-
mor diameters. Relative tumor volumes (RTV) were calculated
with the following formula: RTV = (V,/V,), where V, is the tu-
mor volume on day x and V; is the tumor volume on the first
day of treatment. Growth curves were obtained by plotting the
mean values of RTV on the Y axis against time (X axis,
expressed as days of treatment). Antitumor activity was eval-
uated according to tumor growth inhibition (TGI), calculated
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with the following formula: percent TGI = 100 — (RTVY/
RTVc x 100), where RTVt is the median RTV for a treatment
group and RTVc is the median RTV for its control group at
the end of the therapy. mTOR inhibitor (Everolimus) was
reconstituted in PEG300/HPBCD/Glucose 5% (10/10/80), and
administered PO at a dose of 2 mg/kg 3 times a week, for
4—6 weeks. In all in vivo experiments, mice of the control
groups received 0.2 ml of the drug-formulating vehicle with
the same schedule as the treated animals. The experimental
protocol and animal housing were in accordance with institu-
tional guidelines as put forth by the French Ethical Committee
(Agreement C75-05 — 18, France), and the ethics committee of
the Institut Curie that approved this project.

2.10. Expression of tumor-specific antigens

Expression of tumor-specific antigens was assessed by reverse
transcription-PCR on RNA extracted from cellular culture as
described (Némati et al., 2010).

2.11. Assessment of synergy in drug combination
experiments

Synergy computed as excess over Bliss (Straussman et al.,
2012) was assessed by calculation, for each combination of
doses tested, of its fractional inhibition value (1 — fraction of
viable cells compared to controls) and by successive subtrac-
tion of the fractional inhibition value calculated according to
the Bliss independence model. Therefore Excess over
Bliss = ¢ — (a + b — 2*a*b) where a is the fractional inhibition
obtained with an x concentration of drug A, b is the fractional
inhibition obtained with an y concentration of drug B and c is
the fractional inhibition obtained with x concentration of drug
A combined with y concentration of drug B. Synergy calcu-
lated as Combination Index was obtained using Chu and Tala-
lay median-effect equation (Chou, 2006) with the software
Compusyn ComboSyn, Inc., Paramus, NJ. USA, 2005 (Chou,
2010).

2.12. Statistical methods

For in vitro experiments 95% Confidence Intervals on 3 inde-
pendent replicates were calculated to assess statistical signif-
icance for synergic effects of drug combinations. For in vivo
experiments the statistical significance of the difference be-
tween calculated RTVs for treatments versus control groups
was calculated by the two-tailed Student’s t test.

3. Results
3.1 Establishment of UM cell lines

We have established 7 UM cell lines: 2 of them, MP38 and
MP65, were obtained directly from human primary tumors
(success rate of 3%), 3 cell lines derived from PDX models
(Némati et al., 2010) of liver (MM28 and MMG66) or skin
(MM33) metastasis, while MP41 and MP46 derived from PDX
models of primary tumors (See Table 1). MP38 and MP65
display a fusiform morphology, MP41 shows a predominant

epithelioid appearance while MP46, MM28, MM33 and MM66
have a mixed morphology (see Figure 1). All the cell lines are
adherent with MM66 having a minor component growing in
suspension. Estimated doubling times (shown in Table 1)
ranged between 40 and 120 h.

3.2. Characterization of UM cell lines

Copy number and SNP profiles were generated for each cell
line and compared to the profiles obtained from the tumors
of origin (patients or PDXs). DNA arrays profiles are repre-
sented in Supplementary Figure 1. Genotype analysis by Affy-
metrix mapping SNPs arrays confirmed the overall
conservation of chromosome alterations between cell lines
and corresponding tumor specimens, in particular for chro-
mosomes 1, 3, 6, 8 and 16 whose status are known to have
an impact on classification and prognosis of the disease
(Couturier and Saule, 2012; Harbour, 2012). Six cell lines
display loss or LOH of 1p or gain of 1q; five cell lines display
chromosome 3 monosomy or isodisomy. Five cell lines show
gain of 6p and loss or LOH of 6q and one shows loss of 6q
only. A gain of 8q was observed in six cell lines except for
MP38, with three showing also 8p loss. Loss of 16q was found
in four cell lines.

As shown in Table 1 all cell lines harbor mutually exclusive
mutations in either GNAQ or GNA11 as occurred in the corre-
sponding tumor of origin: GNAQ c.626A > C; p.GIn209Pro in
MM33 and GNAQ c.626A > T p.Gln209Pro in MP46 and MP38,
while MP41, MP65, MM28 and MM66 bear GNA11 mutations
(GNA11 c.626 a > T; p.GIn209Leu). MP38, MP65, and MM28
display loss of function mutations of the BAP1 gene associated
with LOH of chromosome 3 as follows: MP38 harbors a dele-
tion of 14 bp (c.68-9_72del) leading eventually to the loss of a
splice site. MP65 displays a frame-shift deletion of 1 pb
(c.1717del; p.Leu573TrpfsX3) and MM28 harbors a BAP1 point
mutation (c.1881C > A; p.Y627). Western blot showed expres-
sion of BAP1 in MP41, MM33 and MM66 cell lines and absence
of the protein in the 3 BAP1 mutated cells and in MP46
(Figure 2). The expression of BAP1 was also checked by immu-
nocytochemistry (data not shown) confirming nuclear locali-
zation of BAP1 in MP41 M33 and MM&66 lines, and absence of
nuclear staining in the remaining cell lines. A strong BAP1 nu-
clear staining was observed as well in a series of previously
described UM cell lines including 92.1, Mel202, OMM1, and
OMM2.5 (Griewank et al., 2012).

All the cell lines established in this study as well as cell
lines received from other laboratories were tested for known
SF3B1 mutations. Only Mel202 proved to be mutated for
SF3B1 (c.1793c > T; p.Arg625Gly). EIF1AX gene were also tested
atexons 1 and 2 and proved mutated in cell lines MM33 (c.22G/
A; p.Gly8Arg) and 92.1 (c.17G/A; p.Gly6Asp). Short Tandem
repeat Polymorphism (STR) genotyping was performed and re-
sults are reported in Supplementary Table 1.

The expression of 12 tumor-specific antigens (i.e., MAGEL,
MAGE2, MAGE3, MAGE4, MAGE6, MAGE10, MAGE-C2, LAGE1,
LAGE2, NA17, tyrosinase, and Melan-A) was assessed on cell
lines; data are shown in Supplementary Table 2. All the cell
lines except MM33 showed a strong expression of Tyrosinase,
NA-17 or both. Expression of MAGE and LAGE antigens was
found to be negative or very low in our cell lines except
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Table 1 — Characteristics of UM cell lines and Xenografts used in this study.

Model Origin Morphology Doubling Status of LOH of BAP1 BAP1 GNAQ GNA11 SF3B1 EIF1AX
time chromosomes 1; chromosome 3 mutations protein mutations mutations mutations mutations
3;6; 8 and 16 expression
MP38 Primary Tumor S 80 h L3qg; G8; L16q Yes?® €.68-9_72del No c.626a>T _ _ _
CL
MP41 PDX established M 41h L1p; Glq; L3; G6P; Yes® _ Yes _ c.626 a > A/T _ _
CL from Primary Tumor L6g; L8p; G8q; L16
MP46 PDX established M 110 h Glq; G6p; L6q; L8p; Yes _ No c626a>T _ _ _
CL from Primary Tumor G8q; L16g
MP65 Primary Tumor S 120 h Glq; G6p; G8 Yes c.1717del No _ C.626A > T _ _
CL
MM28 PDX established M 109 h L1p; Glq; L3q; G6p; Yes® c.1881C > A No _ C.626A > T _ _
CL from Liver L6qg; L8p; G8q; L16
Metastasis
MM33 PDX established S 91h G1; Gép; L6g; G8; G16 No Yes c626a>C _ _ c.22G/A
CL from Skin Metastasis
MM66 PDX established M 80h Glq; Lé6g; G8 No _ Yes _ C.626A > T _ _
@ from Liver
Metastasis
92.1 Primary tumor M 38 h der (X) t (X; 6)(q28; ND ND Yes c.626a > T _ = c.17G/A
CL pl1),+8¢
Mel202  Primary tumor M 43 h ND ND ND Yes €.629 G > A° _ c1793¢ > T _
CL
OMM1 Subcutis M 34h der(1)t (1; 3)(p31; ND ND Yes _ 626A > T¢ _ _
CL Metastasis p13),4+3[50%], add (8)
pll),add (16)(p12)©
OMM?2.5 Liver Metastasis M 50 h ND ND ND Yes c.626 a > C° _ _ _
CL
MP34 Primary tumor E 7d L1p; L6q Yes? _ Yes _ C.626A > T c.1793c > T _
X
MP41 Primary tumor e 15d L1p; G1q.L6q; L8p; No _ Yes _ 626 a > A/T _ _
X G8q; G16p; L16q
MP55 Primary tumor E 8d L3; G6p; Lq; G8p; G8q; Yes c.516C > G No _ Cc.626A > T _ _
X
MP46 Primary tumor M 11d Glgq; L3; G6p; L8p; Yes _ No c626a>T _ _ _
X G8q; L16q

Model: CL, cell line; X, Xenograft.
Morphology: S, spindle cell; M, mixed; E, Epithelioid.
Doubling time. h: hours; d: days.
ND: not determined.

3 As determined by Western Blot and Immunocytochemistry.
a Uniparental disomy of 3g.
b Uniparental disomy of chromosome 3.
¢ 92.1 and Mel202 were tested for GNAQ 626A > C, GNAQ 626A > T, GNA11 626A > T; the other data on GNA mutations were issued from (Griewank et al., 2012).
d (De Waard-Siebinga et al., 1995).
e (Luyten et al., 1996).

(4578

TONW

0ZST—80ST (+¥102) 8 ADOTOINO ¥VINIDI


http://dx.doi.org/10.1016/j.molonc.2014.06.004
http://dx.doi.org/10.1016/j.molonc.2014.06.004
http://dx.doi.org/10.1016/j.molonc.2014.06.004

MOLECULAR ONCOLOGY 8 (2014) 1508—1520

1513

Figure 1 — Morphological analysis of established uveal melanoma cell lines. Light microscopy image of UM cell lines showing predominant
epithelioid (MP41) spindle (MP38; MP65) or mixed morphology (MM28; MM33; MP46; MM66). MM28 (A), MM33 (B), MP38 (C), MP41 (D),

MP46 (E), MP65 (F), MM66 (G).

MP46 which exhibits a 20% and 100% expression of MAGE2
and MAGE3 respectively). This expression pattern corre-
sponds to what has been already described for the original
models and patients (Némati et al., 2010).

3.3.  Activation of mTOR pathway and effect of
Everolimus on UM cell lines

UM cells have been reported to display activation of the PKC,
MEK-ERK and PI3K/mTOR pathways (Abdel-Rahman et al.,,
2006; Khalili et al., 2012; Pépulo et al., 2011, 2010; Saraiva
et al., 2005). Clinical trials with PKC and MEK inhibitors are
in progress. The MEK inhibitor Selumetinib has been shown
to increase progression free survival compared to standard
of care, but failed to demonstrate a statistically significant

increase in overall survival (Carvajal et al., 2013). No clinical
data concerning the use of PI3K/mTOR inhibitors in UM have
been reported so far. Some in vitro studies have addressed
the effect of these inhibitors using UM cell lines but in a
BAP1-proficient context and sometimes with cell lines dis-
playing activating B-RAF mutations (Babchia et al., 2010; Ho
etal.,, 2012; Khalili et al., 2012). We therefore decided to assess
the activation status of PI3K/mTOR pathway on our panel of
cell lines, which recapitulate the genetic features of the
disease.

First, we tested the activation of the pathway on 2 BAP1
mutated (MP38 and MP65) and 2 BAP1 wild-type cell lines
(MP41 and MM66). BT20, a cell line displaying a PI3KCA muta-
tion conferring a constitutive activity to the kinase, was used
as control for the activation of PI3K/mTOR pathway. Analysis
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LR SNAp———— B-Actin

Figure 2 — Western blot analysis of BAP1 protein expression in UM
cell lines. Immunostaining on cell lines MM33, MP41 and MM66
reveals presence of the protein BAP1 while MP28, MP38, MP46 and
MP65 show loss of BAP1 protein expression.

of the phosphorylation of mTOR downstream target S6 ribo-
somal protein (El-Hashemite et al., 2003) showed an activa-
tion of mTOR pathway comparable to that of BT20, with
evidence of phosphorylation of the protein also after 24 h
of serum starvation in 3 out of 4 uveal melanoma cell lines
(Figure 3). Phospho-AKT was barely detectable on western
blot, and the ratio between phospho AKT and total AKT
was found dramatically low as compared to BT20 (Figure 3).
This suggests that mTOR activation of UM cell lines is not
dependent of AKT phosphorylation. In agreement with this
hypothesis, the AKT inhibitor Perifosine did not significantly
alter cell proliferation of UM cell lines (supplementary
Figure 2). Viability of 10 UM cell lines (MM28, MP38, MP41,
MP46, MP56 and MM66, 92.1, Mel202, OMM1 and OMM2.5)
was significant affected by Everolimus at relative low doses
even if a full inhibition of cellular viability was not reached
(Figure 4A). The slopes of curves obtained with Everolimus
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Figure 3 — Analysis of mTOR and AKT signaling pathway in UM
cell. UM cell lines were cultured for 24 h at different serum
concentrations. P(Ser473)-AKT, P(Thr308)-AKT, AKT, P(Ser235/
236)-S6, S6 and B-Actin were evaluated on cellular lysates by
Western blot analysis.

suggest a cytostatic rather than cytotoxic effect. As depicted
in Figure 4B, a dramatic reduction in S6 phosphorylation
could be observed in 6 different UM cell lines treated with
Everolimus at 1 nM. The most sensitive cell lines in terms
of cellular viability (MM66, OMM1 and OMM2.5) display the
higher reduction in S6 phosphorylation, whereas MP65 and
MP41 are the more resistant to Everolimus in terms of both
cell viability and S6 phosphorylation. However a statistically
significant correlation between the effect of Everolimus on
S6 phosphorylation and cellular viability in the different
cell lines could not be demonstrated. Altogether our data
demonstrate that UM cell lines display mTOR signaling acti-
vation and that Everolimus significantly affects cell prolifera-
tion at doses at which it inhibits mTOR downstream
signaling.

3.4. Everolimus effects in vivo

We then tested the effect of Everolimus in vivo using our UM
PDX panel previously characterized (Laurent et al.,, 2013;
Némati et al., 2010) that represents the genetic landscape of
UM as described above. Four models were tested for this pur-
pose: MP34, MP41, MP55, and MP46. Of note, we did not suc-
ceed in establishing cell lines from MP34 and MP55 PDXs.
MP34 displays a mutation in GNAQ and MP41, MP55, and
MP46 harbor GNA11l mutations. Two of them (MP46 and
MP55) do not express BAP1 protein as assessed by immuno-
histochemistry (Laurent et al., 2013). MP34 harbors an SF3B1
mutation. Mice were treated with Everolimus per os at
2 mg/kg 3 times per week for 4—6 weeks. As depicted in
Figure 5, treatment with the mTOR inhibitor resulted in a sig-
nificant tumor growth delay in the models MP41, MP55 and
MP34, with a Tumor Growth Inhibition (TGI) of 57%, 51%
and 47% respectively, and a moderate effect in MP46 with a
TGI of 38%. Taken together, our results show that Everolimus
significantly reduced tumor growth of uveal melanoma
in vivo.

3.5. Effect of combined MEK inhibitor and Everolimus on
UM cell proliferation

Given that tumor regression was not achieved with Everoli-
mus alone and since mTOR inhibitors have been reported
to have a rather cytostatic than cytotoxic effect (Weigelt
et al., 2011), combinatorial approaches need to be addressed
to implement efficient therapeutic schedules. MAPK inhibi-
tors clearly represent good candidates to be tested in combi-
nation with Everolimus in UM given that GNAQ/11 activating
mutations result in MAPK upregulated activity and this gene
is mutated in >85% of UM patients. Our data argue that the
MEK inhibitor Trametinib displays the lowest ICs, among a
panel of compounds tested on UM cell lines (data not shown).
Moreover, recent data testing MEK inhibitors in uveal mela-
noma metastatic patients were promising (Carvajal et al.,
2013). We, therefore, tested whether the MEK inhibitor
GSK1120212 (Trametinib) on the already described panel of
10 UM cell lines could enhance the in vitro efficacy of Evero-
limus. Figure 6 shows the effect of single drug and of the
combination on the 10 different cell lines. Analysis of syner-
gism was performed according to two different models: Bliss
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Figure 4 — Sensitivity of a representative panel of uveal melanoma cell lines to mTOR inhibitor Everolimus and effect of Everolimus on UM cell
lines viability. A. UM cell lines were treated for 24 h with different concentrations of Everolimus and P(Ser235/236)-S6, S6 and B-Actin assessed
by Western blot analysis. B. MM28 (GNAQ_11 mutated, BAP1 deficient) MP38 (GNAQ_mutated, BAP1 deficient), MP41 (GNA11 mutated),
MP46 (GNAQ_mutated, BAP1 deficient) MP65 (GNA11 mutated, BAP1 deficient), MM66 (GNA11 mutated), 92.1 (GNAQ_mutated, EIF1AX
mutated), Mel202 (GNAQ_mutated, SF3B1 mutated), OMM1 (GNA11 mutated), OMM2.5 (GNAQ_mutated) were seeded at adequate
concentration and incubated with the drugs for 5 days. Cell viability was quantified with the MTT assay. Results are expressed as the mean of at
least 3 separate experiments. Error bars represent standard errors of the mean.

independence (Keith et al.,, 2005) and combination Index
described by Chu (2006). Although both analyses gave roughly
the same results, the first method was more reproducible in
our hands and therefore only the data generated with it are
shown in Supplementary Figure 3. A significant fraction of
UM cell lines exhibited moderate synergy between Everoli-
mus and Trametinib supporting the development of combi-
natorial approaches with agents targeting MEK and mTOR
pathways in UM patients. This needs to be addressed in pre-
clinical in vivo models. Under our in vitro experimental con-
ditions, the combination of Everolimus and Trametinib did
not result in induction of apoptosis (examining cleaved
PARP by Western blot) in UM cell lines with the exception

of 92.1 cells in which Everolimus was shown to increase the
apoptosis induced by Trametinib (data not shown). Further
investigation is necessary to better understand the molecular
mechanisms resulting in the observed synergy of these two
compounds.

4, Discussion

Efficient management of UM patients requires a better under-
standing of the genetic and molecular abnormalities impli-
cated in the development and progression of this disease.
With the emergence of an armamentarium of targeted drugs,
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Figure 5 — Effects of mTOR inhibitor Everolimus in the growth of four UM PDXs in vivo. Growth curves of four human uveal melanoma
xenografts: MP46 (A), MP55 (B), MP34(C), and MP41(D), treated with Everolimus (A) per os at 2 mg/kg 3 times a week, or receiving vehicle ()
with the same schedule as the treated animals for 4 (MP46, MP55, MP34) to 6 (MP41) weeks. Tumor volume and RTV were calculated as
described in Materials and Methods. Growth curves were obtained by plotting mean RTV against time. Bars, SD. For the treated groups n = 6—8

mice; for the control groups » = 8—10 mice. P values calculated at the end of the treatment were < 0.05 for the four models.

in vitro and in vivo preclinical models for testing new drugs
and drug combinations is mandatory to rationally set up clin-
ical trials. We have recently described a panel of patient-
derived UM PDXs, which recapitulates the genetic features
of primary human UMs and exhibit genetic stability over the
course of their in vivo maintenance (Laurent et al., 2013;
Némati et al., 2010). Although this panel represents a powerful
preclinical tool for both pharmacologic and biological ana-
lyses, it is useful for functional studies to have access to a
panel of well-characterized tumor cell lines. Unfortunately,
obtaining UM cell lines from patients is not easy and the cell
lines reported to be of uveal origin do not always display the
genetic alterations described in UM. For example, some UM
cell lines described in the literature have activating mutations
in BRAF (Calipel et al., 2003; Griewank et al., 2012) despite the
absence of these mutations in UM tissues. Moreover no UM

cell line harboring BAP1 mutations, a hallmark of metasta-
sizing UM, has been reported. In this paper, we have estab-
lished and characterized 7 new human UM cell lines. Five of
them were obtained from PDXs models and the other two
directly from human primary tumors. This suggests that the
success in establishing UM cell lines could be significantly
improved by previously engrafting the UM samples in immu-
nodeficient mice as already reported for colorectal tumors
(Dangles-Marie et al., 2007). We are continuing to develop
UM cell lines from our entire collection of PDX and aim to
expand our cell lines panel in the future. The UM cell lines
described here match the genotype of the tumors of origin.
All of them harbor mutually exclusive activating mutation in
either GNAQ or GNA11. In addition, we have established 4 un-
precedented BAP1-deficient UM cell lines. we could not
demonstrate any BAP1 mutation in the BAP1 deficient model
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constant ratio between the two drugs in order to facilitate synergy evaluation.

MP46, which display a LOH with isodisomy of chromosome 3.
For all the cell lines established, the absence of nuclear BAP1
correlated with LOH of chromosome 3. The 7 cell lines were
found to be wild type for SF3B1 while one was found mutated
in the EIF1AX gene. Together, this describes the genetic land-
scape of our UM cell lines.

We show that Everolimus significantly affects the cell
growth of our UM cell line panel and other UM cell lines pre-
viously described. It has been reported that Everolimus very
slightly affects cell proliferation of two UM cell lines (92.1
and Mel270) at doses at which it entirely inhibit mTOR
downstream signaling (Babchia et al., 2010). Interestingly,
the cell lines displaying the highest sensitivity to Everolimus
in terms of cell viability exhibited a more pronounced reduc-
tion in the phosphorylation S6 ribosomal protein, a target of
mTOR. We also show that mTOR signaling is activated in the
absence of significant AKT upregulation. The activation of
mTOR can be a consequence of MAPK activation resulting
from GNAQ/11 activating mutations present in >85% of
UM. In a recent study the PI3K inhibitor GSK2126458 showed
a reduced efficacy on GNAQ or GNA11 mutated UM cell lines
compared to wild type uveal melanoma cells (Khalili et al.,
2012). In the same study RPPA analysis showed a reduced
phosphorylation of AKT in GNAQ mutated cells compared
to GNAQ wild type, thus supporting our findings. In contrast,
basal P-4EBP and basal P-S6 were higher in the GNAQ
mutated cell lines, suggesting a key role of the pathway
downstream of mTOR in GNAQ mutant cells. This is sup-
ported by the observation that in our cellular models phos-
phorylation of AKT was very weak in comparison with a
cell line (BT20) displaying a constitutive active PI3K/AKT
pathway. On the contrary, phosphorylation of S6 in our
cellular models and in BT20 cell line was similar. Interest-
ingly MP41 and MM66 showed significant phosphorylation
of S6 even after 24 h serum starvation at the same levels
of the controls, suggesting a constitutive activation of the
pathway.

Inhibiting PI3K axis alone or in combination with mTOR in-
hibition has been proposed as a therapeutic strategy for UM
(Babchia et al., 2010). This study showed that PI3K inhibition

by LY294002 is more effective than mTOR inhibition by Evero-
limus, but these differences were significant only in a GNAQ/
11 wild-type context.

Few studies have addressed the effect of PI3K/mTOR
pathway in vivo. Results were non-conclusive or conducted
with cell lines not perfectly representing the genetic land-
scape of UM (Ho et al, 2012). Here we show that the
mTOR inhibitor Everolimus significantly delayed tumor
growth in 4 different UM PDX models. The in vivo effect of
Everolimus is not dependent on BAP1 status. However, since
this conclusion is based on four PDX models, it is possible
that this finding is due to small sampling size. Our in vitro
data also suggest that genetic differences and, specifically,
BAP1 mutations does not influence the response to
Everolimus.

Although cell lines established from UM metastases were
at least as sensitive to Everolimus as cell lines established
from primary tumors, it is important to note that the four
UM PDX models used in this work were established from pri-
mary tumors and not metastatic lesions. In the absence of a
comprehensive study using metastatic tissue in UM, caution
is required in making conclusions about potential effects of
Everolimus on metastatic UM patients.

Given that treatment with Everolimus did not result in tu-
mor regression, combination strategies need to be addressed
in vitro and in vivo. Our data supports the cytostatic effect of
Everolimus alone, which would benefit from combination
with MEK inhibitors or low doses of dual mTOR/PI3K inhibi-
tors as others have argued (Mitsiades et al., 2011; Nyfeler
et al., 2012).

Everolimus has indications in oncology and a clinical phase
2 trial is currently ongoing at Sloan-Kettering cancer center
with the aim of assessing its efficacy in combination with a so-
matostatin receptor inhibitor Pasireotide on patients with
metastatic UM (clinicaltrial.gov identifier NCT01252251). Our
preliminary data indicates a synergy of Everolimus and the
MEK inhibitor Trametinib. It would be of future interest to
evaluate the synergy displayed by other combinations of
currently available inhibitors of PI3K/mTOR and MEK-ERK
pathways across a heterogeneous panel of UM cell lines and
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then to assess their efficacy in vivo. We believe our approach
using in vitro and in vivo models will help orient future inno-
vative clinical trials in uveal melanoma patients.

5. Conclusions

We have established 7 UM cell lines from either patient surgi-
cal specimens or patient-derived xenografts (PDXs). This
panel of cell lines has been fully characterized in terms of ge-
netic alterations and recurrent mutations and recapitulates
together with our previously described panel of PDXs
(Laurent et al., 2013; Némati et al., 2010) the diversity of the
UM genetic landscape. Moreover we have demonstrated in
our UM cellular models the activation of mTOR pathway in
the absence of significant AKT phosphorylation. Treatment
with the mTOR inhibitor Everolimus resulted in the reduction
of cell viability of all the studied UM cell lines and significantly
delayed in vivo tumor growth of 4 independent UM PDXs.
Although efficient therapeutic combinations need to be care-
fully evaluated, our data suggest that Everolimus could be
considered as a therapeutic option for managing UM.
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