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Abstract

Exchange Proteins directly Activated by cAMP (EPACs) belong to a family of RAP guanine 

nucleotide exchange factors (RAPGEF). EPAC1/2 (RAPGEF3/4) activate RAP1 and the 

alternative cAMP signaling pathway. We previously showed that the differential growth response 

of primary and metastatic melanoma cells to cAMP is mediated by EPAC. However, the 

mechanisms responsible for this differential response to EPAC signaling are not understood. In 

this study, we show that pharmacological inhibition or siRNA-mediated knockdown of EPAC 

selectively inhibits the growth and survival of primary melanoma cells by downregulation of cell 

cycle proteins and inhibiting the cell cycle progression independent of ERK1/2 phosphorylation. 

EPAC inhibition results in upregulation of AKT phosphorylation but a downregulation of 

mTORC1 activity and its downstream effectors. We also show that EPAC regulates both glycolysis 

and oxidative phosphorylation, and production of mitochondrial reactive oxygen species, 

preferentially in primary melanoma cells. Employing a series of genetically matched primary 

and lymph node metastatic (LNM) melanoma cells, and distant organ metastatic melanoma 

(MM) cells, we show that the LNM and MM cells become progressively less responsive and 

refractory to EPAC inhibition suggesting loss of dependency on EPAC signaling correlates with 

melanoma progression. Analysis of TCGA dataset showed that lower RAPGEF3, RAPGEF4 

mRNA expression in primary tumor is a predictor of better disease-free survival of patients 

diagnosed with primary melanoma suggesting that EPAC signaling facilitates tumor progression 

and EPAC is a useful prognostic marker. These data highlight EPAC signaling as a potential target 

for prevention of melanoma progression.
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INTRODUCTION

Cutaneous melanoma arises form epidermal melanocytes. If diagnosed early, excision of the 

primary tumor in the skin can be curative. However, the five-year survival rates decrease 

precipitously as melanoma metastasizes [1, 2]. Melanoma tumor progression models 

often describe a sequence of steps in melanomagenesis from proliferation of malignant 

melanocytes, nevus development to dysplastic nevus to melanoma in situ (also known as 

radial growth phase) to vertical growth phase or invasive melanoma [3]. Tumor progression 

from locally invasive lesion to metastatic tumor is thought to occur through lymphatics, 

followed by systemic metastasis through the blood [4, 5]. Accordingly, the evidence-based 

revision of the AJCC melanoma staging system includes presence of microsatellites, 

satellites, or in-transit metastases and the number of tumor-involved regional lymph nodes 

[6]. However, molecular mechanisms involved in primary melanoma tumor evolution that 

promote lymphatic invasion are not completely understood [7].

In previous studies, we showed that EPAC (Exchange Protein directly Activated by cAMP) 

signaling is required for the growth and survival of primary melanoma but not metastatic 

melanoma [8] suggesting that loss of dependency on EPAC signaling correlates with 

tumor progression. EPAC, also known as RAPGEF or cAMP-GEF, is a guanine nucleotide 

exchange factor that activates RAP1/2 from a GDP-bound inactive state to GTP-bound 

active state [9]. EPAC family of proteins, consisting of one isoform of EPAC1 and three 

isoforms of EPAC2, activate the alternative cAMP signaling pathway. Although a role for 

EPAC signaling in variety of cancers has been reported [10–15], the exact mechanisms of 

action of EPAC in melanoma have not been investigated. For example, overexpression of 

EPAC in bladder cancer cells was reported decrease their migration [10]. On the other hand, 

pharmacological inhibition of EPAC appears significantly decrease migration of pancreatic 

cancer cells [16]. In some ovarian cancer cells EPAC was shown to play a pro-migratory 

role and anti-migratory role in some others [17–19]. EPAC2 was found to inhibit HDAC8 

protein degradation by the inhibition of the PI3K-AKT pathway through the EPAC2-Rap1 

signaling axis in non-small cell lung cancer NSCLC [20]. EPAC was also found to promote 

angiogenesis in endothelial cells by upregulating VEGF receptor-2 (VEGFR-2) [21].

In this study, employing a series of genetically matched primary and lymph node metastatic 

melanoma cells (LNM), and pharmacological and genetic inhibition of EPAC, we show 

that EPAC signaling promotes cell cycle progression and growth selectively in primary 

melanoma cells. This dependency of primary melanoma cells on EPAC is independent 

of oncogenic driver mutation and is mediated by mTORC1 signaling. We also show that 

LNM cells and distant metastases become progressively less dependent on EPAC signaling. 

Analysis of a TCGA melanoma dataset showed that EPAC expression is a useful prognostic 

marker. and a potential therapeutic target to prevent melanoma progression. Our data 

suggest that EPAC is a potential therapeutic target to prevent melanoma progression and 

understanding the mechanisms of resistance of metastatic melanoma to EPAC inhibition 

could open new avenues for treatment of melanoma.
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MATERIAL AND METHODS

Cell culture

WM series primary and metastatic cells were from Rockland Immunochemicals (Limerick, 

PA) and cultured in tumor specialized medium (TSM) containing 2% heat inactivated fetal 

bovine serum (FBS) and 1% penicillin and streptomycin. Matched primary and lymph node 

metastatic (LNM) cell lines were verified by Short Tandem Repeat (STR) analysis by the 

Cell Line Authentication Service of UW TRIP Lab. MRA series metastatic melanoma cell 

lines, established at UW-Madison by Dr. Mark Albertini, were cultured in DMEM with 10% 

FBS and 1% penicillin and streptomycin. All cells were cultured in a humid incubator at 

37°C with 5% CO2. Cells were routinely checked for mycoplasma contaminations using 

the Universal Mycoplasma PCR Detection Kit (ATCC, Manassas, VA) according to the 

manufacturer’s instructions. Cells were used form passage #4 to #12. Details of all the cell 

lines used in this study are listed in Supp Table S1.

Chemicals and antibodies

The EPAC inhibitor ESI-09 and the AKT inhibitors AZD5363 were acquired from 

Selleckchem (Houston, TX). Rp-8-bromo-Cyclic AMPS and 8-pCPT-2’-O-Me-Cyclic AMP 

were acquired from Cayman Chemical (Ann Arbor, Michigan). MitoSOX Red was obtained 

from Thermo Fisher Scientific. Sources and dilution of antibodies used are listed in Supp 

Table S2.

Western blotting

Cells were washed, scraped, and lysed using RIPA buffer containing Halt protease inhibitor 

cocktail (Thermo Fisher Scientific) and phosphatase inhibitor cocktail (Thermo Fisher 

Scientific). For proteins sensitive to degradation, cells were lysed directly on the plate 

using lysis buffer. Samples were then sonicated, centrifuged for 30 mins at 4°C and the 

supernatants were collected. Protein concentration was estimated (Pierce BCA Protein 

Assay Kit, Thermo Fisher Scientific) and 20-40μg of protein was analyzed by SDS-PAGE 

followed by transfer to PVDF membrane. Membranes were blocked with 5% nonfat dry 

milk in 0.1% Tween in Tris-buffered Saline. Primary and secondary antibody dilutions for 

immunoblotting were used as shown in Supp Table S2. Blots were imaged using Pierce ECL 

Western Blotting Regent (Thermo Fisher Scientific).

MTT Assays

In a flat-bottomed 96-well plate, 5000 cells per well were plated for MTT assays. Cells 

were cultured at 37°C overnight before being treated with various chemical agents for the 

times mentioned in the legends of the figures. At the endpoint, 20l of 5mg/ml Thiazolyl Blue 

Tetrazolium Bromide (MTT; Sigma-Aldrich) was added to the wells, plates were incubated 

for 1 hour at 37°C, and absorbance at 540nm was measured using a Biotek Synergy H1 

Multi-Mode Plate Reader. For MTT assays, we employed another kit (#11465007001, 

Sigma-Aldrich, MA) according to the manufacturer’s instructions.

Krishnan et al. Page 3

Mol Cancer Res. Author manuscript; available in PMC 2023 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clonogenic Assay

For clonogenicity assays, 1000 cells/well were pated in triplicates in 6-well plates. Cells 

were incubated at 37°C overnight, followed by treatment with media containing drug, every 

4 days for 2-3 weeks (or until visible colonies were observed). The plates were washed with 

1X PBS, stained, and fixed with 0.5% crystal violet in 70% ethanol for 1h and colonies were 

counted.

EPAC1/2 siRNA Knockdown

Cells were transfected with two different siRNAs for EPAC1/RAPGEF3 (#4392420, s1# 

s20362, s2#s20360, Ambion, Thermo Fisher Scientific) and EPAC2/RAPGEF4 (#4392420, 

ID # s21814, ID #s21816, Ambion, Thermo Fisher Scientific). Equal number of cells were 

plated (2×105 cells/ml) in a 6-well plate 24h prior to transfection. Cells were transfected 

with a fluorescein (Cy5) conjugated control siRNA (#SIC005, Sigma Aldrich) or with the 

pooled siRNAs (30μM total concentration, 15μM for each siRNA,) using Lipofectamine™ 

RNAiMAX (Thermo Fisher Scientific). The transfection mixture was prepared in antibiotic-

free Opti-MEM. Media was changed 16h post-transfection and harvested after 96h for 

Western blot analysis.

EPAC1 and EPAC2 overexpression

We obtained MYC tagged-EPAC1 from Dr. Stephen J Yarwood of Heriot-Watt University, 

Edinburgh, UK and DDK tagged-EPAC2 (#RC205335) from Origene (Rockville, MD). 

2.5x105 cells/ml in triplicate wells in 6-well plates were transfected with 5μg empty vector 

plasmid (#PCMV6NEO, Origene, Rockville, MD) or MYC tagged-EPAC1 or DDK tagged-

EPAC2 plasmids using Lipofectamine™ RNAiMAX (Thermo Fisher Scientific, Waltham, 

MA) in reduced serum Opti-MEM. The medium was changed 16 hours post transfection, 

and the cells were maintained in Geneticin (G418 2.5mg/ml) containing medium. Cells were 

lysed 5 days post- transfection and protein expression was analyzed by western blot using 

anti-Myc and ant-DDK antibodies. Bulk transfected cells were trypsinized and plated in 6 

replicate wells (5,000 cells/well) in multiple 96-well plates and the cell growth was assessed 

using MTT assay.

Lentiviral RAP1GAP Knockdown

HEK293 cells were transfected with a control empty vector pLKO.1 (SHC001V) or a 

pool of three RAP1GAP short hairpin RNA (shRNA) plasmids (sc-36388-SH) (Santa 

Cruz Biotechnology, Dallas, TX). Competent lentiviruses were collected 48h and 96h after 

transfection and the titer estimated (Quick Titer Lentivirus Titer Kit, Cell Biolabs, San 

Diego, CA) as directed by the manufacturer. For transduction, cells were plated at 50% 

confluence, then viral media with 5μg/ml polybrene were added to cells five times over two 

days. After 48 h of transduction, the medium was replaced, and cells were maintained in 

puromycin (2.5μg/ml) containing medium.

RAP1-GTP pulldown assay

Cells were lysed with RIPA buffer with protease and phosphatase inhibitors. The pull down 

was performed as described [22] using Active Rap1 Pull-Down and Detection Kit (Sigma-
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Aldrich, St. Louis, MO). Briefly, cell lysates were incubated with GST-Rap-binding domain 

(RBD) and then pulled down using anti-GST antibody and used to validate anti-Active 

RAP1 antibody (New East Biosciences, Malvern, PA).

Subcellular Fractionation

Cells (1x106) were plated in 100mm dish in complete culture medium and the fractionated 

using Subcellular Protein Fractionation Kit (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Briefly, cells were harvested by trypsinization, pelleted, and 

incubated in ice-cold cytoplasmic extraction buffer containing protease inhibitors at 40C for 

10 min with gentle mixing. The lysate was centrifuged for 5 min at 500 x g and kept at 40C. 

The supernatant (cytoplasmic extract) was transferred to a fresh ice-cold tube. To the pellet, 

membrane extraction buffer was added and vortexed for 10s. The suspension was incubated 

at 40C for 15 min with gentle mixing, centrifuged for 10 min at 3000 x g and kept at 40C 

and the supernatant containing membrane proteins was collected. The remaining pellet was 

then extracted in ice-cold nuclear extraction buffer by vortexing for 15s and incubation for 

30 min at 40C. The mixture was centrifuged for 15 min at 5000 x g and kept at 40C and 

the supernatant was collected as a soluble nuclear extract. The protein concentration was 

estimated and 30μg was used for SDS-PAGE and western blotting.

Immunocytochemistry

Cells were plated on 8-well slides (Ibidi, USA, #80826) and after 24hours cells were treated 

with DMSO or ESI-09 for 24hours. Next day, the cells were fixed in 4% paraformaldehyde 

in PBS for 15 min. Fixed cells were treated with 0.3% H2O2 for 10 min followed by 

incubation in Ultra V Block (UltraVision LP Detection System, Thermo Fisher Scientific) 

for 10 min at room temperature and then in permeabilization/blocking buffer (0.3% 

Triton X-100, 1% BSA, and 10% normal donkey serum in PBS) for 45 minutes. The 

slides were incubated with anti-RAP1GAP antibody (Santa Cruz, Dallas, TX1:1000) or 

anti-active RAP1 mouse polyclonal antibody (New East Biosciences; 1:1000) diluted in 

permeabilization/blocking buffer overnight at 40 C. Next day, cells were washed 3 times 

with 1% BSA in PBS for 5 min and antibody binding was detected using UltraVision 

LP Detection System according to the manufacturer’s recommendations and cells were 

counterstained with hematoxylin.

Flow Cytometry

Cells were plated (2-4x105 cells/100mm plate) in triplicates and synchronized by thymidine 

double block. Cells were treated to 2mM thymidine (Sigma-Aldrich) for 14 h followed by 

thymidine-free medium for 5 h and then thymidine was added again for 14h. Cells were 

treated with DMSO or ESI-09 up to 48 h. Cells were trypsinized, pelleted, washed with 1X 

PBS and resuspended in 1ml of 1X PBS. 2 volumes of pre-chilled ethanol were added to 

the cells on vortex and stored at 4°C overnight. Samples were then stained overnight in dark 

with propidium iodide (500μg/ml PI plus 100μg/ml RNase A in PBS).
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Mitochondrial ROS assay

Cells (2.5x105) were plated in triplicates in 6-well plates for each treatment. After overnight 

incubation of cells at 37°C, the growth medium was replaced with medium containing 

DMSO or 2.5 μM ESI-09. After 48h of treatment, cells were trypsinized, suspended in 

DMEM (with fetal bovine serum, penicillin, and streptomycin), centrifuged, and the pellet 

resuspended in 1ml HBSS. MitoSOX Red (5μM) was added to the suspension and incubated 

at 37°C in dark for 10 min. Cells were centrifuged, washed twice with HBSS, and analyzed 

in a flow cytometer.

Seahorse Cell Energy Phenotype test

Cells were plated at 80% confluence in a Seahorse XF96 cell culture microplate. After 

16 hours, medium was replaced with medium containing DMSO or ESI-09. After 24 

hours, medium was replaced with Seahorse XF assay medium pH 7.4 (unbuffered DMEM 

containing 200 mM GlutaMax-I and glucose) and the plate was incubated at 37°C for 

1 hour. Baseline and maximal oxygen consumption rates and extracellular acidification 

rates were measured using XFp Extracellular Flux Analyzer (Agilent, Santa Clara, CA). 

The stressor mix contained FCCP (0.5 μM), an oxidative phosphorylation uncoupler and 

oligomycin (1 μM), an ATP synthase inhibitor.

Analysis of The Cancer Genome Atlas (TGCA)

Dataset from TCGA was retrieved using cBioPortal containing the mRNA expression 

and clinical information of 479 melanoma patients (TCGA, Firehose Legacy, accessed on 

November 25, 2021) [23, 24]. This cohort contained 100 patients that were diagnosed with 

primary melanoma in which 86 had complete clinical follow up. We analyzed the mRNA 

expression of RAPGEF3, RAPGEF4, RAP1GAP, mTOR genes and disease-free survival 

(DFS) of these primary melanoma patients. Patients were stratified into 4 quartiles based 

on the expression of each mRNA and survival analysis was performed using low (quartiles 

1-3) and high mRNA (quartile 4). The Kaplan–Meier curves between these two groups were 

plotted by GraphPad Prism (v9.3.1).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism v 9.3.1. Flow cytometry data 

was analyzed using Modfit 9.0.

RESULTS

EPAC plays a differential role in growth of primary and metastatic melanoma cells

First, we determined the endogenous levels of EPAC 1 and EPAC 2 proteins in normal 

human primary melanocytes, primary and metastatic melanoma cell lines by western blot 

analysis. Expression of EPAC 1 and 2 proteins is upregulated in melanoma cells compared 

to melanocytes. Mouse brain tissue extract served as positive control [25] (Fig 1A). We 

studied the effect of pharmacological inhibition of EPAC on the growth of melanoma 

cells. ESI-09 is a non-cyclic nucleotide that inhibits the guanine nucleotide exchange factor 

activity of both EPAC1 and EPAC2 [16]. Treatment with ESI-09 inhibited the growth of all 
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primary melanoma cell lines tested irrespective of the oncogenic mutation they harbor (Fig 

1B, top panels and Supp Table 1), but mildly stimulated the growth of metastatic melanoma 

cells (Fig 1B, bottom panels). To understand whether the switch from a growth promoting 

function of EPAC in primary melanoma to the growth inhibitory function in metastatic 

melanoma cells is associated with tumor progression, we assessed the effect of ESI-09 on 

primary and metastatic melanoma cell lines established from the same patient. The cell 

lines WM115, WM266-4, WM239A and WM165-1 were all derived from melanocytic 

lesions in the same patient; WM115 originated from the VGP primary tumor and WM266-4, 

WM239A and WM165-1 were established from individual lymph node metastases (LNM) 

that were progressively distant from the VGP primary melanoma [26] . Treatment of primary 

melanoma cells WM115 with ESI-09 inhibited their growth, whereas this inhibitory effect is 

less pronounced, progressively, in the LNM cell lines WM266-4, WM239A and WM165-1 

(Fig 1C). This differential effect of EPAC inhibitor on primary and metastatic cells is also 

evident from dose-response curves (Fig 1D). Sustained inhibition of EPAC also inhibited 

the clonogenicity of primary and WM165-1 LNM cells but not distant metastatic melanoma 

cells (Fig 1E) suggesting that primary melanoma cells require the activity of EPAC for 

growth and proliferation whereas EPAC can act as a negative regulator of growth of 

metastatic melanoma cells. Next, we asked whether the effects of pharmacological inhibition 

of EPAC is reversible. We treated primary melanoma cells (WM1552C, WM1862 and 

WM115) with ESI-09 for 8, 24 or 48 hours and replaced the medium with fresh inhibitor-

free medium and cultured the cells for a total of 5 days from the time of initial treatment 

with the inhibitor. Data in (Supp. Fig. S1A) show that the effect of ESI-09 was partially 

reversible up to 24h of treatment with the inhibitor. However, after 24h treatment, the effect 

of ESI-09 on the growth of primary melanomas was not reversible.

To validate this differential response of primary and metastatic melanoma cells to 

pharmacological inhibition of EPAC, we performed knockdown (KD) of EPAC1 or EPAC 2 

or both EPAC1/2 by transfection of primary (WM1552C) and metastatic (MRA6) melanoma 

cells with EPAC1 and EPAC2 two separate siRNAs (Fig. 2A). EPAC1 KD inhibited growth 

of WM1552C cells by approximately 30% and while EPAC2 KD decreased their growth 

by approximately 70% (Fig 2B). However, KD of neither EPAC1 nor EPAC2 had any 

significant effect on the growth of the metastatic MRA6 cell. Further, knockdown of both 

EPAC 1/2 showed that survival of primary but not metastatic melanoma cells is dependent 

on EPAC.

To investigate whether overexpression of EPAC1 or EPAC2 also preferentially enhance 

the growth of primary melanoma cells, we transfected primary and metastatic melanoma 

cells with empty vector or EPAC1 or EPAC2 expression plasmids. Overexpression of either 

EPAC1 or EPAC2 significantly increased the growth of WM1552C primary melanoma cells 

consistent with the data from knockdown experiments. In contrast, overexpression of EPAC1 

did not affect the growth of the MRA6 metastatic melanoma cells while overexpression of 

EPAC2 resulted in slight growth inhibition (Fig. 2C).

Next, using the matched primary and LNM cell lines WM115, WM266-4, WM239A and 

WM165-1, we tested the effect of a EPAC2-selective inhibitor ESI-05 [34] to investigate the 

relative contribution of EPAC1 and EPAC2. Treatment of primary melanoma cells (WM115) 

Krishnan et al. Page 7

Mol Cancer Res. Author manuscript; available in PMC 2023 April 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with ESI-05 decreased their growth whereas a similar treatment with the EPAC2-selective 

inhibitor had no effect on the growth of the LNM cell lines (WM266-4, WM239A and 

WM165-1) (Fig. 2D). Treatment with EPAC inhibitors ESI-05 or -09 also inhibited the 

growth of mouse primary melanoma cell lines YUMM3.3 and YUMM1.7 (Supp Fig. S1B). 

These data show that EPAC (predominantly EPAC2) signaling is required for growth and 

survival of primary melanoma cells.

To investigate the role of cAMP in EPAC action, we evaluated the effect of a cAMP 

analog and a selective EPAC activator, 8-pCPT-2′-O-Me-cAMP (8-pCPT-cAMP), and 

a cAMP antagonist, 8-Bromoadenosine-3′,5′-cyclic mono-phosphoropthioate (Rp-8-Br-

cAMP), which inhibits both PKA and EPAC signaling, on the growth of matched primary 

and LNM cell lines and two metastatic melanoma cell lines (Supp. Fig S1C). Treatment with 

the cAMP analogue had no effect on the growth of primary melanoma cells (WM115) but 

inhibited the growth of LNM cells WM165-1 and metastatic melanoma cells MRA5, MRA6. 

On the other hand, treatment with the cAMP antagonist Rp-8-Br-cAMP inhibited the growth 

of primary and LNM cells, but not metastatic melanoma cells. These data suggest that 

in primary cells EPAC signaling is maximally activated independent of exogenous cAMP 

levels.

Inhibition of EPAC activity delays cell cycle progression

Next, we asked whether growth inhibition by ESI-09 selectively in primary melanoma cells 

is due to cell cycle progression. We synchronized the cell cycle of primary WM1552C, 

WM1862, and metastatic MRA6 melanoma cells by double thymidine block and then 

treated with ESI-09. As shown in Fig 3A–B, 24h after release from thymidine block, cell 

cycle progression of DMSO treated WM1552C cells resulted in a distribution of 43% in 

S phase and 36% cells G2/M phase, whereas the entire population of ESI-09 treated cells 

remained in G1 phase of cell cycle. Metastatic MRA6 melanoma cells exhibit accelerated 

cell cycle progression after double thymidine block and release (compare 12h DMSO 

treated WM1552C and MRA6). However, treatment of MRA6 cells with ESI-09 did not 

significantly alter their cell cycle progression (Fig 3C–D).

Western blot analysis of cell cycle regulators showed that treatment with ESI-09 resulted in 

downregulation of cyclin D1 and CDK4 in primary melanoma cells WM1552C, WM1862. 

CDK inhibitors, p21 and p27, which are sequestered by the cyclin D-CDK4 complex, and 

cyclin B, which regulates the transition from G2 into M phase were also downregulated 

(Fig 3E, left panel). No change in the levels of these proteins was evident in metastatic 

melanoma cell lines MRA5 and MRA6 (Fig 3E, right panel). Treatment with ESI-09 did 

not affect the levels of other cell cycle regulatory proteins CDK6, p15, CDK2, Cyclin A 

and Cyclin E (Supp Fig. S2A). Western blot analysis of cell cycle proteins in two sets 

of matched primary and LNM cells also showed that ESI-09 treatment downregulated cell 

cycle regulators consistent with the pattern of growth inhibition by ESI-09 (Fig 3E & Fig. 

S2B). These data shows that EPAC signaling promotes cell cycle progression in primary 

melanoma cells.

To investigate whether apoptotic cell death contributes to the observed inhibition of primary 

melanoma cells, we assessed the effect of a pan-caspase inhibitor, Z-VAD-FMK, on the 
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effect of ESI-09. As shown in (Supp Fig S3), treatment of BRAF(V600E) mutant primary 

and metastatic melanoma cells with the BRAF inhibitor PLX4032 (BRAFi), decreased cell 

survival by 60% and 45%, respectively, and addition of z-VAD-FMK 8h after treatment with 

the BRAFi significantly rescued their survival. Survival of primary melanoma cells treated 

with ESI-09 decreased by 30% and in the presence of the caspase inhibitor this decrease 

was 15% showing that treatment with ESI-09 also activates apoptosis. ESI-09 had no effect 

on survival of metastatic melanoma cells and interestingly addition of the caspase inhibitor 

resulted in a small but significant decrease in their survival (Supp Fig. S4). These data 

suggest cell cycle inhibition and apoptosis contribute to the growth inhibition of primary 

melanoma cells treated by the EPAC inhibitor ESI-09.

Role of RAP1GAP signaling in primary and metastatic melanoma

In previous studies[8], we showed that treatment with ESI-09 results in downregulation 

of active RAP1(RAP1-GTP) in both primary and metastatic melanoma cells (Supp Fig. 

S5 & S6). RAP1-GTP levels are regulated by the activity of EPAC, which is a RAP 

guanosine exchange factor (RAPGEF) and RAP1GAP, which is a GTP hydrolyzing enzyme. 

To understand the role of RAP1GAP in the differential response of primary and metastatic 

melanoma cells, we first evaluated RAP1GAP expression in matched set of primary 

and LNM cells. Although RAP1GAP protein levels appeared to be higher in metastatic 

melanoma cells in one set of matched primary and metastatic lines, similar increase in 

metastatic cells was not seen in a second matched set of primary and metastatic cells (Fig. 

4A). EPAC inhibition, appeared to increase RAP1GAP expression in metastatic melanoma 

cells and decrease its levels in primary melanoma cells (Supp Fig. S7). Next, we used 

lentiviral RAP1GAP shRNA to assess the effect of RAP1GAP knockdown (RAP1GAP-KD) 

on active RAP1 levels. Interestingly, in both matched primary and metastatic melanoma 

cells, RAP1GAP-KD resulted in a slight increase (1.09 and 1.25-fold change, respectively) 

in active RAP1 (Rap1-GTP) (Fig. 4B). RAP1GAP-KD did not rescue downregulation 

of RAP1-GTP in primary melanoma by treatment with ESI-09 whereas RAP1GAP-KD 

partially dampened the effect of ESI-09 on RAP1-GTP levels in LNM cells (Fig. 4B).

Next, we tested the effect of RAP1GAP-KD on the differential growth inhibition caused 

by EPAC inhibition. RAP1GAP-KD alone had no effect on the growth of either primary or 

metastatic melanoma cells. Consistent with the biochemical data, in primary melanoma cells 

RAP1GAP-KD did not rescue growth inhibition caused by EPAC inhibition, but RAP1GAP-

KD appeared to sensitize metastatic melanoma cells to EPAC inhibition (Fig. 4C). These 

data suggest that the levels of RAP1-GTP inactivating protein RAP1-GAP do not correlate 

with the differential effects of EPAC inhibition on primary and metastatic melanoma cells.

Subcellular distribution of EPAC, active RAP1 and RAP1GAP proteins

It is known that subcellular localization of EPAC, specifically different isoforms of EPAC2, 

determine its physiological functions [27]. Therefore, we investigated whether differential 

role of EPAC and RAP1GAP proteins in primary and metastatic melanoma is due to 

differences in their subcellular localization (Fig. 4D). In primary melanoma cells, EPAC1 

was enriched predominantly in cytosolic fraction whereas in metastatic melanoma cells it 

was localized in both cytosolic and membrane fractions. In both primary and metastatic 
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cells, EPAC2 appears to be distributed in cytosolic, membrane, and nuclear fractions 

with the highest amounts in nuclear fractions. Interestingly, active RAP1 (RAP1-GTP) 

was enriched in nuclear fraction in both primary and metastatic cells consistent with the 

preferential localization of EPAC2. In both primary and metastatic melanoma cells, bulk of 

RAP1GAP is present in the cytosolic fraction with smaller amounts localized in membranes. 

Thus, although membrane localization of RAP1-GTP appears to be different in primary and 

metastatic cells, these differences in subcellular distribution of EPAC, RAP1 and RAP1GAP 

do not correlate with the differential response of primary and metastatic cells to EPAC 

inhibition.

EPAC activity negatively regulates AKT

Delayed cell cycle progression and growth inhibition of primary melanoma cells by EPAC 

inhibition was not associated with inhibition of MAP kinase activity. Phosphorylated 

ERK1/2 remained unchanged in ESI-09 treated primary melanoma cells. ESI-09 treated 

metastatic melanoma cells, however, showed an increase in pERK1/2 consistent with growth 

stimulation (Fig 5A). Interestingly, ESI-09 treatment resulted in increased pAKT (Ser473) 

levels in primary melanoma cells but not in metastatic melanoma cells (Fig 5A). In the 

matched melanoma primary and LNM cell lines, EPAC inhibition resulted in increased AKT 

phosphorylation in primary (WM115) and LNM (WM266-4 and WM239-A) cells but not 

WM165-cells (Fig 5A). As shown in (Supp Fig. S8A), ESI-09 treatment-induced increase in 

pAKT levels was not dependent on cell density. These data show that EPAC signaling acts as 

a negative regulator of AKT activation.

Inhibition of primary melanoma cell growth by ESI-09 is dependent on AKT activation

Time course analysis of the effect of ESI-09 on the activation AKT in primary melanoma 

cell line WM1552C showed a gradual increase in pAKT levels between 8-24 hours of 

treatment with ESI-09 followed by a decrease in both total and pAKT levels at 48hour 

treatment (Fig. 5B). The decrease in total and pAKT between 24 and 48 hours appeared 

to coincide with the loss of rescue from growth inhibition by ESI-09 (see Supp Fig. S1A). 

To investigate the role of pAKT in the growth inhibition of primary melanoma cells by 

ESI-09, we evaluated the effect of inhibitor of AKT phosphorylation KRX-0401 (Fig. 5C) 

and an inhibitor of AKT activity AZD5363 (Fig. 5D) on reversibility of the effect of ESI-09. 

Replacing the medium containing ESI-09 with inhibitor-free medium after 24h treatment 

partially reversed the inhibitory effect of ESI-09 on cell growth (Fig 5C and D). However, 

addition of inhibitor of AKT phosphorylation KRX-0401 or AKT activity AZD5363 in the 

replacement medium prevented, in a dose-dependent manner, the partial rescue from growth 

inhibition caused by ESI-09 (Fig 5C and D). Treatment of metastatic melanoma cell line 

MRA6 with ESI-09 alone 24h stimulated their growth (similar to data shown in Fig 1B) 

and removal of ESI-09 decreases the growth stimulation. However, upon addition of AKT 

inhibitors to the ESI-09-free medium there was a dose-dependent stimulation of the growth 

of MRA6 cells. Western blot analysis of AKT levels showed an increase in pAKT levels in 

cells treated with ESI-09, but removal of the EPAC inhibitor decreased the levels of pAKT 

(Supp Fig S8B).
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EPAC regulates AKT/mTOR signaling in melanoma

Western blot analysis of matched primary and LNM cell lines treated with ESI-09 for 

24 hours showed upregulation of phosphorylation of AKT at Thr308 and Ser473 (Fig. 

6). AKT phosphorylation in the matched set of primary and LNM cell lines appeared to 

progressively become refractory to ESI-09 treatment. PDK1 phosphorylates Thr308 on AKT 

whereas is mTORC2 is known to phosphorylated Ser473. We investigated the effect of 

EPAC inhibition on the subunits of mTOR complexes, mTORC1 and mTORC2. Raptor 

is a component of mTORC1 and Rictor is a component of mTORC2 [28]. In ESI-treated 

cells, the inhibitory phosphorylation of Rictor (Rictor-Thr1135) was downregulated. This 

simultaneous activation of Rictor (as seen by downregulation of inhibitory phosphorylation) 

and AKT (AKT-Ser473) suggest that mTORC2 regulates phosphorylation of AKT in ESI-09 

treated cells. On the other hand, ESI-09 treatment increased the inhibitory phosphorylation 

of Raptor (Ser792) in primary melanoma cells and caused progressively less upregulation 

in the matched LNM cells. Raptor ser792 phosphorylation is known to be regulated by 

the cellular energy sensor AMP-activated protein kinase (AMPK), a negative regulator of 

mTORC1. Therefore, we examined the levels of Thr172 phosphorylation of AMPK, which 

stimulates AMPK activity. ESI-09 treatment decreased the phosphorylation of AMPK (as 

seen by two bands phosphorylation) with a slight increase in the lower band in primary 

and LNM cells WM266-4 and WM239A whereas this decrease was not detectable in 

LNM cell line WM165-1. These data suggest inhibition of EPAC signaling leads to 

activation of AMPK, which inhibits Raptor and the activity of mTORC1. Inhibition of 

mTORC1 activity in ESI-09 treated cells is also evident from decreased phosphorylation 

of its substrates, p70 S6 kinase, a regulator of G1/S cell cycle progression, and 4EBP1, 

a regulator of protein translation. In ESI-09 treated WM115 primary melanoma cells and 

WM266-4 LNM cells, there was a faster migrating band for p70S6K (a less phosphorylated 

protein) [29]. This faster migrating p70S6K becomes progressively less pronounced in 

WM239-A and WM165-1 LNM cells. p85S6K protein also shows similar change upon 

ESI-09 treatment. mTOR first phosphorylates Thr37 and Thr46 on 4E-BP1 (eIF-4E-binding 

protein 1) complexed with eIF4E (eukaryotic initiation factor). Then, extracellular stimuli-

induced phosphorylation of Ser65 and Thr70 is known to result in the release from eIF4E 

and stimulation of translation [30]. Interestingly, treatment with ESI-09 appears to shift 

the expression of β and γ isoforms 4E-BP1 to α isoform [31, 32] and this shift became 

progressively less pronounced and not detected in WM165-1 cells. In addition, we noted 

progressive increase in Thr70 phosphorylation and decrease in Ser65 phosphorylation of 

the lower 4E-BP1 band. p70 S6 kinase is also known to phosphorylate Rictor at Thr1135 

[33, 34]. This inhibitory phosphorylation points to mTORC1 causing feedback inhibition of 

mTORC2 and hence inhibition of AKT. These data suggest a feedback and regulation of 

AKT and growth inhibition in ESI-treated primary melanoma cells.

EPAC regulates mitochondrial reactive oxygen species (mROS) production

Mitochondrial reactive oxygen species are produced as byproducts of mitochondrial 

metabolism. mROS is known to have both pro- and anti-tumorigenic effects [35, 36]. 

Therefore, we evaluated the role of EPAC signaling in mitochondrial ROS production. We 

measured the production of mROS in control and ESI-09-treated cells (Fig. 7A) using 

MitoSOX Red, a mitochondrial superoxide indicator. ESI-09 treatment caused a 4-fold 
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increase in mROS production in WM115 and a slightly less increase (2-to-3 fold) in 

WM266-4 (Fig. 7B). Other LNM linesWM239A and WM165-1 and the distant organ 

metastases lines MRA5 and MRA6 did not show any change in mROS production upon 

EPAC inhibition.

EPAC regulates oxidative phosphorylation and glycolysis in primary melanoma

Since EPAC regulates the AMPK and mTOR signaling pathway, is a critical regulator of 

glycolysis and mitochondrial function, we investigated the effect of ESI-09 on cellular 

and mitochondrial energy. We assayed oxygen consumption (mitochondrial respiration) 

and extracellular acidification (glycolysis) rates using the Seahorse Cell Energy Phenotype 

test performed on the Seahorse Extracellular Flux Analyzer before and after addition of a 

stressor mix consisting of the compounds, FCCP and oligomycin (Fig. 7C). FCCP is an 

uncoupling agent that depolarizes the mitochondrial membrane potential and drives oxygen 

consumption by mitochondria. Oligomycin, an ATP synthase inhibitor, drives the cell to 

synthesize ATP by glycolysis, hence increasing the extracellular acidification rate. Basal 

readings were obtained before the addition followed by maximal readings obtained after the 

addition of the stressor. In the primary cell line WM115, treatment with ESI-09 resulted 

in a complete inhibition of both basal and maximal mitochondrial respiration. In the LNM 

cell lines WM266-4, WM239A and WM165-1, a progressively decreasing magnitude of 

inhibition of basal respiration was noted.

Interestingly, treatment with ESI-09 also caused approximately 50% decrease of basal 

and maximal glycolysis in the primary cell line WM115. These data show that EPAC 

promotes survival and growth of primary melanoma cells by regulating both oxidative 

phosphorylation and glycolysis. Our data also suggest that metabolic adaptation that occurs 

during tumor progression (including lymphatic spread) progressively relieves the metastatic 

cells from this dependency on EPAC signaling for their survival. Overall, we propose that by 

regulating AKT and AMPK activities, EPAC-RAP1 signaling regulates mTORC1 signaling 

that in turn regulates critical cellular activities such as protein translation, cell glycolysis, 

mitochondrial ROS production and cycle progression. While primary melanoma cells are 

critically dependent on EPAC-RAP1-mTORC1, this dependency appears to be progressively 

lost during metastatic progression. (Fig. 7D).

Prognostic significance of EPAC signaling

To investigate the prognostic value of EPAC1/2 signaling, we queried the Cancer Genome 

Atlas (TCGA) Firehose Legacy melanoma dataset. This dataset consists of tumor mRNA 

expression and patient follow data for a cohort of 479 patients. We queried these samples 

for expression of RAPGEF3, RAPGEF4, RAP1GAP, and mTOR mRNA (Supp Fig. S9). 

Among the above EPAC signaling protein mRNAs, we found significantly different (i.e., 

higher in metastatic tumors, p<0.001) expression of only RAP1GAP in the metastatic 

tumors compared primary melanoma tumors (Supp Fig. S9A). Furthermore, among the 

86 patients diagnosed with primary melanoma (of a total of 459 patients), high expression 

of RAPGEF3, RAPGEF4 (highest quartile) in primary melanoma tumors was associated 

with significantly shorter disease-free survival (HR=2.87, p= 0.008 for RAPGEF3 and 

HR=2.78, p=0.006 for RAPGEF4) whereas there was no association of RAP1GAP and 
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mTOR expression with disease free survival (Supp Fig. S9B). Taken together with our in 
vitro findings on the role of EPAC signaling in the matched primary LNM cells, these data 

support the notion that higher EPAC signaling in primary melanoma promotes tumor growth 

and progression.

Discussion

In this study, we show that EPAC signaling promotes the growth and survival of primary 

melanoma cells by regulating cell cycle progression, suppression mROS production, 

maintenance of both glycolysis and oxidative phosphorylation. These functions of EPAC 

appear to be mediated, paradoxically, by both inhibition of AKT activation and stimulation 

of mTORC1 activity. Employing genetically matched (i. e., isolated form the same patient) 

series of primary and metastatic melanoma cells, we show that this requirement for EPAC 

signaling for growth is progressively lost and could even be inhibit their growth of unrelated 

distant organ metastatic melanoma cells.

The cAMP analog 8-CPT-2-O-Me-cAMP, an activator of EPAC, was shown to induce 

proliferation of A375 metastatic melanoma cell line by upregulation of b-Raf/ERK and 

mTOR signaling [37]. Similarly, in other melanoma cell lines this cAMP analog was 

reported to activate both RAP1 and ERK [38]. In our study we employed multiple 

independently derived primary and metastatic cell lines to show that EPAC inhibition 

reproducibly inhibits the growth of only primary melanoma cells independent of the 

oncogenic driver mutation they harbor and may slightly stimulate the growth of distant 

organ metastatic cells. Consistent with this, our experiments also showed that treatment with 

the cAMP analog inhibited the growth metastatic melanoma cells. Interestingly, growth of 

primary melanoma cells is not affected by treatment with 8-CPT-2-O-Me-cAMP suggesting 

that EPAC is maximally activated in primary melanoma cells. On the other hand, treatment 

with Rp-8-bromo-Cyclic AMP, an antagonist of cAMP-dependent protein kinase PKA, 

inhibited the growth of primary and LNM cells but not metastatic cells.

Although both EPAC1 and EPAC2 are known to act similarly in the context of RAP1 

activation, they also appear to have distinct physiological functions [39]. In the context 

of cancer, for example, in prostate cancer cells, EPAC1 was shown to promote cell 

proliferation and survival by upregulating Ras-MAPK, and PI3-kinase-Akt-mTOR signaling 

[37], whereas in H1299 lung cancer cells, Epac2 appears to also activate Rap1A-Akt 

pathway appears to regulate cisplatin-induced apoptosis [20]. To investigate the relative 

roles of EPAC1 and EPAC2, we employed both EPAC2-selective inhibitor (ESI-05) and 

EPAC1/2 inhibitor (ESI-09), and siRNA-mediated knockdown (KD). We noted that either 

treatment with EPAC2-selective inhibitor alone or transfection with EAPC2 siRNA inhibited 

the growth primary melanoma cell line WM115, transfection with EPAC1 siRNA also 

caused growth inhibition, albeit to a significantly less extent.

RAP1-GTP levels are regulated by the activity of EPAC, which is a RAP guanosine 

exchange factor RAPGEF and RAP1GAP, a GTP hydrolyzing enzyme [40]. In melanoma 

cells, downregulation of Rap1GAP via promoter hypermethylation was proposed to promote 

melanoma cell proliferation, survival, and migration [41]. Our analysis of TCGA dataset 
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for RAP1GAP mRNA in primary and metastatic tumors is consistent with this notion. 

Interestingly, western blot analysis of RAP1GAP protein showed the opposite pattern, 

i. e., higher RAP1GAP in LNM cell lines compared to their primary counterparts. 

Similarly, while overexpression of Rap1GAP was shown to block Rap1activation and 

ERK phosphorylation [41], in our studies, although RAP1GAP KD (by shRNA lentivirus) 

slightly increased active RAP1-GTP in both primary and LNM melanoma, it did not affect 

the growth of primary or metastatic cells. Therefore, it is possible that EPAC regulates 

melanoma cell proliferation through RAP1-independnet mechanisms. Cyclic AMP and 

Rap1-indepenet effect of Epac1 in neurite outgrowth have been reported [42].

The role of EPAC signaling in cell cycle progression has been previously documented. In 

MCF-7 breast cancer cells, EPAC1 was shown to interact A-kinase anchoring protein 9 

(AKAP9) and inhibition of EPAC with ESI-09 arrest them at sub-G1 phase of the cell cycle 

and induce apoptosis by destabilization of AKAP9 [43]. Interestingly, although our studies 

also show a role for EPAC signaling in cell cycle progression and cell survival, this occurs 

selectively in primary melanoma cells but not metastatic cells. This is the first demonstration 

of progressive loss of dependency on EPAC in LNM cells and a differential role of EPAC 

signaling in primary vs. metastatic cancer cells.

We previously reported that the differences in the effect of EPAC inhibition on the growth 

of primary and metastatic melanoma cells is not due to differential role of EPAC in MAPK 

(i. e., MEK1/2-ERK1/2) signaling [22]. In this study, we also show that downregulation of 

cyclin D1 and inhibition of cell cycle progression by the EPAC inhibitor is not accompanied 

by downregulation of MAPK pathway. Similarly, treatment with the EPAC inhibitor ESI-09 

was shown to inhibit proliferation of ovarian cancer cells in vitro and in vivo through 

inactivation of Cyclin D1/CDK4 independent of MAPK pathway inhibition [44].

AKT-mTOR signaling plays a key role in cell cycle, cell survival and cellular energy 

metabolism [45, 46]. In genetic mouse models, mTORC1 activation has been shown to block 

BRAF oncogene-induced growth arrest but not sufficient for melanoma tumor development 

suggesting that dependence on EPAC regulated mTORC1 activation presumably is a late 

event in melanoma tumorigenesis [47]. An interesting finding in our studies is that EPAC 

signaling acts as an inhibitor of AKT Ser473 phosphorylation and appears simultaneously 

to upregulate mTORC1 signaling. It is known that mTOR activation inhibits PI3K signaling 

and AKT phosphorylation via negative feedback. Accordingly, pharmacological inhibition 

of mTORC1 and loss of this negative feedback on PI3K signaling caused increased AKT 

phosphorylation [46, 48]. In this context, although ESI-09 appears to act like mTOR 

inhibitor rapamycin and causes increases AKT phosphorylation in primary melanoma 

cells (but not in metastatic cells), this increased AKT phosphorylation does not blunt the 

antiproliferative effects of mTORC1 inhibition. These data indicate a stringent requirement 

of mTORC1 activity for the survival of primary melanoma cells.

A role for mTORC1 signaling in the reprogramming that underlies escape from glycolytic 

addiction has been widely recognized. Active mTORC1 has been shown facilitate escape 

from glycolytic addition of cancer cells. Accordingly, a combined inhibition of glycolysis 

and mTORC1 signaling are required to disrupt metabolic reprogramming in tumor cells 
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and inhibited their growth [49–51]. Metabolic rewiring of melanoma cells is known to 

be associated with tumor progression [52]. Metastasizing melanomas appear to undergo 

reversible metabolic changes that increase their capacity to withstand oxidative stress during 

metastasis [53]. On the other hand, administration of antioxidants was shown to significantly 

increase the number of lymph node and lung metastases without affecting the growth of 

primary tumor [54]. In this context, a role for EPAC-RAP1 in cancer cell energy metabolism 

has been previously reported. In a 3-D cell culture model, EPAC1 has been implicated in 

oncogenesis of mammary epithelial cells by stimulating glycolysis [55]. In this study we 

show that EPAC signaling is required for maintenance of both glycolysis and oxidative 

phosphorylation. This requirement is progressively lost in LNM cells suggesting that EPAC-

mediated mechanisms are involved in the metabolic adaptation of melanoma during tumor 

progression.

Oxidative stress, through the production of reactive oxygen species (ROS), has been 

proposed as a key regulator of cancer development and progression [56]. Reactive oxygen 

species (ROS) also plays a crucial role in melanoma pathophysiology [57]. Pharmacological 

stimulation of Epac-Rap signaling by 8-pCPT-2’-O-Me-cAMP has been shown to reduce 

ROS production (specifically, mitochondrial superoxides) in the tubular epithelium [58].

Mitochondrial oxidative metabolism is suppressed to lower ROS generation. After reaching 

Mitochondrial redox metabolism is also known to play a role in metabolic adaptation during 

tumor progression according to the stage of progression. the distant organ, the intrinsic 

metabolic limitations of the target site influence their adaptation to the new environment 

[59]. Epac2-Rap1 signaling has also been shown to regulate mitochondrial ROS production 

in myocardial arrhythmia susceptibility [60]. In this study we show that EPAC inhibits 

mROS production in primary melanoma cells and this EPAC dependency to quench mROS 

is abolished with tumor progression.

In summary, our study shows that in primary melanoma cells EPAC signaling plays a 

critical role in promoting cell survival and proliferation through activation of mTORC1. 

EPAC also is involved in regulating mROS production and both glycolysis and oxidative 

phosphorylation (Fig. 7D). This dependency on EPAC signaling for survival and growth 

appears to progressively diminish as melanoma cells migrate to lymph nodes and completely 

lost in the distant organ metastatic cells. Based on these data, we propose high EPAC 

activity promotes primary melanoma tumor growth and facilitates acquisition of metastatic 

competence. Consistent with this notion, higher EPAC expression in primary melanoma 

appear to correlate with shorter disease-free survival. Taken together, our studies highlight 

EPAC as a potential target for prevention of tumor progression. Understanding the molecular 

basis for the dependency of primary melanoma on EPAC signaling could open new avenues 

for treatment of patients with advanced melanoma.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Implications:

This study establishes loss of dependency on EPAC-mTORC1 signaling as hallmark of 

primary melanoma evolution and targeting this escape mechanism is a promising strategy 

for metastatic melanoma.
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Figure 1: Differential role of EPAC in primary and metastatic melanoma cells
(A) Western blot analysis showing endogenous levels of EPAC1 and EPAC2 proteins in 

mouse brain lysate (positive control), neonatal human primary melanocytes and a panel of 

primary and metastatic melanoma cells. GAPDH shows equal loading of protein. Numbers 

on the right indicate the molecular weight (kDa) of the respective proteins. (B) Effect 

of EPAC inhibition on the growth of primary and metastatic melanoma cells. Cells were 

plated in 6 replicates in 96-well plates and treated with 2.5μM ESI-09 for 5 days. Drug 

was replenished every 48h and cell number was estimated using MTT assay. (C) Effect of 

pharmacological inhibition of EPAC1/2 on matched primary and metastatic cells established 

from the same patient. Cells were plated in 6 replicates in 96-well plates and treated with 

2.5 μM ESI-09 for 5 days. Data shown as mean ± SD were analyzed by Student’s t-test. 

*Indicates p-value ≤0.05; ** ≤0.01; *** ≤0.001 and **** ≤0.0001. (D) Dose-response 

curves for effect of ESI-09 treatment. A panel of primary and metastatic melanoma cells 

were plated in 6 replicates in a 96-well plate and treated with 10nM-10μM ESI-09. Survival 

was measured after 72h using MTT assay. Mean ± SD of the replicates normalized to 

DMSO control are shown. (E) Effect of EPAC inhibition on clonogenicity of primary and 

metastatic melanoma cells. Cells were plated in triplicates in 6-well plates and treated with 

DMSO or 5μM ESI-09. Media containing drug was replenished every 5 days for 2 weeks. 

Cells were fixed and stained with crystal violet made in 70% ethanol.
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Figure 2: Effect of EPAC1/2 knockdown and overexpression on primary and metastatic 
melanoma cells.
(A) Western blot analysis of EPAC1 and EPAC2 in WM1552C primary and MRA6 

metastatic melanoma cells 96h after transfection with control or two different EPAC1, 

EPAC2 or EPAC1/2 siRNAs. Numbers on the right indicate the molecular weight (kDa) 

of the respective proteins. (B) Effect of EPAC1/2 knockdown on primary (WM1552C) and 

metastatic (MRA6) cells after 96h of transfection. Data (mean ± SD) from 6 replicates 

analyzed by unpaired Student’s t test are shown. (C) Western blot analysis for MYC tagged-

EPAC1 and DDK tagged-EPAC2 in WM1552C and MRA6 cells after 5days of transduction. 

Numbers on the right indicate the molecular weight (kDa) of the respective proteins. MTT 

assay shows the effect of MYC tagged-EPAC1 and DDK tagged-EPAC2 overexpression on 

the survival of primary and metastatic melanoma cells after 5- and 7-days post-transduction. 

Data (mean ± SD) from 6 replicates analyzed by unpaired Student’s t test are shown. 

p-values: * indicates P ≤0.05; ** ≤0.01; *** ≤0.001 and **** ≤0.0001. (D) Effect of EPAC2 

selective inhibitor ESI-05 on the growth of primary and metastatic cells established from 

the same patient measured using MTT assay. Cells were plated in six replicates in 96-well 

plates in 6 replicates and treated with 2.5 μM ESI-05. Data (mean ± SD) were analyzed 

by unpaired Student’s t-test. * Indicates p-value ≤0.05; ** ≤0.01; *** ≤0.001 and **** 

≤0.0001.
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Figure 3: EPAC regulates cell cycle progression in primary but not metastatic melanoma.
(A-D) Effect of EPAC on cell cycle was determined by propidium iodide (PI) staining and 

flow cytometry analysis. WM1552C, WM1862 and MRA6 cells were plated in triplicates 

and synchronized using thymidine double block. Cells were treated with DMSO (control) 

or 5μM ESI-09 post-synchronization and cells were harvested and stained with PI overnight 

at 0h and after 12 and 24 hours. Flow cytometry was performed using BD Accuri C6. 

(E) Western blot analysis showing levels of cell cycle regulatory proteins in primary 

(WM1552C, WM1862), metastatic (MRA5 and MRA6) and the matched cells (WM115, 

WM266-4, WM239A, WM165-1) treated with DMSO (control) or ESI-09 for 8h. GAPDH 

shows equal protein loading. Numbers on the right indicate the molecular weight (kDa) of 

the respective proteins.
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Figure 4: Role of RAP1GAP in growth of primary and metastatic melanoma cells and 
subcellular distribution of EPAC1/2 signaling proteins.
(A) Western blot analysis showing endogenous levels of RAP1GAP protein in a panel 

of matched primary and metastatic melanoma cells. GAPDH is used as loading control. 

Numbers on the right indicate the molecular weight (kDa) of the respective proteins. (B) 
Western blot for validation of RAP1GAP knockdown. Matched primary and metastatic 

melanoma cells were transduced with RAP1GAP shRNA or scrambled shRNA control 

lentivirus and selected in puromycin containing medium for 4 days. Protein lysates were 

analyzed for RAP1GAP, total and active RAP1 (RAP1-GTP). (C) Effect of RAP1GAP KD 

and ESI-09 treatment on the growth of primary and metastatic melanoma cells. Data (mean 

± SD) from 3 replicates analyzed by unpaired Student’s t test are shown. * Indicates p-value 

≤0.05; ** ≤0.01; *** ≤0.001 and **** ≤0.0001. (D) Western blot showing sub-cellular 

distribution of EPAC1/2, RAP1-GTP and RAP1GAP in matched primary (WM115) and 

metastatic (WM165-1) melanoma cells. GAPDH, Na/K-ATPase and HDAC1 were used as 

makers of cytosolic (C), membrane (M) and nuclear (N) fractions, respectively. Numbers on 

the right indicate the molecular weight (kDa) of the respective proteins.
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Figure 5: EPAC regulates AKT and mTORC1 signaling
(A) Western blot analysis of primary and metastatic melanoma cells (top panels) and 

matched primary LNM melanoma cells treated for 8h with DMSO (D) and ESI-09 (E) 

for phosphorylated and total ERK1/2 and AKT. (B) Time course of AKT phosphorylation 

in primary melanoma cell line WM1552C. Western blot analysis of cells treated with 

ESI-09 for 8-48h. GAPDH shows equal protein loading. Numbers on the right indicate 

the molecular weight (kDa) of the respective proteins. (C) Effect of AKT inhibitors on 

reversibility of effect of EPAC on WM1552C and MRA6. Cells were plated in 6 replicates 

in 96-well plates and treated with DMSO or 5μM ESI-09 for 24h. In one set of wells, 

medium was replaced with ESI-09 containing growth medium, and in a second set of wells, 

the medium was replaced with medium without ESI-09, and in a third set of well, ESI-09 

medium was replaced growth medium containing AKT inhibitors (AKTi– KRX-0401 or 

AZD5363. Cells were cultured for up to 5 days and cell numbers were estimated using MTT 

assay and data were analyzed by Student’s t-test. * Indicates p-value ≤0.05; ** ≤0.01; *** 

≤0.001 and **** ≤0.0001. (D) Western blot analysis showing levels of pAKT and total AKT 

in samples treated to DMSO, ESI-09 and AKTi in parallel experiment described in (C). 
GAPDH shows equal loading of protein. Numbers on the right indicate the molecular weight 

(kDa) of the respective proteins.
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Figure 6: EPAC regulates AMPK, AKT and mTOR signaling.
Western blot analysis of components of the AKT/mTOR signaling pathway in the matched 

primary and LNM cell lines WM115, WM266-4, WM239A and WM165-1 and the distant 

organ metastatic cell lines MRA5 and MRA6 after a 24h treatment with DMSO (D) or 2.5 

μM ESI-09 (E). Numbers on the right indicate the molecular weight (kDa) of the respective 

proteins.
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Figure 7: EPAC regulates mROS production and mitochondrial and cellular metabolism.
Effect of pharmacological inhibition of EPAC1/2 on mROS production in the matched 

primary and LNM melanoma cells and the distant unrelated organ metastatic melanoma 

cell lines MRA5 and MRA6. Flow cytometry analysis of MitoSOX-Red stained performed 

using cells harvested 48h after treatment with DMSO or 2.5 μM ESI-09. (A) Representative 

histogram from three replicates with the red peak showing DMSO-treated cells and blue 

peak showing ESI-treated cells. Data were analyzed was performed using FlowJo. (B) 
Data from three replicates show fold change in mROS levels after ESI-09 treatment. 

Representative data from two independent experiments are shown. * p-value ≤0.05. ** 

≤0.01; *** ≤0.001 and **** ≤0.0001. (C) Mitochondrial respiration [measured as oxygen 

consumption rate (OCR)] and glycolysis [measured as extracellular acidification rate 

(ECAR)] were assayed by Cell Energy Phenotype test using Seahorse Extracellular Flux 

Analyzer. This experiment was performed 24 hours after treatment of WM115, WM266-4, 

WM239A and WM165-1 cells with DMSO or 2.5 μM ESI-09. Basal OCR and ECAR 

were measured, then stressor mix was added and maximal OCR and ECAR measured. 

Representative data from two independent experiments are shown. * Indicates p-value 

≤0.05; ** P≤0.01; *** P≤0.001 and **** P≤0.0001. (D) A schematic for the possible 

mechanisms of action of EPAC in promoting survival and growth of primary melanoma 

cells, where mTORC1 is activated by EPAC either directly or through AMPK (green arrows) 

presumably independent of AKT, which is inhibited by EPAC (red arrow). Dashed lines 

indicate indirect actions or that it is unknown whether additional steps are required.
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