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Abstract

Purpose—To determine whether uveal melanoma, the most common primary intraocular 

malignancy in adults, requires Notch activity for growth and metastasis.

Experimental Design—Expression of Notch pathway members was characterized in primary 

tumor samples and in cell lines, along with the effects of Notch inhibition or activation on tumor 

growth and invasion.

Results—Notch receptors, ligands, and targets were expressed in all five cell lines examined and 

in 30 primary uveal melanoma samples. Interestingly, the three lines with high levels of baseline 

pathway activity (OCM1, OCM3, and OCM8) had their growth reduced by pharmacologic Notch 

blockade using the γ-secretase inhibitor (GSI) MRK003. In contrast, two uveal melanoma lines 

(Mel285 and Mel290) with very low expression of Notch targets were insensitive to the GSI. 

Constitutively active forms of Notch1 and Notch2 promoted growth of uveal melanoma cultures 

and were able to rescue the inhibitory effects of GSI. MRK003 treatment also inhibited anchorage-

independent clonogenic growth and cell invasion and reduced phosphorylation levels of STAT3 

and extracellular signal-regulated kinase (Erk)1/2. Suppression of canonical Notch activity using 

short hairpin RNA targeting Notch2 or CBF1 was also able to reduce tumor growth and invasion. 

Finally, intraocular xenograft growth was significantly decreased by GSI treatment.

Conclusion—Our findings suggest that Notch plays an important role in inducing proliferation 

and invasion in uveal melanoma and that inhibiting this pathway may be effective in preventing 

tumor growth and metastasis.
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Introduction

Uveal melanoma is the most common malignant intraocular tumor in adults, and up to 50% 

of patients die from metastatic disease within 10 years of initial diagnosis (1, 2). Prognostic 

molecular factors are beginning to be identified, and monosomy of chromosome 3 represents 

the genomic alteration most commonly associated with poor clinical outcome (3–5). Gene 

expression profiling has also been used to generate prognostic groups in several studies (6–

8). Primary uveal melanomas can be separated using gene expression profiling into class 1 

tumors associated with gain of chromosome 6p, low metastatic risk and better prognosis, 

and class 2 tumors with loss of chromosome 3 and 8p, higher likelihood of distant spread, 

and poor prognosis (1, 6). Although initial studies were based on these class distinctions on 

large data sets, a more focused panel of 12 discriminating genes has also been developed (9).

Although prognostic information is useful, effective therapies for metastatic disease are 

needed if patients with high-risk uveal melanomas are to experience improved survival. 

Treatments affecting specific signal transduction cascades required for tumor growth and 

invasion represent promising options. Pathways activated by the insulin-like growth factor 

(IGF), hepatocyte growth factor (HGF), and VEGF, and the signaling cascades downstream 

of G-protein–coupled receptors, have all been implicated in uveal melanoma initiation and 

spread (10–12), but it is unclear whether targeting these pathways will have an impact on 

metastatic disease. Mutations in the tumor suppressor BAP1 were recently reported to occur 

almost exclusively in metastasizing class 2 tumors (13). Furthermore, a recent study in 

zebrafish linked BAP1 to the Notch pathway (14). Consistent with these reports, we found 

that several Notch pathway members were preferentially upregulated in class 2 uveal 

melanomas. We have also recently shown that Notch activation can induce formation of 

pigmented, invasive uveal tumors in mice (15). On the basis of this, we explored the Notch 

pathway as a therapeutic target in metastatic uveal melanoma.

The Notch pathway controls diverse processes such as stem cell self-renewal, 

differentiation, and cell fate decisions in many organs, including pigmented and 

nonpigmented cells in the eye (16–18). Signaling is initiated by the interaction of cell 

surface Jagged and Delta ligands with Notch receptors on adjacent cells, which activates the 

pathway through several successive proteolytic cleavages (reviewed in ref. 17). The final 

cleavage occurs within the transmembrane domain and is catalyzed by the enzyme γ-

secretase, which induces release of the intracellular domain (ICD) of Notch receptor and 

permits its translocation to the nucleus, where it forms a complex with CBF1 and MAML. 

These proteins form a heteromeric complex that induces the transcription of target genes 

including several in the Hairy and enhancer of split (Hes) and Hes-related repressor protein 

(Hey) families (17).

Aberrant Notch signaling has been identified in numerous tumor types, but the effects of the 

pathway depend upon the tissue and cellular context (19–21). The mechanism and role of 

Notch activation is perhaps best described in T-cell acute lymphoblastic leukemia, in which 

point mutations activating the receptor are commonly identified (20). Receptor amplification 

has also been found in brain tumors and a few other types of cancer (22), but in many tumor 

types, pathway activity is driven by canonical ligands or is triggered by unknown 
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mechanisms (19, 21). In human cutaneous melanoma, activation of Notch1 promotes cell 

growth and tumor invasion in 3-dimensional spheroids (23); Notch1 activation also induces 

a transformed cellular phenotype in cutaneous melanocytes in vitro (24). Here, we examine 

the role of Notch signaling in uveal melanoma and show that it promotes proliferation, 

clonogenic growth, and invasion in tumor cells.

Materials and Methods

Cell culture and plasmids

Human uveal melanoma cell lines (OCM1, OCM3, OCM8, Mel285, Mel290), kindly 

provided by Dr. J. Niederkorn (UT Southwestern Medical Center, Dallas, TX), were 

cultured in RPMI-1640 medium as previously described (25), and their identity 

authenticated at the Johns Hopkins Molecular Core Laboratory through short tandem repeat 

(STR) analysis. With local Institutional Research Board (IRB) approval, excess tumor 

tissues not required for diagnosis were obtained from primary uveal melanoma tumors 

removed by enucleation at the Wilmer Eye Institute (Baltimore, MD) from 2004 to 2006 and 

snap frozen. Normal epidermal melanocytes, kindly provided by Dr. Meenhard Herlyn, via 

Dr. Akrit Sodhi, were maintained in 254 CF medium, supplemented with HMGS-2 (Cascade 

Biologics). Retroviruses were generated from CLEN1 and CLEN2 plasmids provided by Dr. 

Nicholas Gaiano and previously described (26). Lentiviruses encoding short hairpin RNAs 

(shRNA) against Notch2 and CBF1 (Thermo Fisher Scientific) were prepared in the PLKO.

1 vector as previously described (27), with target sequences shown in Supplementary Table 

S1. The γ-secretase inhibitor (GSI) MRK003 was provided by Merck & Co., Inc. (28).

RNA extraction and quantitative real-time PCR

RNA extraction from cell lines or snap-frozen tumor tissues was carried out using the 

RNeasy Mini Kit (Qiagen) with on-column DNA digestion. Quantitative real-time PCR 

(qPCR) was carried out as previously described (29), with primer sequences shown in 

Supplementary Table S2. All reactions were carried out in triplicate on an iQ5 Multicolor 

real-time PCR detection system (Bio-Rad), using SYBR Green (Applied Biosystems) 

fluorescent dye, and normalized to β-actin mRNA levels.

Protein analysis

Cells were lysed in TNE buffer including protease inhibitor cocktail diluted 1:100 

(Cytoskeleton Inc.). Nitro-cellulose membrane filters (Invitrogen) were incubated overnight 

at 4°C with the following antibodies: Hes1 1:700 (Aviva Systems Biology, #ARP32372; 

1:700), GAPDH (1:5,000; RDI, #TRK5G4-6C5), cleaved caspase-9 (1:1,000; Cell Signaling 

Technology, #9505), β-actin (1:1,000; Sigma-Aldrich), and phospho-Erk1-2Thr202/Tyr204, 

phospho-AktSer473, STAT3Tyr705, Erk1/2, Akt (Cell Signaling Technology), all diluted 

1:1,000. Immunohistochemical staining using anti-Hes1 rabbit polyclonal antibody diluted 

1:100 (Santa Cruz Biotechnology, #sc-13844) was carried out on a tissue microarray as 

previously described (22) in tumor cores isolated from primary uveal melanomas after local 

IRB approval. Nuclear Hes1 immunoreactivity was scored in 73 samples by a board 

certified pathologist (C.G. Eberhart), and the intensity of staining scored as 0, no expression; 
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1+, mild/moderate expression; 2+, strong expression. Human fetal brain was used as a 

positive control for Hes1 staining.

Luciferase activity

CBF1 activity was measured in OCM3 cells transfected with the CBF-RE-luciferase plasmid 

containing a CBF1 responsive element. E1α-β-galactosidase construct was cotransfected to 

measure the efficiency of the transfection, whereas the CBF-BM (binding mutant)-luciferase 

construct was used as negative control. All these plasmids were kindly provided by Dr. 

Nicholas Gaiano. Transfection was conducted with Lipofectamine 2000 (Invitrogen) 

according to the manufacturer’s protocol. Two days after transfection and treatment with 

MRK003 at 2, 5, and 10 μmol/L, luciferase activity was measured using the Luciferase 

Reporter Assay System (Promega), according to the manufacturer’s instructions.

Cell growth, invasion, and migration assays

Cell growth was determined by MTS colorimetric assays. For soft agar clonogenic assays, 

cells were mixed with medium containing 0.5% agar (Invitrogen) and placed over 1% basal 

agar in 6-well plates; MRK003 (2 μmol/L) or dimethyl sulfoxide (DMSO) was added to 

each layer. Colonies were counted with the Artek Counter Model 880 (Artek Systems 

Corporation), after being stained overnight with 1 mg/mL p-Nitro Blue Tetrazolium 

Chloride (NBT; Usb) solution. Cellular invasion was analyzed over 14 hours using 6.5-mm 

diameter Falcon cell culture inserts (8 μm pore size; Becton Dickinson), precoated with 

Matrigel (diluted 1:100 in medium) in 24-well plates, with medium containing 10% FBS in 

the lower chamber and cells in serum-free medium in the upper part of the chamber. Data 

represent the mean (±SEM) of the number of cells counted in 8 random high-power field 

(HPF) in each of 3 independent experiments. Exposure to γ-irradiation was carried out using 

a Gammacell 3000 Elan (MDS Nordion). Viable cells were counted using Guava ViaCount, 

according to the manufacturer’s protocol (Guava Technologies Inc.). Cell-cycle and 

Annexin V analysis were carried out using the Guava instrument with Guava Cell Cycle and 

Nexin Reagent solutions and softwares.

In vivo tumorigenicity

Female athymic 5-week-old nude mice (NU/J, Jackson Laboratories) were deeply 

anesthetized with ketamine hydrochloride (Sigma-Aldrich) and 5 × 104 OCM1 cells were 

inoculated intravitreally in the right eye using a 33-gauge needle. Either 25 μg of MRK003 

(1% of the 100 mg/kg dose recommended for systemic administration) or DMSO was 

coinjected with the cellular suspension. Mice were sacrificed after 3 weeks, and the eyes, 

lungs, and liver were analyzed microscopically for the presence of tumor by an experienced 

pathologist (C.G. Eberhart). Microphthalmia-associated transcription factor (MITF) 

immunostaining was carried out in the Johns Hopkins Pathology Department clinical 

laboratory using standard techniques. Cross-sectional tumor area was measured using a Spot 

Insight4 camera and Spot Advanced software (Diagnostic Instruments Inc.).
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Statistical analysis

Unless otherwise noted, experiments were carried out in triplicate and data are presented as 

the mean ± SEM. Levels of significance were determined by 2-sided Student t test, with P 

values lower than 0.05 considered statistically significant. Statistical calculations were 

carried out using GraphPad Prism4 software.

Results

The Notch pathway is active in uveal melanoma tumors and cell lines

To investigate the role of Notch signaling in uveal melanoma, we first examined mRNA 

levels of the receptors Notch1, Notch2, and Notch3, the ligands Jag1 and Jag2, and the 

targets Hes1 and Hey1 in 30 snap-frozen tumors (Fig. 1A and B). These Notch pathway 

components were detected in almost all primary tumors, particularly the Notch1 and Notch2 

receptors and Jag2 ligand. Consistent with activation of the pathway in vivo by receptor-

mediated signaling, a statistically significant positive correlation was found between the 

expression of Hes1 and levels of the Notch1 (Pearson R =0.54, P =0.002) and Notch2 

(Pearson R = 0.64, P = 0.0001) receptors (Fig. 1B). Clinical and pathologic information was 

only available for a minority of these tumors, thus we were not able to directly correlate 

Notch activity with outcome or other clinical variables in this cohort. However, examination 

of our previously published data sets (6) revealed a number of Notch pathway genes, as 

defined by KEGG, which were significantly altered in the metastasis-prone class 2 tumors as 

compared with class 1. These transcripts were primarily upregulated in the most aggressive 

tumors and included Notch3 (2.0-fold increase), Jag2 (1.9-fold increase), and DLL4 (1.8-

fold increase). Baseline expression of Notch pathway members in untransformed 

melanocytes was established using primary epidermal melanocytes (Fig. 1A, B, and D). 

Expression of Notch pathway targets was also confirmed by immunohistochemistry, using 

surgical uveal melanoma samples collected on a tissue microarray (Fig. 1C). Nuclear Hes1 

immunoreactivity was examined in 73 tumors, with mild to moderate expression observed in 

67% (49 of 73), strong expression in 23% (17 of 73), and no staining in 10% (7 of 73). 

These data show Notch pathway activation in most of the primary uveal melanoma tissues 

that we analyzed.

We also examined expression of Notch pathway members in 5 established uveal melanoma 

cell lines (Fig. 1D and Supplementary Fig. S1A and S1B). As in the primary tumors, Notch1 

and Notch2 were in general more highly expressed than Notch3 (Supplementary Fig. S1A). 

Notch4 was either not present or showed extremely low levels in the 5 cell lines and the 

subset of primary tumors tested (data not shown). Interestingly, the Notch ligand Jag1 and 

the target genes Hes1, Hey1, and Hey2 were all significantly elevated in OCM1, OCM3, and 

OCM8 cell lines as compared with Mel285 and Mel290 (Fig. 1D and Supplementary Fig. 

S1B), suggesting that the first 3 lines have higher levels of pathway activity. Primary 

epidermal melanocytes contained low levels of Hes1, Hey1, and Hey2 similar to those found 

in the Mel285 and Mel290 cell lines, whereas Hes5 was absent in these normal cells (Fig. 

1D).
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Notch blockade inhibits proliferation and invasion in uveal melanoma cell lines with high 
pathway activity

To address the functional role of Notch in our tumor lines, we conducted pharmacologic 

loss-of-function studies using MRK003 to repress the pathway by preventing the 

intramembranous proteolytic cleavage of Notch receptors (17, 28). A profound reduction in 

expression of pathway target transcripts was identified after 48 hours of treatment, including 

suppression of Hes1 in OCM1, OCM3, and OCM8 cells (Fig. 2A and Supplementary Fig. 

S2A and S2B) and Hey1 in OCM1 and OCM3 cells (Supplementary Fig. S2C and S2D). 

These data were confirmed by Western blot analysis, with partial loss of Hes1 protein in 

OCM1, OCM3, and OCM8 cells using 2 μmol/L MRK003 and complete suppression at 

higher levels of the compound (Fig. 2B). Interestingly, the low baseline levels of Hes1 

mRNA in Mel285 and Mel290 cells were not reduced after treatment with GSI (data not 

shown). To further confirm suppression of canonical Notch activity by the GSI, we analyzed 

CBF1 activity in OCM3 cells treated for 48 hours with MRK003 using a luciferase reporter 

system. We observed that GSI reduced in a dose-dependent manner the baseline level of 

luciferase expression driven by the CBF-RE-luciferase construct (Supplementary Fig. S2E), 

whereas no expression was detected in cells transfected with CBF-BM, which contains a 

point mutation that renders the CBF1 responsive element inactive.

To determine whether GSI treatment might also affect cell growth, uveal melanoma lines 

were treated for 7 days using 2 and 5 μmol/L MRK003. The OCM1, OCM3, and OCM8 

lines with high baseline levels of Notch target expression (Fig. 1C) had their growth 

inhibited by pharmacologic pathway blockade (Fig. 2C). In contrast, growth of Mel285 and 

Mel290 cells, which had low levels of Hes1 and Hey1 mRNA, was not affected by the 

treatment, although the slower baseline growth of these lines could make them less sensitive.

Notch blockade also suppressed the clonogenicity and invasive capacity of the cell lines 

with high levels of pathway activity. OCM1, OCM3, and OCM8 cells were treated with 2 

μmol/L MRK003 or DMSO for 24 hours and equal numbers of viable cells were seeded in 

soft agar and grown for 3 weeks in the presence of GSI or DMSO. We observed significant 

reductions in the number of colonies formed after treatment with 2 μmol/L MRK003, with 

40% inhibition in OCM1 (P = 0.01), 70% in OCM3 (P = 0.002), and 75% in OCM8 (P = 

0.0005; Fig. 2D). In a separate experiment, additional further reductions were seen at higher 

doses in OCM8 cells (Supplementary Fig. S2F). Mel285 and Mel290 cells did not form 

colonies in soft agar.

Notch pathway inhibition using MRK003 also significantly suppressed invasion (P < 

0.0004) in a dose-dependent manner in OCM3 cells as measured using Transwell assays 

(Fig. 2E). Invasion of OCM1 and OCM8 cultures was also inhibited by MRK003 (data not 

shown), whereas no inhibition in cell invasion was observed in Mel290 cells after treatment 

with MRK003 (Fig. 2F).

To investigate a potential mechanism of growth inhibition, we conducted cell-cycle analysis 

in OCM3 cells treated for 48 hours with MRK003 (Fig. 2G). We found a significant increase 

in the sub-G1 fraction at 5 and 10 μmol/L (P = 0.02), suggesting an increase in cell death. 

Similar data were obtained in OCM1 cells (data not shown). To confirm that Notch pathway 
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blockade was inducing cell death, we infected OCM3 and OCM1 cells with shRNAs 

targeting CBF1, the DNA-binding mediator of canonical Notch signaling. Two separate 

constructs which significantly reduced both CBF1 and Hey1 mRNA levels (Supplementary 

Fig. S3A), substantially induced the sub-G1 fraction (Fig. 2H) in OCM3 cells and also 

significantly increased the fraction of cells positive for Annexin V, a marker of early 

apoptosis, both in OCM1 and in OCM3 cells (Supplementary Fig. S3B). A dose-dependent 

increase in the active cleaved form of caspase-9 was noted after treating OCM3 cells for 96 

hours with MRK003, suggesting that Notch signaling blockade induces activation of the 

intrinsic pathway of apoptosis (Fig. 2I). However, some nonspecific toxic effects may be 

present at the highest dose used (10 μmol/L). Finally, both GSI (Fig. 2G) and CBF1 

knockdown (Fig. 2H) resulted in a modest induction of the G1 fraction with a corresponding 

reduction in S-phase and G2–M fractions.

To further validate the role of Notch signaling in promoting uveal melanoma growth and 

invasion, we used shRNA to knockdown the expression of Notch2, the most abundant Notch 

receptor in our lines (Supplementary Fig. S1A). Notch2 and Hey1 mRNA levels were 

reduced by 50% or more in OCM1 cells by 2 separate constructs as compared with 

scrambled shRNA or PLKO.1 empty vector controls (Supplementary Fig. S3C). No effect 

was seen on Notch1 mRNA levels (Supplementary Fig. S3C), further supporting the 

specificity of the effect. A statistically significant reduction in cell growth (Fig. 3A) and 

invasion (Fig. 3B) was noted in the cells with Notch2 suppression caused by either of these 

constructs. Moreover, the shCBF1 constructs significantly suppressed growth of OCM3 

cells (Fig. 3C) measured by MTS assay, as well their invasive capacity in Transwell assays 

(Fig. 3D).

Constitutive Notch activation promotes uveal melanoma cell growth and rescues the 
inhibitory effects of GSI

To examine the effects of increased Notch signaling in uveal melanoma cells, we infected 

OCM1 and OCM3 cultures with retroviral CLEN1 or CLEN2 constructs encoding the 

constitutively active ICD of Notch1 (NICD1) or Notch2 (NICD2), respectively. Empty CLE 

vector was used as a control. Upregulation of the Notch pathway target Hey1 was confirmed 

in CLEN1- and CLEN2-expressing cells (Fig. 4A), and cell growth was significantly 

induced by both constructs in the OCM3 line (Fig. 4B). A less pronounced growth-

promoting effect was seen in OCM1 cells (Supplementary Fig. S4A). We also used these 

cells expressing NICD to verify that the biologic effects of γ-secretase inhibition were due to 

regulation of Notch signaling, as the γ-secretase complex can process other targets as well. 

Both CLEN1 and CLEN2 could largely rescue the inhibitory effect of MRK003 on cell 

growth in OCM3 (Fig. 4B) and partially rescued growth in OCM1 cells (Supplementary Fig. 

S4A). We also observed that the overexpression of NICD2 totally rescued the inhibitory 

effect of MRK003 on cellular invasion in OCM3 cells whereas NICD1 produced a partial 

rescue (Supplementary Fig. S4B). The fact that these truncated Notch receptors were able to 

abrogate the inhibition of growth and invasion because of GSI treatment suggests that 

MRK003 is acting at least in part through Notch inhibition.
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We confirmed the potency of Notch pathway in enhancing cell growth and invasion in uveal 

melanoma cells, through gain-of-function experiments carried out in Mel290 cells, which 

show minimal Notch activity (Fig. 1C). Infection with retroviral CLEN1 or CLEN2 

constructs induced Notch pathway activation, as found by measuring Hey1 mRNA levels, 

which were increased by 3 and 6 times in Mel290 infected respectively with CLEN1 or 

CLEN2 constructs (Supplementary Fig. S4C). Cellular growth and invasion were analyzed 

by MTS and Transwell assays, respectively. The constitutively active form of Notch2 

receptor strongly increased cellular growth in adherent conditions, as shown by MTS assay 

conducted after 3, 5, and 7 days of culture (Fig. 4C). Both the constructs were able to 

significantly enhance cell invasion by 30% and 38%, respectively (P = 0.0009), as shown in 

Fig. 4D.

Notch blockade affects Akt, Erk, and STAT3 activity in uveal melanoma cells

Because Notch pathway suppression by GSI treatment or shRNA inhibited uveal melanoma 

growth, we analyzed several potential downstream targets associated with proliferation and 

survival of tumor cells previously shown by our group and others to be affected by Notch 

blockade in various types of cancer (19, 21, 30, 31). We observed a substantial reduction in 

phospho-AktSer473, phospho-Erk1-2Thr202/Tyr204, and phospho-STAT3Tyr705 following 

MRK003 treatment at 2 and 5 μmol/L for 48 hours (Supplementary Fig. S5A), suggesting 

that the phosphoinositide 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), and 

JAK/STAT pathways may be regulated by Notch in uveal melanoma. Because inhibition of 

γ-secretase can affect pathways other than Notch, we also examined these proteins following 

knockdown of CBF1 in OCM3 cells using shRNA and found that phosphorylation of 

extracellular signal-regulated kinase (Erk)1/2 and STAT3 was greatly reduced 

(Supplementary Fig. S5B). In contrast, Akt phosphorylation was reduced in some 

experiments by shCBF1, but not in others (data not shown), and it may not be regulated by 

the canonical Notch cascade in these cells.

Modulation of orthotopic xenograft growth and metastasis by pharmacologic Notch 
blockade

Given the effects of Notch blockade on the growth and invasion of uveal melanoma cells in 

vitro, we examined the ability of MRK003 to inhibit in vivo tumor formation and metastasis. 

Xenografts were established by intravitreal injection of OCM1 cells in the right eye of 

immunocompromised (nude) mice. Two treatment groups of 10 mice each were tested. In 

the first, animals received intraocular therapy with MRK003 at the time of xenograft 

establishment, whereas the second cohort received both this local therapy and subsequent 

systemic weekly GSI treatments via oral gavage. A control group of 10 animals received 

only local vehicle (DMSO) treatment. All animals were sacrificed after 3 weeks because of 

the development of very large masses in the eyes of several mice in the control group. 

Microscopic examination confirmed the presence of large pigmented melanoma xenografts 

filling the eyes of most vehicle-treated animals, whereas tumors in both treatment groups 

were smaller—significantly so in those receiving both local and systemic therapy (P = 0.04; 

Fig. 5A–E). Representative sections from the liver and lungs were also examined, and 

multiple lung metastasis were present in 2 of 10 vehicle-treated mice but none from the 20 

animals receiving GSI (Fig. 5F and G). Melanoma metastasis in the mouse lung tissue were 
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immunostained with an antibody recognizing the human form of the MITF, which is known 

to regulate the differentiation and development of the melanocytes (32). We observed 

selective nuclear staining in the tumor metastases, confirming their human origin (Fig. 5H 

and I).

Effect of the combination of GSI treatment with γ-radiation

Because radiotherapy represents a mainstay of uveal melanoma treatment and Notch has 

been suggested to modulate resistance to radiation in other tumor types (33), we investigated 

the effects of combined γ-radiation and GSI treatment in OCM1 cells. Consistent with the 

prior report that Notch signaling is induced by radiation in gliomas, we found that exposure 

to γ-radiation at 4 Gy increased the expression of the Notch pathway target Hey1 after 24 

hours (Fig. 6A). Interestingly, the increase in Hey1 levels persisted 7 days after radiation 

exposure (Fig. 6B) but could be suppressed by 2 μmol/L MRK003 (P = 0.0004). We also 

compared the combination of γ-radiation and GSI treatment with the effects of γ-radiation 

alone on cell growth. OCM1 cells were treated with 2 μmol/L MRK003 or DMSO and 

exposed to 0 or 4 Gy of γ-radiation in a single dose, and viable cells were counted 7 days 

after exposure to radiation. Combined treatment was more effective in suppressing growth 

than either agent alone, suggesting the possibility of a combined clinical regimen (Fig. 6C).

Discussion

Up to half of patients with uveal melanoma die from hematogenous metastases of the liver 

and other organs, thus improved treatments for metastatic disease are clearly needed (1, 2). 

Prompted by the upregulation of Notch pathway members in metastasis-prone class 2 

tumors and the association between Notch and BAP1 in normal development (13, 14), we 

examined whether Notch activity was required in uveal melanoma. We found that inhibition 

of Notch signaling using small-molecule inhibitors of the γ-secretase complex, or shRNA 

targeting the receptor Notch2 or the transcriptional cofactor CBF1, slowed tumor growth 

and reduced clonogenic capacity and invasion in vitro. In contrast, introduction of 

constitutively active forms of Notch1 and Notch2 promoted growth of uveal melanoma cell 

lines and rescued the effects of the GSI MRK003.

Interestingly, only cell lines with higher levels of pathway target mRNAs showed this 

ongoing requirement for Notch signaling. These GSI-sensitive lines had levels of Notch 

pathway targets similar to those seen in snap-frozen primary tumors, suggesting that they 

represent biologically relevant models in terms of their degree of Notch activity, although it 

will be important to confirm this at the protein level. Our analysis of previously published 

oligonucleotide expression array data from primary uveal melanomas revealed significant 

elevations of Notch ligands (Jag2) and receptors (Notch3) in the metastatic tumor cohort, 

providing additional support for the notion that this pathway represents a novel potential 

therapeutic target. Finally, our preliminary in vivo analysis suggests that Notch inhibition 

using MRK003 significantly slows tumor growth in orthotopic xenograft models and may 

block hematogeneous spread, although models which metastasize more efficiently will need 

to be tested to establish the statistical significance of the latter finding. It will also be 
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important to initiate treatment at later time points to more accurately model human clinical 

disease.

Notch activation has previously been implicated in the growth and survival of cutaneous 

melanoma. Early reports described increased expression of Notch pathway members in 

melanoma cells as compared with normal melanocytes (34) and revealed that a tripeptide 

GSI could induce apoptosis in melanoma cells (35). Subsequent studies showed that the 

Notch target Hes1 promotes survival of melanocyte stem cells (36), that active Notch1 can 

transform primary human melanocytes (24), and that transcription factors such as BRN2 and 

MITF, which play an important role in melanoma lineage specification, can regulate the 

Notch pathway (32). Interactions between the embryonic morphogens Nodal and Notch 

have also been suggested to induce the aggressive melanoma phenotype (37–38). Uveal 

melanoma, however, are distinct from cutaneous melanoma in many ways, and little is 

known about the potential role of Notch in tumors arising in the eye. Thus, although our data 

are broadly consistent with prior studies of cutaneous melanomas, they are important in 

suggesting that melanocytic tumors arising from other sites may also require ongoing Notch 

activity for their growth and metastatic spread.

In summary, we have shown that Notch signaling promotes the malignant phenotype of 

uveal melanoma cells and that pharmacologic or genetic blockade of the pathway can inhibit 

tumor growth and invasion. The invasive behavior associated with Notch activity may be 

due in part to the induction of Akt, Erk, and JAK/STAT pathways. These in vitro and in vivo 

studies also suggest that therapies targeting Notch may be useful in new treatments for the 

most common intraocular tumors in adults.
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Translational Relevance

Approximately half of patients diagnosed with uveal melanoma will die from 

hematogeneous metastases of the liver and other organs, and no curative therapies exist 

for tumors which have spread outside the eye. We show that the Notch cascade is active 

in uveal melanomas and that inhibition of the pathway using genetic manipulation or 

small molecules suitable for clinical translation can slow tumor growth and invasion. Our 

studies suggest that γ-secretase inhibitors or other agents targeting Notch may represent 

effective new therapies for patients with uveal melanoma, the most common primary 

intra-ocular malignancy in adults.
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Figure 1. 
Notch pathway components are expressed in uveal melanoma cell lines and primary tumors. 

A, mRNA levels of Hes1 were analyzed by quantitative PCR in 30 snap-frozen primary 

tumors, 5 uveal melanoma cell lines, and normal cutaneous melanocytes (NMEL). B, 

mRNA transcripts of additional Notch receptors, ligands, and target genes were detected in 

the 30 primary uveal melanomas (T) and in normal epidermal melanocytes (NMEL; top); 

Pearson correlation coefficient R was determined between Hes1 and Notch1, Notch2 mRNA 

levels in the primary uveal melanomas (bottom). C, nuclear Hes1 immunoreactivity was 

examined in 73 tumors collected on a tissue microarray with strong Hes1 immunostaining 

shown in the left and a no primary antibody negative control on the right. D, examination of 

mRNA expression of the Hes1, Hes5, Hey1, Hey2 genes in 5 uveal melanoma cell lines and 

normal cutaneous melanocytes revealed that three uveal melanoma lines had elevated levels 

of multiple Notch targets.
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Figure 2. 
Treatment with MRK003 reduces Hes1 mRNA and protein expression and suppresses uveal 

melanoma growth and invasion. A and B, Hes1 mRNA and protein levels were reduced in 

OCM1 cells treated with MRK003 at 2, 5, and 10 μmol/L for 48 hours. C, MTS assay of 5 

uveal melanoma cell lines treated with MRK003 at 2 and 5 μmol/L for 7 days revealed that 

growth was only inhibited in cells with high baseline Notch activity. D, clonogenic growth 

in soft agar assay was significantly reduced by 2 μmol/L MRK003 (*, P = 0.01; **, P = 

0.003; ***, P = 0.0005). E and F, transwell assays revealed significantly decreased invasion 

of OCM3 cells treated for 24 hours with MRK003 as compared with DMSO at the indicated 

doses (***, P < 0.0004), but no significant changes in Mel290 cells with lower Notch 

activity. G, cell-cycle analysis of OCM3 cells after 48-hour treatment with MRK003 at 2, 5, 

and 10 μmol/L, with data from triplicate experiments in right. H, cell-cycle analysis of 

OCM3 cells 72 hours after infection with shCBF1. I, Western blot analysis reveals increased 

levels of cleaved caspase-9 in OCM3 cells treated with MRK003 for 96 hours. GAPDH, 

glyceraldehyde-3-phosphate dehydrogenase.
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Figure 3. 
Notch signaling inhibition reduces cell growth and invasion. A and C, MTS assay revealed 

cell growth inhibition in shNotch2 (A) or shCBF1 (C) infected cells compared with 

scrambled shRNA or PLKO.1 empty vector infected cells after 5 days of culture (*, P = 

0.04; **, P = 0.003; ***, P < 0.0001). B and D, transwell assay revealed that cell invasion 

was reduced in cells infected with shNotch2 (B) or shCBF1 (D) infected cells compared 

with scrambled shRNA. P values were calculated versus scrambled shRNA (***, P < 

0.0001).
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Figure 4. 
Constitutive Notch activation promotes growth and rescues MRK003 inhibitory effects. A, 

Hey1 mRNA levels were increased in OCM1 and OCM3 cells after infection with CLEN1 

or CLEN2 constructs (**, P = 0.003; ***, P = 0.0005). B, MTS assay conducted in OCM3 

cells infected with CLE, CLEN1, or CLEN2 vectors, after 7 days of treatment with 

MRK003, shows that growth inhibition induced by GSI is rescued by Notch pathway 

activation (**, P = 0.002; ***, P < 0.0008). C and D, CLEN1 and CLEN2 constructs also 

promote cell growth and invasion as determined respectively by MTS (C) and Transwell (D) 

assays in Mel290 cells (*, P = 0.02; **, P < 0.006; ***, P = 0.0009).
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Figure 5. 
Notch pathway inhibition affects lung metastasis. A and B, a large tumor filled the entire eye 

3 weeks after intravitreal injection of OCM1 cells treated with vehicle (DMSO), whereas 

only microscopic disease was present in most eyes receiving MRK003 at the time of 

xenograft initiation (original magnification 40× for both panels). C and D, higher 

magnification views showing solid sheets of melanoma cells in control eyes, but only focal 

tumor growth (D, arrows) following local MRK003 treatment (original magnification 400×). 

E, intraocular xenograft area was significantly reduced (P = 0.04) by combined local and 

systemic MRK003 treatment, whereas the changes in tumors treated locally alone was not 

significant. F and G, multiple melanoma metastases were identified in the lungs of 2 of 10 

control animals (F, arrows), but none in the 20 mice treated with MRK003 (G, original 

magnification 200×). H and I, the metastatic tumor nodules were composed of cells with 

enlarged nuclei and prominent nucleoli (asterisks) as compared with normal adjacent 

bronchial cells (arrows, original magnification 1,000×). Immunostains for the MITF were 

positive in tumor cells (I).
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Figure 6. 
Combination of MRK003 treatment with γ-radiation. A, Hey1 mRNA levels were 

significantly increased in OCM1 cells 24 hours after exposure to 4 Gy of γ-radiation as 

compared with nonirradiated cells (NR) cells (**, P < 0.005). B, Hey1 mRNA levels 

remained elevated 7 days after radiation, but could be suppressed by MRK003 (*, P = 

003; **, P = 0.006; ***, P = 0.0004). C, OCM1 cells were treated with 2 μmol/L MRK003 or 

DMSO for 5 hours and then exposed to 0 or 4 Gy of γ-radiation in a single dose. Viable cells 

were counted 7 days after radiation exposure in triplicate experiments (*, P = 0.045; **, P = 

0.01).
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