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Abstract

Expression of the metastasis suppressor NME1 in melanoma is associated with reduced cellular 

motility, invasion, and metastasis, but mechanisms underlying these activities are not completely 

understood. Herein we report a novel mechanism through which NME1 drives formation of large, 

stable focal adhesions (FAs) in melanoma cells via induction of integrin β3 (ITGβ3), and in one 

cell line, concomitant suppression of integrin β1 (ITGβ1) transcripts. Forced expression of NME1 

resulted in a strong activation of the promoter region (−301 to +13) of the ITGB3 gene. Chromatin 

immunoprecipitation (ChIP) analysis revealed the transcriptional induction was associated with 

direct recruitment of NME1 and an increase in the epigenetic activation mark, acetylation of 

histone 3 on lysine 27 (H3K27Ac) to a 1 kb stretch of 5’-flanking sequence of the ITGB3 gene. 

Unexpectedly, NME1 did not affect the amount either ITGβ1 or ITGβ3 proteins were internalized 

and recycled, processes commonly associated with regulating expression of integrins at the cell 

surface. The ability of NME1 to suppress motile and invasive phenotypes of melanoma cells was 

dependent on its induction of ITGβ3. Expression of ITGβ3 mRNA was associated with increased 

disease-free survival time in melanoma patients of the TCGA collection, consistent with its 

potential role as an effector of the metastasis suppressor function of NME1. Together, these data 

indicate metastasis suppressor activity of NME1 in melanoma is mediated by induction of ITGB3 
gene transcription, with NME1-driven enrichment of ITGβ3 protein at the cell membrane resulting 

in attenuated cell motility through the stabilization of large focal adhesions.
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INTRODUCTION

Melanoma is the most deadly skin cancer, and its incidence is increasing in the United States 

and around the world1. Metastasis suppressor genes selectively inhibit cancer metastasis, 

offering novel insights into potential therapeutic targets and prognostic markers for advanced 

melanoma and other malignancies2. NME1 (previously termed NM23-H1, or nucleoside 

diphosphate kinase-A/NDPK-A) was the first metastasis suppressor described3, with 

suppressor activity demonstrated in melanoma, breast carcinoma, and other cancers4. The 

mechanisms through which NME1 inhibits metastatic potential, however, are not fully 

understood. Motility-suppressing activity of NME15–7 has been attributed to interactions 

with signaling cascades8–10 and modulation of RNA expression11, 12.

Cell motility requires intricate contacts between the cell and its microenvironment, a process 

mediated by integrin proteins. In humans, eighteen α and eight β integrin subunits form 24 

combinations of covalently-linked αβ dimers 13. αβ integrins are transmembrane receptors 

that bind selectively to ligands in the extracellular matrix (ECM). Cell surface expression of 

integrins is deregulated in a variety of cancers14. Overexpression of the integrin beta 1 

(ITGβ1) subunit often defines the invading front of skin tumors15, and hyperactivation of 

ITGβ1 can drive melanoma metastasis16. Downregulation of ITGβ3 in melanoma17–19 and 

other cancer types20–22 can impair tumor cell motility, suggesting a metastasis-promoting 

function23. In the context of a triple-negative breast cancer cell line (4T1), however, forced 

ITGβ3 expression alone was not sufficient to drive lung metastasis24. Moreover, ITGβ3 

induces oncogene-induced senescence in human fibroblasts by activating TGFβ-mediated 

signaling pathways25. Together, these studies indicate that the impact of ITGβ3 on growth 

and metastatic phenotypes can be highly context-dependent.

We showed previously in melanoma cells that NME1 induces expression and extracellular 

deposition of fibronectin (FN)26, a key ECM ligand of ITGβ3 and ITGβ3. Herein, we 

observe that NME1 induces a switch in cell surface expression from predominantly ITGβ1 

to that of ITGβ3, and show these effects are not mediated by the canonical integrin 

trafficking pathways demonstrated by others27, 28.29 Instead, NME1 upregulates expression 

of ITGβ3 via a novel mechanism involving induction of ITGB3 gene transcription. We 

further demonstrate that the NME1-ITGβ3 regulatory axis is obligatory for motility- and 

invasion-suppressing activities of NME1.

Materials and Methods

Cell lines and culture conditions

Melanoma cell lines WM793, 1205LU and WM1158 (gifts of Dr. Meenhard Herlyn, Wistar 

Institute, Philadelphia, PA, USA) were cultured at 37ºC and 5% CO2 in Tu2% media, 

composed of: MCDB:Leibovitz-15 medium (4:1, v/v; Sigma-Aldrich, St. Louis, MO, USA), 
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2 mM CaCl2, 2.5 µg/ml insulin and 2% fetal bovine serum (Life Technologies, Grand Island, 

NY, USA). 1205LU-derived cell lines stably transfected with empty or NME1 expression 

plasmid have been described previously 30. MDA-MB-435s/M14 cells (referred to as M14 in 

this text) were obtained from R. Plattner (University of Kentucky, Lexington, KY, USA). 

Mouse embryonic fibroblasts (MEFs) were isolated from wild-type or NME1−/− C57BL/6 

mice (E13.5). M14 and MEF cells were maintained at 37ºC and 10% CO2 in DMEM, 10% 

fetal bovine serum, 4.5 g/l D-glucose, L-glutamine, and 110 mg/l sodium pyruvate. RNA 

knockdown was achieved by lentiviral delivery of Mission shRNA (Sigma-Aldrich) against 

ITGβ3 (TRCN0000003236, ITGβ3 shRNA-a; TRCN0000318546, ITGβ3 shRNA-b; 

TRCN0000003235, ITGβ3 shRNA-c) or a non-targeted shRNA (SHC002, Sigma-Aldrich) 

as a negative control. For assessment of focal adhesions, 1205LU cells were transduced with 

a retrovirus vector encoding a DsRed-paxillin fusion protein (provided by Cai Huang, 

University of Kentucky). Forced NME1 expression was achieved by infection with a 

lentiviral NME1 expression vector that concomitantly expresses the fluorescent tag, eGFP 

and fluorescence-activated cell sorting (FACS) for GFP-positive cells.

TIRF Microscopy

For TIRF microscopy, cells were plated onto glass-bottom chamber slides, cultured for 2 

days in complete media, then serum-starved for 24 hours. Microscopy was conducted with a 

Nikon Ti-series inverted microscope equipped with a 60x APO TIRF objective. Time-lapse 

videos were captured over a total of 2 hours with image acquisition every 15 minutes.

Cell adhesion assay

Cell adhesion assays were conducted essentially as described 31, with the following 

modifications. 96-well plates were coated with FN variants at 37°C for 1h, washed twice 

with 0.1% BSA (Millipore-Sigma), and blocked for 1 hour at 37°C with 10 mg/mL BSA. 

Plates were chilled on ice until addition of cells. Cells were dissociated using enzyme-free 

Cell Dissociation Buffer (Gibco) and counted. Cells were plated in a total volume of 100 µl 

per well and then incubated at 37°C for 15 or 30 minutes. Media and unattached cells were 

aspirated and wells washed three times with PBS. Cells were fixed with 4% 

paraformaldehyde, stained with 0.5% crystal violet, and cell adhesion quantified by 

measuring absorbance at 550 nm.

Cell Surface Protein Measurement

For analysis of alpha integrin subunits on the cell surface, WM793 cells were isolated using 

enzyme-free Cell Dissociation Buffer (Gibco, Gaithersburg, MD, USA), resuspended in 100 

µL of media, and incubated with anti-integrin antibodies at 37°C for 30 minutes. Cells were 

washed twice with ice-cold media and incubated with APC-conjugated isotype specific 

secondary antibodies on ice for 25 minutes. Labeled cells were resuspended in PBS and 

subjected to FACS (FACS Calibur Flow Cytometer, Becton-Dickinson, Mountain View, 

CA).

Beta integrins were measured via surface biotinylation. Cells at 90% confluency were 

treated with 80 µM Dynasore (Millipore-Sigma, St. Louis, MO, USA) or vehicle for 1 hour. 

Cells were isolated using enzyme-free Cell Dissociation Buffer and washed three times with 
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ice-cold PBS (pH 8.0). Cells (2.5×107) were biotinylated by incubation with 2 mM Sulfo-

NHS-LC-Biotin (ThermoFisher Scientific, Rockford, IL, USA) on ice for 1 hour. Reactions 

were quenched with three washes of PBS containing 100 mM glycine, pelleting of cells, and 

lysis in RIPA buffer. Cell lysates were subjected to pulldown with Neutravidin beads 

(ThermoFisher Scientific) at 4°C overnight, and biotinylated proteins eluted with 100 µL of 

0.1 M glycine-HCl, pH 2.8 (10 minutes, room temperature). Eluted samples were 

neutralized with 15 µL of 1 M (Tris, pH 8.5) and subjected to immunoblot analysis.

Immunoblot analysis

Whole cell lysates were generated by lysis in RIPA buffer containing EDTA-free HALT 

protease inhibitors (Thermo Scientific, Rockford, IL). Lysates were subjected to SDS-

polyacrylamide gel electrophoresis and transferred to nitrocellulose. Proteins of interest 

were detected via chemiluminescence after exposure to primary antibodies against NME1 

(610247, BD Biosciences, San Jose, CA), ITGβ3 (AB1932, Millipore-Sigma), ITGβ1 

(AB1952, Millipore-Sigma), ITGαv (AB1930, Millipore-Sigma), histone 3 (clone D1H12, 

Cell Signaling), p-FAK (KAP-TK131, Enzo Life Sciences, Farmingdale, NY), FAK (clone 

12G4 Enzo), p-SRC (2101S, Cell Signaling), SRC (clone 36D10, Cell Signaling), p-p130cas 

(4011s, Cell Signaling), p130cas (Sana Cruz), and β-tubulin (clone 9F3, Cell Signaling) 

followed by isotype-specific HRP-conjugated secondary antibodies.

Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from cells using the RNeasy kit as per manufacturer’s instructions 

(Qiagen, Valencia,CA). Complementary DNA was generated with random hexamer primers 

and the TaqMan RT reagents (Applied Biosystems, Carlsbad, CA). SYBR Green based qRT-

PCR was conducted for the genes of interest and normalized to RPL13a using the 2-ΔΔCT 

method. RNA-specific PCR primer sequences are provided in Supplementary Table 1.

Luciferase Assay

The ITGβ1-luc reporter has been described (gifted by Dr. Sean Colgan, University of Denver 

Colorado)32. The ITGβ3 promoter-luciferase reporter plasmid was generated by PCR 

amplification of the −301 to +13 region from human genomic DNA, followed by 

purification and ligation of the fragment into the pGL3-Basic (promoter-less) plasmid 

containing a firefly luciferase reporter mini-gene (Promega, Madison, WI) with T4 ligase 

(New England Bioscience, Ipswich, MA). The ITGβ3 promoter fragment was ligated into 

KpnI/NheI-linearized pGL3-Basic with T4 ligase (New England Bioscience, Ipswich, MA). 

Cells were transfected with 100 ng of ITGB3 reporter plasmid using Fugene 6 transfection 

reagent (Promega). To control for transfection efficiency, transfections included 50 ng of a 

Renilla luciferase expression vector (gifted by Dr. Richard Eckert, University of Maryland, 

Baltimore). Luciferase assays were performed on cell lysates prepared 72h post-transfection 

using the Dual-Luciferase Reporter 1,000 Assay System (Promega). Luciferase activity of 

the experimental reporter was normalized to Renilla luciferase activity as measured in 

relative light units (RLU).
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Chromatin Immunoprecipitation

Chromatin immunoprecipitation (ChIP) was performed using the ChIP-IT Express Kit 

(Active Motif, Carlsbad, CA). Twenty-five μg of sheared chromatin was pre-cleared with 

Protein G magnetic beads (Cell Signaling) and isotype control IgG for 1 hour at 4°C, then 

subjected to immunoprecipitation at 4°C (14–16h) with 2 μg of the indicated antibody. Anti-

NME1 (scNM301) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA) 

while anti-Histone 3 lysine 27 acetylation (H3K27ac, clone D5E4), rabbit IgG (clone DA1E) 

and mouse IgG (clone G3A1) were from Cell Signaling. A portion (10%) of sheared 

chromatin was used as input DNA. DNA was purified using the QiaQuick PCR Purification 

Kit (Qiagen, Valencia, CA, USA) prior to qPCR.

Wound Healing and Single-cell Three-dimensional Cell Invasion Assays

For wound-healing assays, WM1158 cells were transduced twice (24 and 48 hours post-

seeding), with shRNA-expressing viruses. Twenty-four hours post-transduction, scratches 

were created on cell monolayers with a 200 μl pipette tip, followed by rinsing and 

replenishment with Tu media (0.2% FBS). Phase-contrast images were taken after wounding 

(0 and 24 hour) with an EVOS inverted microscope (Thermo-Fisher). Individual migrating 

cells were enumerated using the particle counting function in ImageJ (NIH, Bethesda, MD, 

USA).

For 3-dimensional invasion assays, WM1158 cells were transduced with lentivirus shRNA 

vectors in two sequential infections (MOI 104/infection). Twenty-four hours post-

transduction, cell aggregates were generated by dissociating cell monolayers and re-plating 

104 cells/well in TU2% in a 96-well dish coated with 0.75% agarose. Cell aggregates were 

formed overnight at 37°C in 5% CO2 and embedded (1/well) in 100µl of a 50:50 mixture of 

Matrigel and TU2% on ice; 8 aggregates per condition were plated in each independent 

experiment. Gels were solidified at 37°C, 5% CO2 for 30min prior, then imaged at 0 and 24h 

after plating. Invading cells, defined as cells penetrating past the border of the initial cell 

aggregate, were quantified at using ImageJ.

Statistical analysis

Results were analyzed with SigmaStat v3.5 statistical software (Systat Software, Chicago, 

IL). Unless stated otherwise, all data are representative of n≥3 independent experiments. 

Additional details for statistical analyses are provided in figure legends.

TCGA analyses

TCGA mRNA expression data from Skin Cutaneous Melanoma (SKCM) samples was 

obtained through GDAC FireHose (v01–28-2016). Results are based upon data generated by 

the TCGA Research Network: http://cancergenome.nih.gov/. The dataset was run through 

the TCGA IlluminaHiSeq_RNASeqV2 pipeline. mRNA expression data was imported into 

RStudio and normalized using the voom function in the LIMMA package (v1.0.136, 

RStudio Inc., Boston, MA, USA). Clinical information for SKCM patients was obtained 

through FireHose version 01–28-2016 and imported into RStudio. To measure correlations 

between gene expression and clinical outcome, SKCM patient identifiers from clinical and 
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z-score information were matched. Patients were grouped into “High” and “Low” expression 

groups based on the median for each gene of interest and analyzed for alterations in overall 

survival and disease-free survival33. Kaplan-Meier survival analysis was completed through 

the survival package in RStudio.

RESULTS

Suppression of melanoma cell motility by NME1 is associated with formation of large, 
slow-cycling focal adhesions

Focal adhesions (FAs) contain clusters of integrin receptors that associate with cytoskeletal 

and signaling molecules to regulate cell migration and invasion. The impact of NME1 on FA 

dynamics was measured in two variants of the 1205Lu melanoma cell line, generated by 

stable transfection with empty expression vector or NME1 expression plasmid as previously 

described 30. The 1205Lu cell line was considered appropriate for these studies as it exhibits 

a highly motile phenotype in culture that is potently suppressed by NME1 overexpression30. 

FAs were visualized by transient retroviral vector-mediated expression of a dsRed-labeled 

form of the FA-associated protein, paxillin. Empty plasmid vector-transfected control 

1205Lu cells (VEC) were motile, displaying bipolar morphology and abundant small 

adhesions at leading and trailing edges (Figure 1a). In contrast, forced NME1 expression 

elicited cell spreading and large, radially-distributed FAs at leading and trailing edges. 

NME1-expressing cells lacked clear polarity, and most failed to migrate during observation. 

Time-lapse TIRF microscopy revealed rapid turnover of small adhesions at leading and 

trailing edges in control cells (Figure 1b, subpanels ii and iii), while larger, radially-

distributed FAs induced by forced NME1 expression exhibited slow, centripetal turnover 

(subpanels iv-vi; video files, Supplementary Figure 1).

NME1 expression promotes melanoma cell adhesion by modulating balance of integrin 
beta subunits at the cell surface

To address whether NME1-induced stabilization of large FAs was mediated by altered FN-

integrin interactions at the cell surface, impact of NME1 on cell adhesion to FN substrates of 

varying integrin-binding affinities was measured in the 1205Lu cell line. The analyses were 

also conducted in M14 cells, another metastatic melanoma-derived line whose motility is 

strongly suppressed by NME126. Forced NME1 expression strongly enhanced adhesion to 

full length FN and a 110kDa proteolytic fragment containing the integrin-binding domain 

(Figure 2a). NME1 had no impact on adhesion to a FN fragment containing the 

transglutaminase 2 (TG2) binding domain but lacking integrin-binding sites. Thus, NME1 

expression enhances integrin-mediated adhesion of melanoma cells to FN.

NME1 expression did not regulate surface expression of integrin subunits α4, α5 or αv 

(Figure 2b), but inhibited surface expression of ITGβ1 in both M14 and 1205Lu melanoma 

cell lines, and increased that of ITGβ3 (Figure 2c). NME1 also inhibited activation of three 

intracellular effectors of integrin signaling, FAK, SRC and p130Cas (Figure 2d).

Impact of NME1 on levels of αv, ITGβ1 and ITGβ3 were compared between cell surface 

and whole cell preparations. Forced expression of NME1 was associated with reduced 
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surface expression of ITGβ1 and an increase in that of ITGβ3(Figure 2e), with minimal 

effect on ITGαv. Within cell lysates, control vector-transfected cells exhibited a 

predominant 140 kDa species consistent with the mature cell surface form and lesser 

amounts of a smaller protein (120 kDa). NME1 expression was associated with absence of 

mature ITGβ1 and appearance of two smaller ITGβ1 species (110 and 90 kDa), consistent 

with a prior report of cytoplasmic, immature precursors of ITGβ134. Consistent with this 

interpretation, the 90 kDa form co-migrated precisely with enzymatically de-glycosylated 

ITGβ1 (Figure S1). These data suggest NME1 (or indirectly via induction of ITGβ3) may 

interfere with surface expression of ITGβ1 by inhibiting maturation in ER/Golgi 

compartments. In contrast, intracellular ITGβ3 and ITGαv were present in their mature 

forms. NME1 expression produced a more robust increase in total ITGβ3 than seen at the 

surface. Total ITGαv was modestly induced by NME1, contrasting with a marginal change 

at the surface.

Surface expression of integrins is regulated via rates of internalization and sorting within 

endosomes for degradation or recycling to the plasma membrane 35. The nucleoside 

diphosphate kinase (NDPK) activity of NME1 fuels endocytosis by supplying dynamin with 

GTP36, suggesting the NME1-induced switch in cell surface expression of ITGβ1 and 

ITGβ3 was mediated via differential effects of NME1 on dynamin-dependent trafficking. In 

control cells, a dynamin inhibitor (Dynasore) increased surface expression of ITGβ1, 

consistent with ITGβ1 internalization via dynamin-dependent endocytosis. However, 

Dynasore failed to reverse the NME1-mediated reduction in cell surface ITGβ1, indicating 

ITGβ1 downregulation is independent of dynamin-fueling activity of NME1.

Dynasore did not affect surface or total ITGβ3 in control cells, consistent with dynamin-

independent endocytosis. With forced NME1 expression, however, Dynasore induced ITGβ3 

expression within both cellular compartments. These modest Dynasore-induced increases, 

however, are consistent with dynamin-driven endocytosis of ITGβ3 that would reduce rather 

than increase surface ITGβ3 expression in response to NME1. Thus, NME1 regulates 

surface expression of ITGβ1 and ITGβ3 via impacts on their overall steady-state 

concentrations.

NME1 induces ITGβ3 gene transcription via direct physical interactions with the promoter

Impacts of NME1 on expression of ITGβ1 and ITGβ3 mRNAs were measured in three 

human melanoma-derived cell lines (M14, WM1158 and WM793). Both spliced and 

unspliced forms of ITGβ1 RNA were strongly reduced in response to NME1 expression in 

M14 cells (Figure 3a), consistent with repression of ITGB1 gene transcription. Moreover, 

transcriptional activity of a 1 kb fragment of the ITGβ1 promoter was inhibited strongly by 

forced NME1 expression (Figure 3b, left). NME1 failed to regulate expression of ITGβ1 

transcripts in WM793 and WM1158 cells, however, nor was ITGβ1 mRNA affected by 

ablation of the NME1 locus37 in mouse embryo fibroblasts (MEFs) (Figure 3a).

In contrast, ITGβ3 mRNA was induced by NME1 in all three melanoma cell lines, and 

significantly reduced in mouse embryo fibroblasts (MEFs) from NME1 knockout mice 

(Figure 3a). To assess impact of NME1 on ITGB3 transcription, a ITGβ3 promoter fragment 

(−301/+13) was cloned from human genomic DNA and inserted into a luciferase reporter 
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vector (pGL3-basic, Promega). NME1 expression induced ITGβ3 promoter activity by 

approximately 8-fold (Figure 3b, left) in M14 cells, and to a significant extent in WM1158 

cells (Figure 3b, right).

To measure impact of NME1 on the endogenous ITGβ3 promoter, levels of an epigenetic 

mark associated with transcription activation (histone 3 acetylation on lysine 27; H3K27Ac) 

were assessed by chromatin immunoprecipitation (ChIP). In the absence of NME1 

overexpression, modest levels of H3K27Ac were associated with the −150/+15 subregion of 

the ITGβ3 promoter, and upstream within a −956/−877 subregion (Fig. 3c, middle). Forced 

NME1 expression elicited greater association of H3K27Ac with the −150/+15 and 

−956/−877 subregions, with contact also detected in the 333/−143 subregion.

While NMEs have been suggested to function as DNA-binding transcription factors 38, this 

function had not been carefully demonstrated in living cells. In the absence of NME1 

overexpression, ChIP performed with anti-NME1 antibody revealed interactions of 

endogenous NME1 across the ITGβ3 promoter (−956/+15) except within the −645/−316 

subregion (Figure 3c, right), and strongest binding was seen with the GC-rich proximal 

promoter (−150/+15). Forced NME1 expression enhanced association of NME1 with the 

proximal promoter (−150 to +15) and three subregions further upstream (−333/−143, 

−645/−316 and −956/−877). Co-enrichment of NME1 with the H3K27Ac modification 

within the ITGβ3 promoter region demonstrates NME1 induces ITGβ3 transcription via its 

DNA-binding function.

ITGβ3 mediates motility- and invasion-suppressing activities of NME1

To determine whether ITGβ3 mediates the ability of NME1 to suppress cell motility and 

invasion, expression of NME1 and ITGβ3 was modulated in the metastatic WM1158 cell 

line. WM1158 cells were particularly suitable for analyzing impacts of the NME1-ITGβ3 

regulatory loop on cellular motility and invasion activities in a number of respects. Their 

strong motile and invasive characteristics provided a high threshold of activity upon which 

individual and combined effects of NME1 and ITGβ3 could be detected. In addition, as a 

prototype of a metastatic cell line expressing very low levels of the metastasis suppressor 

NME1, they were ideal for assessing impacts of forced NME1 expression. Moreover, forced 

NME1 expression induced ITGβ3 expression in robust fashion (Figure 3), facilitating 

analysis of the specific contributions of ITGβ3 using an shRNA approach.

Transduction with lentiviral NME1 expression vector resulted in robust induction of NME1 

expression (Figure 4a). Expression of two distinct shRNAs blocked expression of ITGβ3 

protein in control cells, and reduced the expression of ITGβ3 in NME1-expressing cells to 

levels observed in the absence of forced NME1 expression. Silencing of ITGβ3 expression 

with either shRNA sequence also resulted in a slight induction in NME1 expression. A time-

course analysis following pulse administration of the protein synthesis inhibitor 

cycloheximide revealed the effect of ITGβ3 silencing was due to stabilization of NME1 

protein (Figure S2). Using the scratch assay approach, NME1 was shown to inhibit 

migration of individual cells (Figure 4b and 4c). Silencing of ITGβ3 in control cells 

inhibited motility, strongly suggesting a motility-driving activity for ITGβ3 in the context of 

low NME1 expression. Nevertheless, the possibility cannot be excluded that the small 
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induction in NME1 expression elicited by ITGβ3 silencing (Figure 4a) may have contributed 

to the reduction in motility. In NME1-overexpressing cells, however, ITGβ3 silencing 

clearly ablated the motility suppressing-function of NME1. Thus, at higher levels of NME1 

and ITGβ3 expression, ITGβ3 is a motility-suppressing effector of NME1.

Impacts of NME1 and ITGβ3 on invasive potential were measured with a 3-dimensional 

Matrigel-embedded sphere assay. As previously observed (Figure 3), NME1 induced 

expression of ITGβ3 (2.4-fold) (Figure 4d). In the absence of NME1 overexpression, robust 

ITGβ3 knockdown was achieved with two distinct shRNA sequences, “a” and “c” (>90% 

and 70%, respectively; Figure 4d). When NME1 was overexpressed, ITGβ3 was strongly 

silenced with shRNA sequence “a” (>80%), and to a significant degree with “c”. NME1 

expression strongly inhibited the number of invasive single cells (Figure 4e and f). Under 

conditions of low NME1 expression, silencing of ITGβ3 expression had no impact on 

invasive activity, contrasting with the motility-driving activity of ITGβ3 at low NME1 levels 

(Figure 4b and c). In NME1-overexpressing cells, however, ITGβ3 silencing strongly 

induced cell invasiveness. Together, these studies demonstrate ITGβ3 mediates both the 

motility- and invasion-suppressing activities of NME1.

ITGβ3 mRNA expression is associated with extended survival of melanoma patients

Having demonstrated that motility- and invasion-suppressing activity of NME1 involves 

induction of integrin-beta transcripts in melanoma cells, we posited that expression of 

ITGβ1 and/or ITGβ3 RNA would be predictive of survival in melanoma patients. Patients 

from the Skin Cutaneous Melanoma (SKCM) dataset of The Cancer Genome Atlas (TCGA) 

were divided into “high” and “low” expression groups for ITGβ1 and ITGβ3 (Materials and 

Methods) to measure associations with overall and progression-free survival. While ITGβ1 

mRNA was not correlated with overall nor progression-free survival, ITGβ3 expression was 

strongly predictive of prolonged progression-free survival (p < 0.001), and approached 

significance for overall survival (p < 0.067). Categorization into two populations based on 

expression of both ITGβ1 and ITGβ3 (high ITGβ1/low ITGβ3 versus low ITGβ1/high 

ITGβ3) provided no advantage over ITGβ3 alone (data not shown). NME1 mRNA 

expression correlated with neither progression-free nor overall survival. This was 

anticipated, in light of our demonstration that downregulation of NME1 protein results from 

lysosomal degradation and not NME1 transcripts39. These findings identify ITGβ3 RNA as 

a predictor of prolonged survival in melanoma patients, and suggest a key role for the 

NME1-ITGβ3 regulatory axis in melanoma progression.

Discussion

Herein, NME1 expression was shown to induce expression of ITGβ3 at the surface of 

melanoma cells, driven by direct enhancement of ITGB3 transcription. NME1-induced 

ITGB3 transcription was accompanied by potent suppression of ITGB1 transcription in one 

of the melanoma cell lines studied (M14). These transcription-directed mechanisms were 

unexpected and novel, in light of more-recognized roles of trafficking processes for 

regulating cell surface integrins35. NME1-mediated regulation of RNA and protecontext-
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depein for ITGβ3, and sometimes ITGβ1, was sufficiently robust to regulate surface 

expression by mass action throughout endocytosis and recycling.

NME1 was shown to activate ITGβ3 transcription directly through its DNA binding 

function. Binding of NME1 was detected at multiple sites within the ITGB3 promoter, and 

was augmented by forced NME1 expression. Binding of NME1 to the ITGB3 promoter was 

associated with increased levels of the transcriptional activation mark, H3K27Ac. Studies 

have demonstrated binding of NME1 to a variety of DNA sequences40, but relevance to 

transcriptional function was not established. Analyses of DNA binding with recombinant 

NME1 in vitro from our laboratory41 revealed a preference for binding to single-stranded 

DNA without a strictly-defined consensus binding sequence, suggesting binding is directed 

to single-stranded and/or non-B form DNA 42. The ITGB3 promoter (−150 to +15), which 

was the most highly enriched for NME1 binding, is highly GC-rich and prone to formation 

of such non-B form DNA structures. A parallel is suggested by the vascular smooth muscle 

α-actin gene promoter, regulated through competition between transcription-repressing 

factors with affinity for non-B form (e.g. Purα/Purβ) and transcription-enhancing factors 

that bind double-stranded DNA (e.g. TEF-1, SRF and Sp1)43. Such a model could address 

how NME1 can both induce (ITGB3) and repress (ITGB1) transcriptional activity, or 

downregulate both genes in other cell types 10, depending on proteins and signaling 

pathways operative within a given cellular context.

NME1 represses activity of the ITGAV promoter in B cell lines44 through a transcriptional 

corepressor (i.e. non-DNA binding) function, with repression reversed by the Epstein-Barr 

virus-encoded protein, EBNA3C. This corepressor function was proposed to be 

implemented via physical interactions of NME1 with GATA-1 and EBNA3C. Evidence has 

been provided for coregulatory (non-DNA binding) functions of NME1 in other settings as 

well 45, 46. Together, our studies provide strong evidence that expression of integrins is 

regulated at the level of gene transcription.

NME1-mediated induction in surface ITGβ3 was associated with formation of large and 

stable focal adhesions, enhanced cell adhesion to FN, and reduced activation of three FA-

associated mediators of intracellular signaling (FAK, SRC and CAS). Our findings indicate 

the effects of NME1 on FA dynamics are driven by higher ITGβ3 (and sometimes lower 

ITGβ1) content within FA complexes. Motility-regulating activity of ITGβ3 was context-

dependent, with ITGβ3 expression suppressing motility when NME1 expression was high, 

but promoting motility when NME1 expression was low. This context-dependence could 

result from interactions of ITGβ3 with NME1-induced alterations in expression of other 

genes and/or signaling pathways. NME1 regulates a broad spectrum of RNAs in 

melanoma47, 48 and breast carcinoma11 cell lines, as well as intracellular signaling pathways 

that could cooperate with altered integrin expression 49. The context-dependence of ITGβ3 

actions is also consistent with the biphasic (i.e. nonlinear) relationship between cell adhesion 

to substrate and migration rates. Weak cell adhesion is associated with slow migration, 

intermediate adhesion with accelerated migration, and strong adhesion with migration 

arrest50. In this regard, a shift in integrin beta subunits towards the ITGβ3 isoform induces a 

switch in downstream integrin-mediated signaling and a reduction in RhoA activation 

required for directional migration 51, 52. Also, αvβ3-FN complexes are more resistant to 
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dissociation in response to allosteric binding of Ca+2 in vitro than α5β1-FN complexes 53. 

Our observations may explain discordance in prior studies of ITGβ3 17–19 that did not take 

NME1 expression into account. They also suggest loss of NME1 in advanced melanoma 
4, 54 converts ITGβ3 to a metastasis driver.

NME1 and its intrinsic NDPK activity fuel dynamin with GTP for endocytosis of cell 

surface receptors for ligands such as transferrin, interleukin-2β subunit and EGF 36. We 

observe, however, that impacts of NME1 on surface ITGβ1 and ITGβ3 are not mediated by 

its dynamin-fueling activity. This could be explained by differences in the endocytic cargo or 

cell lines under study. Our analyses do not exclude the possibility that NME1 regulates cell 

surface expression of ITGβ1 and ITGβ3 to a minor degree through dynamin-independent 

mechanisms.

ITGβ3 RNA expression was associated with prolonged survival of melanoma patients, and 

was a stronger predictor of survival than the NME1 transcript itself. This is not surprising, in 

light of the observation that downregulation of NME1 in metastatic melanoma cell lines is 

not mediated via regulation of the NME1 transcript, but rather by proteolysis in lysosomes 
39. It will be of interest to determine whether the power of ITGβ3 RNA as a prognostic 

marker is enhanced in conjunction with NME1 protein expression, or within a larger 

expression signature.

Our study demonstrates that NME1 is a key transcriptional regulator of the ITGB3 gene, 

leading to suppression of motility and invasion activity. These findings also show that ITGβ1 

and ITGβ3 expression is not regulated wholly through their intracellular trafficking (e.g. 

endocytosis, targeting to lysosomes and recycling to the cell surface). The study also 

illustrates how the metastasis suppressor NME1 can be exploited as a means for discovery of 

novel mechanisms and prognostic markers operative during melanoma progression.
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Figure 1. 
NME1 promotes the formation of large, slow-cycling focal adhesions in melanoma cells. (a) 

Visualization of focal adhesions (FAs) in serum-starved 1205LU cells (VEC, empty vector-

transfected; NME1, forced NME1 expression) after retrovirus-mediated expression of 

dsRed-labeled paxillin. The NME1-transfected cell line expresses 3-fold higher levels of 

NME1 than the control VEC line 30. (b) TIRF time-lapse microscopy of cells in panel (a), 

with paxillin-labeled structures monitored and color-coded for the indicated time points (0, 

15 and 30 min). “Leading” and “trailing” edges of cells are outlined with boxes in subpanels 

i and iv; leading edges are magnified in subpanels ii and v, and trailing edges in iii and vi. 

Red arrows depict net migration of the entire cell; white arrows depict movement of focal 

adhesions within a cell. Results shown are representative of at least three cells monitored per 

cell line.
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Figure 2. 
NME1 promotes integrin-mediated adhesion to fibronectin (FN) via regulation of integrin 

beta subunit expression at the cell surface. (a) Adhesion assays were conducted as described 
31, with minor modifications (Materials and Methods). Diagram depicts domains of the FN 

molecule; those associated with binding to integrins (ITG-BD) and transglutaminase 2 

(TG2-BD) are indicated with brackets. Regions corresponding to FN fragments used in cell 

adhesion studies are identified with orange lines above the molecule (42 and 110 kDa, 

respectively). Bar graph summarizes adhesion of 1205Lu cells stably transfected with either 

empty or NME1 expression vector. Cells were incubated for 15 min on plates coated with 

full length (FL) fibronectin (FN) or FN fragments containing either the ITG-BD (110 kD) or 

TG2-BD (42 kD). *p≤0.05 by Student’s t-test. (b) Cell surface expression of the indicated 

alpha integrin subunits (α4, α5 and αv) was quantified in 1205Lu cells (−/+ forced NME1 

expression) by flow cytometry. (c) NME1 expression induces a switch in cell surface 
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expression from predominantly ITGβ1 to ITGβ3. Cell surface expression of beta integrins 

(“Surface”) was determined in the indicated M14- and 1205Lu-derived cell lines by surface 

biotinylation and immunoblot analysis, as described (Materials and Methods). Expression of 

NME1 and β-tubulin (β-tub) were measured in the “intracellular” compartment by 

immunoblot analysis. (d) Impact of forced NME1 expression on expression of total and 

activated forms of focal adhesion kinase (FAK), SRC and p130Cas was determined in M14 

cells by immunoblot analysis. (e) Cell surface and intracellular expression of ITGβ1, ITGβ3 

and ITGαv was measured in M14 cells (−/+ forced NME1 expression) following a 1h 

incubation with either vehicle (“DMSO”) or the dynamin inhibitor dynasore (“Dyn”; 80 

mM).
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Figure 3. 
NME1 activates transcription of the ITGβ3 gene via direct binding to the promoter region. 

(a) Expression of mRNA encoding ITGβ3 was measured by quantitative reverse 

transcriptase real-time polymerase chain reaction (qRT-PCR) in the indicated melanoma 

(M14, WM1158, and WM793; −/+ forced NME1 expression) and mouse embryo fibroblast 

(wild-type C57BL/6, “WT”; NME1 knockout, “NME1ko”) cell lines. Expression of ITGβ3 

in the respective control conditions of each panel (vector or WT) is normalized to a value of 

1. (b) Shown at top is a schematic representation of a promoter-reporter cassette containing 

the ITGB3 promoter (“ITGB3-P”; −301 to +13) in linkage with a firefly luciferase reporter 

mini-gene. Summarized below are amounts of luciferase activity obtained after transient 

transfection of the indicated melanoma cell lines with the ITGB3 promoter-luciferase 

plasmid in the absence or presence of forced NME1 expression. Activity is expressed as 

relative luciferase activity (“Rel. luc. activity”), with activity obtained in the absence of 
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forced NME1 expression assigned a value of 1. *Denotes p < 0.05 by Student’s t-test. (c). 

Impact of forced NME1 expression on occupancy of the ITGB3 promoter by 

transcriptionally active chromatin and NME1 was assessed in M14 cells by chromatin 

immunoprecipitation assay (ChIP). ChIP reactions were conducted with antibodies directed 

to IgG, acetylated histone 3 (at lysine 27, or “H3K27ac”), or NME1 as indicated. 

Immunoprecipitated DNA was analyzed by qPCR with a series of five amplicons (150– 200 

bp) spanning the ITGB3 promoter from −−958 to +15, as shown. *denotes p < 0.05 by 

Student’s t-test.
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Figure 4. 
NME1 suppresses motile and invasive potential of WM1158 melanoma cells by upregulating 

ITGβ3 expression. (a) Expression of NME1 and ITGβ3 proteins was measured by 

immunoblot analysis in cells receiving the indicated combinations of forced NME1 

expression and shRNAs directed to ITGβ3. shRNA treatments consisted a non-targeting 

control shRNA (−) or one of two shRNAs specific for ITGβ3 (“a” or “b”). (b) 

Representative images of wound/scratch assays were acquired 24 h after wound induction in 

cells receiving the indicated combinations of forced NME1 expression and shRNA-mediated 

silencing of ITGβ3. Dotted boxes depict borders of original wounds. (c) Graph provides a 

quantitative analysis of individual cells migrating into wounds. Closed circles and error bars 

represent means (+/− SEM) derived from 3– 4 independent experiments. Asterisks denote 

means that are significantly different (*p≤0.05 by ANOVA with Holm-Sidak pairwise 

testing). (d) Expression of ITGβ3 mRNA was measured in cells used for measurement of 

single cell invasion activity in 3-dimensional sphere assays after the indicated combination 

of forced NME1 expression and shRNA sequences (-, non-targeting control; ITGβ3-directed 

shRNAs “c” and “a”). The shRNA sequence “c” was employed instead of sequence “b” used 

in panel a, as sequence “b” strongly disrupted spheroid formation. Cultures were co-infected 

with a lentiviral vector for expression of eGFP for enhanced imaging of invading cells. *, 

comparison between vector- and NME1-treated; †, denotes significant silencing of ITGβ3 

RNA in absence of forced NME1 expression (black bars); ‡, denotes significant silencing of 

ITGβ3 RNA in presence of forced NME1 expression (white bars). p < 0.05. (e) 

Representative images of spheroids and invading cells in response to NME1 and shRNA 

treatments (24 and 72h post-infection). (f) Single cells detached from spheroids were 

counted as described in Materials and Methods. Asterisks denote means that are 

significantly different (*p≤0.05, **p≤0.01 by ANOVA with Holm-Sidak pairwise testing).
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Figure 5. 
Expression of ITGβ3 RNA is associated with prolonged survival expression in skin 

cutaneous melanoma (SKCM) patients of The Cancer Gene Atlas (TCGA). A total of 234 

patients were grouped into subpopulations (117 patients per subpopulation) representing 

either “High” or “Low” expression of RNAs encoding ITGβ1 or ITGβ3, relative to the 

median level of expression for each. Shown are Kaplan-Meier plots of survival (overall and 

disease-free) for the various groups.
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