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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 meta-

static 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 (BRCA1 associated protein-1) deficiency, a hallmark of aggressive disease. The

mTOR pathway was shown to be activated in most of the cell lines independent of AKT

signaling. mTOR inhibitor Everolimus reduced the viability of UM cell lines and signifi-

cantly delayed tumor growth in 4 PDXs. Our data suggest that mTOR inhibition with
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Cell lines

Patients-derived tumor xenografts
Everolimus, possibly in combination with other agents, may be considered as a therapeutic

option for the management of uveal melanoma.

ª 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.
1. Introduction chromosome 3 monosomy and associated with good prog-
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 (2e4% of the patients)(Harbour

and Chen, 2013). In 90% of cases, metastatic spread involves

the liver usually leading to death within a fewmonths 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 w2000 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; Kiliç

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 w85% 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

EIF1AX mutations are inversely correlated with
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 (N�emati 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 (N�emati 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 mM Nylon

filter and resuspended in RPMI 1640 (Gibco, France), supple-

mentedwith 20% (vol/vol) fetal bovine serum (FBS, Invitrogen,

France), 100 U/ml penicillin and 100 mg/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 fromThe 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

MM66) or 10% (Mel202, OMM1, and OMM2.5) FBS (Life Technol-

ogies), Penicillin 100 U/ml e Streptomycin 100 mg/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).
2.4. Chemicals

mTORinhibitorEverolimus/Rad001,MEK inhibitorGSK1120212,

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

Wedeterminedcell viabilityusingacolorimetricassaybasedon

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;

OMM1:1500cells/well;OMM2.5:3500cells/well); drugwasadded

to themediumat day 2 and cell viability tested byMTT assay at

day 7. Results are expressed as relative percentages ofmetabol-

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 BAP1, 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

Curiemicroarray 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 mm sections were cut from the embedded blocks,

and then dewaxed for immunostaining. Heat-induced epitope

retrievalwas performed at 97� for 20min in EDTAbuffer 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 (SigmaeAldrich, 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 mm3. Mice bearing tumors with a volume of 40e200 mm3

were individually identified and randomly assigned to the

control or treatment groups (6e10 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 mm3. Each tumor volume (V) was

calculated according to the following formula: V ¼ a � b2/2,

where a and b are the largest and smallest perpendicular tu-

mor diameters. Relative tumor volumes (RTV) were calculated

with the following formula: RTV ¼ (Vx/V1), where Vx is the tu-

mor volume on day x and V1 is the tumor volume on the first

day of treatment. Growth curveswere 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

http://dx.doi.org/10.1016/j.molonc.2014.06.004
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with the following formula: percent TGI ¼ 100 � (RTVt/

RTVc � 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

4e6 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 e 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 antigenswas assessed by reverse

transcription-PCR on RNA extracted from cellular culture as

described (N�emati 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 e 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 ¼ c � (a þ 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 obtainedwith 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

(N�emati 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 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 harbormutually exclusive

mutations in either GNAQ or GNA11 as occurred in the corre-

sponding tumor of origin: GNAQ c.626A > C; p.Gln209Pro 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.Gln209Leu). MP38, MP65, and MM28

display loss of functionmutations 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 MM66 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

at exons 1 and 2 and provedmutated in cell linesMM33 (c.22G/

A; p.Gly8Arg) and 92.1 (c.17G/A; p.Gly6Asp). Short Tandem

repeat Polymorphism (STR) genotypingwas performed and re-

sults are reported in Supplementary Table 1.

The expression of 12 tumor-specific antigens (i.e., MAGE1,

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

http://dx.doi.org/10.1016/j.molonc.2014.06.004
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Table 1 e Characteristics of UM cell lines and Xenografts used in this study.

Model Origin Morphology Doubling
time

Status of
chromosomes 1;
3;6; 8 and 16

LOH of
chromosome 3

BAP1
mutations

BAP1
protein

expression

GNAQ
mutations

GNA11
mutations

SF3B1
mutations

EIF1AX
mutations

MP38

CL

Primary Tumor S 80 h L3q; G8; L16q Yesa c.68-9_72del No c.626 a > T _ _ _

MP41

CL

PDX established

from Primary Tumor

M 41 h L1p; G1q; L3; G6P;

L6q; L8p; G8q; L16

Yesb _ Yes _ c.626 a > A/T _ _

MP46

CL

PDX established

from Primary Tumor

M 110 h G1q; G6p; L6q; L8p;

G8q; L16q

Yes _ No c.626 a > T _ _ _

MP65

CL

Primary Tumor S 120 h G1q; G6p; G8 Yes c.1717del No _ c.626A > T _ _

MM28

CL

PDX established

from Liver

Metastasis

M 109 h L1p; G1q; L3q; G6p;

L6q; L8p; G8q; L16

Yesa c.1881C > A No _ c.626A > T _ _

MM33

CL

PDX established

from Skin Metastasis

S 91 h G1; G6p; L6q; G8; G16 No Yes c.626 a > C _ _ c.22G/A

MM66

CL

PDX established

from Liver

Metastasis

M 80 h G1q; L6q; G8 No _ Yes _ c.626A > T _ _

92.1

CL

Primary tumor M 38 h der (X) t (X; 6)(q28;

p11),þ8d
ND ND Yes c.626 a > Tc _ e c.17G/A

Mel202

CL

Primary tumor M 43 h ND ND ND Yes c.629 G > Ac _ c.1793c > T _

OMM1

CL

Subcutis

Metastasis

M 34 h der(1)t (1; 3)(p31;

p13),þ3[50%], add (8)

p11),add (16)(p12)e

ND ND Yes _ 626A > Tc _ _

0MM2.5

CL

Liver Metastasis M 50 h ND ND ND Yes c.626 a > Cc _ _ _

MP34

X

Primary tumor E 7 d L1p; L6q Yesa _ Yes _ c.626A > T c.1793c > T _

MP41

X

Primary tumor E 15 d L1p; G1q.L6q; L8p;

G8q; G16p; L16q

No _ Yes _ 626 a > A/T _ _

MP55

X

Primary tumor E 8 d L3; G6p; Lq; G8p; G8q; Yes c.516C > G No _ c.626A > T _ _

MP46

X

Primary tumor M 11 d G1q; L3; G6p; L8p;

G8q; L16q

Yes _ No c.626 a > T _ _ _

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 3q.

b Uniparental disomy of chromosome 3.

c 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).
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Figure 1 e 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).
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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 (N�emati 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; P�opulo 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

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 muta-

tion conferring a constitutive activity to the kinase, was used

as control for the activation of PI3K/mTOR pathway. Analysis

http://dx.doi.org/10.1016/j.molonc.2014.06.004
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Figure 2 e 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.
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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
Figure 3 e 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;

N�emati 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 GNA11 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 4e6 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 IC50 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

http://dx.doi.org/10.1016/j.molonc.2014.06.004
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Figure 4 e 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.
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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,

http://dx.doi.org/10.1016/j.molonc.2014.06.004
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Figure 5 e 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 (D) 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 [ 6e8

mice; for the control groups n [ 8e10 mice. P values calculated at the end of the treatment were <0.05 for the four models.
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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;

N�emati 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

http://dx.doi.org/10.1016/j.molonc.2014.06.004
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Figure 6 e 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.
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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 combinationwithmTOR 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 combinationwith 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

http://clinicaltrial.gov
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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; N�emati 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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