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Abstract

Purpose: Uveal melanoma (UM) is considered a rare disease, yet it is the most common 
intraocular malignancy in adults. The primary tumor may be efficiently managed, nevertheless 
more than 50% of the UM patients develop distant metastases. The mortality at the first year 
after diagnosis of metastatic UM has been estimated at 81%, and the poor prognosis has not 
improved in the past years due to lack of effective therapies. 

Methods: In order to search for novel therapeutic possibilities for metastatic UM, we 
performed a small-scale screen of targeted drug combinations. We verified the targets of the 
tested compounds by Western blotting and PCR and clarified the mechanism of action of 
the selected combinations by caspase 3/7 activity assay and flow cytometry. The best two   
combinations were tested in a mouse PDX UM model as putative therapeutics for metastatic 
UM. 

Results: The combinations of the multitarget drug Trabectedin with either the  
CK2/Clk double-inhibitor Silmitasertib or with the c-MET/TAM (TYRO3, AXL, MERTK) receptor  
inhibitors Foretinib and Cabozantinib demonstrated synergistic effects and induced  
apoptosis (the relative caspase 3/7 activity increased up to 20.5-fold in UM cell lines). In case of  
Foretinib/Cabozantinib, inhibition of the TAM receptors, but not c-Met was essential to inhibit 
the growth of UM cells. Monotreatment with Trabectedin inhibited the tumor growth by 42%, 
49%, and 35% in the MM26, MM309, and MM339 PDX mouse models, respectively.

Conclusion: Trabectedin alone or in combination with Cabozantinib inhibits the tumor 
growth in PDX UM mouse models. Blocking of MERTK, rather than TYRO3 activity inhibits 
UM cell growth and synergizes with Trabectedin.
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Introduction

Uveal Melanoma (UM) is a malignant tumor that arises from the melanocytes located in 
the uveal tract of the eye. Uveal melanoma is considered a rare disease with the incidence of 
2-8 cases per million per year in Europe [1], yet it is the most common intraocular malignancy 
in adults. The primary tumor may be efficiently managed by the local therapy, nevertheless 
more than 50% of the UM patients develop distant metastases. UM metastases  are in most 
cases restricted to the liver; other metastatic sites are lungs, skin, brain, thyroid and colon [2].  
Metastatic UM is very aggressive, as the mortality at the first year after diagnosis reaches 81% 
[3]. 

The poor prognosis for metastatic UM patients has not improved in the past years due to 
lack of effective novel therapies. One established local treatment option for hepatic metastases 
is isolated liver perfusion with a chemotherapeutic agent melphalan. The response rate to this 
therapy is reported to be higher than 50% with significant regression of the lesions. However 
only a restricted cohort of the patients is eligible, metastases recurrence after the isolated liver 
perfusion is frequent, also the procedure is complex and potentially associated with morbidity 
[4-7]. 

The numerous recently conducted clinical trials for metastatic UM resulted in limited  
improvement of the overall survival [8]. Among the tested drugs were chemotherapeutics such 
as dacarbazine (alone or in combination with MEK inhibitor selumetinib),  and fotemustine [9, 
10] and some targeted therapeutics such as the MEK inhibitor trametinib [11], the tyrosine 
kinase inhibitor imatinib [12],  and the HSP90 inhibitor ganetespib [13].  Immunotherapeutic 
targeting of PD-1, recognized as a promising option for metastatic cutaneous melanoma, 
has demonstrated no effect on overall survival of the patients with metastatic UM, with the  
exception of UM with MBD4 mutation and increased mutation load [14, 15].  At present, the 
only approved systemic treatment is Tebentafusp - a bi-specific protein able to bind simultane-
ously to the  gp100-HLA-A*02:01 complex on UM cells and CD3 on the T-cell membrane, thus 
redirecting the T cells towards UM cells. The phase 3 trial of Tebentafusp in HLA-A*02:01–
positive metastatic UM patients delivered encouraging results.  Overall survival at 1 year was 
73% in the treatment group and 59% in the control group, while progression-free survival also 
increased significantly [16]. 

Commonly, UM has relatively low mutation burden [17, 18]. The most recurrent  
alterations (more than 90% of all cases) are the activating mutations in the genes GNAQ or GNA11  
encoding the G-proteins Gαq and Gα11, respectively [19]. The activating mutations in 
G-protein coupled receptor CYSLTR2 or in signal mediator PLCB4 are detected in the  
remaining UM cases [20, 21]. The constant activity of the Gα-proteins signaling cascade leads to  
dysregulation of multiple downstream effectors such as PKC, MAP kinases and YAP1 and causes  
uncontrolled proliferation of UM cells [22, 23]. Besides the somatic mutations in GNAQ and 
GNA11, UM is characterized by copy number variation of the chromosomes 1q, 3, 6p, 8q [24-27].  
Amplification of chromosome 8q and, especially, loss of chromosome 3, are strong prognostic 
factors for metastasis. Chromosome 3 carries the BAP1 gene, encoding a ubiquitin hydrolase. 
BAP1 is frequently found mutated in the remaining allele in UM with monosomy 3, what leads 
to complete loss of BAP1 expression and strongly correlates with metastases development and 
poor prognosis [28]. Other factors of metastatic risk are the mutations in splicing modulators 
SF3B1 and SRSF2 [19]. The mutation in the translation initiation factor EIF1AX, on the contrary, 
correlates with disomy of chromosome 3 and low risk of metastases [29]. 

The absence of a targetable strong driver mutation may be one of the reasons for single 
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agent treatments to be ineffective for UM. The mutations in GNAQ/11 lead to imbalance in 
the wide signaling landscape instead of activating one specific pathway and currently these 
mutant G-proteins cannot be selectively inhibited, although depsipeptides FR900359 and 
YM-254890 show promising results in preclinical experiments [30]. Therefore, combining 
several therapeutic agents targeting distinct signaling pathways might be beneficial as it allows 
suppressing multiple signaling cascades. In this work we have focused on examining the effect 
of dual combinations of several targeted compounds on the viability of UM cell lines, either 
derived from UM metastases, or with the genetic background that corresponds to metastases 
predisposition. We have performed a small-scale drug screen of the four agents – Trabectedin 
(Yondelis), Foretinib, CX-4945 (Silmitasertib) and RG7112 - and their combinations on a panel 
of 7 UM cell lines (The characteristics of the compounds are summarized in Table 1; the genetic 
aberrations of the UM cell lines are described in Table 2). These agents target the pathways 
reported to be important for growth or metastatic spread of UM [31-35]. Our results show that 
the combinations of Trabectedin with either CX-4942 or Foretinib (at later stages replaced by 
Cabozantinib) efficiently inhibit the growth of UM cells in cell culture and could be considered 
as putative therapeutics for metastatic UM.

Results

 Identification of the synergistic combinations

We performed a screen of the dual combinations of the following inhibitors: Trabectedin, 
Foretinib, CX-4945 and RG7112 (Table 1), on a panel of 7 uveal melanoma cell lines, derived 
either from UM metastases or from primary tumors not expressing BAP1, a strong factor for 
poor prognosis (Table 2). 

We assessed the effect of the drug combinations on the cell viability after 5 days of the 
treatment; based on the effect matrix, we calculated the synergistic score of the combinations 
using Excess over Bliss model [45] (Suppl Fig. 1A). Fig. 1A represents the matrix of the highest 
calculated Excess over Bliss score of each treatment per cell line. The combinations of RG7112 
either demonstrated low Excess over Bliss values (RG7112 with Foretinib) or were synergistic 
only in a subset of the cell lines (RG7112 with Trabectedin or CX-4945), while the combinations 
of CX-4945 with Foretinib, or of Trabectedin with either CX4945 or Foretinib, showed the 
positive synergistic scores across most of the tested cell lines. Figures 1B, 1C and Supplemen-
tary figures 1B-E illustrate the effect of Trabectedin combined with either CX-4945 or Foretinib 
on survival of UM cell lines. It is worth noting that all the tested UM cell lines are sensitive to 

Drug Target/ Mechanism of action Clinical trials phase

Trabectedin RNA Pol II, DNA-bound proteins, 
tumor microenvironment/ 
Multitarget DNA-damaging agent

3

CX-4945 Casein Kinase 2, Cyclin-like kinases 1-2

Foretinib C-Met, VEGFR2, TAM (Tyro, AXL, MERTK) receptors 2

RG7112 MDM2-p53 interaction/ p53 activator 1

Table 1. The drugs included into the screen 
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Trabectedin in picomolar concentrations. 
The combinations of Trabectedin with either CX-4945 or Foretinib reduced the survival of 

the cells more effectively than either of the single treatments, and less than 10% of the cells 
were viable at the highest tested concentrations after 5 days of treatment. Taking into account 
the significant effect of the combinations on cell survival and the high synergy scores, we chose 
the combinations CX-4945 with Foretinib, or Trabectedin with either CX-4945 or Foretinib for 
further investigation.

The combination of Trabectedin with either CX-4945 or Foretinib stimulates 
apoptosis in UM cell lines

Next, we decided to examine the mechanism of action of the selected drug combinations. 
We assayed the activity of caspases 3 and 7 to clarify whether the selected combinations induce 
apoptosis (Fig. 1D-F). The caspase 3/7 activity rose less than 2-fold in case of treatment with 
either Foretinib or CX-4945, while it showed variable increase from 1.1 fold in OMM1 to 7.9 
fold in MM66 upon Trabectedin treatment. In general, the effect of the combination Foretinib-
CX-4945 was less pronounced than the effect of the combinations of Trabectedin with either 
Foretinib or CX-4945. The combination Foretinib-CX-4945 (Fig. 1D) increased caspase activity 
in MP38 (4-fold), MP46 (2.6-fold) and MM66 (6.5-fold). The combination of Trabectedin with 
either CX-4945 (Fig. 1E) or Foretinib (Fig. 1F) strongly activated caspases 3/7 in most of the 
tested cell lines. The highest effect was observed in the combination Trabectedin-Foretinib: 
the relative caspase 3/7 activity increased 5 times in OMM2.5, 9.2 times in MP38 and 17.8 
and 20.5 times in MP46 and MM66 respectively. The effect of the single or any combinational 
treatment on the line OMM1 was minor; the relative caspase activity did not reach 2-fold 
increase in any case. 

Since the combinations containing Trabectedin demonstrated more potent activation of 
caspases 3 and 7 than the combination of CX-4945 and Foretinib, we narrowed our further 
study to these two combinations.

In order to clarify the mechanism of action of the selected combinations in more detail, 
we examined their effect on cell cycle progression of the following UM cell lines: MM66, 
MP38, MP46, OMM1, and OMM2.5 (Fig. 1G and Supplementary Fig. 1F-I). The cells treated 

Cell Line 
 

Origin GNAQ 
Mutation

GNA11 
Mutation

BAP1 
Expression

OMM2.3 Liver metastases c.626 A > C - Yes

OMM2.5 Liver metastases c.626 A > C - Yes

OMM1 Subcutaneous metastasis - c.626 A > T Yes

MM66 PDX established from liver 
metastasis

- c.626 A > T Yes

MM28 PDX established from liver 
metastasis

- c.626 A > T No

MP46 PDX established from primary 
tumor

c.626 A > T - No

MP38 Primary tumor c.626 A > T - No

Table 2. Uveal melanoma cell lines included into the screen. 
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Figure 1.  Trabectedin synergizes with CX-4945 and with Foreti nib in growth inhibiti on and apoptosis inducti on in 
UM cell lines. (A) The matrix of the highest Excess over Bliss (EoB) synergy scores of each treatment per cell line. (B-C)
Eff ect of Trabectedin (blue bars), CX-4945 (B) or Foreti nib (C) (magenta) and their combinati on (yellow) on MM66 cell 
viability aft er 5 days of treatment. Signifi cant (p<0.05) reducti on of viability in combinati onal treatment comparing 
to both of the single treatments is indicated with (*), stati sti cal analysis was performed using one-way ANOVA, error 
bars present mean ± SEM, n=3.  (D-F) Inducti on of apoptosis in UM cell lines by the most synergisti c combinati ons. 
Acti vity of caspases 3/7 was measured aft er 5 days of treatment; signifi cant (p<0.05) elevati on of caspases 3/7 acti vity 
in combinati onal treatment comparing to both of the single treatments is indicated with (*), stati sti cal analysis was 
performed using one-way ANOVA, error bars present mean ± SEM, n=3.  The concentrati ons of the compounds are 
listed in Suppl. Table 2. (G) Eff ect of Trabectedin alone or in combinati on with either CX-4945 or Foreti nib on cell cycle 
progression of MM66 aft er 3 days of treatment. At least 3 independent replicates were performed,a representati ve 
experiment is shown; the concentrati ons of compounds are listed in Suppl. Table 5.
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with Foretinib alone were arrested in G2 phase. Monotreatment with CX-4945 also lead to  
accumulation of the cells in a G2 phase, but to lesser extent than by Foretinib. The cells treated 
with Trabectedin alone accumulated in S and G2 phases. The number of the subG1 cells,  
indicating cell death, increased significantly upon treatment with Trabectedin but less with 
CX-4945 or Foretinib. These effects were substantial in MM66, MP38, MP46, but less 
pronounced in OMM1 and OMM2.5.

The cells treated with the combination of Trabectedin with either Foretinib or CX-4945 
were arrested in G2 phase. The number of the cells in subG1 fraction rose drastically compared 
to single treatment in cell lines MM66, MP46, MP38, but the effect on OMM1 was less 
pronounced, what correlated to the aforementioned induction of caspase 3/7 activity. The 
significant increase of the subG1 confirms the synergism of the combinations and the induction 
of cell death upon the treatments.  

Induction of apoptosis is regulated by several factors, among which the balance between 
the expression of Bcl-2 family members, and therefore we evaluated the expression of several 
of these genes after 24 hours of the treatment. In general, the expression of anti-apoptotic 
gene Bcl-2 decreased and the expression of pro-apoptotic genes Bim, Bmf increased after the 
treatment with the combination Trabectedin-CX-4945 (Fig. 2A). The effect of the combination 
Trabectedin-Foretinib on the expression of the tested genes was less explicit and it varied 
per cell line (Fig. 2B). Expression of other Bcl-2 family members were either not affected or 
changed only in a subset of the tested cell lines.

Verification of the target engagement of the selected compounds

CX-4945 targets Casein Kinase 2 and affects splicing

To verify the target engagement of the selected compounds, we performed immunoblots 
and mRNA analyses in a subset of the cell lines, which represents both GNA11 and GNAQ 
mutations and BAP1-positive or negative status.  The concentrations of the compounds 
corresponded to 50 percent growth inhibition after 5 days. 

The treatment with CX-4945 reduced the phosphorylation of AKT on Serine 129, 
the reported Casein Kinase 2 phosphorylation site [49] (Fig. 2C). Additionally, CX-4945 
has been shown to affect Cdc2-like kinases (Clk's), which are essential for the regulatory  
phosphorylation of SRSF proteins involved in splicing control [50]. To examine this effect in UM, 
we analysed the splicing of the Ell mRNA and Mdmx mRNA [51]. Effects on Ell splicing were found 
in three tested cell lines, the most pronounced in MM66 cells after 8 hours treatment (Fig. 2D).  
Moreover, CX-4945 changed the balance between Mdmx-FL and Mdmx-S mRNA; again, the 
effect was strongest in MM66 cells and after 8 hours of treatment.  

Trabectedin induces DNA-damage response 

Trabectedin interacts with the “minor groove” of DNA, activating DNA damage response 
cascade, among its many biological effects. The downstream targets of Trabectedin were 
investigated in the experiments with its combinations in 4 cell lines, MP38, MP46, MM66 and 
OMM1 treated for 24 hours. The results of protein analyses upon treatment with Trabectedin, 
CX-4945 or the combination are presented in Fig. 2E and Suppl. Fig. 2A. The treatment with 
Trabectedin resulted in the phosphorylation and stabilization of p53 as a consequence of the 
DNA damage, in agreement with the previous report [52, 53]. Elevation of Mdm2 and CDKN1A 
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Figure 2. Molecular eff ects of Trabectedin, CX-4945 and Foreti nib. (A-B) Expression of Bcl-2, Bim and Bmf mRNA 
upon 24h treatments with Trabectedin in combinati on with CX-4945 (A) or Foreti nib (B) in UM cell lines. Signifi cant 
(p<0.05) change in mRNA expression compared to the control is indicated with (*), stati sti cal analysis was performed 
using one-way ANOVA, error bars present mean ± SEM, n=3. The concentrati ons of the compounds for this and the 
following experiments are listed in Suppl. Table 3, if not specifi ed. (C) The eff ect of treatment with CX-4945 (CX) for 
24h on phosphorylati on of AKT on S129, a reported Casein Kinase 2 phosphorylati on site. γ-Tubulin expression was 
used as a loading control. (D) The eff ect of Trabectedin (T), CX-4945 (CX) or the combinati on (CX/T) treatment for 8h 
on splicing of the Ell and Mdmx mRNA. Gapdh mRNA expression was used as a control.
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˂ Figure 2. (continued) (E-F) MP38 cells were either not treated (M) or treated with Trabectedin (T), CX-4945 (CX) or 
the combination (CX/T) (E) or Foretinib (F) or the combination (F/T) (F) for 24h, after which cells were harvested and 
expression of the indicated proteins was analysed; Vinculin was used as a loading control. (G) MP46 cells were grown 
on 0.5% FCS for 6 hrs. Subsequently, they were either not pre-treated (M) or pre-treated with either Foretinib (F; 4 µM) 
or Cabozantinib (C; 4 µM) for two hours after which the cells were either not-stimulated or stimulated with a mixture 
of HGF and GAS6 (50 and 300 ng/ml, respectively, indicated with +) for 20 minutes, then the cells were harvested for 
protein lysates. (H) MP38 cells, grown in 0.5% serum for 6 hours, were either not pre-treated (M) or pre-treated with 
Foretinib (F; 4 µM) for 2 hours, after which both untreated and Foretinib pre-treated cells were then stimulated with 
GAS6 (G; 300 ng/ml) for 20 minutes and collected for analysis. Total AKT was used as a loading control.

mRNA levels could be observed, indicating activation of p53 transcriptional activity (Suppl. Fig. 2B).
 
Foretinib inhibits activity of c-Met and TAM receptors

Foretinib has been reported to inhibit activity of c-MET, VEGFR2 and the TAM receptors 
(TYRO3, AXL, MERTK). Activated c-MET, as determined by phosphorylation on tyrosines 
1234/1235, is not or hardly detectable in most of UM cell lines: MP46 and MP38 (medium), 
OMM1, OMM2.3, OMM2.5, MM28 cells (just detectable) (Suppl. Fig. 2C). Expression of AXL 
could not be detected in any metastatic UM cell line or a primary BAP1-negative cell line, 
although AXL is expressed in Mel285 and Mel290, primary UM cell lines not carrying GNAQ/11 
mutations.  On the contrary, MERTK is highly expressed in the tested cell lines, except for 
Mel285 and Mel290. TYRO3 is abundantly present in all the tested UM cell lines, what  
correlates with the observation that expression of TYRO3 is highest in uveal melanoma among 
all tumor types analyzed in cBioportal.org database [54, 55].

Inhibition of the RTKs by Foretinib (alone or in combination with Trabectedin) resulted in 
moderation of AKT signalling, which is illustrated in Fig. 2F and Suppl. Fig. 2D by depletion 
of phosphorylation of AKT on serine 473, and drop in phosphorylation of its downstream 
target PRAS40. To show the effect of Foretinib on activated c-MET, we incubated MP46 
cells (not pre-treated or pre-treated with either Foretinib or Cabozantinib, another clinically  
relevant c-MET inhibitor), with a mixture of Growth Arrest Specific 6 (GAS6, the ligand of TAM 
receptors) and Hepatocyte Growth Factor (HGF, the ligand of c-M ET), which stimulates both 
c-MET phosphorylation and activation of the TAM receptors. Both Foretinib and Cabozantinib 
strongly diminished the level of phosphorylated c-MET and reduced the amount of activated 
AKT and ERK, indicating the efficacy of these compounds (Fig. 2G). 

Additionally, we compared the effect of Foretinib and the specific c-MET inhibitor INC280 
(Capmatinib) on UM cells, stimulated with HGF. MP38 cells, serum-starved over-night, were 
pre-incubated with either vehicle, Foretinib or INC280 for two hours. Subsequently, the cells 
were either treated with vehicle or with HGF, for 20 minutes. The treatment with HGF strongly 
increased the levels of activated c-MET, activated AKT and activated ERK (Suppl. Fig. 2E). Both 
Foretinib and INC280 completely abrogated the stimulation of c-MET. However, INC280 only 
prevented the HGF effect, while Foretinib reduced the levels of activated AKT and ERK beyond 
basal, low serum levels, suggesting the inhibition of additional targets apart from c-MET.

Moreover, Foretinib and Cabozantinib had effect on UM cell growth, while INC280 did not 
inhibit proliferation of all the tested cell lines, irrespective of their basal c-MET activity (Suppl. 
Fig. 2F). Therefore, specific inhibition of c-MET might not be sufficient for blocking the growth 
of UM metastases. 

To investigate the impact of Foretinib on the activity of TAM receptors in UM cells we  
pre-treated MP38, grown in 0.5% serum for 6 hours, with Foretinib or vehicle for 2 hours, then 
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˂ Figure 3. Effects of genetic depletion of TYRO3 and MERTK in combination with Trabectedin on UM cells. 
(A-B) OMM2.5 cells containing i-shControl or i-shTYRO3 vectors (A) or i-shMERTK vectors (B) were seeded into 6 
well-plates. Next day, the cells were treated with either 30 ng/ml doxycycline (dox) or vehicle (m). Two days later 
all wells were refreshed with medium with or without doxycycline, and with or without 300 pM Trabectedin (T). 
This treatment was repeated every other day for total duration of 7 days of doxycycline (5 days Trabectedin). (C-D) 
OMM2.5 cells containing i-shControl or i-shTYRO3  vectors (C) or i-shMERTK vectors (D) were seeded into dupli-
cate 96 well-plates; at the end of the same day when the cells were attached, the medium was supplemented with 
30 ng/ml doxycycline (20 ng/ml in case of i-shTYRO3#2). Medium plus or minus doxycycline was refreshed every 
other day. The plates were analysed after 4 days and duplicate plates after 6 days. Significant reduction (p<0.05) of 
viability comparing to a control (Day 0) is indicated with (*), statistical analysis was performed using one-way ANOVA, 
error bars present mean ± SEM, n=3.  (E-F) OMM2.5 cells containing either i-shControl or i-shTYRO3 vectors (E) or 
i-shMERTK vectors (F) were seeded into 96 well-plates; at the end of the same day when cells were attached, the 
medium in half of the wells was supplemented with 30 ng/ml doxycycline (20 ng/ml in case of i-shTYRO3#2). The next 
day (day 1) Trabectedin was added, at day 2 the treatment with doxycycline and Trabectedin was refreshed and at day 
4 the cell viability was assessed. Significant (p<0.05) difference in viability of doxycycline-treated samples comparing 
to vehicle treated samples is indicated with (*), statistical analysis was performed using t-test, error bars present mean 
± SEM, n=3.  

stimulated the cells with GAS6, an activating ligand for TAM receptors. The results presented 
in Fig. 2H demonstrate that GAS6 stimulation increased the levels of activated AKT, which 
was completely abrogated by Foretinib treatment, showing the efficacy of Foretinib against 
the TAM receptors. The phosphorylation of TYRO3/MERTK was increased by GAS6 and was 
strongly reduced by Foretinib treatment. 

Inhibition of MERTK is important for synergistic combination with Trabectedin

In order to clarify the importance of inhibition of TAM receptors in the combination 
with Trabectedin, we generated derivatives from UM cell line OMM2.5, containing vectors 
for either doxycycline-inducible knockdown of TYRO3 (Fig. 3A) or MERTK (Fig. 3B). The 
protein levels of either MERTK and TYRO3 dropped significantly upon induction of 
corresponding shRNAs. Moreover, we noticed that the level of MERTK decreased upon  
induction of shTYRO3 #2 and #3.

The depletion of expression of both proteins led to retardation of cell growth, however, 
the effect of MERTK knockdown was greater than the depletion of TYRO3. After 4 days of  
doxycycline induction, expression i-shTYRO3 #2 slowed down the growth of OMM2.5 cells, 
while the effect of the other i-shTYRO3 appeared only after 6 days of induction (Fig. 3C). 
Growth retardation of the cells expressing shMERTK was apparent already after 4 days of 
induction, and only about 25% of the cells left viable two days later (Fig. 3D). 

When the knockdown of MERTK was combined with various doses of Trabectedin, we 
detected additional growth reduction, and the positive values of Excess over Bliss scores 
indicated synergism (Fig. 3F). The effect of Trabectedin alone on survival was even stronger 
than the one of the combinations with shTYRO3 #1, indicating not additive and even slight 
antagonistic action. However, synergism was observed in case of i-shTYRO3 #2 (Fig. 3E). This 
effect could be present due to simultaneous decline of expression of both TYRO3 and MERTK 
by shTYRO3 #2. Downregulation of MERTK by this shRNA was most likely indirect, because it 
took place only after the prolonged treatment with doxycycline, and the sequences targeting 
TYRO3 mRNA are very distinct from sequences in MERTK mRNA.

The synergistic effect of the combination of MERTK knockdown and Trabectedin was 
demonstrated also by the analysis of cleaved PARP, a marker of apoptosis (Fig. 3B). The level 
of cleaved PARP was elevated (and the level of full-length PARP dropped) after treatment with 
combination of doxycycline and Trabectedin, comparing to the single treatments; the effect 
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Figure 4. The higher mRNA expression of TAM receptors’ ligands GAS6 and PROS1 correlates with BAP1-negati ve 
status of the tumors and worse prognosis for UM pati ents. (A) The eff ect of Trabectedin (blue bars), UNC569 (magenta) 
and their combinati on (yellow) on viability of OMM1, MM66, MP46 cells aft er 5 days of treatment. Signifi cant (p<0.05) 
reducti on of viability in combinati onal treatment comparing to both of the single treatments is indicated with (*), 
stati sti cal analysis was performed using one-way ANOVA, error bars present mean ± SEM, n=3. (B) UM cell lines 
were seeded into 6 well-plates; next day, the medium was supplemented with UNC569 (5 µM). 6 hours later 300 ng/
ml GAS6 was added, and 20 min later the samples were harvested for analysis. m-control, G-GAS6-treated samples, 
G/U- UNC569- and GAS6-treated samples.  (C) Correlati on of GAS6 mRNA expression with BAP1 status of the tumors 
in LUMC cohort. Left  plot represents probe 1, right plot- probe 2. (D) Analysis of the UM-specifi c survival related to 
GAS6 expression in LUMC pati ent cohort (n=64). GAS6 status split at infl ecti on point, left  plot represents probe 1 
(n=29 low, n=35 high) right plot- probe 2 (n=26 low, n=38 high).  (E) Correlati on of PROS1 mRNA expression with BAP1 
status of the tumors in LUMC cohort. (F) Analysis of the UM-specifi c survival related to PROS1 expression in LUMC 
pati ent cohort (n=64; split at the median, n=32 high, n=32 low).
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was also valid for the shTYRO3 #2, but less pronounced in shTYRO3 #1 and #3 (Fig. 3A). 
Confirming the results upon depletion of MERTK, we found that UM cell lines are sensitive 

in low micromolar range to pharmacological inhibition of MERTK by UNC569, as illustrated 
in Figure 4A and Suppl. Fig 3A. The combination of UNC569 with Trabectedin synergistically 
slowed down the growth of UM cell lines, resembling the effects of Trabectedin in MERTK 
depleted cells. The target engagement of UNC569 is demonstrated in Fig. 4B: UM cell 
lines OMM1, MM66 and MP46 either not pre-treated or pre-treated with UNC569 were  
stimulated with the ligand of TAM receptors GAS6. Addition of GAS6 activated AKT signaling thus  
increased phosphorylation of AKT on Ser473, but pre-treatment with UNC569 completely 
blocked this upregulation.  

Overall, these results indicate importance of inhibition of TAM receptors, especially MERTK, 
for growth of UM cell lines and synergistic effect of the combination with Trabectedin. 

Having demonstrated the effect of MERTK control on proliferation of UM cells, we decided 
to examine if expression of MERTK or its ligands could be related to metastatic potential of 
UM and survival of metastatic UM patients. We analyzed mRNA expression of MERTK, GAS6 
and PROS1 in two cohorts of UM patients: LUMC cohort including 64 cases (Figures 4C, F 
and Suppl. Fig. 3F) and TCGA cohort including 80 cases (Suppl. Fig. 3B, C, H). We stratified 
the cases by expression of BAP1, as loss of BAP1 expression represents a crucial predisposing 
factor for development of the UM metastases. The mRNA expression of GAS6 turned out to 
be significantly elevated in BAP1-negative tumors compared to BAP1-positive tumors in both 
cohorts (Fig. 4C and Suppl. Fig. 3B). A similar increase of PROS1 expression was found only 
in TCGA cohort (Suppl. Fig. 3C), but not in LUMC cohort (Fig. 4F). The mRNA expression of 
MERTK did not differ between BAP1- positive and -negative groups in either cohort (Suppl. 
Fig. 3F and H). 

The mRNA expression of GAS6 and PROS1 negatively correlated with survival of UM patients 
in LUMC cohort, as demonstrated in Fig. 4D and F. However, in TCGA cohort we found the 
significant effect of PROS1 expression on survival (Suppl. Fig. 4E), but not of GAS6 expression 
(Suppl. Fig. 3D). The mRNA expression of MERTK did not affect uveal melanoma related death 
in any of the cohorts (Suppl. Fig. 3G, I). 

The correlation of the expression of the ligands GAS6 and PROS1 with BAP1 status 
and survival of UM patients highlights the significance of MERTK activity for metastases  
progression in UM patients.  

Cabozantinib mimics the synergistic effects of Foretinib in combination with 
Trabectedin

The main purpose of our project is to investigate potential therapeutic options for 
the patients with metastatic UM. Since commercial development of Foretinib has been  
discontinued during the course of our studies, we decided to substitute Foretinib with  
Cabozantinib for the experiments in vivo. Cabozantinib has been FDA-approved for metastatic 
differentiated thyroid cancer and currently undergoes clinical studies for advanced tumors of 
other types [56] including uveal melanoma [57]. 

We were able to reproduce the results of in vitro experiments when Foretinib was replaced 
by Cabozantinib. UM cell lines were sensitive to Cabozantinib in micromolar concentrations 
(Suppl. Fig. 2F), the effect on survival was synergistically enhanced in combination with  
Trabectedin (Fig. 5A and Suppl. Fig. 3A). 

The combination Trabectedin-Cabozantinib strongly induced caspase 3/7 activity in the 
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Figure 5. Cabozanti nib, similar to Foreti nib, is synergisti c with Trabectedin in vitro, but not in vivo. (A) The eff ect of 
Trabectedin (blue bars), Cabozanti nib (magenta) and their combinati on (yellow) on viability of MM66, MP38 and MP46 
cells aft er 5 days of treatment. Signifi cant (p<0.05) reducti on of viability in combinati onal treatment comparing to 
both of the single treatments is indicated with (*), stati sti cal analysis was performed using one-way ANOVA, error bars 
present mean ± SEM, n=3. (B) Inducti on of apoptosis in UM cell lines by Trabectedin, Cabozanti nib or the combinati on. 
Acti vity of caspases 3/7 was measured aft er 5 days of treatment, 200 pM of Trabectedin was applied to MM66 and 
OMM2.3, 400 pM to MP38 and MP46; 4 µM of Cabozanti nib was applied to MP38 and MM66, 8 µM to OMM2.3 
and MP46. Signifi cant (p<0.05) elevati on of caspases 3/7 acti vity in combinati onal treatment comparing to both of the 
single treatments is indicated with (*), stati sti cal analysis was performed using one-way ANOVA, error bars present 
mean ± SEM, n=3. (C) Relati ve tumor volume (RTV) upon treatments with Trabectedin, Cabozanti nib, CX-4945 or the 
combinati ons. The UM PDXs MM26, MM309 and MM339 were treated either with Trabectedin 0.125 mg/kg, IV, 
weekly, or with Cabozanti nib at 20 or 30mg/kg, daily, 5 days per week, or with CX-4945 at 75 mg/kg, BID, 5 days per 
week, or with a combinati on of the drugs.  Tumor growth was evaluated by plotti  ng mean RTV ± SEM for each group. 
For MM26, n= 6 independent PDX (Trabectedin and Trabectedin+ CX-4945); n=7 independent PDX (Control, Cabo-
zanti nib, CX-4945); n=8 (Trabectedin+Cabozanti nib). For MM309, n=4 for all groups except Control and CX-4945, 
n=5. For MM339, n=5 for all groups except Control and Trabectedin+Cabozanti nib 20mg/kg, n=6. (D-E) Probability of 
progression aft er Trabectedin treatment with or without Cabozanti nib at 20 and 30 mg/kg, daily (D) or CX-4945 at 75 
mg/kg, BID, daily (E), taking tumor doubling ti me into account.
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tested UM cell lines, as demonstrated in Fig. 5B. 
Cabozantinib, as well as Foretinib, efficiently inhibit both c-MET and TAM receptors  

signaling, what has been demonstrated in Fig. 2G.
The results of the combinations of Trabectedin with CX-4945 and with Cabozantinib were 

promising in cell culture experiments. Therefore, it was decided to test the efficacy of these 
combinations on UM PDX models in vivo. 

In vivo experiments

Three different UM PDXs have been included in our in vivo experiments, i.e. MM26, MM309, 
and MM339. Change in relative tumor volume (RTV) for each treatment is demonstrated 
in Figure 5C, overall response rate (ORR)- in Suppl. Fig. 4B, and Figure 5D and E represent  
probability of tumor progression (doubling time) cumulative for all three models.

Looking at efficacy of each tested monotherapy, we observed that Trabectedin alone 
induced tumor growth inhibition (TGI) of 42% (p=0.0157), 49%, and 35% in MM26, MM309, 
and MM339 treated PDXs, respectively, with an ORR of 47%. CX-4945 demonstrated a slight 
antitumor activity in MM26 and MM339 models; the effect was more profound on the MM309 
PDX, an ORR represented 27%. Inversely, Cabozantinib blocked tumor growth in all treated 
PDXs in both tested dosages, with an ORR of 100 and 93% in the 20 mg/kg/day or 30 mg/kg/
day groups, respectively.

We did not observe additive efficacy after combining Trabectedin with CX-4945  
administration. Similarly, we did not observe additive effect after administration of Trabectedin 
in combination with Cabozantinib, irrespectively of Cabozantinib dosage.

Discussion 

In recent years various therapeutics have been developed and tested in the clinic in order 
to improve the outcome for the patients with metastatic uveal melanoma [8].  

DNA-damaging chemotherapeutics, mainly alkylating agents, have been widely  
investigated as potential therapy for metastatic UM, but so far, they have demonstrated 
limited effect on overall survival [58-61]. Trabectedin is a DNA-damaging agent with a 
distinct, complex mechanism of action. It binds to DNA minor grove, forms adducts and 
bends DNA, causing DNA damage response; it interacts with proteins bound to DNA, like 
Rad13, and affects DNA repair and transcription [62]. In addition, Trabectedin affects the 
tumor microenvironment and activates immune response [63]. Trabectedin has been FDA 
approved as the second line therapy for metastatic soft tissue sarcoma and has been tested 
in the clinic for treatment of various types of solid tumors [64, 65].

In this study we showed that Trabectedin inhibits proliferation and induces apoptosis 
in UM cell lines, and combining Trabectedin with the CK2/Clk-inhibitor CX-4945 reduces 
survival even further. CK2 phosphorylates a wide set of substrates and inhibition of this 
kinase leads to alterations in multiple metabolic pathways [66, 67]. Since also Trabectedin 
has multiple targets, it is not possible to pinpoint the key targets underlying the synergistic 
effect of these compounds. CX-4945 has previously been shown to enhance the effect 
of -other- DNA-targeting chemotherapeutics, e.g. Cisplatin, Carboplatin, Gemcitabine,  
Temozolomide and Doxorubicin [68], in the context of various solid tumors and hematological 
cancers.  These promising pre-clinical results have instigated a clinical trial for treatment 
of cholangiocarcinoma with the combination of CX-4945 with Cisplatin and Gemcitabine [68]. 
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Additionally to CK2, CX-4945 inhibits the activity of the cyclin-like kinases, which are  
indirectly involved in splicing; however the importance of the latter function of CX-4945 for 
its anti-proliferative effect is unknown. We found that CX-4945 affects splicing of Mdmx 
mRNA. Targeting MDMX has been previously suggested as a therapeutic option for cells 
expressing wild-type p53 [51]. The splicing machinery is often affected in UM, as 15% of the 
tumors carry mutation in splicing factor SF3B1 [33, 69]. 

Trabectedin significantly inhibited UM PDX tumor growth in mouse models. However, 
CX-4945 did not significantly affect the tumor growth in vivo, and it did not enhance the 
effect of Trabectedin. Multiple explanations are possible, for example that CX-4945 could 
not sufficiently penetrate the solid, subcutaneous tumors formed by the PDX models. In  
conclusion, the in vitro promising combinatory treatment with Trabectedin and CX-4945 
cannot be confirmed in the in vivo PDX models, making it not a promising treatment for 
metastatic UM patients. The other combination we identified is Trabectedin with the c-MET 
and TAM receptors inhibitor Foretinib. This combination also synergistically inhibited UM cell 
proliferation and induced apoptosis. The c-MET inhibitors have been previously investigated 
as putative therapeutics for metastatic UM [70]. The ligand of c-MET, HGF, is abundantly 
present in the liver- the most common site of UM metastatic lesions- stimulating activation 
of the receptor [34, 71]. According to our data, specific inhibition of c-MET activity with the 
selective inhibitor INC280 does not affect UM cell proliferation in vitro, although it does 
not exclude an effect of c-MET inhibition on the growth of UM metastases in patients. The  
treatment with Foretinib does inhibit the growth of UM cells, since it affects other targets 
besides c-MET, e.g. signal transduction of receptor tyrosine kinases MERTK and TYRO3, 
which are highly expressed in UM.  Blocking of MERTK, rather than TYRO3 activity synergizes 
with Trabectedin, as follows from our experiments with genetic depletion of these receptors. 
Similarly, MERTK has been considered as the main target of Foretinib in glioblastoma, and 
the combination of Foretinib with DNA-damaging chemotherapeutic agent Temozolomide 
has been reported to inhibit the cell proliferation more efficiently than the single treatments 
[72]. The level of MERTK has been demonstrated to increase after the treatment with several 
alkylating agents [73], indicating a possible resistance mechanism, and the depletion of 
MERTK with shRNA enhanced the cytotoxic effect of Temozolomide and Carboplatin [74]. 
Since during the course of our studies it was found that the development of Foretinib and 
its clinical use was discontinued, we compared it with the clinically relevant RTK inhibitor 
Cabozantinib, essentially inhibiting the same receptor tyrosine kinases. Because the in vitro 
results were very promising, the combination of Trabectedin with Cabozantinib was used in 
the in vivo experiments. 

As mentioned before, we observed substantial antitumor effect of Trabectedin with an 
overall-response-rate of 47%, and monotreatment by Cabozantinib essentially completely 
blocked the further growth of the tumors with an overall response rate of almost 100%. 
However, Trabectedin could not enhance the effect of monotreatment by Cabozantinib. This 
finding was somewhat disappointing, but it could be explained by the strong effect of the 
Cabozantinib treatment, and the fact that Trabectedin can only be administered once a week 
due to its toxicity profile. Possibly, if Cabozantinib by itself almost fully blocks cell prolifera-
tion, Trabectedin cannot have sufficient effect anymore. Also in vitro, in most cell lines, the 
highest concentration of Cabozantinib shows no or very limited synergism with Trabectedin. 
Therefore, we still believe that the combination of Trabectedin with Cabozantinib or, even 
better, a more specific MERTK inhibitor is a therapeutic option for metastatic UM patients, 
also because in these immunocompromised mouse models the effect of Trabectedin on 

proefschrift maket kseniya glinkina lato october 2023.indd   40proefschrift maket kseniya glinkina lato october 2023.indd   40 18/10/2023   00:04:2018/10/2023   00:04:20



41

2

immuno-microenvironment is not taken into account. In this respect it is interesting to note 
that more specific MERTK or MERTK/AXL double inhibitors are being tested in clinical trials 
[75]. Importantly, MERTK has not only cell-intrinsic proliferative and survival functions, but 
also creates an immunosuppressive environment, inhibition of which might sensitize metas-
tatic UM for immunotherapy. In line with that, the recent findings suggest a mechanistic link 
between genetic aberrations in UM and activity of MERTK in tumor associated macrophages. 
According to Kaler et al. [76], BAP1 loss results in up-regulation of a ligand and agonist of 
MERTK PROS1 in UM cells through epigenetic mechanisms. In turn, membrane bound PROS1 
on tumor cells interacts with MERTK on nearby macrophages, leading to phosphorylation 
of MERTK and activation of downstream signaling that promotes M2 polarization. PROS1 
shares structural and functional similarities with GAS6 [77, 78]. According to our analysis of 
the clinical datasets, GAS6 expression is, similar to PROS1, correlated to BAP1 expression, and 
it might have the same effects on the tumor microenvironment.

Therefore, we would be very interested to see a clinical trial for UM metastatic patients 
with the combination of Trabectedin with currently tested MERTK/AXL inhibitor(s).
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 Methods

 Cell culture and lentiviral transductions

Cell lines OMM2.5 (RRID:CVCL_C307), OMM2.3 (RRID:CVCL_C306), Mel285 
(RRID:CVCL_C303) and Mel290 (RRID:CVCL_C304) (all a gift of Bruce Ksander) and OMM1 
(RRID:CVCL_6939)40 were cultured in a mixture of RPMI and DMEM-F12 (1:1) supplemented 
with 10% FBS and antibiotics. MM28 (RRID:CVCL_4D15), MP38 (RRID:CVCL_4D11), MP46 
(RRID:CVCL_4D13), MM66 (RRID:CVCL_4D17) 41 were cultured in IMDM supplemented 
with 20% FBS and antibiotics. The cell lines were maintained in humidified incubator at 37°C 
with 5% CO2. 

Inducible shRNA knockdown lentiviral vectors were constructed as described previously 
[42, 43]. Production of lentivirus stocks by transfections into 293T (CVCL_0063) cells essen-
tially as described, but calcium phosphate was replaced with polyethylenimine [44]. Virus was 
quantitated by antigen capture enzyme-linked immunosorbent assay (ELISA) measuring HIV 
p24 levels (ZeptoMetrix Corp., New York, NY, USA). Cells were transduced using a multiplicity 
of infection of 2 in medium containing 8 μg/ml polybrene. Target shRNA sequences to deplete 
MERTK or TYRO3 and the control sequences are shown in Suppl. Table 1. 

Compound screen

Cells were seeded in appropriate concentration in 6 by 6 wells into 96-well plates. The 
next day the media was supplemented with serial dilutions of a single agent or a combination 
of two inhibitors. Six concentrations of each inhibitor were used. Viability was assayed after 
5 days of treatment using CellTiter-Blue cell viability assay (Promega, Madison, WI, USA). In 
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each experiment technical triplicates were assessed, and all analyses were performed on three 
biological replicates.

A putative synergistic effect was calculated using Excess over Bliss algorithm [45, 46]. 
Foretinib, CX-4945, Cabozantinib, INC280 (Capmatinib) and RG7112 were obtained from 

Selleck Chemicals (Houston, TX, USA). Trabectedin was a gift from Pharma Mar S.A. (Madrid, 
Spain).  

Caspase 3/7 activity

The cells were seeded in triplicate into white-walled 96-well plates with clear bottom and in 
clear 96-well plates. The next day the media was supplemented with the single agents and the 
combination of two inhibitors; the concentrations are listed in Suppl. Table 2. Five days later 
the caspase 3/7 activity was assessed with the use of the Caspase-Glo 3/7 Assay (Promega) 
and the cell viability was assessed with the CellTiter-Blue assay (Promega). The caspase activity 
relative to viability was calculated. 

Western blot

The cells were seeded into 6-well plates. The next day the media was supplemented with 
a single drug or a combination of two agents; the concentrations are listed in Suppl. Table 3. 
After the treatments the cells were rinsed twice with ice-cold PBS and scraped and lysed with 
Giordano buffer (50 mM Tris-HCl pH=7.4, 250 mM NaCl, 0.1% Triton X-100, 5 mM EDTA, 
supplemented with phosphatase- and protease inhibitors. Equal protein amounts were sepa-
rated on SDS-PAGE and blotted on PVDF membranes (Millipore, Darmstadt, Germany). The 
membranes were blocked with 10% non-fat dry milk in TBST (10 mM Tris-HCl pH=8.0, 150 
mM NaCl, 0.2% Tween-20) and incubated with the primary antibody diluted in 5% BSA/TBST 
overnight at 4˚C. The membranes were washed with TBST and incubated with HRP-conjugated 
secondary antibodies (Jackson Laboratories, Bar Harbor, ME, USA). The chemiluminescent 
signal was visualized using X-ray film or a Chemidoc machine (Bio-Rad, Hercules, CA, USA). The 
analysis of the blots was performed using Image Lab software (Bio-Rad, Hercules, CA, USA). 
The primary antibodies are listed in Suppl. Table 4. 

Flow cytometry

The cells were seeded into 6-well plates. The next day the media was supplemented with a 
single drug or a dual combination; the applied concentrations are listed in Suppl. Table 5. After 
5 days the cells (including floating cells) were collected with trypsinization, washed two times 
with ice-cold PBS and fixed with 70% ethanol overnight at 4˚C. The cells were washed with 
PBS containing 2% FBS, suspended in PBS containing 2% FBS, 50 µg/ml Propidium Iodide, 50 
µg/ml RNAse A and incubated 30 min at 37˚C. Flow cytometry was performed using the BD 
LSR II system (BD Biosciences, Franklin Lakes, NJ, USA). In total 10,000 events were recorded. 
The data was analyzed using FlowJo v10.6.1 software. The sum of G1, S and G2 percentage was 
set to 100. The subG1 population was determined as a percentage of the whole population.

RNA isolation and qPCR

The cells were seeded into 6-well plates. The next day media was supplemented with a 
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single drug or a combination; the concentrations are listed in Suppl. Table 2. After the treatment 
the cells were collected by scraping in lysis buffer and RNA was isolated using SV Total RNA 
Isolation System (Promega) according to the manufacturers’ protocol. The reverse transcription 
reaction was performed using ImProm II reverse transcriptase (Promega). qPCR was performed 
using SYBR green mix (Roche, Basel, Switzerland) in a C1000 Touch Thermal Cycler (Bio-Rad). 
Relative expression of the tested genes was calculated compared to expression of housekee-
ping CAPNS1 and SRPR.  The primer sequences are listed in Suppl. Table 6.

Analysis of effects of CX-4945 on mRNA splicing was performed with the primers listed in 
Suppl. Table 7. 

 
In vivo experiments

UM PDX models

Three UM PDX models, MM26, MM309 and MM339 obtained from liver metastatic of 
human uveal melanoma were used. MM26 is mutated for GNAQ and SF3B1. MM309 is mutated 
for GNAQ and MM339 for GNA11; both are mutated for BAP1. 

 Reagents

Trabectedin was kindly provided by PharmaMar and administered intravenously, weekly. 
Cabozantinib and CX-4945 were purchased from MedchemExpress. Cabozantinib was formu-
lated in vehicle 3% DMSO, 30% PEG300 and 67% HPCD 20%, and CX-4945 in 10% DMSO, 
40% PEG300, 30% polypropylene glycol and 20% H2O. Cabozantinib was administered at 20 
and 30 mg/kg, daily, and CX-4945 at 75 mg/kg, BID, daily. Both were administered orally 5 
days per week.

 In vivo efficacy studies

For efficacy assessments, tumor fragments were transplanted into female SCID mice from 
Janvier Laboratories. Xenografts were randomly assigned to the different treatment groups 
when tumors reached a volume comprised between 60 and 260 mm3. Tumor size was measured 
with a manual caliper twice per week. Tumor volumes were calculated as V = a × b2/2, a being 
the largest diameter, b the smallest. Tumor volumes were then reported to the initial volume 
as relative tumor volume (RTV). Means (and SEM) of RTV in the same treatment group were 
calculated, and growth curves were established as a function of time. Antitumor activity was 
evaluated by determining tumor growth inhibition (TGI) as follows: percent GI = 100 − (RTVt / 
RTVc × 100), where RTVt is the mean RTV of treated mice and RTVc is the mean RTV of controls, 
both for the time point at which antitumor effect was optimal. A meaningful biological effect 
was defined as a TGI of at least 50%. The statistical significance of the differences observed 
between the individual RTVs corresponding to the treated and control mice was determined 
in two-tailed Mann-Whitney tests. Moreover, the response of treatments in all models were 
evaluated as a function of individual mouse variability, by considering each mouse as a single 
tumor-bearing entity. Hence, in all in vivo experiments, a relative tumor volume variation (RTVV) 
was calculated for each treated mouse as follows: (RTVt/mRTVc), where RTVt is the relative 
tumor volume of the treated mouse and mRTVc is the median relative tumor volume of the 
corresponding control group of corresponding day of treatment. We then calculated (RTVV)-1 
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for each treated mouse. A tumor was considered to be responding to treatment if (RTVV)-1 was 
below -0.5. Finally, to assess the impact of treatments on the tumor progression, we evaluated 
the probability of progression (doubling time) as described [47].

This study was performed in accordance with the recommendations of the European 
Community (2010/63/UE) for the care and use of laboratory animals. Experimental proce-
dures were approved by the ethics committee of Institut Curie CEEA-IC #118 (Authorization 
APAFIS# #25870-2020060410487032-v1 given by National Authority) in compliance with the 
international guidelines. 

Clinical data analysis

The LUMC cohort includes clinical, histopathological, and genetic information on 64 UM 
cases enucleated between 1999 and 2008 at the Leiden University Medical Centre (LUMC). 
Clinical information was collected from the Integral Cancer Center West patient records and 
updated in 2021. For each sample, part of the tumor was snap frozen with 2-methyl butane 
and used for mRNA and DNA isolation, while the remainder was embedded in paraffin after 48 
hours of fixation in 4% neutral-buffered formalin and was sent for histological analysis. RNA 
was isolated with the RNeasy mini kit (Qiagen, Venlo, The Netherlands) and mRNA expression 
was determined with the HT-12 v4 chip (Illumina, San Diego, CA, USA). BAP1 status (positive 
or negative) was determined by immunohistochemistry.

TCGA cohort represents 80 primary UM cases enucleated in 6 different centers48. mRNA 
expression was determined by RNA-seq. BAP1 status (high or low expression) was determined 
by splitting mRNA expression along the median expression value. 

Statistical analyses of the LUMC and TCGA cohorts were carried out in SPSS, version 25 
(IBM Corp). For survival analysis, Kaplan-Meier and log-rank test were performed with death 
due to metastases as endpoint. Cases that died of another or unknown cause were censored. 
The two subpopulations that were compared in each analysis were determined by splitting the 
total cohort along the median value of mRNA expression for each analyzed gene. 

The study was approved by the Biobank Committee of the Leiden University Medical Center 
(LUMC; 19.062.CBO/ uveamalanoomlab-2019-3; B20.023). The tenets of Declaration of 
Helsinki were followed.
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Supplementary fi gure 1. Workfl ow of the compound screen and the eff ect of the selected combinati ons in UM cell 
viability. (A) Workfl ow of the compound screen. (B-C) Eff ect of Trabectedin (blue bars), CX-4945 or (magenta) and their 
combinati on (yellow) on viability of MP38 (B) and MP46 (C) cells aft er 5 days of treatment. (D-E) Eff ect of Trabectedin 
(blue bars), CX-4945 or (magenta) and their combinati on (yellow) on viability of MP38 (D) and MP46 (E) cells aft er 5 
days of treatment. Signifi cant (p<0.05) reducti on of viability in combinati onal treatment comparing to both of the single 
treatments is indicated with (*), stati sti cal analysis was performed using one-way ANOVA, error bars present mean ± 
SEM, n=3. (F-I) The eff ect of Trabectedin alone or in combinati on with either CX-4945 or Foreti nib on cell cycle progres-
sion of UM cell lines aft er 3 days of treatment; the concentrati ons of the applied compounds are listed in Suppl. Table 5.
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Supplementary fi gure 2. Verifi cati on of target engagement of the selected inhibitors. (A) The eff ect of Trabectedin 
(T), CX-4945 (CX) or the combinati on (CX/T) treatment for 24h on p53 signaling. Vinculin was used as a control. (B)  
Expression of Mdm2 and CDKN1A mRNA upon 24h treatments with Trabectedin. Signifi cant (p<0.05) change in mRNA 
expression comparing to the control is indicated with (*), stati sti cal analysis was performed using t-test, error bars 
present mean ± SEM. (C) Expression of c-MET and TAM receptors in UM cell lines. (D) The eff ect of Trabectedin (T), 
Foreti nib (F) or the combinati on (F/T) treatment for 24h on AKT signaling. Vinculin was used as a control. (E) MP38 
cells were grown for 16 hours in medium with 0.5% serum, then pre-incubated with either vehicle (M), Foreti nib (F; 
4 µM) or INC280 (I; 0.1 µM) for 2 hours. Subsequently, the cells were either treated with vehicle or with HGF (H; 50 
ng/ml), for 20 minutes aft er which they were harvested for protein analysis. (F) The eff ect of Foreti nib, Cabozanti nib 
and INC280 on UM cell viability aft er 5 days of treatment. Signifi cant (p<0.05) reducti on of viability in combinati onal 
treatment comparing to the control is indicated with (*), stati sti cal analysis was performed using one-way ANOVA, 
error bars present mean ± SEM.
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Supplementary fi gure 3. Analysis of TCGA uveal melanoma dataset. (A) The eff ect of Trabectedin (blue bars), UNC569 
(magenta) and their combinati on (yellow) on viability of OMM2.5, MM28, MP38 cells aft er 5 days of treatment. 
Signifi cant (p<0.05) reducti on of viability in combinati onal treatment comparing to both of the single treatments is 
indicated with (*), stati sti cal analysis was performed using one-way ANOVA, error bars present mean ± SEM, n=3.
(B-C) Correlati on of GAS6 (B) and PROS1(C) mRNA expression with BAP1 status of the tumors in TCGA cohort. (D-E) 
Analysis of the UM-specifi c survival correlated with GAS6 (D) and PROS1 (E) expression in TCGA pati ent cohort (n=80; 
split at the median, n=40 high, n=40 low).
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Supplementary fi gure 4. Overall response rate of the selected combinati ons. (A) The eff ect of Trabectedin (blue bars), 
Cabozanti nib (magenta) and their combinati on (yellow) on viability of OMM1, OMM2.5 and MM28 cells aft er 5 days 
of treatment. Signifi cant (p<0.05) reducti on of viability in combinati onal treatment comparing to both of the single 
treatments is indicated with (*), stati sti cal analysis was performed using one-way ANOVA, error bars present mean 
± SEM, n=3. (B) Overall response rate (ORR) to Trabectedin at 0.125 mg/kg, IV, weekly, with or without 2 doses of 
Cabozanti nib, 20 or 30 mg/kg, 5 days per week, PO, for all PDX models.

˂ Supplementary fi gure 3. (conti nued) (F) Correlati on of MERTK mRNA expression with BAP1 status of the tumors 
in LUMC cohort. Left  plot represents probe 1, right plot- probe 2.  (G) Analysis of the UM-specifi c survival related to 
MERTK expression in LUMC pati ent cohort (n=64; split at the median, n=32 high, n=32 low). (H) Correlati on of MERTK 
mRNA expression with BAP1 status of the tumors in TCGA cohort. (I) Analysis of the UM-specifi c survival related to 
MERTK expression in TCGA pati ent cohort (n=80; split at the median, n=40 high, n=40 low). 
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Supplementary tables

i-shRNA Sequence
Control#1 GAATCTTGTTACATCAGCT

Control#2 TACAACAGCCACAACGTCTAT

MERTK #1 CCTGCATACTTACTTACTTTA

MERTK #2 GCTCAATCAGTGTACCTAATA

TYRO3 #1 CCGGTCCTTCAATCGAGAAAG

TYRO3 #2 CCAGTGACTGTCGGTACATAC

TYRO3 #3 TTGGTATCTCAGGTCTGAATC

Supplementary Table 1. Sequences of i-shRNAs. 

Cell line CX-4945, μM Trabectedin, pM Foretinib, μM
OMM1 2 200 0.5

OMM2.5 1 150 0.5

MP38 5 600 4

MP46 3 600 1.5

MM66 7 250 1

Supplementary Table 2. Concentrations of compounds applied  for caspase 3/7 activity assay.

 

Cell line CX-4945, μM Trabectedin, pM Foretinib, μM
OMM1 2 200 0.5

OMM2.5 1 200 0.5

MP38 5 600 2

MP46 3 600 1.5

MM66 7 300 1

Supplementary Table 3. Concentrations of compounds applied  for protein and mRNA analysis.
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Antibody Ordering number Manufacturer
AKT #2920 Cell Signaling Technology Beverly, MA, 

USApS129-AKT #13461

pS473-AKT #4060

pT308-AKT #13038

 cMET #4560

pY1234-cMET #3126

ERK1/2 #4695

MERTK #4319

TYRO3 #5585

pS15-P53 #9284

PARP #9542

PRAS40 #2610

pT246-PRAS40 #2640

pT202/pY204-ERK M8159 Sigma-Aldrich, St Louis, MO, USA

pY749/681-MERTK/Tyro3 SAB4504621

Vinculin V9131

γ-Tubulin T 6199

Mdm2 #04-1530 Millipore, Temecula, CA, USA

Mdmx #04-1555

p53 sc-126 Santa Cruz Biotechnology, Dallas, TX, USA

USP7 A300-0330A-M Bethyl laboratories, Montgomery, TX, USA

Supplementary Table 4. Primary antibodies

Cell line CX-4945, μM Trabectedin, pM Foretinib, μM
OMM1 2 200 0.5
OMM2.5 1 200 0.5
MP38 5 600 2
MP46 3 600 1.5
MM66 7 300 1

Supplementary Table 5. Concentrations of compounds applied  for cell cycle analysis by flow cytometry.
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Primer Sequence
Bcl-2 FW CCCGCGACTCCTGATTCATT

Bcl2-RV AGTCTACTTCCTCTGTGATGTTGT

Bim FW CATCGCGGTATTCGGTTC

Bim RV GCTTTGCCATTTGGTCTTTTT

Bmf FW TTTATGGCAATGCTGGCTATCG

Bmf FW GCAATCTGTACCTCTGCTTGATG

Mdm2 FW ACGCACGCCACTTTTTCTCT

Mdm2 RV TCCGAAGCTGGAATCTGTGAG

CDKN1A FW CCTGACAGATTTCTATCACTCCA

CDKN1A RV AGGCAGCGTATATCAGGAG

Supplementary Table 6. Primers for qPCR.

Primer Sequence
Ell FW CTAAATCCGTCTCAGAATGCTGCAG

Ell RV TAATCTGGGAGTTCAATTGCTGAAGG

Mdmx FW TGCATGCAGCAGGTGCG

Mdmx RV CATTACTTCTAGGTGTAT

Gapdh FW AATCCCATCACCATCTTCC

Gapdh RV ATGAGTCCTTCCACGATACC

Supplementary Table 7. Primers for PCR.
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