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A B S T R A C T   

The crosstalk between Notch and MAPK pathway plays a role in MEK inhibitor resistance in BRAFV600E meta
static melanoma (MM) and promotes migration in GNAQQ209L uveal melanoma (UM) cells. We determined the 
cytotoxicity of combinatorial inhibition of MEK and Notch by cobimetinib and γ-secretase inhibitor (GSI) nir
ogacestat, in BRAFV600E and BRAF wt MM and GNAQQ209L UM cells displaying different Erk1/2 and Notch 
activation status, with the aim to elucidate the impact of Notch signaling in the response to MEK inhibitor. 
Overall the combination was synergic in BRAFV600E MM and GNAQQ209L UM cells and antagonistic in BRAF wt 
one. Focusing on UM cells, we found that cobimetinib resulted in G0/G1 phase arrest and apoptosis induction, 
whereas the combination with GSI increased treatment efficacy by inducing a senescent-like state of cells and by 
blocking migration towards liver cancer cells. Mechanistically, this was reflected in a strong reduction of cyclin 
D1, in the inactivation of retinoblastoma protein and in the increase of p27KIP1 expression levels. Of note, each 
drug alone prevented Notch signaling activation resulting in inhibition of c-jun(Ser63) and Hes-1 expression. The 
combination achieved the strongest inhibition on Notch signaling and on both c-jun(Ser63) and Erk1/2 acti
vation level. In conclusion we unveiled a coordinate action of MAPK and Notch signaling in promoting prolif
eration of BRAFV600E MM and GNAQQ209L UM cells. Remarkably, the simultaneous inhibition of MEK and Notch 
signaling highlighted a role for the second pathway in protecting cells against senescence in GNAQQ209L UM cells 
treated with the MEK inhibitor.   

1. Introduction 

Unraveling the mechanisms by which melanoma can be triggered 
and sustained is crucial. Mitogen activated protein kinase (MAPK) 
signaling is an evolutionarily conserved signal transduction pathway, 
including at least seven MAPKKs [1], which ultimately drive the acti
vation of ERK, JNK, or p38 MAPKs, each of them promoting a variety of 
physiological programs such as proliferation, differentiation, develop
ment, migration, apoptosis, and transformation of cells [1,2]. In 
particular, transient activation of ERK can induce melanocyte differen
tiation [3], while sustained activation, by mitogenic stimuli, promotes 
melanocytes proliferation. Mitogenic stimuli in about half of all meta
static melanoma (MM) are triggered by mutations in BRAF gene (BRAF 
V600), which stimulates the growth of cancer cells through the 

activation of the MAPKKs MEK1/2 [4]. For such patients the gold 
standard is therefore a combination therapy with BRAF inhibitor 
(BRAFi) and MEK inhibitor (MEKi) [5], which additionally delays the 
onset of resistance that invariably develops in such patients [6,7]. The 
remaining MM patients are BRAF wild-type, that do not benefit from 
BRAF/MEK inhibitors treatment and, despite they carry a wide spectrum 
of candidate mutations to be targeted, their treatment is still a chal
lenging problem [8]. In uveal melanoma instead, about 80 % of cases 
harbour one of the mutually exclusive activating mutations in GNAQ 
(guanine nucleotide binding-protein G(q) subunit alpha) or its paralogue 
guanine nucleotide-binding protein subunit alpha-11 (GNA11) genes 
[9–11], which render the heterotrimeric G protein α subunits Gαq and 
Gα11 GTPase constitutively active [12]. The best-known downstream 
signaling event, initiated by Gαq, involves the activation of 
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phospholipase C-β (PLC-β), leading through a cascade mechanism to the 
constitutive activation of MAPK signaling pathway [13]. Therefore, the 
efficacy and safety of MEKi has been evaluated in clinical trials on 
metastatic UM patients [www.clinicaltrials.gov], though reporting 
disappointing results as well as other pharmacological approaches such 
as immunotherapy which instead results effective in cutaneous mela
noma [14]. Growing evidences have suggested Notch signaling as one of 
the most important pathway in drug-resistant tumour cells [15] and in 
melanoma progression [16]. Notch signaling cascade belongs to evolu
tionally conserved signaling pathways with a crucial role during both 
embryonic and postnatal development [17]. Beside its fundamental role 
in keratinocyte differentiation, Notch is fundamental for the regulation 
of melanocyte lineage development [18], however Notch activation is a 
driving event in melanocytic transformation and melanoma progression 
[16,19,20], including uveal melanoma [21,22]. Notch signaling is 
triggered by direct interactions between membrane-bound Notch re
ceptors (Notch1-4) on the receiver cells and Notch ligands (Delta-like or 
Jagged) on the sender cells [23]. Upon activation, Notch receptor 
intracellular domain (NICD) is released by the proteolytic cleavage of 
γ-secretase and moves into the nucleus where it plays its biological 
functions as transcriptional regulator [23–25]. Liu et al. reported that 
mutant GNAQ contributed to the activation of Notch signaling, whereas 
its inhibition prevented the stimulatory effect of GNAQ on cell viability 
and migration of UM cells [21]. Remarkably, a large body of evidence 
has highlighted the importance of Notch-Ras cooperation in the patho
genesis of several cancers. In breast cancer a coordinate hyperactivation 
of Notch1 and Ras/MAPK pathways has been identified as a biomarker 
of poor prognosis [26–28]. Accordingly Tremblay et al., have shown that 
MEK/ERK pathway promotes Notch signaling in pancreatic cancer cells 
[29], whereas Nishikawa et al. have reported that Hes1, which is tran
scriptionally activated by Notch signaling, plays an essential role in 
KRAS-driven pancreatic tumorigenesis [30]. Of note, Notch signaling is 
among signaling cascade with potential to confer resistance to 
anti-MAPK therapy, as demonstrated in BRAF-mutated melanoma [31]. 
Additionally a constitutive activation of Notch prevented the 
oncogene-induced senescence in BRAFV600E and NRASQG1R melanoma 
cells [32], hereby promoting the malignant transformation of melano
cytes. Moreover, the combination strategies with Notch antagonists 
maximized the efficacy of MAPK inhibition in BRAF mutated melanoma 
and, remarkably, Notch receptors were found differentially expressed in 
responder and non-responder melanomas [33]. Based on this back
ground, here we hypothesized the cooperation between Notch and 
MAPK signaling in driving proliferation and responsiveness to MEKi of 
melanoma cells. Therefore the aim of this study was to identify among 
melanoma cell lines, including cutaneous MM BRAF wild type, MM 
BRAFV600E and uveal melanoma cell line carrying GNAQQ209L, those 
with a constitutive activation of Notch and/or MAPK signaling to test 
the potentiality of a MEKi/γ-secretase inhibitor (GSI)-based combina
tion therapy. 

2. Materials and methods 

2.1. Chemicals 

MEK inhibitor cobimetinib, was purchased from Selleckchem 
(Munich, Germany). It was dissolved at 865 mM in dimethylsulfoxide 
(DMSO) and then it was stored in aliquots at − 20 ◦C. The inhibitor of the 
γ-secretase inhibitor (GSI) nirogacestat, also designated as PF- 
03084014, was graciously supplied by Pfizer Inc., USA. Afterwards it 
was dissolved in DMSO at 10 mM and stored in aliquots at − 20 ◦C. 

2.2. Cell culture 

The UM cells 92.1 were commercially obtained from ICLC, by Prof. 
Ragusa (University of Catania, Catania, Italy and Oasi Research Institute 
- IRCCS, Troina, Italy) and then generously gifted to us. Hmel-1 and M3 

MM cells (from human sporadic BRAFV600E melanoma biopsy speci
mens) were established from us and characterized as reported in Zanna 
et al. [34]. LND-1 and HBL MM cells (BRAF wild type) were gifted to us 
by Prof. G. Ghanem, University of Bruxelles. All Cells were cultured in 
vitro in high glucose Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10 % (v/v) fetal bovine serum (FBS), 1% (v/v) 
L-glutamine, and 1% (v/v) penicillin/streptomycin, and at 37 ◦C in a 
humidified atmosphere at 5% CO2. HepG2 liver cancer cells were kindly 
provided to us by Prof. G. Giannelli [35,36]. The latter cells was cultured 
in RPMI 1640 supplemented with 10 % (v/v) FBS, 1% (v/v) L-glutamine, 
and 1% (v/v) penicillin/streptomycin at 37 ◦C in a humidified atmo
sphere at 5% CO2. For the experiments the cells within 4–8 passages 
were utilized after routinely testing for mycoplasma contamination. 

2.3. Cell viability assays and combination index analysis 

To evaluate the cytotoxic activity of single drug, the inhibitory effect 
on cell growth by cobimetinib and nirogacestat was evaluated using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay after 
72 h of treatment. For this purpose, cells were plated in 100 μL medium, 
in 96 plates at a density of 7500 per well. After 24 h attached cells were 
exposed to various concentrations of cobimetinib and nirogacestat alone 
or in combination. In each plate, one column contained cells which were 
not exposed to any drug (vehicle –treated cells), while each drug con
centration was repeated in 6 identical wells. After three days, the results 
of the growth inhibition were expressed as dose-effect curves with a plot 
of the fraction of unaffected (surviving) cells versus drug concentration. 
The IC50 was defined as the concentration of drug resulting in a 50 % 
inhibition of cell proliferation vs vehicle treated cells and was calculated 
utilizing CalcuSyn ver.1.1.1 software (Biosoft, UK). The combination 
index (CI) values were calculated for all tested drug concentrations ac
cording to the Chou and Talalay method [37]. The CI theorem provides 
quantitative definition for additive effects (CI = 1), synergism (CI < 1) 
and antagonism (CI > 1) in drugs combinations. 

2.4. Cell cycle analysis 

Cell cycle modulation induced by treatments (cobimetinib and nir
ogacestat alone or in combination at 0.05 μM and 2.5 μM, respectively) 
for 24 h and 48 h was studied by propidium iodide (PI) staining and flow 
cytometry analysis by using a FACScan (BD Biosciences, US). After two 
wash steps in ice-cold PBS (pH 7.4), the cells were fixed in 4.5 mL of 70 
% ethanol and stored at − 20 ◦C. For the analysis, the pellet was resus
pended in PBS containing 1 mg/mL RNase, 0.01 % NP40 and 50 μg/mL 
PI (Sigma). After an incubation time of 30 min in ice, cell cycle analysis 
was performed. Data were interpreted by using the Cell Quest software 
(BD Biosciences, US), provided by the manufacturer. 

2.5. Cell apoptosis assay 

The Annexin V-FITC Apoptosis Detection Kit (BD Biosciences, US) 
was used to detect apoptosis by flow cytometry [38]. The cells were 
exposed to the drugs (cobimetinib and nirogacestat alone or in combi
nation at 0.05 μM and 2.5 μM, respectively) and after 24–48 h they were 
harvested and processed according to the manufacturer’s instructions. 
Data are presented as the calculated fractions of Annexin V and 
PI-positive cells in the 92.1 treated vs vehicle treated cells (Ctrl). 

2.6. Cellular effectors analysis 

The cells were exposed to cobimetinib and nirogacestat alone or in 
combination (at 0.05 μM and 2.5 μM, respectively) and protein 
expression was analyzed by Western Blotting. After 24 h of treatments, 
protein extracts were obtained by homogenization in Cell Lyses buffer 
(20 mMTris-HCl (pH 7.5), 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 
1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta- 
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glycerophosphate, 1 mM Na3VO4, 1 μg/mL leupeptin) and a protease 
inhibitor cocktail (P2714, Sigma-Aldrich) in the presence of 1 mM 
phenylmethylsulfonyl fluoride (PMSF). Total proteins were measured by 
Bradford method and 50 μg were electrophoretically separated on 10 % 
acrylamide gel (SDS-PAGE by Laemli). After the transfer onto PVDF 
membranes, the immunoblotting was performed by using specified 
primary antibodies against: p21 Waf1/Cip1 (dilution 1:1000; #2947, 
Cell Signaling), phospho-Rb (Ser795) (dilution 1:1000; #9301, Cell 
Signaling), Cyclin D1 (dilution 1:1000; #3686, Cell Signaling), CDK6 
(dilution 1:2000; #3136, Cell Signaling), CDK4 (dilution 1:1000; 
#12790, Cell Signaling), NOTCH1 (dilution 1:1000; #3608, Cell 
Signaling), NOTCH2 (dilution 1:1000; #5732, Cell Signaling), NOTCH3 
(dilution 1:1000; #5276, Cell Signaling), HES1 (dilution 1:1000; 
#11988, Cell Signaling), phospho-c-Jun (Ser63) (dilution 1:1000; 
#2361, Cell Signaling), p44/42 MAPK (Erk1/2) (dilution 1:1000; 
#9102, Cell Signaling), phospho-p44/42 MAPK (Erk1/2) (Thr202/ 
Tyr204) (dilution 1:1000; #9106, Cell Signaling), β-actin 1:10000, 
Sigma-Aldrich. The secondary antibodies were anti-rabbit-HRP or anti- 
mouse-HRP (GE Healthcare Life Sciences). Blots were viewed and 
analyzed using ChemiDoc XRS and the Quantity One software (Bio-Rad); 
β-actin expression levels were used to normalize the sample values. 

2.7. Real-Time PCR 

To investigate the effects of the drugs on expression of NOTCH-1, 
NOTCH-2, NOTCH-3, HES-1, and CCND1, the 92.1 cells were treated 
with cobimetinib (0.05 μM), nirogacestat (2.5 μM), and combination of 
both (0.05 μM of cobimetinib + 2.5 μM of nirogacestat) for 24 h. The 
treated cells were then harvested and total RNA was extracted using 
TRIzol reagent (Thermo Fisher Scientific) and used for synthesis of 
cDNA by High Capacity cDNA Reverse Transcription Kit (Applied Bio
systems™). Relative expression of NOTCH-1, NOTCH-2, NOTCH-3, HES- 
1 and CCND1 mRNA were then measured in a StepOnePlus™ Real-Time 
PCR System (Applied Biosystems™), by using specific primers for each 
gene and PowerUp™ SYBR™ Green Master Mix mRNA quantitative 
real-time polymerase chain reaction Kit (Applied Biosystems™). For
ward (F) and reverse (R) specific primer sequences for each gene are 
shown in the Additional File 1. Gene expression was normalized to the 
level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) within 
each sample using the relative ΔΔCT method. 

2.8. Senescence and proliferation assay 

For senescence assay 92.1 cells were plated in 60 mm dishes at a 
density of 2.5 × 105/dish and the next day they were treated with nir
ogacestat and cobimetinib as single treatment and in combination. After 
three days treatment, the cells were washed and leave to stand in drug- 
free medium for additional 4 days. Then, the cells were fixed for 15 min 
in β-galactosidase fixative, washed with PBS and stained in β-galacto
sidase staining solution at 37 ◦C until β-galactosidase staining (blue 
color) became visible at optical observation. For proliferation assay 92.1 
cells were plated into 12-well plates at 65− 70 × 103 cells/plate and then 
incubated at 37 ◦C with CO2. After three days from treatments (as re
ported before), the medium of cells was carefully removed and replaced 
with the fresh medium for additional four days. After two washing steps, 
the cells were fixed with methyl alcohol for 30 min, stained with 0.1 % 
crystal violet solution for 30 min, and examined by inverted microscope. 

2.9. Transwell migration assay 

The migration assays were performed in 24-well cultured plates with 
8 μm pore size transwell chamber inserts (Lifescience). Chemotactic cells 
(2 × 105 cells/well) HepG2, were added to the bottom chambers of 24- 
well culture plates and incubated for 24 h. Then, the culture medium 
was replaced by DMEM containing 0,2% FBS and 92.1 tumor cells sus
pension (4 × 104 / mL) was added to the upper compartment in DMEM 

containing 0,2% FBS, while the cells in the upper and bottom chamber 
were not in contact. When the cells in the upper compartment were 
adhered to the transwell, the drugs (cobimetinib at 0.05 μM, nirogace
stat at 2.5 μM and the combination of 0.05 μM cobimetinib / 2.5 μM 
nirogacestat) were added. After incubation at 37 ◦C / 5% CO2 for 24 h, 
the non-migrated cells that remained on the upper surface of the 
membrane were scraped. The migrated cells on the lower face of the 
membrane were fixed with methanol and stained with the Diff-Quick 
staining method. Migrating cells were observed under a light micro
scope from 10 random fields at 200x magnification for each triplicate 
sample to get pictures which represented the biological effect. 

2.10. Wound healing assay 

To further evaluate cell migration in response to drug treatment, 
confluent monolayer of 92.1 cells were wounded and treated with 
cobimetinib at 0.05 μM, nirogacestat at 2.5 μM and with the drugs 
combination, or left untreated (vehicle treated cell). The plates were 
photographed at time 0 and after 24 h post wounding and the Migration 
Rate was quantified by dividing the change in wound width by the time 
spent in migration, using the following equation RM =

Wi− Wf
t , [RM =

Rate of cell migration (nm/h), Wi = initial wound width (nm), Wf =
final wound width (nm), t = duration of migration (hours)], as reported 
by Grada et al. [39]. The wound width at time 0 and at time 24 h was 
determined by manual quantification of the distance between the edges 
of the scratch. The experiment was conducted in triplicate samples. 

2.11. Statistical analyses 

All experiments were carried out in triplicate, unless otherwise 
indicated, and data are presented as the mean ± standard deviation 
(SD). P values, calculated by the two-tailed t-test, lower than 0.05 were 
considered statistically significant. Statistical calculations were carried 
out using GraphPad Prism 5.0 software (GraphPad Software Inc., San 
Diego, CA, USA). 

3. Results 

3.1. Synergistic growth repression upon MEK and Notch signaling 
inhibition 

In order to evaluate the activation status of Notch and MAPK path
ways, we determined the expression of Notch1-NTM, Hes-1 and Erk1/2 
phosphorylation level in melanoma cells included in the study (Hmel-1, 
M3, HBL, LND-1 and 92.1). Such analysis, evidenced that i) Notch1 
signaling was activated in 92.1 uveal melanoma cells to higher extent 
compared to the other cell lines tested; indeed the expression level of 
Notch1-NTM was the lowest and that of Hes-1 was the highest, and ii) 
MAPK signaling was instead activated at highest extent in BRAFV600E, 
Hmel-1 and M3 (i.e. highest level of p-Erk1/2), followed by 92.1 and 
BRAF wild type cells (Fig. 1a). To evaluate whether active Notch 
influenced the response to MEKi, we tested the antitumor efficacy of the 
combined inhibition of MEK and Notch signaling in 92.1 cell line, as a 
representative model carrying the highest activation of both Notch and 
p-Erk1/2 signaling, in Hmel-1 cell line such as the one with the highest 
activation of p-Erk1/2, and in HBL cell line as representative one of 
lowest activation of both signaling pathways. To this purpose, after the 
determination of the concentration of drugs yielding 50 % inhibition of 
cell growth (IC50) for cobimetinib and nirogacestat (reported in Fig. 1b), 
the drugs were simultaneously administered in scalar concentrations as 
reported in Materials and Methods section. At each dose utilized, the 
combination of drugs showed to be more effective than each drug alone 
in 92.1 and Hmel-1 cells. Indeed the combination index (CI), evaluated 
according to the Chou and Talalay method [37], showed that it was 
synergic for all tested drugs concentrations in Hmel-1 and in 92.1 cell 
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lines, while it was antagonist or synergic in HBL, depending on drugs 
concentrations utilized (data reported in Fig. 1c). The dose/effect/ plots 
for each drug and drugs combination together with the combination 
index (CI) plots, are reported in Fig. 1S. Because such combination has 
already been evaluated in BRAF mutated MM cells [33] and uveal 
melanoma cells displayed the highest sensitivity to GSI, according to the 
activation of Notch1 signaling in such cells, we decided to continue our 
study on UM cells to shed light on possible mechanisms, driven by Notch 
signaling, counteracting the response to MEKi in uveal melanoma cells. 
Therefore all following experiments were carried out in 92.1 cells by 
using concentrations of drugs (0.05 μM and 2.5 μM for cobimetinib and 
nirogacestat, respectively) yielding a CI = 0.4, and that represented the 
lowest doses responsible for more than 50 % inhibition of cell 
proliferation. 

3.2. Combining MEKi and GSI caused the exit from cell cycle of 
GNAQQ209L 92.1 cells 

To determine whether the inhibition of cell proliferation was 
through the affection of cell cycle progression, we treated the cells with 
each drug and with drugs combination and then we assessed cell cycle 
distribution after 24 h. We found that nirogacestat slightly affected G0/ 
G1 and the S-phase cells fractions, whereas cobimetinib increased the 
first of almost 10 % and reduced the second of almost 50 %, meaning 
that MEKi maintained cells in a quiescent state. The combination further 
increased the arrest caused by cobimetinib at the G0/G1-phase (20 % vs 

10 % of cobimetinib-treated cells) and reduced the S-phase fraction (60 
% vs 50 % of cobimetinib treated cells), resulting in the almost complete 
exit of cells from cell cycle (91.6 % arrested cells at G0/G1). A repre
sentative output file of cell cycle analysis is reported in Fig. 2a whereas 
the corresponding histograms plot, reporting the percentage of cell cycle 
phases obtained from three independent experiments, is reported in 
Fig. 2b. 

3.3. Combining MEKi and GSI induced a senescent-like state rather than 
apoptosis in 92.1 cells 

The induction of apoptosis was evaluated as a consequence of 24 and 
48 h of treatment with each drug and their combination, by determining 
the fraction of Annexin V and Annexin V/PI positive cells in treated cells 
vs vehicle treated ones. Nirogacestat caused one-fold increase of 
Annexin V positive cells, meaning induction of early apoptosis after 24 
h. Cobimetinib instead, caused a four-fold increase of Annexin V positive 
cells, while the drugs combination did not further increase the extent of 
early apoptosis induced by MEKi. A representative analysis is reported in 
Fig. 3a, whereas the corresponding histogram plot, reporting the fold 
change of both Annexin V and Annexin V + PI positive cells (early + late 
apoptosis) vs vehicle treated cells (Ctrl), obtained from three indepen
dent experiments, is reported in Fig. 3b (*p < 0.05). 

Single drug and the combination did not significantly increase the 
amount of apoptosis after 48 h of treatment. However the latter induced 
a partial shift from Annexin V positive cells to Annexin V/PI positive 

Fig. 1. i) Characterization of p-Erk1/2/Erk1/2 and Notch1 signaling activation in tumor cells included in the study. a. Electrophoretic bands of Notch1-NTM, Hes-1, 
p-Erk1/2, Erk1/2 and β-actin in all melanoma cell lines are showed with the histogram plot reporting Notch1-NTM/ β-actin, Hes-1/ β-actin, p-Erk1/2 / Erk1/2 
expression level ii) Determination of drugs IC50. b. Table reporting 72 h-IC50 values for cobimetinib and nirogacestat obtained in 92.1, HBL and Hmel-1 cell lines, iii) 
Evaluation of pharmacological interaction between drugs. c. Table reporting the Combination Index (CIs) for four combinations of drugs concentrations. All data 
reported are the means ± SD from three independent experiments. The significance of differences was analyzed with two tailed t-test and are reported in Fig. 6S. 
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cells, meaning progression from early to late apoptosis (such data are 
reported in Fig. 2S). Because drugs combination markedly increased 
treatment efficacy, albeit it did not induce an increase of apoptosis, we 
speculated that in the majority of cells a prolonged arrest at G0/G1 
phase (evidenced in cell cycle analysis) led to a senescent-like state 
which suppressed cell proliferation. To ascertain if the drugs combina
tion led to senescence, we challenged the cells with each drug and their 
combination, afterwards the cells were washed and cultured in drug-free 
medium for additional four days and then stained with crystal violet or 
assayed for a senescence-associated expression of β-galactosidase (SA- 
β-Gal). Such evaluations demonstrated that by inhibiting Notch, an 
irreversible repression of cell proliferation occurred, showing that such 
signaling pathway promoted cell growth and protected 92.1 GNAQ 
mutated cells against senescence. The optical examination of GSI-treated 
cells further confirmed the phenotypic changes consistent with quies
cent and senescent state [40], because of blue color development due to 
SA-β-Gal. Of note, this assay highlighted that MEKi instead resulted in a 
reversible inhibition of cell proliferation since the cells started to 
re-growth in drug-free medium, appeared similar to vehicle treated cells 
and no SA-β-Gal staining was found. The combination of GSI with MEKi 
achieved the highest therapeutic efficacy, as demonstrated by the 
morphological examination of cells and by the increased SA-β-Gal 
staining in specimens, coherent with cells that have lost the chance to 

re-start proliferation after a prolonged quiescent state. Representative 
pictures of three independent experiments performed for cell prolifer
ation evaluation, morphological state assessment and for development 
of SA-β-Gal are reported in Fig. 4. 

3.4. Combining MEKi and GSI unveiled a cooperative mechanism between 
MAPK and Notch pathway to promote cell proliferation 

In order to determine the underlying mechanisms leading to cell 
growth inhibition and induction of senescence, we focused on cell tar
gets related to cell cycle progression and proliferation. The G1-S phase 
transition is tightly regulated by D-type cyclin levels, which limit the 
activity of CDK4/6 and by inhibitory proteins like p27KIP1 and p21CIP1, 
which potently prevent CDK4/6-mediated phosphorylation of retino
blastoma protein (RB), thus resulting in the repression of E2F target 
genes expression and cell cycle arrest [41]. Because of the expression of 
GNAQQ209L in 92.1 cells, the activation of mitogenic stimuli was 
markedly evident by endogenous Erk1/2, c-jun phosphorylation and 
cyclin D1 expression level. Notch pathway was constitutively activated, 
as showed by high levels of endogenous Hes-1, as already demonstrated 
by Asnaghi et al. in 92.1 cells [42]. Compared to vehicle-treated cells, 
nirogacestat, by inhibiting gamma secretase complex, resulted in sig
nificant reduction of Notch1 receptor processing and activation, as 

Fig. 2. The combination induced cell cycle arrest at G0/G1 in 92.1 cell line. a. Flow cytometry profile of cell cycle by single drug and combination after 24 h of 
treatments. b. Histograms of cell cycle phases after 24 h of drug treatment evidencing the arrest at G0/G1 phase and the reduction of S-phase induced by drugs 
combination and by single drug. The data reported are means ± SD from three independent experiments. SD values of each mean are in the range 1-2 % and the 
significance of differences was analyzed with two tailed t-test and reported in Fig. 7S. 
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confirmed by increased expression of Notch1-NTM, consisting of the 
trans-membrane and intracellular part of Notch receptor (ICN). 
Blockade of Notch1 was accompanied by a significant reduction of 
p-c-jun(Ser63) and Hes-1 vs vehicle treated cell (Ctrl). Erk1/2 phos
phorylation instead, was significantly increased, whereas neither cyclin 
D1 and p27 expression level, nor RB protein phosphorylation were 
modulated, according to the status of cell cycle after nirogacestat (re
ported before). Of note, compared to vehicle-treated cells, the admin
istration of cobimetinib resulted in a significant inhibition of Notch1/3 
receptors activation, which caused the decrease of Hes-1 expression, the 
reduction of p-c-jun(Ser63) and cyclin D1 expression level. Erk1/2 
phosphorylation was not reduced by tested concentration of cobimeti
nib, whereas p27 expression and RB protein phosphorylation levels were 
significantly increased and reduced, respectively, according to the arrest 
at G0/G1 phase induced by the drug (reported before). Such results 
clearly suggested that a strong cooperation between Notch/JNK and 
MEK/ERK pathways drove cell proliferation and survival in such UM 
cells. Indeed, according with the synergism between drugs, the combi
nation significantly reduced the expression level of p-c-jun(Ser63), 
p-Erk1/2 and cyclin D1 to higher extent than each drug alone, as a 
consequence of Notch1/3 and MEK inhibition. Accordingly the expres
sion level of Hes-1 was further reduced by the combination, while that of 
p27 was increased, showing that the simultaneous inhibition of MEK and 
Notch prevented escape mechanisms which are activated once a 
signaling molecule is inhibited. Both single drug and their combination 
exerted no significant effect on CDK4/6 and p21 expression level, 
whereas cobimetinib either alone and in combination led to a significant 
reduction of Notch2-NTM. Representative immunoblots of cell targets 
are reported in Fig. 5a (no cropped blots are in Fig. 3-5S), whereas the 

quantification of targets expression is summarized in histogram plot 
(Fig. 5b). 

3.5. Combining MEKi and GSI transcriptionally repressed the expression 
of CCND1, NOTCH1/3 and HES-1 

Because of the role of both cyclin D1 and Notch/Hes pathway in cell 
proliferation and quiescence, we determined, by quantitative real-time 
PCR, whether the drugs affected their expression levels via transcrip
tional control. The CCND1 expression data were not consistent with the 
protein expression profile obtained after treatments; indeed unlike the 
protein, the mRNA levels were significantly reduced either by single 
drug and by the combination (p < 0.005). However CCND1 expression 
levels reflected the extent of p-c-Jun(Ser63) decrease after treatments, 
thus suggesting that the MAPK/JNK pathway exerted a transcriptional 
control on CCND1 expression, as reported by Bakiri L. et al. [43]. Nir
ogacestat per se led to a significant decrease of NOTCH-1 (***p < 0.001) 
and NOTCH-2/3 receptors mRNAs, though the latter did not reach the 
significant p value. Cobimetinib exerted no effect on Notch receptors 
mRNA, thus suggesting that MAPK pathway was involved in Notch re
ceptors activation process and not in receptors transcriptional control. 
However, according with the synergism between drugs, the combination 
synergistically reduced the mRNA expression of both NOTCH-1 and 3, 
further supporting the data reported above, which demonstrated a tight 
cooperation between Notch and MAPK pathways. Of note, only the 
drugs combination decreased Hes-1 mRNA expression (p < 0.005); 
therefore we can speculate, as already suggested by others [29,30], that 
a sustained Hes-1 expression in 92.1 cells was likely induced through 
both a Notch and MAPK-dependent signaling mechanisms. No effect was 

Fig. 3. Drugs combination induced apoptosis in 92.1 cells to the same extent as cobimetinib. a. Dot plots reporting a representative analysis by FACS. b. Histogram 
plot reporting mean value ± SD from three independent experiments and expressing the fold change of apoptosis induction in drug(s)-treated vs vehicle treated cells 
(Ctrl). Two tailed t-test was used to analyze the difference between treated cells vs vehicle treated ones (*p < 0.05). 
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observed on Notch 2 transcript, further confirming a satellite role for 
this receptor in 92.1 cell biology. The levels of mRNAs, normalized to 
the levels of GAPDH mRNA, are reported as the ratio of mRNA copy 
number for the gene of interest to mRNA copy number of GAPDH in 
histograms plot of Fig. 5c. 

3.6. Combining MEKi and GSI inhibited 92.1 cells migration towards 
HepG2 HCC cells 

Because 92.1 cells are regarded as a model of UM with high migra
tion/invasion ability, due to the constitutive activation of canonical 
Notch signaling [42], to study a possible effect of drugs, the cells were 
harvested and assayed to migrate through a transwell toward the HepG2 
cells, that in such assay were utilized as chemoattractant to UM cells. As 
shown in Fig. 6a, in which are reported representative images of ex
periments, nirogacestat and cobimetinib alone, revealed a similar 
moderate efficiency to prevent the migration of UM cells in response to 
the recall of the chemotactic signals released by HepG2 liver cells. The 
combination of drugs drastically impaired the ability of the cells to 
migrate towards HCC cells, according to the significant inhibition of 
Notch 1/3 receptors activation and Notch 3 transcript level reduction 
induced by the combination. The quantification of drugs effect, 
expressed as percentage of vehicle treated cells, is reported in histogram 
plot in Fig. 6b. Additionally we performed a wound healing assay to 
further evaluate the inhibitory effect of drug(s) on 92.1 cells migration. 
To this purpose a wound was created by a straight line across 92.1 
confluent monolayer at t = 0 h, afterwards the cells were treated with 

drug(s) or left untreated (vehicle treated-cells). After 24 h of treatments, 
the Migration Rate of cells was quantified as described in Material & 
Methods section, evidencing a reduction in the migration of cells com
parable to that found in transwell assay (Fig. 6b). 

4. Discussion 

To assess the antitumor potential of a combinatorial inhibition of 
MEK and Notch signaling, cobimetinib and nirogacestat were tested in 
cutaneous and uveal melanoma cells displaying different Notch and 
Erk1/2 activation level. The cytotoxicity study revealed that in 
BRAFV600E MM and GNAQQ209L UM cells the combination was synergic, 
thus suggesting for both models a cooperative mechanisms between 
MAPK and Notch signaling in driving cells proliferation. In BRAF wild 
type model, the combination was antagonist and became synergic by 
increasing drugs concentrations, thus suggesting that the cooperation 
between Notch and MAPK was not crucial for tumor progression. Of 
note, in sensitive models either the activation level of Erk1/2 and Notch 
signaling did not correlate with responsiveness to cobimetinib plus 
nirogacestat. Indeed p-Erk1/2 was mainly activated in BRAFV600E cells 
and Notch signaling in GNAQQ209L cells. Hence, because the focus of the 
study was on the impact of Notch signaling in the response to cobime
tinib, we continued our study on GNAQQ209L UM cells. We found that in 
such cells, both drugs given alone reduced cell proliferation by inducing 
apoptosis and in combination synergistically inhibited cell proliferation. 
However the effect of combining nirogacestat and cobimetinib was the 
induction of a senescent-like arrest at G0/G1 transition rather than an 

Fig. 4. Senescent-like arrest was induced by the combination of nirogacestat and cobimetinib in UM cells. a. Proliferation of 92.1 cells treated with nirogacestat and/ 
or cobimetinib was evidenced by staining with crystal violet. b. Optical examination of cell morphology showing flatten shaped in nirogacestat and combo-treated 
cells c. SA-β-Gal staining evidenced as blue color and extensive vacuolization into UM cells treated with nirogacestat and/or cobimetinib. d. Histogram plot reporting 
the % of SA-β-Gal positive cells. The data reported are means value ± SD of three independent experiments performed in triplicate, and the significance of difference 
was analyzed with two tailed t-test (**p < 0.01). All experiments were conducted after exposing cells to drug(s) for 3 days followed by 4 days drug(s) wash out. 
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increase in apoptosis, suggesting that the constitutive activation of 
Notch not only promotes tumor growth but it also allows the escape 
from senescence in such cells, once MEK is targeted. The induction of 
senescence was reflected in the transcriptional downregulation of cyclin 
D1, reduced phosphorylation of RB and increased expression of p27. 
Accordingly Zhu et al. [32] demonstrated that the downregulation of 
cyclin D1 and the reduction of RB phosphorylation were associated to 
the senescent phenotype induced by the addition of GSI to BRAFi in 
BRAF-mutated cutaneous melanoma cells. Of note, we observed that the 
administration of cobimetinib, at tested concentration, did not inhibit 
p-Erk1/2, instead it resulted in a strong inhibition of the JNK down
stream target c-jun, highlighting a preferential activation of MEK/c-Jun 
N-terminal kinase (JNK) signaling in 92.1 cells. Nirogacestat as well, 
even though to a lesser extent than cobimetinib, inhibited c-jun acti
vation but induced a feedback activation of Erk1/2; perhaps because 
c-jun was inhibited. Albeit the results on Erk1/2 and c-jun seem to be in 
contrast with research reports showing that in GNAQQ209 L UM cells 
c-jun is induced by MEK inhibition [43], and that characteristically GSI 
exerts antitumor effect by inhibiting Erk1/2 activation in cutaneous 
melanoma [32]; it is known that G protein-mediated signaling involves a 
complex network of binding partners and effectors proteins. Therefore it 
is conceivable that in 92.1 cells, GNAQQ209L triggered a rout that 
involved the MEK/JNK/ERK1/2 pathway to engage Notch signaling and 
boosting proliferation, migration and prevention of cell senescence. 

Another evidence supporting our hypothesis was that even cobimetinib 
inhibited Notch1/3 activation and Hes-1 expression, that is known to 
play a crucial role in the inhibition of senescence in normal and in tumor 
cells. Hence only a combined inhibition of Notch and MEK prevented 
escape mechanisms that were activated once a signaling molecule was 
targeted in such cells. Although further studies are required to delineate 
the precise mechanisms by which the MAPK pathway promoted Notch 
signaling, to the best of our knowledge this is the first time that a 
combination targeting MAPK and Notch signaling has been experienced 
in GNAQQ209L UM cells, pointing out possible mechanisms underlying 
the MEKi failure in UM treatment [44] and lending credence to the 
notion that a crosstalk between MAPK and Notch signaling promotes 
tumorigenesis and disease progression. Although we are aware that this 
combination has been tested only in a UM model, we also know that this 
is a rare tumor, thus each molecular subtype may have unique clinical 
characteristics and may respond best to a specific therapeutic strategy, 
as reported by other authors [32], that should be identified and devel
oped through tailored clinical trials. 

5. Conclusions 

Main finding of the present study is that the combined targeting of 
Notch and MAPK pathway was synergic either in BRAFV600E MM model 
and GNAQQ209L UM model. Remarkably, UM is little responsive to MEK 

Fig. 5. Combination of nirogacestat and cobimetinib affected cell targets related to cell cycle arrest and proliferation at protein and mRNA level. a. Electrophoretic 
bands of cell targets modulated by drug(s) are showed. b. Histogram plot summarizing the percentage intensity of bands. β-actin was used as loading control. The 
data are presented as the mean ± SD (n = 3) and the two-tailed t-test was used to analyze the difference between targets expression in combination treated cells vs 
each drug alone and in single drug and in combination treated cells vs vehicle treated cells (Ctrl) (*p < 0.05, **p < 0.01 and ***p < 0.001). c. Real-time RT-PCR 
assay was applied to detect the expression of cyclin D1, Notch 1/3 and HES-1 according to the use of single drug or drugs combination. GAPDH was used as 
housekeeping gene. The data are presented as the mean ± SD of three independent experiments. The significance of difference in mRNA expression level of target 
genes was analyzed with two tailed t-test (*p < 0.05 and **p < 0.01). 
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inhibition, however no scientific reports dissecting the molecular 
mechanisms contributing to MEKi failure in UM patients are available. 
Here, we showed that in GNAQQ209L UM cells a coordinate interplay 
between MAPK and Notch signaling triggered proliferation, migration 
and prevented cell senescence, thus suggesting a role for Notch in the 
resistance to MEKi. Although this is a pilot study in UM, we demon
strated that the simultaneous inhibition of Notch and MAPK pathways 
prolonged the treatment efficacy of MEKi in such cells, suggesting that 
this approach warrants further investigation. 
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