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KEYWORDS Abstract  Introduction: Uveal melanoma (UM) is a rare and malignant intraocular tumour
Uveal melanoma; with a dismal prognosis. Despite a good control of the primary tumour by radiation or sur-
Bel-2/XL/W; gery, up to 50% of patients subsequently develop metastasis for which no efficient treatment
MDM2; is yet available.

Drug synergism; Methodology: To identify therapeutic opportunities, we performed an in vitro screen of 30
Drug screening; combinations of different inhibitors of pathways that are dysregulated in UM. Effects of drug
Patient-derived combinations on viability, cell cycle and apoptosis were assessed in eight UM cell lines. The
xenografts best synergistic combinations were further evaluated in six UM patient-derived xenografts

(PDXs).

Results: We demonstrated that the Bcl-2/X; /W inhibitor (ABT263) sensitised the UM cell
lines to other inhibitors, mainly to mammalian target of rapamycin (mTOR), mitogen-acti-
vated protein kinase kinase (MEK) and murine double minute 2 (MDM2) inhibitors. mTOR
(RADO001) and MEK1/2 (trametinib) inhibitors were efficient as single agents, but their com-
binations with ABT263 displayed no synergism in UM PDXs. In contrast, the combination of
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ABT263 with MDM?2 inhibitor (HDM201) showed a trend for a synergistic effect.
Conclusion: We showed that inhibition of Bcl-2/X; /W sensitised the UM cell lines to other
treatments encouraging investigation of the underlying mechanisms. Furthermore, our find-
ings highlighted Bcl-2/X; /W and MDM2 co-inhibition as a promising strategy in UM.

© 2019 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Uveal melanoma (UM) is a rare tumour deriving from
melanocytes in the uveal tract. Considered to be the
most common primary malignant intraocular tumour in
adults, UM affects five individuals per million per year
[1]. Despite a good control of the localised tumour by
radiotherapy or surgery, up to 50% of UM patients
develop metastases mainly in the liver. Once the disease
has spread, the prognosis is poor with median survival
of 9 months, and the treatment is challenging with
absence of efficient therapeutic strategies [2,3].

In contrast to cutaneous melanoma, UM has a low
mutational burden with two events per tumour beside few
genomic alterations (losses of chromosome 1p, 3, 6q and
8p and gain of 8q) [4]. The first and most recurrent event in
UM is the activation of Gaq signalling induced by mu-
tations of GNAQ/11 [5]. These mutations lead to activa-
tion in downstream effectors including protein kinase C
(PKC), mitogen-activated protein kinases (MAPK) and
yes-associated protein (YAP), implying a strong rational
for therapeutic targeting of the related pathways in UM
[6—9]. The second event consists of mutually exclusive
mutations in the BAPI, SF3BIl and EIFIAX genes
involved in processes of chromatin remodelling, splicing
and translation, respectively.

Previous studies have shown that UM cell lines and
patient-derived xenografts (PDXs) are susceptible to
inhibition of single pathways such as PKC or mitogen-
activated protein kinase kinase (MEK) [8,10,11]. How-
ever, clinical trials relying on monotherapeutic strategies
have not resulted in any significant benefit in terms of
overall survival of UM patients [12—14]. Such findings
emphasised the need for combined strategies to improve
clinical outcomes. We and others have previously shown
that co-inhibition of targets such as PKC and murine
double minute 2 (MDM2)/MDM4 or mammalian target
of rapamycin (mTOR), and phosphoinositide 3-kinase
(PI3K) synergistically improved the response in pre-
clinical models [15—21].

Here, to identify further therapeutic opportunities in
UM, we performed an in vitro screen of 30 combinations of
different inhibitors of pathways dysregulated in UM. Cell
viabilities under treatment with single or combined agents
in eight UM cell lines were considered to calculate the
synergy score for each drug combination. The eight best-
ranked combinations were further evaluated for

apoptosis, cell cycle profiles and related pathway engage-
ment. Our data showed that the Bcl-2/X;/W inhibitor
(ABT263) displayed a highly synergistic potential in UM
cell lines, mainly with mTOR, MEK and MDM2 in-
hibitors. These ABT263-based combinations were selected
for assessment in six UM PDXs. mTOR (RADO001) and
MEK (trametinib) inhibitors showed good efficacy in UM
PDXs as single agents, but their combinations with
ABT?263 showed no clear benefit. In contrast, the combi-
nation of ABT263 with MDM2 inhibitor (HDM201)
showed a trend for a synergistic effect encouraging further
investigation of Bcl-2/X; /W and MDM2 co-inhibition.

2. Materials and methods
2.1. Cell culture

MP38, MP46, MP65, MM28 and MM66 were estab-
lished in our laboratory [11]. OMMI1, OMM2.3 and
OMM2.5 were kindly provided by P.A. van der Velden
(Leiden University Medical Center, The Netherlands).
The main characteristics of the used cell lines are re-
ported in Supplementary Table S1. The immortalised
hTERT RPEI cell line was purchased from the ATCC.
Cells were cultured in RPMI-1640 supplemented with
10% foetal bovine serum (FBS) (OMMI1, OMM2.3,
OMM?2.5, RPEI1) or 20% FBS (MP38, MP46, MP65,
MM28, MM66). All cells were maintained at 37°C in a
humidified atmosphere with 5% CO2 and were tested
and certified as mycoplasma free.

2.2. Compounds

All drugs and inhibitors (Supplementary Table S2) were
purchased from SelleckChem except HDM?201 gener-
ously provided by Novartis Institutes for Biomedical
Research. For the in vitro study, all drugs were dissolved
in dimethyl sulfoxide (DMSO) at 10 mM and stored at
—20°C. For the in vivo study, drug preparations are
detailed in the Supplementary Table S3.

2.3. Drug combination cell viability screen

Cells were plated in 96-well plates at appropriate concen-
tration. Twenty-four hours later, drugs were added as
single agents or in combinations. Serial 1:3 dilutions were
prepared starting from the maximal concentration for each


http://creativecommons.org/licenses/by-nc-nd/4.0/

D. Decaudin et al. | European Journal of Cancer 126 (2020) 93—103 95

drug (Supplementary Table S2), resulting in six different
concentrations (Supplementary Fig. S1). Cell viability was
assessed after 5 days of treatment using MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay (Sigma). Three technical replicates and three inde-
pendent biological replicates were performed for each
treatment and for each cell model. As detailed in a previous
paper, Bliss independence model was used to determine the
combination synergistic potential [15].

2.4. Caspase-317 activity assay and cell cycle analysis

Cells were treated with combinations at synergistic doses
defined according to the screening. A fluorescence-based
assay was used to determine the activity of caspases-3
and caspase-7 (Apo-One Homogeneous Caspase-3/7
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Assay, Promega). The assay was performed according
to the manufacturer’s recommendations.

For cell cycle profiling, cells were collected, washed
twice with phosphate buffered saline (PBS) and fixed with
cold ethanol. Afterwards, cells were pelleted and resus-
pended in PBS containing 50 pg/ml propidium iodide
(Sigma Aldrich) and 2.5U/mL RNAse I (ThermoFisher).
Samples were analysed using FACScalibur (Becton Dick-
inson) and CellQuest software (Becton Dickinson).

2.5. Immunoblot analyses

Protein extracts, separated by SDS-PAGE and transferred
onto polyvinylidene difluoride (PVDF) membranes, were
probed with antibodies against p21 (#2947), pS6 (#2215),
S6 (#2317), poly ADP-ribose polymerase (PARP, #9542),

mTOR
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BCL2/XL
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i MDM2-p53
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Fig. 1. Ranking of drug combinations tested in vitro according to synergy scores. (A) The screening of drug combinations was done in eight
uveal melanoma cell lines and in RPEI (retinal pigment epithelial cells). The best-ranked eight combinations in uveal melanoma cell lines
are indicated. Each circle represents the synergy score in one cell line. The light grey plus (4) represents the synergy score in RPE1. (B)
Representation of compound and targeted pathway enrichment in the best-ranked eight combinations.
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pERK (#9101), extracellular signal-regulated kinase
(ERK) (#9102) and actin (#3700), all purchased from Cell
Signaling Technology (Beverly, MA). Immunolabelled
proteins were detected using Odyssey secondary antibodies
coupled to a 700 or 800 nm and the Odyssey Infrared Im-
aging System (Li-cor). Actin immunoblotting was used to
quantify and normalise results.

2.6. Uveal melanoma PDX models and in vivo treatments

We used PDXs derived from liver metastatic tumour
samples (MM26, MM66, MM224, MM252, MM267,
MM300 and MM309), and one established from a cuta-
neous metastasis (MM33). The main molecular features of
these models are presented in the Supplementary Table S4.
The experimental protocol of the in vivo study is detailed in
the supplementary methods [10,30].

3. Results

3.1. Identification of synergistic combinations in a panel of

uveal melanoma cell lines

We performed a screen of 30 dual drug combinations in
a panel of eight UM cell lines harbouring the most
frequent genetic features of the metastatic disease with
GNAQ or GNAII mutations associated or not with
BAPI deficiency. The assessed cell lines were derived
either from metastases or from primary tumours lacking
BAPI1 expression, a feature correlated with poor prog-
nosis (Supplementary Table S1). Immortalised RPE1
cell line was included as a control cell line with no mu-
tations affecting the targeted pathways. The tested
compounds were selected based on the current knowl-
edge of pathways dysregulated in UM for which specific
inhibitors are available (Supplementary Table S2). All
combinations were assessed for synergy based on cell
viability and according to the Bliss independence model.
Fig. 1A shows the ranking of the tested combinations
according to their median Best Excess Over Bliss values
in UM cell lines.

The best-ranked eight combinations were enriched by
Bcl-2/X /W inhibitor ABT263 (Fig. 1B). ABT263
exhibited low efficacy as a single agent but synergised
with most tested compounds in UM cell lines. The
synergistic effect decreased when replacing ABT263 by
selective inhibitors of Bcl-2 (ABT199), Bcl-X
(WEHI539) or MCL1 (S63845). This finding suggests
that simultaneous inhibition of different BCL-2 family
members is needed to promote the synergism. MDM?2
inhibitors were the second best represented compounds
in the top-ranked eight combinations. Thus, the results
of our drug screening suggest that the Bcl-2/X1 /W in-
hibitor ABT263 sensitises the UM cells to inhibitors of
several pathways including MDM?2, mTOR and MEK
inhibitors.

3.2. Assessment of apoptosis and cell cycle under
treatment with the best synergistic drug combinations

Since the synergy was evaluated based on cell viability
reduction rather than cell death induction, we investi-
gated the effects of the best-ranked eight combinations
on apoptosis induction and cell cycle in the OMM1 cells.

We evaluated apoptosis based on caspase 3/7 activity
at 72 h of treatment. Fig. 2 shows that the Bcl-2/X /W
and Bcl-2 inhibitors, ABT263 and ABTI199, induced
caspase 3/7 activation as single agents. The other tested
single agents did not affect caspase 3/7 activation.
Interestingly, the eight drug combinations displayed a
considerable synergistic potential in terms of caspase 3/7
activation as compared with single agents implying an
added value of combining these agents.

Additionally, we characterised the effect of the
selected drug combinations on cell cycle. As shown in
Supplementary Fig. S2, the sub-G1 profiles confirmed
an increased induction of cell death under treatment
with ABT263 and MDM2 inhibitors including
CGMO097, Nutlin3, HDM201 and RG112 (32—40% in
combined treatments versus 21% in ABT263 and 8—10%
in MDM?2 inhibitors) along with a decrease in the pro-
portion of proliferating cells in S phase. On the other
hand, single-agent treatments did not induce any sig-
nificant changes in cell cycle.

We further analysed the expression of proteins engaged
in the related pathways in treated OMM1 cells. As shown
in Fig. 3A and B, we observed increased levels of PARP

ABT263/RG7112
ABT263/Nutlin3
ABT263/CGM097
ABT263/Trametinib
ABT263/HDM201
ABT263/RAD001
ABT199/Trametinib
ABT263/AZD8055
ABT263

ABT199

AZD8055
Trametinib

Nutlin3

kK%

%k %k %k

01 2 3 4 5 100 200 300
Caspase 3/7 activity (fold change)
Fig. 2. Apoptosis induction in OMMI cells treated with eight best-
ranked combinations. Quantification of apoptosis induction after
treatment with the eight Dbest-ranked combinations. A
fluorescence-based assay was used to determine the activity of
caspase-3 and caspase-7, indicators of apoptosis induction.
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with the best-ranked drug combinations for 5 days. Cell lysates were analysed with the indicated antibodies. (B) Ratio of PARP cleavage

product to total PARP as evaluated by Western blot intensities.
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cleavage under combined treatments with ABT263 and
HDM201/trametinib/AZD8055 as compared with single
treatments. p21 was mainly induced following treatment
with different MDM2 inhibitors, consistent with the
activation of p53 pathway (Fig. 3A). MEK/ERK pathway
was inhibited in treatments targeting MEK and MDM2
(Fig. 3A). Intriguingly, we observed a negative feedback
regulation of ERK phosphorylation and S6 expression
under combinations of ABT263 and MDM?2 inhibitors.

Overall, our results show that the Bcl-2/X;/W in-
hibitor ABT263 displays a highly synergistic potential
with several agents in UM cell lines. MDM2, mTOR
and MEK inhibitors were then selected as potential
candidates to be combined with ABT263 for a further
in vivo evaluation.

3.3. In vivo evaluation of ABT263-based combinations in
UM PDXs

Based on these in vitro findings, three ABT263-based
combinations were further assessed in six UM PDXs.
These models were all established from liver metastases
except for MM33 that was obtained from a cutaneous
metastasis. Supplementary Table S4 recapitulates the
histology and GNAQ/GNAIl, BAPI and SF3BI

p <102 (p <0.05)
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statuses of these models. The list of tested drugs, doses
and the schedule of administration are provided in
Supplementary Table S3. We tested the Bcl-2/X /W
inhibitor ABT263, alone or combined with the MDM?2
inhibitor HDM201, the mTOR inhibitor RADO001 and
with the MEKI1/2 inhibitor trametinib. For each
model, three mice were treated per group. Two of the
drugs were administered in two different schedules to
evaluate their efficacy while minimising the toxic ef-
fects: HDM201 was administered twice a week, every
week (HDM-1) or every two weeks (HDM-2), while
RADO00O1 was administered 5 days per week (RAD-1)
or twice a week, every week (RAD-2) or every 4 weeks
(RAD-3).

Single-agent ABT263 did not induce significant
tumour regression in the tested models (Figs. 4—6 and
Supplementary Figs. S3—S5). In contrast, HDM201
alone induced a slight but not dose-dependent anti-
tumour efficacy with an overall response rate (ORR)
lower than —0.5 of 35% and 43% in the continuous and
discontinuous schedules of administration, respectively
(Fig. 4A). Interestingly, we observed a slight synergistic
effect of the combination of ABT263 + HDM-I
(continuous schedule of administration), but not HDM-
2 (discontinuous schedule), with an ORR lower than
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—0.5 of 35% and 71% after HDM-1 alone and
ABT263 + HDM-1, respectively (Fig. 4A). Yet, we did
not observe any significant impact on the probability of
tumour progression (Fig. 4B). Individual curves are
displayed in Supplementary Fig. S3.

Concerning the single-agent treatments, trametinib
and full-dose RADO001 (RAD-1, 5 days/week) showed
the best antitumour response. The antitumour effect of
full-dose RADO01 was significantly higher (p = 0.006)
than RADO001 administered with the other two sched-
ules, showing a high dose-dependent antitumour efficacy
(Fig. 5A). We did not observe any additive effect for
ABT263 + RADO0OI1, regardless of RAD001 adminis-
tration schedule (Fig. 5B). Individual curves are dis-
played in Supplementary Fig. S4.

Despite a significant antitumour activity of trameti-
nib alone with an ORR lower than —0.5 of 96%

D. Decaudin et al. | European Journal of Cancer 126 (2020) 93—103

(Fig. 6A), its combination with ABT263 did not show
any additive effect (Fig. 6B). Individual curves are dis-
played in Supplementary Fig. S5.

Analysis of protein expression of residual tumours in
treated MM300 PDXs confirmed S6 or ERK dephos-
phorylation by RADO00I and trametinib (Fig. 7A and
B). ABT263 + HDM-1 (continuous schedule of
administration), but not HDM-2 (discontinuous
schedule), showed significant increase of p21, indicator
of p53 activation. Intriguingly, no significant PARP
cleavage was detected. The absence of this indicator of
apoptosis can be explained by the heterogeneity of cell
exposure to treatments in vivo or by the fact that residual
tumours represent cells resisting upon treatment.

We then investigated whether ABT199, a highly se-
lective inhibitor of Bcl-2 with limited clinical toxicity, is
as efficacious as ABT263 in combination with HDM201
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under the continuous schedule of treatment in two UM
PDX models. In contrast to ABT263, ABT199 did not
provide any significant increase of HDM201 antitumour
effect (Supplementary Fig. S6).

Thus, based on our in vivo findings, trametinib and
RADO001 showed good efficacy as single agents, but
their tested combinations provided no significant anti-
tumor benefit. Interestingly, the combination of
ABT263 with HDM201 showed a trend of synergistic
effect that was not observed when replacing ABT263 by
the Bcl-2 selective inhibitor ABT199.

4. Discussion

UM is a rare tumour of which metastatic lesions remain
a main therapeutic challenge in the absence of efficient
treatments. The identification of the UM major driver
events has oriented the preclinical and clinical trials to-
wards inhibitors of the pathways dysregulated by these
events. Nevertheless, single pathway inhibition has not
improved patient outcomes so far, arguing for the need
of combinatorial approaches.

Our screening of 30 combinations in eight UM cell
lines identified the Bcl-2/X;/W inhibitor ABT263 as
the molecule with the highest synergistic potential
followed by the MDM2 (RG7112, HDM?201, Nutlin3,
CGMO097) and mTOR (AZD8055, RADO001) in-
hibitors. Our findings demonstrated that apoptosis
was increased following treatment with these combi-
nations as compared with single-agent treatments.
The cell cycle profiles confirmed an increased induc-
tion of apoptosis in cells treated with ABT263 and
MDM2 inhibitors along with a decrease in the pro-
liferation rate. While single-agent ABT263 exhibited
low efficacy in UM cell lines, it enhanced consider-
ably the effect of the other compounds. These find-
ings are consistent with previous studies reporting a
high synergistic potential of Bcl-2/X /W inhibition
when combined with cytotoxic agents in different
types of cancer [22—27].

Based on the observed synergism between the Bcl-2/
X1/W inhibitor and MDM2, mTOR and MEK inhibitors
(HDM201, RADO001 and trametinib, respectively), these
combinations were further evaluated in metastatic UM
PDXs. As in cell lines, single-agent ABT263 presented a
modest effect on the tumour volume, while the other in-
hibitors (HDM201, RADO001 and trametinib) decreased
considerably the tumour volume as monotherapies. The
tested combinations did not show any synergistic effect in
terms of progression probability except for the combina-
tion of ABT263 with HDM201. BCL2 and MDM?2 are
both reported to be highly expressed in UM arguing a
further therapeutic interest of this co-inhibition [4,28,29].
Chapeau et al. conducted a large-scale transposon-based
insertional mutagenesis screen to investigate the resistance
to HDM201 in mice [26]. Among the most frequent

alterations conferring resistance, they observed
transposon-mediated gain-of-function alterations in Bcl-
Xp and confirmed its overexpression in HDM201-
resistant tumours. Furthermore, they demonstrated a
significant synergy of MDM?2 and Bcl-X{ co-inhibition in
p53 wild-type cell lines [26]. Interestingly, our data are in
line with these recent findings implying that synergism is
due to Bcl-2/X; /W inhibition rather than specific inhibi-
tion of Bcl-2 (ABT199), Bel-Xy (WEHI539) or MCLI
(S63845).

5. Conclusion

Overall, our study highlights the potential of Bcl-2/X;/
W inhibition to enhance the activity of MDM?2 inhibi-
tion in UM. Further characterisation of the underlying
mechanisms to determine why and how such drug
combinations synergise to induce apoptosis in UM cells
would improve the current therapeutic strategies.
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