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Abstract

Preventing or effectively treating metastatic uveal melanoma (UM) is critical because it occurs 

in about half of patients and confers a very poor prognosis. There is emerging evidence that 

hepatocyte growth factor (HGF) and insulin-like growth factor 1 (IGF-1) promote metastasis 

and contribute to the striking metastatic hepatotropism observed in UM metastasis. However, the 

molecular mechanisms by which HGF and IGF-1 promote UM liver metastasis have not been 

elucidated. ASAP1, which acts as an effector for the small GTPase ARF6, is highly expressed in 

the subset of uveal melanomas most likely to metastasize. Here, we found that HGF and IGF-1 

hyperactivate ARF6, leading to its interaction with ASAP1, which then acts as an effector to 

induce nuclear localization and transcriptional activity of NFAT1. Inhibition of any component 

of this pathway impairs cellular invasiveness. Additionally, knocking down ASAP1 or inhibiting 

NFAT signaling reduces metastasis in a xenograft mouse model of UM. The discovery of this 

signaling pathway represents not only an advancement in our understanding of the biology of 

uveal melanoma metastasis but also identifies a novel pathway that could be targeted to treat or 

prevent metastatic uveal melanoma.

INTRODUCTION

Uveal melanoma arises from transformed melanocytes of the uveal tract, most often in the 

choroid [1]. The primary tumor can be effectively managed with radiation therapy and, when 

necessary, enucleation [2]. Despite this, approximately half of patients develop metastatic 

disease, usually several years after their primary tumors are treated [3, 4]. Outcomes 

for these patients are dismal; median survival is less than one year [5]. The liver is the 

predominant site of uveal melanoma metastasis, and liver-directed therapies increase median 

overall survival [5, 6]. However, long-term remission of metastatic uveal melanoma has very 

rarely been achieved [7–10]. There is thus a pressing need to better understand the biology 

of metastatic uveal melanoma and to develop therapies to treat and, if possible, prevent this 

stage of disease.

Evidence suggests that driver mutations occur early in the development of a particular uveal 

melanoma and have little influence on the risk of metastasis [11, 12]. Other molecular 

alterations, however, along with stage and histologic features, have significant prognostic 

implications [13]. Metastatic risk groups have been generated by analysis of mutations, gene 

expression, and other molecular markers [14–18]. However, these alterations alone do not 

explain the hepatotropism of metastatic uveal melanoma. Recent work suggests that growth 

factors generated in the liver, such as hepatocyte growth factor (HGF) and insulin-like 

growth factor 1 (IGF-1), may contribute to this phenomenon [19–22].

Previously, we demonstrated that the small GTPase ARF6 contributes to tumorigenesis 

of uveal melanoma by controlling the trafficking and thereby oncogenic signaling of 

GNAQ [23]. In numerous other cancers, ARF6 has been implicated in the processes of 

invasion and metastasis, rather than tumorigenesis [24, 25]. In many such cases, ARF6 is 
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activated by receptor tyrosine kinases (RTKs), including c-MET, the cognate receptor of 

HGF [24, 26, 27]. We therefore asked whether growth factors such as HGF and IGF-1 

might hyperactivate ARF6 and contribute to invasion and metastasis in uveal melanoma via 

divergent pathways from GNAQ signaling. We hypothesized that ASAP1 (ArfGAP with 

SH3 domain, ankyrin repeat, and PH domain 1; also known as AMAP1 and DDEF1), which 

is a GTPase activating protein for ARF1 [28] but an effector for ARF6 [29], might play a 

role in signaling pathways mediating invasion and metastasis. ASAP1 is located on 8q, the 

amplification of which is associated with uveal melanoma metastasis in a dose-dependent 

manner [14, 30]. Additionally, in an analysis comparing primary uveal melanoma tumors 

with 8q amplification to those without, ASAP1 was the most overexpressed of genes on 

8q [31]. By contrast, the expression of MYC, a well-known oncogene in other cancers, 

was not increased in tumors with increased copy numbers of 8q. Furthermore, in this same 

study, overexpression of ASAP1 in low-grade uveal melanoma cells induced migration in 
vitro [31]. However, no previous in vivo evidence has been generated demonstrating a direct 

mechanistic link between ASAP1 and uveal melanoma metastasis.

Here, we report that both HGF and IGF-1 enhance uveal melanoma cell invasion by 

hyperactivating ARF6, which then acts through ASAP1 to activate NFAT1 via a calcineurin-

dependent mechanism. Inhibiting this pathway by knockdown of ASAP1 or inhibition 

of NFAT significantly reduces metastatic disease in a xenograft model of human uveal 

melanoma.

RESULTS

Hepatocyte growth factor (HGF) and insulin-like growth factor-1 (IGF-1) hyper-activate 
ARF6 and promote invasion of uveal melanoma

Given that activated ARF6 promotes invasion and metastasis of many human cancers [24, 

32], we first tested whether ARF6 is activated by growth factors that may contribute 

to hepatic tropism, such as HGF and IGF-1. We treated OMM1 and OMM2.5 cells 

(Supplementary Table 1) with HGF or IGF-1 and assessed ARF6-GTP levels. Both cell 

lines showed a time-dependent increase in ARF6 activation upon stimulation with either 

growth factor (Fig. 1A). Next, we asked whether this activation is required for cellular 

invasion of uveal melanoma. When performing invasion assays, we pretreated uveal 

melanoma cells with 10 μg/mL Mitomycin C to ensure that they would not proliferate 

during the invasion assay (Supplementary Fig. 1A) [33]. Using Matrigel invasion assays, 

we determined that HGF and IGF-1 significantly increased invasion of both cell lines when 

they were transduced with a control (null) adenovirus. By contrast, when the cells were 

transduced with ARF6T27N, a dominant-negative form of ARF6, their invasiveness was 

significantly reduced (Fig. 1B). Consistent with these results, knockdown of ARF6 with 

siRNA likewise reduced Matrigel invasion of HGF- and IGF-1-stimulated OMM2.5 cells 

(Fig. 1C, Supplementary Fig. 1B), and ARF6 inhibition by ectopic ARF6T27N expression 

reduced invasion through a collagen matrix (Fig. 1D). Additionally, constitutively active 

ARF6Q67L increased the invasiveness of OMM1 and OMM2.5 cells (Fig. 1E). Based on 

gene expression profiles, uveal melanomas can be classified as either class I or class II, 

with class II exhibiting greater metastatic potential [34]. Using a limited number of tumors, 
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we observed a trend towards increased ARF6-GTP levels in class II human primary uveal 

melanoma tumors (Supplementary Fig. 1C, D). Collectively, these results indicate that 

hyperactivation of ARF6 by HGF and IGF-1 promotes invasion of uveal melanoma cells.

ASAP1 is required for invasion and metastasis of uveal melanoma

To determine how ARF6 might control uveal melanoma cell invasion, we investigated 

whether the expression of ARF6 and its effector ASAP1 were associated with clinical 

outcomes in patients with uveal melanoma. Using the Cancer Genome Atlas Uveal 

Melanoma (TCGA UVM) RNA sequencing dataset, we found that high expression of either 

ARF6 or ASAP1 is significantly associated with both decreased time to metastasis and 

decreased survival rates (Fig. 2A–D).

We then asked whether ASAP1 is required for cellular invasion of uveal melanoma 

stimulated by activated ARF6. Knocking down ASAP1 expression with siRNA following 

the hyperactivation of ARF6, either by ectopic expression of constitutively active ARF6Q67L 

or by treatment with HGF or IGF-1, significantly reduced invasion of uveal melanoma cells 

through Matrigel in three uveal melanoma cell lines, OMM1, OMM2.5, and MP38 (which 

exhibits loss of BAP1) (Fig. 2E–2G, Supplementary Fig. 2A, B; Supplementary Table 1).

We next determined the effects of ASAP1 knockdown on metastatic behavior in a 

mouse xenograft model of uveal melanoma. Luciferase-expressing OMM2.5 cells were 

injected into the retro-orbital sinus, and metastasis in trunk organs was monitored using 

bioluminescence imaging. Quantification of trunk bioluminescence flux revealed that 

metastatic burden was significantly reduced in mice that received cells expressing ASAP1 
shRNA compared to those expressing control shRNA (Fig. 2H; mixed effects model 

p<0.0001). The incidence of metastasis was also reduced in the ASAP1 knockdown group 

(Fig. 2I). Representative bioluminescence images at week six are shown in Figure 2J. 

Histologic examination of livers and lungs corroborated the bioluminescence data (Fig. 

2K), indicating that blocking ASAP1 function inhibits metastasis to both organs. Together, 

these results strongly suggest a significant role for ASAP1 in uveal melanoma invasion and 

metastasis.

In other cancer cells, ASAP1 has been suggested to be an effector, rather than GTPase 

activating protein (GAP), of ARF6 because it selectively binds ARF6-GTP yet does not 

stimulate GTP hydrolysis [35]. We therefore asked whether activated ARF6 interacts 

with ASAP1 in uveal melanoma cells. We incubated the recombinant glutathione-S-

transferase (GST)-tagged GAP domain of ASAP1 with lysates from OMM2.5 cells that 

had been transduced with an adenovirus expressing either dominant-negative ARF6T27N 

or constitutively active ARF6Q67L. GST pulldown and immunoblotting revealed that 

ARF6Q67L physically interacts with the ASAP1 GAP domain but ARF6T27N does not 

(Supplementary Fig. 2C). Additionally, either transient or stable knockdown of ASAP1 
decreased invasiveness of OMM1 and OMM2.5 cells as measured by Matrigel invasion 

assays (Supplementary Fig. 2D, E). From these results, we conclude that ASAP1 forms 

a complex with activated ARF6 and acts as an effector to promote uveal melanoma cell 

invasion.
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Activated ARF6 increases NFAT1 nuclear localization and transcriptional activity

We next sought to determine the mechanism by which ARF6-ASAP1 signaling controls 

the invasiveness of uveal melanoma cells. Although it has been shown that ARF6-ASAP1 

mediates changes in the cytoskeleton architecture of tumor cells that promote breast 

cancer metastasis [29], it is not known whether ARF6-ASAP1 activates tumor-associated 

transcription factors that induce metastasis. Our previous work showed that ARF6 acted 

downstream of mutant Gαq to promote oncogenic pathways that induced transcription [23]. 

Therefore, we took a broader approach and used an array containing 96 transcription factors 

to identify those that are increased in the nuclei of cells ectopically expressing ARF6Q67L. 

The NFAT family of transcription factors [36] was among the most highly upregulated 

(Supplementary Table 2) when compared to cells expressing a control (null) adenovirus. We 

therefore examined protein levels of different NFAT isoforms in cells expressing ARF6Q67L. 

Only NFAT1 was expressed in both OMM1 and OMM2.5 cell lines and exhibited increased 

expression levels in response to ectopic expression of ARF6Q67L (Supplementary Fig. 3A, 

B).

We then investigated the effects of ARF6Q67L on the localization and transcriptional output 

of NFAT1. Subcellular fractionation revealed that ARF6 activation significantly increased 

nuclear localization of NFAT1, while cytoplasmic levels appeared to be increased as 

well (Fig. 3A, B). Visualization of NFAT1 by immunocytofluorescence in OMM2.5 cells 

corroborated this finding (Fig. 3C). Lastly, utilizing a luciferase reporter for NFAT, we 

found that ARF6Q67L significantly increases NFAT transcriptional activity in both cell lines 

(Fig. 3D). Consistent with these in vitro cellular results, we found that increased NFATC2 
(the gene encoding NFAT1) expression is associated with decreased time to metastasis 

and reduced survival rates in patients included in the UVM TCGA database (Fig. 3E, F). 

Together, these results demonstrate that ARF6 activation increases nuclear localization and 

transcriptional activity of NFAT1 and suggest that this pathway may contribute to uveal 

melanoma metastasis.

ARF6 and ASAP1 are required for nuclear localization and transcriptional activity of NFAT1 
induced by HGF and IGF-1

Given our unexpected finding that ARF6Q67L induces NFAT1 nuclear translocation and 

transcriptional activity, we asked whether HGF- and IGF-1-induced ARF6 activation also 

increases NFAT1 activity. Using subcellular fractionation of OMM2.5 lysates, we first found 

that IGF-1, HGF, or the combination of both factors increased both total and nuclear NFAT1. 

Conversely, the expression of dominant-negative ARF6T27N significantly reduced baseline 

levels and transcriptional activity of nuclear NFAT1 and attenuated NFAT1 induction by 

these growth factors (Fig. 4A–C, Supplementary Fig. 4A–C). Corollary experiments in 

which cells were transfected with control or ASAP1 siRNA and then treated with the 

combination of growth factors yielded similar results (Fig. 4D–F, Supplementary Fig. 4D–

F), thus allowing us to conclude that both ARF6 and ASAP1 are necessary for HGF- 

and IGF-1-induced nuclear translocation of NFAT1 and its transcriptional activity in uveal 

melanoma cells.
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ARF6, ASAP1, and NFATC2 expression levels are correlated in uveal melanoma patients

Given that the expression levels of ARF6, ASAP1, and NFATC2 were each associated with 

poor prognosis in uveal melanoma patients in the TCGA database, we explored whether the 

expression levels of these genes were correlated with each other and found a statistically 

significant correlation for each pairwise comparison using Pearson’s correlation coefficient 

(Supplementary Figure 4G; ARF6/ASAP1, Corr: 0.515, p < 0.001; ARF6/NATFC2, Corr: 

0.386, p < 0.001; ASAP1/NFATC2, Corr: 0,388, p < 0.001).

Calcineurin and NFAT inhibitors reduce HGF- and IGF-1-induced invasion

Calcineurin is a phosphatase that activates NFAT transcription factors by binding and 

dephosphorylating them at several key residues [37]. We employed three inhibitors of 

calcineurin-NFAT signaling to test whether pharmacologic inhibition reduces HGF- and 

IGF-1-induced invasion of uveal melanoma cells. Cyclosporin A and tacrolimus (also known 

as FK506) are molecules that bind immunophilin proteins and prevent calcineurin from 

accessing its substrates [37]. 11R-VIVIT is a small peptide that competitively inhibits NFAT 

from binding calcineurin without affecting its phosphatase activity; it is thus more selective 

than the calcineurin inhibitors [38, 39].

Using Matrigel invasion assays, we found that treatment (1 μM) with either of the 

calcineurin inhibitors completely abrogated invasion induced by HGF or IGF-1 in OMM1 

and OMM2.5 cells (Fig. 5A). Treatment with 11R-VIVIT (1 μM) produced the same 

response in both cell lines as well as in the BAP1 mutant cell line MP38 (Fig. 5B), 

while 11R-VIVIT reduced baseline invasion significantly in the OMM1 cell line (Fig. 

5B). NFATC2 knockdown in HGF- and IGF-1-stimulated OMM2.5 cells also inhibited 

Matrigel invasion (Fig. 5C), while 11R-VIVIT inhibited growth factor-treated OMM2.5 cells 

through a collagen matrix (Fig. 5D). We also assessed the effects of these inhibitors on 

cellular proliferation. Interestingly, cyclosporin A and tacrolimus inhibited proliferation in a 

dose-dependent manner (Supplementary Fig. 5A, B). By contrast, concentrations up to 5 μM 

of 11R-VIVIT did not significantly affect proliferation of OMM2.5 cells and only slightly 

reduced proliferation of OMM1 cells (Supplementary Fig. 5C). These results suggest that 

NFAT signaling is required for invasion while calcineurin activity, which regulates other 

downstream proteins in addition to NFAT, is necessary for both invasion and proliferation of 

uveal melanoma cells.

Inhibiting NFAT reduces uveal melanoma metastasis

Given our finding that inhibition of calcineurin-NFAT signaling potently reduced invasion 

of uveal melanoma cells, we asked whether it would also reduce metastasis in vivo. To test 

this, we generated stable OMM2.5 cell lines that ectopically express EGFP alone or VIVIT 

(the small peptide inhibitor of NFAT) fused to EGFP. We first characterized the effects of 

EGFP-VIVIT expression on NFAT1 localization and cellular phenotypes in vitro. Compared 

to EGFP alone, expression of EGFP-VIVIT reduced nuclear accumulation of NFAT1 and 

transcriptional activity in an NFAT luciferase reporter assay in response to treatment with 

HGF and IGF-1 (Fig. 6A, B, Supplementary Fig. 6A). Furthermore, these cells were less 

invasive, as evidenced by the abrogation of invasiveness when exposed to these growth 

factors (Fig. 6C).
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We next tested the metastatic capacity of these cells using the retro-orbital injection model. 

Mice that received injections of OMM2.5 EGFP-VIVIT cells exhibited reduced trunk tumor 

burden by approximately 3.9-fold eight weeks after retro-orbital injection as measured 

by bioluminescence imaging (Fig. 6D; mixed effects model p<0.0001). The incidence of 

metastasis was also reduced in mice that were injected with cells expressing EGFP-VIVIT 

(Fig. 6E). Representative bioluminescence images of mouse trunks at week eight are shown 

in Figure 6F. Histopathological evaluation of liver metastases was consistent with the 

bioluminescence data (Fig. 6G).

We next investigated whether pharmacological inhibition of calcineurin affects uveal 

melanoma metastasis in a mouse xenograft model of uveal melanoma. Systemic treatment 

by oral gavage of the calcineurin inhibitor tacrolimus also reduced uveal melanoma 

metastastic burden in a mouse xenograft model of uveal melanoma by approximately 4.2-

fold twelve weeks after retro-orbital injection (Supplementary Fig. 6B, C). These results 

suggest that inhibition of NFAT might be a new therapeutic option for patients with 

metastatic uveal melanoma.

DISCUSSION

The molecular mechanisms underlying metastasis of uveal melanoma are poorly defined. 

A more thorough understanding of this process might lead to new treatments and better 

outcomes for patients with this deadly cancer. In this study, using cellular and biochemical 

methods, as well as mouse models, we identify a novel signaling pathway that is required for 

efficient invasion and metastasis of uveal melanoma. HGF and IGF-1 hyperactivate ARF6, 

which physically interacts with the GAP domain of ASAP1. In this context, ASAP1 acts as 

an ARF6 effector and increases protein levels, nuclear translocation, and transcriptional 

activity of NFAT1. Loss of ASAP1 or inhibition of NFAT impairs invasion of uveal 

melanoma cells and metastasis in vivo (Fig. 6H).

The findings reported in this study provide direct in vivo evidence of a role for ASAP1 

in uveal melanoma metastasis and help elucidate the molecular mechanisms by which 

ASAP1 functions to promote metastasis. Previous studies in other cancers have suggested 

that ASAP1 may function as an ARF6 effector to induce the formation of invadopodia 

by interacting with cortactin, paxillin, possibly Amp II, and indirectly with integrins [29]. 

Here, we show that ASAP1 can act as an ARF6 effector to induce the activation of the 

transcription factor NFAT1, which promotes uveal melanoma cell invasion and metastasis. 

Thus, our work suggests a new functional role for ASAP1 in controlling metastasis. Whether 

ASAP1 also activates other transcription factors involved in uveal metastasis remains to 

be determined. As a first step in the process, we identified several other transcription 

factors that are activated by the ectopic expression of ARF6Q67L in uveal melanoma 

cells (Supplementary Table 2). These might also be regulated by the ARF6-GTP–ASAP1 

complex, and future studies should determine whether they also play a role in invasion and 

metastasis.

Although it is the activation of the HGF/IGF-1–ARF6–ASAP1–NFAT1 pathway that drives 

uveal melanoma metastasis rather than the expression levels of the individual components 
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of the pathway, high expression levels could enhance signaling. Therefore, it is interesting 

to note that high expression levels of ARF6, ASAP1, and NFATC2 are each correlated 

with worse prognosis in patients. In this context, it is also noteworthy that there is a 

statistically significant positive correlation in gene expression levels between these three 

essential components of the pathway, although the correlations are not extremely strong 

(Pearson’s Correlation coefficients: 0.386–0.515) (Supplementary Fig. 4G).

Approximately half of all uveal melanoma patients will develop metastatic disease and in 

about 93% of these patients, metastasis will be found in the liver with 57% of these cases 

exclusively exhibiting liver metastasis [40]. Lung metastasis occurs in about 24% of patients 

who experience metastasis [40]. In one study using our retro-orbital model, we observed 

gross liver metastasis in 14 out of 24 mice that exhibited trunk bioluminescence. Given 

that our focus was on liver metastasis and hepatotropism, we did not examine the lung in 

all mice and therefore do not have comparable data for lung metastasis, although it was 

readily observed in some mice (Fig. 2K). These results suggest that our model produces 

liver metastasis in most mice that exhibit trunk metastasis, although an accurate percentage 

cannot be determined from these data because we did not histologically examine entire livers 

to detect cryptic or micro metastases.

In our retro-orbital injection model, the initial steps of tumor cell egress from the primary 

tumor and intravasation into blood vessels are bypassed. We are therefore testing the ability 

of the tumor cells to survive in the bloodstream, arrest in a distant organ, extravasate 

and invade into a new tissue, and grow as a metastatic nodule [41]. We hypothesize that 

ARF6-ASAP1-NFAT1 signaling is crucial for tumor cell motility during the processes of 

extravasation and migration in the early stages of metastatic colonization. Perhaps these 

processes are most stimulated in areas with high concentrations of HGF and IGF-1, possibly 

explaining the tropism for the liver. Therapeutically targeting this pathway in the adjuvant 

setting might reduce the formation of metastases and significantly improve outcomes for 

patients with uveal melanoma [42].

We recognize that pharmacologically targeting tumor NFAT signaling would have the 

clinically undesirable effect of systemic immunosuppression. Studying this is not feasible 

in xenograft mouse models because the mice are already genetically immunosuppressed. 

The effectors of NFAT signaling in uveal melanoma cells might therefore be more 

attractive therapeutic targets. Several proteins induced by NFAT have been implicated 

in the progression of numerous cancer types, including cutaneous melanoma [43, 44]. 

Additionally, a previous study performed integrated pathway analysis on patient tumors and 

discovered that increased activation of the NFATC2 (NFAT1 protein) pathway is associated 

with TCGA class 4 uveal melanoma, the group with the highest risk of metastasis [14]. 

Because NFAT proteins are known to interact with a diverse set of transcription factors 

[45], identifying target genes responsible for the observed phenotype using an unbiased 

approach might identify proteins and pathways that mediate invasion and metastasis of uveal 

melanoma.

Our previous work demonstrated the importance of ARF6 activation in GNAQQ209L-

mediated oncogenic signaling and tumor growth [23]. Here, we expand this work and 
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show that HGF and IGF-1, factors thought to contribute to the hepatotropism of metastatic 

uveal melanoma [19–22], can induce hyperactivation of ARF6 and promote its interaction 

with ASAP1, leading to the activation of NFAT1 and increased uveal melanoma invasion 

and metastasis. Although ASAP1 also acts as an effector of activated ARF6 to promote 

oncogenic signaling and cell proliferation (Supplementary Fig. 7), the hyperactivation of 

ARF6 by HGF and IGF-1 appears to be important for uveal melanoma invasion and 

metastasis. Thus, ARF6 plays an active role in both the oncogenic and metastatic signaling 

pathways that control uveal melanoma and targeting the pathways controlled by ARF6 has 

the potential for treating both primary and metastatic uveal melanoma.

In summary, we describe a heretofore unknown signaling pathway in which growth factors 

produced in the liver activate the small GTPase ARF6, which acts through its effector 

ASAP1 to increase NFAT1 transcriptional output in uveal melanoma cells. This pathway 

is necessary for both invasion and metastasis and can be therapeutically targeted with 

inhibitors to reduce metastatic burden.

MATERIALS AND METHODS

Cell lines, Cytokines, and inhibitors

OMM1 cells were kindly shared by Kang Zhang (UCSD). All uveal melanoma cells were 

maintained in RPMI 1640 medium (ATCC) supplemented with 10% fetal bovine serum 

(Sigma-Aldrich) and 1% penicillin/streptomycin (Gibco). Cell line identity was confirmed 

by STR analysis (Promega) performed by the University of Utah DNA Sequencing Core.

Recombinant hepatocyte growth factor (HGF) and insulin-like growth factor 1 (IGF-1) were 

purchased from Peprotech. Cyclosporin A and tacrolimus (FK-506) were purchased from 

Selleckchem and dissolved in DMSO (ATCC). 11R-VIVIT [39], a peptide inhibitor of 

NFAT, was synthesized by Peptide 2.0.

Proliferation and Matrigel invasion assays

Cellular proliferation was assessed using the CyQUANT NF Cell Proliferation assay 

(Invitrogen) as previously described [23]. Transwell Matrigel invasion assays (Corning) and 

QCM Collagen cell invasion assays (Millipore) were used to assess cellular invasion. For 

Matrigel invasion assays, cells were treated with Mitomycin C (10 μg/mL) for two hours 

to inhibit proliferation and then seeded at a density of 50,000 – 200,000 uveal melanoma 

cells in 500 μL of RPMI with no FBS in upper chambers, while 500 μL of complete 

medium (RPMI + 10% FBS) was added to the lower chambers. FBS was replaced by 

HGF (50 ng/mL), IGF-1 (100 ng/mL), or both HGF and IGF-1 in the lower chamber 

when the effects of these growth factors were being tested. After 48 hours, cells that had 

migrated through the Matrigel were stained with Calcein AM dye (1 μg/mL) for one hour. 

Fluorescence (485 nm excitation and 530 nm emission) was then quantified using a plate 

reader (Bio-Tek Instruments). QCM Collagen cell invasion assays were performed according 

to the manufacturer’s instructions.
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ARF6 activation, immunoblotting, subcellular fractionation, and quantification

ARF6-GTP levels were assessed using the ARF6 Activation Assay Kit (Cell Biolabs). 

Before treatment, cells were grown in RPMI media without FBS for 48 hours. After 

treatment with HGF (50 ng/mL) or IGF-1 (100 ng/mL), cells were rinsed with ice-cold PBS, 

and dishes were frozen on dry ice. ARF6-GTP pulldowns were performed as previously 

described [46].

For immunoblotting, cells were lysed in ice-cold Pierce IP lysis buffer (25 mM HEPES, pH 

7.4; 150 mM NaCl; 1% NP-40; 1 mM EDTA; 5% glycerol) with protease and phosphatase 

inhibitors (Halt™ cocktail; Thermo Fisher), centrifuged for 10 minutes at 14,000 rpm, and 

the supernatants were used to determine protein concentrations by BCA assays (Thermo 

Fisher). Each well of an SDS polyacrylamide gel was loaded with an equal amount of 

protein, and electrophoresis was conducted using Mini-PROTEAN Tetra cells (Bio-Rad). 

Separated proteins were transferred to PVDF membranes (Immobilon) using the Trans-Blot 

Turbo system (Bio-Rad). Primary antibodies (see Supplementary Table 3) were diluted in 

blocking buffer (either 5% non-fat dry milk or 5% BSA in phosphate- or Tris-buffered 

saline plus 0.1% Tween 20), and membranes were incubated on a shaker overnight at 

4°C. After washing, secondary antibodies (see Supplementary Table 3) were applied at 

room temperature for one hour. Following another washing step, a chemiluminescent HRP 

substrate (Immobilon) was applied, and images were developed on Biomax MR film or 

ChemiDoc imaging system (Bio-Rad).

Cytosolic and nuclear fractionation was performed using NE-PER Nuclear and Cytoplasmic 

Extraction Reagents (Thermo Fisher) according to the manufacturer’s instructions. 

Quantification for all immunoblots was performed by ImageJ. Signals were normalized to 

loading control, input, and/or total particular protein level, and the data displayed represent 

an amalgamation of all independent experimental replicates.

RNA interference, plasmids, transfections, adenoviral and lentiviral transduction

Control (Qiagen) and ASAP1 siRNA (Dharmacon) were used; further details and sequences 

are listed in Supplementary Table 4. Cells were transfected with siRNA duplexes in 

Lipofectamine RNAiMax (Invitrogen) and serum-free optiMEM with Glutamax (Gibco).

Lipofectamine LTX (Invitrogen) was used for plasmid transfection. An N-terminally 

HA-tagged human NFAT1 construct was cloned into pMEV-2HA (Biomyx) using pMIG-

hNFATc2 [47] (Addgene plasmid #74050). For expression of EGFP or EGFP-VIVIT, cells 

were transfected with pEGFP-N1 [48] (Addgene plasmid #60360) or EGFP-VIVIT [38] 

(Addgene plasmid #11106). To generate stable lines, transfected cells were selected with 

Geneticin (800 μg/mL; Gibco) for two weeks.

Adenoviral constructs for Myc/His-ARF6Q67L, Myc/His-ARF6T27N, and Null (empty viral 

backbone) were designed in our lab [49] and purchased from Vector Biolabs.

Lentiviruses were used to generate stable cell lines for use in xenografts. Cells were 

at approximately 70% confluence and transduced with 1 × 106 PFU/mL. First, they 

were transduced with RFP-luciferase (amsbio) and selected using blasticidin (10 μg/mL: 
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InvivoGen). Cells then underwent a second transduction with lentivirus encoding for control 

or ASAP1 shRNA (Sigma; see Supplementary Table 4) and selection with puromycin (1 

μg/mL; InvivoGen) for two weeks.

Luciferase reporter assay

Uveal melanoma cells were transduced with an NFAT firefly luciferase reporter lentivirus 

(Cignal Lenti NFAT Reporter; Qiagen) and selected in puromycin (1 μg/mL; InvivoGen) for 

two weeks. Following treatment with siRNA or cytokines for each condition, 10 μg of cell 

lysate was assayed for luciferase activity using a Luciferase Assay System (Promega).

Immunocytofluorescence

Cells were seeded at a density of 105 cells/well in 8-well chambered coverglasses coated 

with fibronectin (10 μg/mL; Alfa Aesar). Cells were fixed for 20 minutes in 10% neutral 

buffered formalin and then washed three times in the buffer (PBS including 0.01% Ca2+, 

0.01% Mg2+, and 0.1% sodium azide). Cells were permeabilized for 5 minutes in 0.1% 

Triton X-100 in the buffer. Wells were washed three times with the buffer and then blocked 

for 60 minutes at room temperature in 3% BSA diluted in the buffer. An antibody against 

NFAT1 (Cell Signaling Technology) was diluted 1:100 in the same blocking solution and 

applied to cells overnight at 4°C. The following day, cells were washed four times in the 

buffer, and 10 μg/mL Alexafluor 488-conjugated anti-Rabbit IgG (Thermo Fisher) diluted 

in blocking solution was applied in a dark box at room temperature for one hour. Wells 

were washed four times with the buffer, and DAPI anti-fade medium was added. Fields were 

randomly selected on the DAPI channel at 1,200 x with oil immersion. Z-stacked images (4 

× 0.5 μm slices/field) were taken on an Olympus FV1000 confocal microscope.

Human uveal melanoma patient samples

These studies were done in accordance with a protocol approved by the University of Miami 

Institutional Review Board, and informed consent was obtained from all patients. Primary 

human uveal melanoma samples were collected and snap frozen at the time of enucleation 

by the J. William Harbour lab as previously described [50]. Tumors underwent pathologic 

evaluation, including classification as class I (low metastasis risk) or class II (high metastatic 

risk) by gene expression profiling [51]. De-identified samples were homogenized and lysed 

with ice-cold lysis buffer. Lysates were centrifuged for 20 minutes at 14,000 rpm and then 

used in ARF6-GTP pulldowns as described above.

Xenograft models of uveal melanoma, bioluminescence imaging, and quantification

Eight-week-old female NOD-Prkdcem26Cd52Il2rgem26Cd22/NjuCrl (NCG) mice were 

purchased from Charles River Laboratories. All animal experiments were approved by the 

Institutional Animal Care and Use Committee of the University of Utah.

For the mouse model of experimental metastasis, the mice were anesthetized with ketamine 

(100 mg/kg) and xylazine (13 mg/kg), the eye was proptosed, and 106 luciferase-expressing 

OMM2.5 cells in 100 μL of sterile PBS were injected into the retro-orbital sinus. 

Bioluminescence imaging of mice was performed weekly. Mice received an intraperitoneal 

injection of 150 μL of D-luciferin (Goldbio) for a dose of 150 mg/kg and were anesthetized 

Richards et al. Page 11

Oncogene. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with isoflurane. Images were acquired using Perkin Elmer’s In Vivo Imaging System 

Spectrum instrument.

Quantification was performed using Perkin Elmer Living Image software. Regions of 

interest boxes of identical size were used to calculate the total bioluminescence flux 

(photons/s) of the primary tumor and trunk metastases for each mouse at each time point. 

Outlier measurements (a >10-fold change compared to previous and subsequent weeks) 

were attributed to luciferin injection error and removed for final analysis. Images with 

significant bleeding of signal from the primary tumor were also excluded.

Survival and metastasis analyses

The TCGA UVM RNA-Seq dataset (n=80 patients) was downloaded using the GDCquery 

function in the TCGAbiolinks package in R. For uveal melanoma-specific survival analyses, 

only data for patients who died from uveal melanoma (n=76) were analyzed. For metastasis 

analyses, data for patients with time to metastasis information (n=70) were analyzed. 

Patients were divided on median expression into high- and low-expression groups. The 

survival and survminer packages were used to calculate univariate log-rank (Mantel-Cox) 

p-values and to plot survival curves with 95% confidence intervals in R. The Holm-Šídák 

procedure for multiple comparisons (i.e., multiple genes of interest) was used to adjust 

p-values.

Statistical analyses

GraphPad Prism (version 8.4) was used for all statistical tests except survival analyses. For 

all cellular assays, experiments were performed at least three times, and each plotted data 

point represents an experiment. When two unpaired groups were compared, unpaired t-tests 

were performed. Welch’s correction was used when variance of the two groups was unequal. 

When three or more unpaired groups were compared, one-way ANOVA with Tukey’s or 

Dunnett’s multiple comparisons test was used. When the variances of the groups were 

unequal, the Welch’s test and Dunnett’s T3 test for multiple comparisons were used. For 

immunoblots, experimental conditions were normalized to the respective control for each 

replicate. Because these values are ratios, geometric means with 95% confidence intervals 

were plotted on a logarithmic scale. Two-tailed ratio paired t-tests or randomized block 

ANOVA with the Dunnett’s or Holm-Šídák’s test for multiple comparisons were performed 

to compute p-values. For studies involving measuring bioluminescence flux over time, the 

data were log10 transformed, and differences in the growth curves for the two conditions 

were statistically analyzed using a mixed effects model that employs a compound symmetry 

covariance matrix and is fit using restricted maximum likelihood. Significance at each time 

point was determined using the Šídák multiple comparison test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. ARF6 is hyperactivated by HGF and IGF-1 and promotes invasion of uveal melanoma 
cells.
A ARF6-GTP levels in OMM1 and OMM2.5 cells treated with HGF (50 ng/mL) or IGF-1 

(100 ng/mL) for the indicated lengths of time. p-Met and p-IGF1Rβ are used for a positive 

control for treatment of HGF and IGF-1, respectively. ARF6 activation (normalized to time 

0) is quantified in the graphs below the immunoblots. Data points from four experiments 

are displayed with the geometric means and 95% confidence intervals (CIs). p-values are 

corrected for multiple comparisons using Dunnett’s multiple comparison test. B Invasion 

of OMM1 and OMM2.5 cells transduced with either a null (AdNull) or ARF6T27N (Ad 

ARF6T27N) adenovirus and treated with vehicle, HGF, or IGF-1. C Matrigel invasion of 

Richards et al. Page 17

Oncogene. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HGF-, IGF-1-, or Vehicle-treated OMM2.5 cells in the presence of either Control siRNA 

or ARF6 siRNA. D Collagen invasion of HGF-, IGF-1-, or Vehicle-treated OMM2.5 

cells following transduction with either a AdNull or AdARF6T27N. E Invasion of OMM1 

and OMM2.5 cells transduced with either AdNull or AdARF6Q67L. For B-E, data points 

from three independent experiments and the means are plotted. One-way ANOVA with 

Tukey’s multiple comparisons test (B, C) or Šidák’s multiple comparison test for selected 

comparisons (D); Two-tailed Welch’s t test for (E). Only significant differences using a 

family-wise α=0.05 are indicated by asterisks. *p<0.05, **p<0.01, ****p<0.0001.
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Fig. 2. ASAP1 is required for invasion and metastasis of uveal melanoma.
A, B, C, and D Kaplan-Meier plots for assessing the correlation between ARF6 or ASAP1 
expression and uveal melanoma-specific metastasis (A and C; n=70) or survival (B and 

D; n=76) for patients in the TCGA UVM RNA-Seq dataset. Log-rank (Mantel-Cox) tests. 

E Invasion of OMM1 and OMM2.5 cells transduced with a null (AdNull) or ARF6Q67L 

(AdARF6Q67L) adenovirus and treated with control or ASAP1 siRNA. Data points from 

three or seven independent experiments and means. One-way Welch’s ANOVA with 

Dunnett’s T3 multiple comparison test. F Immunoblots of lysates used in E to verify 

ASAP1 knockdown and ectopic expression of ARF6Q67L. G Matrigel invasion of OMM1, 

OMM2.5, and MP38 cells treated with control or ASAP1 siRNA and vehicle, HGF, or 

IGF-1. Data points from three independent experiments and means. One-way ANOVA with 

Tukey’s multiple comparisons test. H Bioluminescence flux in the abdomens of mice that 

received retro-orbital injections of OMM2.5 cells stably expressing either control (n=14) 

Richards et al. Page 19

Oncogene. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or ASAP1 (n=15) shRNA and luciferase. Means and 95% confidence intervals of log10-

transformed data are displayed. Overall significance between the two groups was assessed 

with a mixed effects model that employs a compound symmetry covariance matrix and is fit 

using restricted maximum likelihood. Significance at each time point was determined using 

Šídák’s multiple comparisons test. I Incidence of metastasis by bioluminescence imaging 

of mice in H at six weeks. Two-tailed Fisher’s exact test. J Representative bioluminescence 

images of mice in H at six weeks. Region of interest windows used for quantification are 

displayed in red. K Representative H&E images from organs of mice in H at six weeks. 

Arrows indicate metastases. For all graphs, only significant differences using a family-wise 

α=0.05 are indicated with asterisks. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Fig. 3. Activated ARF6 increases NFAT1 nuclear localization and transcriptional activity.
A Subcellular fractionation of NFAT1 in OMM1 and OMM2.5 cells transduced with either 

a null (AdNull) or ARF6Q67L (AdARF6Q67L) adenovirus. β-tubulin is used as a positive 

control for the cytosolic fraction and Lamin A/C is used as a positive control for the 

nuclear fraction. B Quantification of subcellular NFAT1 levels shown in A (normalized to 

the AdNull control). Data points from four independent experiments are displayed with 

the geometric means and 95% confidence intervals (CIs). Two-tailed ratio paired t tests. 

C Immunocytofluorescence of NFAT1 (green) in OMM2.5 cells transduced with either a 

null (AdNull) or ARF6Q67L (AdARF6Q67L) adenovirus. Individual cells were visualized 

with ASAP1 (red) and DAPI (blue) staining. Scale bar, 50 μm. D NFAT transcriptional 

activity in OMM1 and OMM2.5 cells transduced with either a null (AdNull) or ARF6Q67L 

(AdARF6Q67L) adenovirus. Data points from three independent experiments with means. 

Unpaired two-tailed Student’s t tests. E and F Kaplan-Meier plots for assessing the 

Richards et al. Page 21

Oncogene. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



correlation of NFATC2 (NFAT1) expression and uveal melanoma-specific metastasis (E; 

n=70) and survival (F; n=76) for patients in the TCGA UVM RNA-Seq dataset. Log-rank 

(Mantel-Cox) tests. For all graphs, only significant differences at α=0.05 are indicated with 

asterisks. *p<0.05, **p<0.01, ***p<0.001.
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Fig. 4. Activated ARF6 and ASAP1 are required for both IGF-1 and HGF-induced NFAT1 
nuclear localization and transcriptional activity.
A Total NFAT1 protein levels, B Subcellular fractionation, and C transcriptional activation 

of NFAT1 in OMM2.5 cells transduced with a null (AdNull) or ARF6T27N (AdARF6 
T27N) adenovirus and treated with vehicle, IGF-1 (100 ng/mL), HGF (50 ng/mL), or a 

combination of HGF and IGF-1. D Total NFAT1 protein levels, E Subcellular fractionation, 

and F transcriptional activation of NFAT1 in OMM2.5 cells treated with control or ASAP1 
siRNA and vehicle or the combination of IGF-1 (100 ng/mL) and HGF (50 ng/mL). For 

quantification of NFAT luciferase activity, data points and means from three independent 

experiments are plotted. One-way ANOVA with Tukey’s multiple comparisons test. Only the 

most relevant comparisons are shown. **p<0.01, ****p<0.0001.
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Fig. 5. Calcineurin and NFAT inhibitors reduce invasion of uveal melanoma cells.
A Invasion of OMM1 and OMM2.5 cells treated with DMSO, cyclosporin A (CsA; 1 

μM), or tacrolimus (Tacro; 1 μM) and vehicle, HGF (50 ng/mL) or IGF-1 (100 ng/mL). B 
Matrigel invasion of OMM1, OMM2.5, and MP38 cells treated with saline or 11R-VIVIT 

(1μM) and vehicle, HGF (50 ng/mL) or IGF-1 (100 ng/mL). C Matrigel invasion of 

OMM2.5 cells treated with control or NFATC2 siRNA and vehicle, HGF (50 ng/mL) or 

IGF-1 (100 ng/mL). Western blot showing the degree of NFATC2 knockdown. D Collagen 

invasion of OMM2.5 cells treated with saline or 11R-VIVIT (1μM) and vehicle, HGF (50 

ng/mL) or IGF-1 (100 ng/mL). Data points from three or four independent experiments and 

their means. One-way ANOVA with Tukey’s multiple comparisons test (A-C) or Šidák’s 

multiple comparison test for selected comparisons (D). Only the most relevant comparisons 

are shown. *p<0.05, ***p<0.001, ****p<0.0001.
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Fig. 6. Inhibition of NFAT reduces metastasis in vivo.
A Subcellular fractionation of NFAT1 from OMM2.5 cells stably expressing either EGFP 

or EGFP-VIVIT treated with vehicle or the combination of HGF (50 ng/mL) and IGF-1 

(100 ng/mL). β-tubulin immunoblot is used as a positive control for cytosolic fraction 

and Lamin A/C immunoblot is used as a positive control for nuclear fraction. B NFAT 

transcriptional activity in OMM2.5 cells treated with saline or 11R-VIVIT and vehicle, HGF 

(50 ng/mL), IGF-1 (100 ng/mL, or a combination of HGF and IGF-1. Data from three 

independent experiments with means. One-way ANOVA and Tukey’s multiple comparisons 

test showing relevant comparisons. C Invasion of OMM2.5 cells stably expressing EGFP 

or EGFP-VIVIT treated with vehicle, HGF (50 ng/mL), or IGF-1 (100 ng/mL). Data from 

four independent experiments are plotted along with the means. The p values for relevant 

comparisons using Welch’s one-way ANOVA with Dunnett’s T3 multiple comparisons test. 

D Bioluminescence flux in the abdomens of mice that received retro-orbital injections of 
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OMM2.5 cells stably expressing either EGFP (n=20) or EGFP-VIVIT (n=20). Arithmetic 

means and 95% confidence intervals are displayed for log10-transformed data. Overall 

significance between the two groups was assessed with a mixed effects model that employs 

a compound symmetry covariance matrix and is fit using restricted maximum likelihood. 

Significance at each time point was determined using Holm-Šídák’s multiple comparisons 

test. E Incidence of metastasis by bioluminescence imaging of mice in C at eight weeks. 

Two-tailed Fisher’s exact test. F Representative bioluminescence images of abdomens of 

mice in C at eight weeks. G Representative H&E images from livers of mice in C at 

eight weeks. Arrows point to metastases. For all plots, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Only significant results (α=0.05) are indicated, except in panel B where 

actual p values are given for a few comparisons that did not reach statistical significance. H 
Proposed HGF–IGF-1–ARF6–ASAP1–NFAT1 signaling pathway that controls invasion and 

metastasis of uveal melanoma.
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