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Summary
Neural precursor expressed, developmentally down-regulated 9 (NEDD9), a member of the Cas family of signal transduction molecules,
is amplified at the genetic level in melanoma, and elevated expression levels have been shown to correlate with melanoma progression
and metastasis. NEDD9 interacts with the guanine nucleotide exchange factor DOCK3 to promote Rac activation and the elongated,

mesenchymal-type of tumour cell invasion, but the molecular mechanisms through which NEDD9 promotes melanoma metastasis are
not fully understood. We show that signalling through increased NEDD9 levels requires integrin b3 signalling, which leads to elevated
phosphorylation of integrin b3. This results in increased Src and FAK but decreased ROCK signalling to drive elongated, mesenchymal-

type invasion in environments that contain vitronectin. NEDD9 overexpression does not affect ROCK signalling through activation of
RhoA but decreases ROCKII signalling through Src-dependent phosphorylation of a negative regulatory site Tyr722. In NEDD9-
overexpressing melanoma cells, inhibition of Src with dasatinib results in a switch from Rac-driven elongated, mesenchymal-type

invasion to ROCK-dependent rounded, amoeboid invasion. These findings brings into question whether dasatinib would work as a
therapeutic agent to block melanoma invasion and metastasis. On the basis of the in vitro data presented here, a combination treatment of
dasatinib and a ROCK inhibitor might be a better alternative in order to inhibit both elongated, mesenchymal-type and rounded,

amoeboid motility.
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Introduction
Neural precursor expressed, developmentally down-regulated 9

(NEDD9; also known as HEF-1 or Cas-L) is a member of the

Crk-associated substrate (Cas) family of signal transduction

proteins (Astier et al., 1997; Manie et al., 1997). The Cas family

members have an N-terminal SH3 domain, a substrate domain

containing multiple tyrosine phosphorylation site motifs, a

serine-rich domain and a C-terminal helix-loop-helix motif.

Integrin b1 signalling has been shown to lead to tyrosine

phosphorylation of the substrate domain of NEDD9 in T cells

(Minegishi et al., 1996) and B cells (Manie et al., 1997). In the

substrate domain of NEDD9 are putative binding sites for the

SH2 domains of adapter proteins such as CrkI, CrkII, CrkL, Nck

and Abl (Sakai et al., 1994; Ishino et al., 1995; Nojima et al.,

1995; Harte et al., 1996; Law et al., 1996; Minegishi et al., 1996;

Petruzzelli et al., 1996; Salgia, 1996; Manie et al., 1997). In

addition to potential roles in integrin signalling, NEDD9 has also

been implicated in TNFa-induced apoptosis (Law et al., 2000)

and cell cycle control where its association with Aurora A leads

to the phosphorylation and activation of Aurora A (Pugacheva

and Golemis, 2005).

Many studies implicate NEDD9 in cancer. NEDD9 expression

has been found to be elevated in adult T-cell leukaemia (Iwata

et al., 2005) and ovarian cancer (Donninger et al., 2004); NEDD9

has been shown to play a supportive role in tumour initiation in

the MMTV-polyoma virus middle T mammary tumour model

(Izumchenko et al., 2009). Overexpression of NEDD9 has been

linked to tumour progression. Gene amplification is associated

with increased metastasis in a mouse model of melanoma, and

increased expression has been correlated with metastasis in

human melanoma (Kim et al., 2006). Analysis of gene expression

in primary lung carcinomas showed NEDD9 is part of a

metastasis signature (Minn et al., 2005). In colorectal cancer,

NEDD9 is a TCF–b-catenin target gene and elevated expression

correlates with increased migration and cancer progression (Li

et al., 2011). Additionally in colorectal cancer, NEDD9 has been

found to be a HIF-1a-regulated gene that mediates hypoxia-

induced tumour cell migration (Kim et al., 2010). NEDD9

activity has also been shown to be required for invasive

behaviour of glioblastomas (Natarajan, 2006).

These studies implicate overexpression of NEDD9 in

mechanisms of tumour spread. Previously we have shown that

NEDD9 complexes with a guanine nucleotide exchange factor,

DOCK3, to activate the Rho family GTPase, Rac1, in migration

of melanoma cells (Sanz-Moreno et al., 2008). NEDD9–

DOCK3–Rac signalling drives an elongated, mesenchymal-type

of cell movement that is dependent on actin assembly and

involves proteolysis to degrade the extra-cellular matrix (Friedl
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Fig. 1. See next page for legend.
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and Wolf, 2010). In an alternative form of tumour cell movement

referred to as rounded, amoeboid, cells squeeze through pre-
existing gaps in the matrix by using actomyosin contractility
generated by high Rho–ROCK signalling (Sahai and Marshall,

2003; Wolf et al., 2003; Sanz-Moreno et al., 2008; Friedl and
Wolf, 2010). High actomyosin contractility and NEDD9-
dependent Rac activation act as switches between elongated

and rounded forms of movement. Rac activation opposes the high
actomyosin contractility required for rounded, amoeboid
movement whereas actomyosin contractility activates a Rac
GTPase-activating protein, ARHGAP22, to inactivate Rac (Sanz-

Moreno et al., 2008).

Although NEDD9 has been shown to participate in Rac-
dependent elongated cell movement, much of the mechanism

remains unclear. In this study we have investigated mechanisms
of NEDD9-driven signalling.

Results
NEDD9 overexpression drives elongated morphology and
elongated, mesenchymal-type invasion

To provide an assay for the effects of increased NEDD9
expression, which occurs in a number of cancers, we
investigated the effects of overexpression on cell morphology.

WM1361 melanoma cells have a predominantly round

morphology driven by high actomyosin contractility when plated
on a deformable matrix composed of growth-factor-reduced

Matrigel and collagen-I (M/C); following transfection with a
NEDD9 expression plasmid the proportion of elongated cells was
increased (Fig. 1A–C). NEDD9 overexpression promoted Rac1
activation to the GTP-bound form (supplementary material Fig.

S1A). As expected from previous work (Sanz-Moreno et al., 2008)
NEDD9-driven cell elongation requires DOCK3 and Rac1
(supplementary material Fig. S1B,C). Elongated, mesenchymal-

type movement is associated with lower levels of actomyosin
contractility than rounded, amoeboid motility (Sanz-Moreno et al.,
2008); accordingly myosin light chain-2 (MLC) phosphorylation

was decreased with NEDD9 overexpression (Fig. 1D,E).
Interestingly this reduction in MLC phosphorylation occurred
with no apparent change in RhoA-GTP levels (Fig. 1F). This
contrasts with a number of studies that show an inverse

relationship between Rac1 and RhoA activation (Sander et al.,
1999). To determine whether in a human melanoma cell line that
uses elongated, mesenchymal-type movement NEDD9 depresses

actomyosin contractility we silenced NEDD9 expression by RNA
interference in SKMEL2 cells. Silencing NEDD9 led to elevated
phosphorylation of MLC (supplementary material Fig. S1D,E).

To extend these observations on the effects of NEDD9
overexpression we examined human patient samples. From
histopathology studies melanomas are known to consist of

elongated, spindle or round, epithelioid cells (Rosai and
Ackerman, 2004). Interestingly, examination of a tissue
microarray containing 55 malignant melanomas, 19 metastatic
melanomas and 23 primary melanomas for NEDD9 expression

showed a strong correlation between NEDD9 levels and elongated
morphology (Fig. 1G,H). Statistically significant correlation was
seen between increases in staining intensity for NEDD9 and the

different cell shapes, from round to ovoid, elongated and spindle.
Thus in human melanomas NEDD9 overexpression is associated
with a more elongated cell morphology.

We assayed WM1361 control and NEDD9-overexpressing
cell lines for invasion and cell migration. Consistently, we found
that NEDD9-overexpressing cell lines invaded significantly
more (P,0.01) than WM1361 controls into three-dimensional (3D)

matrices composed of Matrigel and collagen-1 (M/C) and showed
increased migration in Boyden chamber assays with Matrigel
compared with collagen-I (Fig. 1I,J). Confocal microscopy of cells

invading a 3D matrix revealed that NEDD9-overexpressing cells
were elongated rather than rounded (Fig. 1K,L). Knockdown of
NEDD9 in the overexpression lines reversed the increase in invasion

into Matrigel-containing matrices (supplementary material Fig. S1F).
To extend these results on cell migration and invasion to human
melanoma cell lines that move using elongated, mesenchymal-type

motility, we used RNA interference to knockdown NEDD9 in the cell
lines SBCL2 and SKMEL28. Knockdown of NEDD9 decreased
invasion into M/C (Fig. 1M,N).

These results show that elevated expression of NEDD9

converts melanoma cells with a rounded morphology associated
with high actomyosin contractility to an elongated morphology.
Interestingly, enhanced invasion in 3D or cell migration in

Boyden chambers following overexpression of NEDD9 was not
observed when the matrix consisted solely of collagen-I
(Fig. 1I,J). This suggests that NEDD9 signalling to promote

invasion and cell migration requires a specific component of
Matrigel and that NEDD9 signalling depends on the composition
of the extra-cellular matrix.

Fig. 1. NEDD9 overexpression drives elongated morphology and

elongated, mesenchymal-type invasion. (A) Images of WM1361 GFP

control cell line 0 and NEDD9-overexpressing cell line 0 at 16 hours post

plating on thick deformable matrix composed of collagen-I and Matrigel

(referred to as M/C). Scale bar: 100 mm. (B) Percentage of elongated

WM1361 GFP control and NEDD9-overexpressing cells on M/C, 16 hours

post plating. 200 cells were scored per experiment; values are means 6 s.e.m.,

n53. (C) Quantification of immunoblot of NEDD9 expression level in

WM1361 GFP control and NEDD9-overexpressing cell lines collected from

M/C; values are means 6 s.e.m. (D) Immunoblot of phosphorylated MLC and

NEDD9 from the WM1361 GFP control cell line 0 and NEDD9-

overexpressing cell line 8, 2 hours post plating on serum-free M/C.

(E) Quantification of phosphorylated MLC normalised against total MLC in

control and NEDD9-overexpressing lines, shown as a scatter plot. (F) Scatter

plot of GTP-bound RhoA in control and NEDD9-overexpressing lines 2 hours

post plating on collagen-I with 5% serum. (G) NEDD9-stained melanoma

tissue microarray cores with ovoid to round cells, elongated cells and spindle-

shaped cells. Scale bar: 10 mm. (H) Correlation between NEDD9 staining

intensity and cell shape in a melanoma tissue microarray. Entire cores (1 mm

diameter) were examined and given values of 0–3 for stain intensity and cell

shape. For cell shape, cores were scored as 3 for spindle, 2 for elongated, 1 for

ovoid and 0 for round. Stain intensity was scored as 3 for highest intensity and

0 for lowest intensity. NEDD9 intensity for a given shape score was averaged

and all data analysed using linear regression. The correlation coefficient (R2

value) is greater than 0.9. (I) 3D invasion by control WM1361 cell line 0 and

NEDD9-overexpressing cell line 0 into collagen-I matrix and into M/C in

16 hours. (J) Migration of control WM1361 cell line 0 and NEDD9-

overexpressing cell lines 0 and 7 through Matrigel-coated Boyden chambers

and migration of control WM1361 cell line 0 and NEDD9-overexpressing cell

line 0 through collagen-I-coated chambers in 16 hours. (K) Confocal

microscopy z-stack images of control WM1361 cell line 0 and NEDD9-

overexpressing cell line 0 after 16 hours of invasion into M/C. Scale bar:

50 mm. (L) Percentage elongated cells that have invaded the M/C after

16 hours; values are means 6 s.e.m., n53. (M) Invasion index of NEDD9

siRNA (Q4, siSP)-transfected SBCL2 cells into M/C in 16 hours;

knockdowns were assessed by immunoblotting; values are means 6 s.e.m.,

n53. (N) Invasion index of NEDD9 siRNA (siSP)-transfected SKMEL28

cells into M/C in 16 hours; knockdowns were assessed by qPCR; values are

means 6 s.e.m., n53. *P#0.05; **P#0.01; NS, not significant.
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Integrin b3 is required for NEDD9-driven signalling

Elongated, mesenchymal-type migration has been shown to be

more reliant on integrin signalling than rounded, amoeboid

migration (Friedl and Wolf, 2010). The Rac GEF DOCK1, which

is closely related to DOCK3, is known to be activated through

integrin-mediated signalling that involves p130Cas, which is

closely related to NEDD9 (Kiyokawa et al., 1998b; Smith et al.,

2008). We therefore assessed whether NEDD9 signalling requires

integrins. We tested blocking antibodies against integrins to see if

they reversed the effect of NEDD9 overexpression on cell

Fig. 2. integrin b3 is required for NEDD9-

driven signalling. (A) Images of WM1361

NEDD9-overexpressing cell line 0 plated on

serum-free M/C with integrin blocking

antibodies 2 hours post plating. Scale bar:

100 mm. (B) Percentage of elongated cells

2 hours after plating of NEDD9-

overexpressing cell line 0 on serum-free M/C

with integrin b3 blocking antibody BV4;

values are means 6 s.e.m., n53.

(C) Percentage of elongated cells 2 hours

following plating of SKMEL28 cells on

serum-free M/C with integrin-b3-blocking

antibody BV4; values are means 6 s.e.m.,

n53. (D) Images of NEDD9-overexpressing

cell line 0 plated on serum-free M/C with

vitronectin-blocking antibody 2 hours post

plating. Scale bar: 100 mm. (E) Percentage of

elongated cells 2 hours after plating of

NEDD9-overexpressing cell lines 0, 4,

SBCL2 and SKMEL28 cells on serum-free

M/C with vitronectin-blocking antibody;

values are means 6 s.e.m., n53.

(F) Migration of NEDD9-overexpressing cell

line 4 and SKMEL28 through Matrigel-

coated Boyden chambers in the presence of

vitronectin-blocking antibody in 16 hours;

values are means 6 s.e.m., n53.

(G) Vitronectin is present in Matrigel not

collagen-I. Immunoblot of vitronectin under

various matrix conditions (collagen-I or M/

C), cell conditions (with or without cells,

WM1361 cell line 0 or NEDD9-

overexpressing cell line 0), and serum

conditions (serum-free or 10% FBS).

(H) Vitronectin is present in M/C.

Immunofluorescence of vitronectin (red)

16 hours post plating NEDD9-overexpressing

cell line 0 cells (green) on M/C in the absence

of serum. Scale bar: 100 mm. *P#0.05;

**P#0.01.
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elongation (antibodies listed in supplementary material Table

S1). Strikingly, integrin b3 (ITGB3)-blocking antibody BV4

reversed NEDD9-driven cell elongation (Fig. 2A; supplementary

material Fig. S2A, Movies 1,2). This effect was reversible on

wash out of the antibody (Fig. 2B; supplementary material Movie

3). Similar results were seen in the elongated melanoma cell line

SKMEL28 (Fig. 2C).

Integrin b3 can associate with integrins aIIB or av (Hynes,

1992); FACS analysis showed that the melanoma cell lines

expressed integrin avb3 but not aIIBb3 (supplementary material

Fig. S2B). A major ligand for integrin avb3 is vitronectin

(Cheresh and Spiro, 1987); blocking antibody against vitronectin

reversed NEDD9 driven elongation in several overexpressing

lines (Fig. 2D,E), as well as inhibiting migration through

Matrigel-coated Boyden chambers (Fig. 2F). Similar results

were obtained in the elongated melanoma cell lines SKMEL28

and SBCL2 (Fig. 2E,F). These findings show that integrin avb3

and its ligand vitronectin are required for NEDD9-dependent

elongation. Analysis of matrix and cells showed that vitronectin

is contributed from Matrigel rather than the cells (Fig. 2G,H),

explaining why NEDD9-driven invasion and migration was only

observed when Matrigel was included as a matrix component.

Overexpression of NEDD9 drives integrin b3 Tyr785

phosphorylation and integrin-b3–Src complex formation

Signalling by integrin b3 is known to be regulated by

phosphorylation (Datta et al., 2002; Xi et al., 2006; Oxley

et al., 2008). When Tyr785 in the cytoplasmic domain is

unphosphorylated, calpain cleaves off the C-terminal region

leading to the loss of an atypical Src binding site.

Phosphorylation at Tyr785 blocks calpain-mediated cleavage

and allows the formation of an integrin-b3–Src signalling

complex (Xi et al., 2006; Flevaris et al., 2007). To determine if

NEDD9 overexpression influences integrin b3 signalling we

looked at the effect of NEDD9 overexpression on integrin b3

phosphorylation and the interaction between integrin b3 and

Src. NEDD9 overexpression led to increased integrin b3

Tyr785 phosphorylation (Fig. 3A,B). Consistent with the role

of Tyr785 phosphorylation in protecting the cytoplasmic tail of

integrin b3 from calpain-mediated cleavage, NEDD9

overexpression led to increased formation of integrin-b3–Src

complexes (Fig. 3C–E). The increased complex formation

between integrin b3 and Src occurred with no overall change

in Src activity, as measured by phosphorylation at Tyr416

(Fig. 3A). Interestingly, NEDD9 and its binding partner Crk,

Fig. 3. Overexpression of NEDD9 leads to integrin b3 Tyr785 phosphorylation and integrin-b3–Src complex formation. (A) Immunoblot of integrin b3

Tyr785-P (pTyr785), Src Tyr416-P and Tyr527-P in WM1361 control cell line 0 and NEDD9-overexpressing cell line 0. One representative blot of three is

shown. Scatter plot shows integrin b3 Tyr785-P signal normalised against integrin b3, n53. (B) Integrin b3 Tyr785-P signal normalised against integrin b3 for

NEDD9-overexpressing cell lines, shown as a scatter plot. Central bar indicates the mean. (C) Complex formation between Src and integrin b3 (ITGB3) following

NEDD9 overexpression in cell line 0. (D) Same as C in other NEDD9-overexpressing lines (cell lines 2, 4). Crk antibody recognises both CrkI and CrkII.

(E) Same as C in the elongated cell line SKMEL28. (F) Percentage of elongated cells of the NEDD9-overexpressing cell line 0 48 hours following CrkII siRNA

(OT7, OT8, OT10, SP) transfection. Cell shape was quantified 2 hours post plating on serum-free M/C; percentage knockdowns were assessed by

immunoblotting. Values are means 6 s.e.m., n53. *P#0.05; **P#0.01.
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Fig. 4. Src is required for NEDD9 signalling. (A) Images of WM1361 control cell line 0 and NEDD9-overexpressing cell line 0 plated on serum-free M/C with

dasatinib (DAS); 2 hours post plating. Scale bar: 100 mm. (B) Percentage of elongated cells following dasatinib treatment of WM1361 control and NEDD9-

overexpressing cell lines 2 hours post plating on serum-free M/C. (C) Images of SKMEL28 and SBCL2 cells 2 hours post plating on serum-free M/C with

dasatinib. Scale bar: 100 mm. (D) Percentage of elongated cells following dasatinib treatment of melanoma cell lines, WM266.4, SKMEL2, SKMEL28, SBCL2

and A375M2, 2 hours post plating on serum-free M/C. (E) siRNA knockdown of dasatinib targets in NEDD9-overexpressing cell line 0. Percentage of elongated

cells 72 hours after siRNA transfection, 2 hours post plating; values are means 6 s.e.m., n52. (F) Images of NEDD9-overexpressing cell line 4, 96 hours after

transfection with Src siRNA (si12) at 2 hours post plating on serum-free M/C. Scale bar: 100 mm. (G) Percentage of elongated cells in NEDD9-overexpressing

cell line 4, 96 hours after transfection with Src siRNAs (si7, si12 or siSP) at 2 hours post plating on serum-free M/C; values are means 6 s.e.m., n53. Src

knockdowns were assessed by immunoblotting. (H) Percentage of elongated cells in the SKMEL28 cell line, 96 hours after transfection with Src siRNAs (si7, si12

or siSP) 2 hours post plating; values are means 6 s.e.m., n53. Src knockdowns were assessed by immunoblotting; values are means 6 s.e.m., n53.

*P#0.05; **P#0.01.
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Fig. 5. Inhibition of Src signalling promotes rounded, amoeboid invasion. (A) 3D invasion into collagen-I with 5% serum of WM1361 NEDD9-

overexpressing cell lines 0, 6 and 7 treated with dasatinib (DAS), n53. (B) Images of invaded NEDD9-overexpressing cell line 0 in the presence of dasatinib or

dasatinib+H-1152 after 24 hours of invasion into collagen-I with 5% serum. Scale bar: 60 mm. (C) Percentage of elongated invaded cells from B; values are means

6 s.e.m., n53. (D) 3D invasion of SKMEL28 into collagen-I with 5% serum, in the presence of dasatinib; values are means 6 s.e.m., n53. (E) Percentage of

elongated invaded SKMEL28 cells in the presence of dasatinib; values are means 6 s.e.m., n53. (F) Immunoblot of phosphorylated cofilin (pCOF) and

phosphorylated MLC (pMLC) in WM1361 NEDD9-overexpressing cell line 0 in the presence of dasatinib on serum-free M/C. The lysates were collected 2 hours

post plating. A representative blot of three is shown. (G) Quantification of immunoblots of phosphorylated cofilin normalised against total cofilin in NEDD9-

overexpressing cell lines 0 and 4, 2 hours post plating on serum-free M/C in the presence of dasatinib, expressed as a scatter plot. (H) Quantification of

immunoblots of phosphorylated MLC in NEDD9-overexpressing cell lines 0 and 7, 2 hours post plating on serum-free M/C in presence of dasatinib, expressed as

a scatter plot. (I) Immunoblot of phosphorylated cofilin in SKMEL28 and NEDD9-overexpressing cell line 0, 96 hours post Src siRNA (si7, si12 or siSP)

transfection, 2 hours post plating on serum-free M/C. A representative immunoblot of three is shown. (J) Immunoblot of phosphorylated MLC in NEDD9-

overexpressing cell line 0, 96 hours post Src siRNA (si7, si12 or siSP) transfection, 2 hours post plating on serum-free M/C. A representative immunoblot of three

is shown. (K) Immunoblot of phosphorylated MLC in SKMEL28, A375M2 and SKMEL2, 2 hours post plating in serum-free M/C in the presence of dasatinib.

(L) Quantification of immunoblots of phosphorylated cofilin after treatment of NEDD9-overexpressing cell line 0 with vitronectin-blocking antibody and plating

on serum-free M/C. The lysates were collected 2 hours post plating. The results are shown as a scatter plot, n53. *P#0.05; **P#0.01.
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were also in this complex in the NEDD9-overexpressing WM1361

cell lines and the elongated melanoma cell line SKMEL28

(Fig. 3C–E). Crk knockdown reversed NEDD9-driven cell

elongation (Fig. 3F) presumably because it is required for

complex formation between NEDD9 and DOCK3 (Kiyokawa

et al., 1998a; Smith et al., 2008).

Fig. 6. See next page for legend.
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Src is required for NEDD9 signalling

These results suggest that Src is required for NEDD9-driven

signalling. To examine the role of Src we used small molecule
inhibitors of Src kinase activity. Dasatinib is a Src inhibitor

effective in the subnanomolar range that acts as an ATP binding
site competitor (Aleshin and Finn, 2010). Strikingly, dasatinib

reversed NEDD9-driven cell elongation in all overexpression cell
lines (Fig. 4A,B; for titration of dasatinib, see supplementary

material Fig. S3A,B). Treatment with dasatinib reversed
elongation in all human melanoma cell lines tested: WM266.4,

SKMEL2, SKMEL28, SBCL2 and A375M2 (Fig. 4C,D).
Because dasatinib can inhibit several kinases (Hantschel et al.,

2007; Li et al., 2010) we used other inhibitors to rule out off-
target effects. Treatment with the Src inhibitor PP1 blocked cell

elongation (supplementary material Fig. S3C) whereas PP3, an
inactive stereoisomer had no effect (supplementary material Fig.

S3D). Because dasatinib inhibits the kinase activity of Abl, we
used imatinib that inhibits Abl but not Src (Deininger et al.,

2005); imatinib had no effect on NEDD9-driven elongation
(supplementary material Fig. S3E). To extend these results we

used RNA interference to knock down expression of other
reported targets of dasatinib (Hantschel et al., 2007; Li et al.,

2010). This analysis revealed that Src is the only target of
dasatinib involved in NEDD9 signalling, as only Src knockdown

reversed NEDD9-driven elongation in the WM1361 cell line
overexpressing NEDD9 (Fig. 4E–G; supplementary material

Fig. S3F; knockdowns in supplementary material Fig. S3G)
and the elongated melanoma cell line SKMEL28 (Fig. 4H;
supplementary material Fig. S3H). In the initial experiments,

knockdown of TEK blocked NEDD9-driven cell elongation, but
tests with four different siRNAs against TEK showed that the

original result was an off-target effect (supplementary material
Fig. S4A,B). These results show that Src is required for NEDD9-
driven signalling.

Inhibition of Src signalling promotes rounded,
amoeboid invasion

To investigate the role of Src in NEDD9-driven invasion we
investigated the effects of Src inhibition. Interestingly, rather
than blocking invasion, dasatinib treatment enhanced 3D

invasion (Fig. 5A). Treatment with dasatinib also changed the
mode of invasion. Dasatinib-treated NEDD9-overexpressing
lines invaded as rounded, amoeboid cells rather than as

elongated cells (Fig. 5B,C). This is consistent with previous
reports that Src family kinase inhibitor PP2 inhibits movement of
cells using mesenchymal motility but promotes movement of

cells using amoeboid motility (Carragher et al., 2006). We show
that increased rounded, amoeboid invasion was inhibited by the
ROCK inhibitor H-1152 (Fig. 5A,B), consistent with this mode
of invasion being highly dependent on Rho–ROCK signalling

(Sahai and Marshall, 2003). In the elongated human melanoma
cell line SKMEL28, dasatinib treatment also increased rounded,
amoeboid invasion (Fig. 5D,E), which was inhibited by H-1152

(data not shown). To investigate whether inhibiting Src signalling
promotes rounded, amoeboid cell migration through increased
ROCK signalling, we examined the phosphorylation of MLC and

cofilin. Phosphorylation of MLC and cofilin was increased by
dasatinib treatment or Src knockdown (Fig. 5F–K). These data
suggest NEDD9 activates Src signalling to suppress ROCK
signalling and, accordingly, overexpression of NEDD9 in

WM1361 cells led to decreased phosphorylation of MLC
(Fig. 1D,E), whereas knockdown of NEDD9 in SKMEL2 cells
increased MLC phosphorylation (supplementary material Fig.

S1D,E). These findings show that NEDD9–Src signalling in
elongated, mesenchymal-type invasion involves suppression of
ROCK-dependent signalling. Abolition of Src signalling

increases ROCK signalling and therefore leads to rounded,
amoeboid invasion.

Having shown that NEDD9 overexpression results in the

assembly of integrin-b3–Src complexes we investigated whether
integrin b3 is required for the suppression of ROCK signalling.
Similar to inhibiting Src, blocking integrin b3 signalling by using

a vitronectin-blocking antibody increased phosphorylation of
cofilin (Fig. 5L). Overall these results suggest that blocking
NEDD9 signalling shifts the balance between Rac-dependent,

elongated, mesenchymal-type movement and ROCK-dependent
rounded, amoeboid cell movement.

NEDD9 overexpression results in Src-dependent ROCKII
Tyr722 phosphorylation

The results described above show that NEDD9 signalling through

Src suppresses ROCK signalling. Because we have shown that
NEDD9 overexpression does not decrease RhoA–GTP levels
(Fig. 1F), this suggests that Src must act downstream of Rho

activation. Furthermore, whereas dasatinib treatment led to
increased ROCK signalling it did not increase RhoA activation
(Fig. 6A). Src has been recently reported to phosphorylate ROCKII

on Tyr722 to decouple it from RhoA and block ROCKII signalling
(Lee, H. H. et al., 2010). Therefore, we tested whether ROCKII
Tyr722 phosphorylation was increased through NEDD9

Fig. 6. NEDD9 overexpression induces Src-dependent ROCKII Tyr722

phosphorylation, and ROCKII knockdown decreases cofilin and MLC

phosphorylation in dasatinib-treated SKMEL28 cells. (A) Scatter plot of

GTP-bound RhoA in dasatinib (DAS)-treated NEDD9-overexpressing lines

2 hours post plating on collagen-I with 5% serum. (B) Immunoblot of

ROCKII Tyr722-P (pY722) in control WM1361 cell line 0 and NEDD9-

overexpressing cell lines 0, 8 and 9, 2 hours following plating in the presence

of dasatinib on serum-free M/C. A representative blot of three is shown.

(C) Quantification of immunoblots of ROCKII Tyr722-P normalised against

total ROCKII in control and NEDD9-overexpressing cell lines, 2 hours after

plating in the presence of dasatinib on serum-free M/C, shown as scatter plot.

(D) Immunoblot of ROCKII Tyr722-P normalised against total ROCKII in

SKMEL28 and SBCL2, 2 hours after plating in the presence of dasatinib on

serum-free M/C. A representative blot of three shown. (E) ROCKII Tyr722

phosphorylation requires integrin b3. Immunoblot of ROCKII Tyr722-P and

total ROCKII in integrin-b3-null or wild-type transformed MEFs expressing

dominant-negative p53, HRAS G12V, and NEDD9, 2 hours post plating on

collagen-I in 5% serum. (F) Quantification of ROCKII Tyr722-P normalised

against total ROCKII in integrin-b3-null or wild-type MEFs described in E.

The results from three independent populations expressing NEDD9 were

compiled as a scatter plot; ZEO, zeocin resistance empty vector.

(G) Immunoblot of phosphorylated cofilin and MLC in SKMEL28 cells

48 hours post ROCKI siRNA (OT6) or ROCKII siRNA (si2) transfection,

2 hours post plating in the presence of dasatinib on collagen-I in 5% serum. A

representative immunoblot of three is shown. (H) Quantification of

immunoblots of phosphorylated MLC from G, shown as a scatter plot; n53.

Knockdowns were assessed by immunoblotting; values are means 6 s.e.m.,

n53. (I) Quantification of immunoblots of phosphorylated cofilin from G,

shown as a scatter plot; n53. Knockdowns were assessed by immunoblotting;

values are means 6 s.e.m., n53. (J) Diagram of the relationship between key

signalling molecules with respect to the mode of migration. *P#0.05;

**P#0.01.
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overexpression. Strikingly, ROCKII Tyr722 phosphorylation was
increased in several NEDD9-overexpressing cell lines, and was

inhibited by dasatinib treatment (Fig. 6B,C). We also found that in
elongated melanoma cell lines, SKMEL28 and SBCL2, dasatinib
decreased Tyr722 phosphorylation (Fig. 6D).

To determine whether NEDD9-driven ROCKII phosphorylation
is dependent on integrin b3 we used integrin-b3-null MEFs,
transformed by dominant-negative p53 and HRAS G12V. NEDD9

overexpression increased ROCKII Tyr722 phosphorylation in
transformed MEFs derived from wild-type controls but not in
integrin-b3-null MEFs (Fig. 6E,F; supplementary material Fig.

S5). Thus Src-dependent Tyr722 phosphorylation of ROCKII in
cells overexpressing NEDD9 requires integrin b3.

These results suggest that the increased ROCK signalling seen

after dasatinib treatment depends on ROCKII rather than ROCKI.
To assess the contribution of ROCKII to the dasatinib-dependent
increase in actomyosin contractility, ROCKI and II were knocked

down by siRNAs in the elongated melanoma cell line SKMEL28.
Although ROCKI knockdown had no effect on the dasatinib-
induced increase in phosphorylation of MLC, ROCKII
knockdown significantly decreased phosphorylation (Fig. 6G,H;

supplementary material Fig. S6A). Similar results were found for
phosphorylation of cofilin in response to dasatinib treatment
(Fig. 6G,I; supplementary material Fig. S6B). These findings

suggest that NEDD9 and Src act to downregulate ROCK
signalling specifically by acting on ROCKII.

Discussion
In this study we showed that integrin b3 and its ligand vitronectin

are required for NEDD9-driven cell elongation and invasion.
NEDD9 overexpression leads to increased phosphorylation of
Tyr785 in the cytoplasmic tail of integrin b3 and the assembly of
a signalling complex containing integrin b3, Src, FAK and

NEDD9 (Fig. 6J). NEDD9 is known to bind to the C-terminus of
FAK through its SH3 domain (Minegishi et al., 1996; Hanks and
Polte, 1997). However, NEDD9 overexpression does not seem to

increase the activating phosphorylation on Src at Tyr416, thus the
role for integrin b3 appears to be to assemble a signalling
complex containing Src. Interestingly the kinase responsible for

phosphorylating integrin b3 Tyr785 in NEDD9-overexpressing
cells does not seem to be Src itself, because dasatinib treatment
had no effect on integrin b3 Tyr785 phosphorylation
(supplementary material Fig. S7). Increased activity of Src and

elevated levels of integrin avb3 are often found in the same
tumour type (Albelda, 1990; Felding-Habermann et al., 1992;
Huveneers et al., 2007; Lee, J. H. et al., 2010) and recent

evidence from in vivo studies and patient material indicate that
this complex plays a role in human tumour progression
(Huveneers and Danen, 2010). Our findings suggest that

NEDD9 only promotes motility in specific environments where
there are ligands for integrin avb3, such as vitronectin.

Kim et al., who first identified the role of NEDD9 in

melanoma metastasis, made the observation that NEDD9
overexpression leads to elevated FAK activation (Kim et al.,
2006). This is somewhat surprising on a linear model of

signalling where a Cas family member would be expected to
be downstream of FAK (McLean et al., 2005), and because FAK
overexpression leads to increased NEDD9 phosphorylation

(Natarajan et al., 2006). However, the observations made here
that NEDD9 signalling depends on integrin avb3 and leads to
assembly of an integrin b3 signalling complex provides a

rationalisation of why NEDD9 overexpression leads to increased

activation of FAK.

Rac and Rho have opposing roles in different modes of tumour

cell motility, and changing the activity of one signalling pathway

can change the mode of movement (Sanz-Moreno et al., 2008).

For rounded, amoeboid movement, Rho–ROCK activity must be

high to generate high actomyosin contractility, and Rac activity

low because Rac can suppress actomyosin contractility through

WAVE2 (Sanz-Moreno et al., 2008). We have shown that Rac

activity is kept low for rounded, amoeboid movement through

Rho–ROCK signalling activating a Rac GAP, ARHGAP22

(Sanz-Moreno et al., 2008). Conversely, in elongated,

mesenchymal-type movement, Rac activity is elevated and

Rho–ROCK signalling activity must be kept low to prevent the

generation of too much actomyosin contractility. An important

finding from our studies is that NEDD9 overexpression

modulates Src signalling to oppose Rho–ROCKII signalling

that could drive high levels of actomyosin contractility. NEDD9–

Src signalling opposes Rho–ROCKII signalling not by decreasing

Rho activation but by Src-dependent phosphorylation of the

negative regulatory Tyr722 site on ROCKII (Lee, H. H. et al.,

2010). Thus NEDD9 signalling acts as an accelerator of

elongated, mesenchymal-type movement by activating the Rac

pathway and puts a brake on pathways driving rounded,

amoeboid movement by suppressing ROCKII activity.

Together with our previous work demonstrating a NEDD9–

DOCK3 complex (Sanz-Moreno et al., 2008) these studies

demonstrate that there are at least two consequences of NEDD9

overexpression: Rac activation and Src signalling to inhibit

ROCKII. Both of these signalling events contribute to elongated,

mesenchymal-type movement.

The key role of Src for NEDD9-driven promotion of

elongated, mesenchymal-type cell movement and suppression

of rounded, amoeboid movement is demonstrated by the

observation that Src inhibitors such as dasatinib lead to cells

adopting amoeboid invasion. Given that dasatinib is being

assessed for clinical use in metastatic melanoma (Eustace et al.,

2008), our results raise the prospect that inhibition of Src might

promote the rounded, amoeboid mode of tumour invasion. The

observation that dasatinib blocks elongated, mesenchymal-type

invasion, while promoting rounded, amoeboid invasion, indicates

that combination therapy to concurrently block different modes

of motility might be desirable, for example, a Src inhibitor with a

ROCK inhibitor.

Materials and Methods
Antibodies

The following antibodies were used: mIgG (Abcam, ab18448), rIgG (R&D, AB-
105-C), gIgG (R&D, AB-108-C), 4G10 Platinum (Millipore, 05-1050), anti-cofilin
[Cell Signaling Technology (CST), 3312S), anti-phosphorylated cofilin (Ser3)
(CST, 3311S), anti-Crk (BD 610036; Epitomics 1779-1), ECL rabbit IgG (GE
Amersham, NA934-100UL), ECL mouse IgG (GE Amersham, NA931-100UL),
anti-GAPDH (Stratech, NB300-221), anti-integrin-avb3 (Millipore, MAB1976Z
clone LM609) anti-integrin-b3 (CST 4702, Abcam, ab7167 clone BV4), anti-
integrin-b3 Y785-P (Abcam, ab7167), anti-integrin-b3 Y773-P (Abcam, ab5190),
10E5 antibody (kindly provided by Barry Coller, Rockefeller University, New
York, USA), anti-MLC (Santa Cruz sc15370; Sigma M4401), anti-phosphorylated
MLC Thr18/Ser19 (CST, 3674S), anti-NEDD9 (Abcam, ab37161, ab18056 clone
2G9), anti-Rac1 (Millipore, 05–389 clone 23A8), anti-ROCKII (Santa Cruz,
sc1851c20; BD, 610624), anti-ROCKII Y722-P (kindly provided by Hsiao-Hui
Lee and Zee-Fen Chang, National Yang-Ming University, Taipei, Taiwan), anti-
Src (CST, 2110 clone L4A1; CST 2109), anti-Src Y416-P (CST, 2101S), anti-Src
Y527-P (CST, 2105), anti-vitronectin (Abcam, ab7165, clone BV1; Millipore,
MAB1945 clone BV2) and integrin blocking antibodies as shown in
supplementary material Table S1.
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Plasmids and reagents

LZRSpBMN-Z-delta-NEDD9 was from Linda Chin (Dana Farber Cancer Institute,
MA, USA) and empty vector control was cloned by removing NEDD9. Sure
Silencing shRNA plasmids for NEDD9 were from SuperArray (KH18884P).
Recombinant glutathione S-transferase-conjugated Rhotekin-RBD and PAK-CRIB
were expressed from pGEX-Rhotekin and pGEX-CRIB. Reagents used were:
H1152 (at 5 mM; Calbiochem, Merck); PP1, PP3 (Calbiochem, Merck); dasatinib
(Sequoia Research SRP00930d); PF-562271 (Symansis); and imatinib (Don White,
ICR, London, UK).

Cell culture

Human melanoma cell lines SKMEL2, SKEML28, A375M2, SBCL2 and
WM1361 were obtained from Richard Marais (ICR, London, UK). WM1361
was transfected with GFP empty vector or NEDD9 GFP vector to make control
and NEDD9-overexpressing cell lines. Each cell line was generated from pools of
clones. Cells selected by FACS or puromycin resistance had a higher proportion of
round cells compared with the parental cell line. Integrin b3 knockout MEFs were
isolated by Afsan McCarthy (ICR, London, UK). Cells were maintained in DMEM
or RPMI with 10% FBS (foetal bovine serum, PAA), 100 mg/ml streptomycin and
60 mg/ml penicillin, and kept at 37 C̊ in 10% CO2. Plasmid transfections were
performed with Lipofectamine 2000 (Invitrogen) according to manufacturer’s
instructions. Stable cell lines were selected with G418 at 100 mg/ml or puromycin
at 2.5 mg/ml (Calbiochem).

Cell culture on thick deformable matrices

Bovine skin collagen-I (Nutacon PureCol 5005-B, pepsinised, telopeptide free)
was prepared at 1.8 mg/ml dilution in DMEM (free of Phenol Red and serum)
according to the manufacturer’s protocol. M/C was made using growth-factor-
reduced Matrigel (BD 356231) at 1.8 mg/ml and collagen-I at 1.9 mg/ml. 300 ml
M/C was placed in wells of 24-well plates, 700 ml in 12-well plates and 2 ml in
six-well plates and polymerised at 37 C̊ in 10% CO2 for 3–6 hours. Cells were
seeded on top of matrix in medium (serum-free unless indicated) and allowed to
adhere for 2 hours, imaged and lysates collected or time-lapse imaged for 16–
48 hours. The earliest time point at which difference in cell morphology was
observed was 2 hours. Except for immunoprecipitations, all cell imaging,
immunoblotting and pulldown assays were performed on cells cultured on a
thick layer of collagen-I or a mixture of collagen-I and growth-factor-reduced
Matrigel (M/C).

siRNA transfections

siRNA oligonucleotide duplexes were purchased from Dharmacon (Thermo
Scientific). For transfection, 300,000 cells were plated in six-well plates and
transfected with 20 nM SMART pool or individual oligonucleotides with
Optimem-I (Qiagen) and Lipofectamine 2000. Cells were re-plated on M/C
without serum or collagen-I with 5% serum and analyzed 2 hours post plating.
siRNA sequences are listed in supplementary material Table S2.

qPCR

Total cellular RNA was isolated from cultured cells using RNAeasy Mini kit
(Qiagen) according to the manufacturer’s instructions. qRT-PCR amplifications
were performed using Brilliant II SYBR Green qRT-PCR Master Mix kit
(Stratagene). A standard curve was constructed using a range from 0.01 to 10 ng
RNA for each set of primers used. Relative quantification was performed using the
DDCt method. All primers used were Quantitect SYBR Green primer assays
(Qiagen). Reactions were performed in triplicate in 50 ml volumes containing
25 ml 26 Brilliant II mastermix, 5 ml 106 Quantitect SYBR Green primer, 1 ml
RT-RNase-block enzyme mixture (Stratagene), and the appropriate amount of
RNA, with the remaining volume made up with nuclease-free water (Ambion).
PCR was performed in an Applied Biosystems 7900 HT Fast Real-Time PCR
cycler. Fluorescence data were analysed using Applied Biosystems SDS software.

Immunoprecipitation and immunoblotting

For immunoprecipitations, cells were plated on plastic in serum-free medium and
allowed to adhere for 2 hours at 37 C̊ in 10% CO2. Cells were stimulated with 10%
serum for 15–30 minutes at 37 C̊ in 10% CO2, lysed in MS buffer [0.5% NP-40,
150 mM NaCl, 50 mM Tris-HCl pH 7.5, 5 mM NaF, 0.2 mM sodium vanadate,
10 mM NaPPi (Sigma, S6422-100G), 1 mM PMSF (Fluka, 78830, diluted in
ethanol), 51 mM b-glycerophosphate (Acros Organics, 410991000), 10 nM
okadaic acid (Sigma, O9381), 10 nM caliculyn A (Calbiochem, 208851 diluted
in ethanol) and complete EDTA-free protease inhibitor (Roche, 11-873-580-001)].
Lysates were collected, vortexed for 30 seconds, kept on ice for 10 minutes,
centrifuged at 13,000 rpm for 10 minutes, pre-cleared with IgG for 15 minutes,
and protein G agarose for 15 minutes, on a rotating wheel. Total lysate sample
was collected and the rest of the lysate used for immunoprecipitations.
Immunoprecipitations were carried out at 4 C̊ for 2–3 hours on a rotating wheel.
Immune complexes were precipitated with 25 ml protein G agarose beads (Pierce
Thermo, 20399) for 15 minutes at 4 C̊. After precipitation, beads were washed

three times in 500 ml MS buffer, and once with 0.5 M LiCl in 100 mM Tris
pH 7.4, and resuspended in NuPage sample buffer with reducing agent (Invitrogen,
NP0007, NP0004) at 70 C̊ for 10 minutes. All normalisations were done against
GAPDH. For immunoblotting total lysates, whole-cell extracts from matrices were
harvested in Laemmli sample buffer and sonicated for 15 seconds prior to
centrifugation at 13,000 rpm for 30 minutes. Loading dye was added and the

mixture was boiled at 100 C̊ for 5 minutes. Immunocomplexes were visualized by
the ECL Plus Western Blotting Detection System (GE Healthcare, Amersham)
with horseradish peroxidase-conjugated secondary antibodies.

Pulldown assays

Pulldown assays were performed as described by Sahai and Marshall (Sahai and
Marshall, 2002). Extracts were derived from cells 2 hours post plating on a thick
collagen matrix in 5% serum.

Blocking antibody experiments

Antibodies were dialyzed to remove sodium azide. Cells were plated on serum-free
M/C with anti-vitronectin antibody BV1/isotype-matched IgG (20 mg/ml) or
integrin-b3-blocking antibody BV4/isotype matched IgG (25–40 mg/ml), and
analysed 2 hours post plating.

Boyden chamber assays

Transwell plates of 6.5 mm diameter with an 8 mm pore polycarbonate membrane

inserts (Fisher Scientific TKT-525-110 X) were used. The matrix mix composition
for collagen-I coat was: 30 ml 3.2 mg/ml collagen-I, 200 ml 56 DMEM (made in
house), 740 ml water, 30 ml 0.1 M NaOH. The Matrigel coat consisted of: 12.3 ml
8.1 mg/ml growth-factor-reduced Matrigel, 200 ml 56 DMEM, 788 ml water.
900 ml of matrix coat was put in the well and 100 ml in the insert, and left
overnight at 4 C̊. A stock suspension of 50,000 cells in 100 ml serum-free medium
was prepared. To each well 100 ml cells in medium was added. Cells were allowed
to attach for 45 minutes, 1 ml 5% FBS medium was added to the bottom, and
incubated at 37 C̊ in 10% CO2. The next day, inserts were placed in 1 ml PBS at
room temperature (RT) for 10 minutes, then in 1 ml trypsin at 37 C̊ in 10% CO2

for 10 minutes. Plates were placed on a plate shaker (at 1050 rpm) at RT for 10

minutes. Once cells detached from the membrane, 500 ml 10% medium was added
to each well, the cells were resuspended by thorough pipetting, and then counted
using a cell counter.

Invasion assays

2.56104 cells were suspended in 500 ml of serum-free matrix composed of
1.7 mg/ml growth-factor-reduced Matrigel and 1.8 mg/ml collagen-I or collagen I
only at 2.2 mg/ml until the cells reached a density of 5000 cells/100 ml. 100 ml
aliquots were dispensed into 96-well ViewPlates (Perkin-Elmer 6005182) coated
with bovine serum albumin. Plates were centrifuged at 1000 rpm at 4 C̊ and
incubated at 37 C̊ in 10% CO2 for 1.5 hours. Once polymerised, 5% serum was
added with inhibitors where indicated. Where inhibitors were used, they were also
mixed into the matrix before polymerisation. After 16–24 hours incubation, cells

were fixed in 4% formaldehyde and stained with 5 mg/ml Hoechst 33258
(Molecular Probes, Invitrogen). Confocal Z slices were collected from each well at
50 mm and 3 mm (bottom of well) with an INCELL3000 high-content microscope.
Nuclear staining was quantified with INCELL3000 software with the Object
Intensity module. Samples were run in quadruplicate and averaged. The invasion
index was calculated as the number of cells at 50 mm divided by the total number
of cells. Data are presented as invasion index relative to that of mock-transfected
or vehicle-treated cells. For the 3D imaging of invaded cells, cells were prepared in
the same way using double the number of cells and matrix, and Ibidi 89626 m-
Plates. Sequential Z sections of embedded cells were obtained by imaging GFP-
expressing cells with a Zeiss LSM710 confocal microscope and reconstructions

were made with ZEN software (Zeiss). For evaluation of the percentage of
elongated cells invading, a cell was considered elongated when its longest
dimension was twice the shortest and when it showed at least one protrusion.
Values are expressed as invasion index with mock or control or isotype antibody
set as 1.

Microscopy

Static phase contrast images were obtained using a Nikon Digital Site DS-4
microscope camera workstation attached to a Nikon TS100 inverted phase-contrast
microscope with a Nikon LW 206 objective (0.4 NA). Images were processed for
contrast and brightness using Adobe Photoshop v 7.0 (Adobe Systems UK). Multi-
site time-lapse video microscopy was performed in a humidified, CO2-
equilibrated chamber at 37 C̊ using a Nikon TE2000 inverted phase contrast

microscope in conjunction with either Hamamatsu Orca-ER or C9100EM-CCD
digital cameras, equipped with motorised stage, focus and shutter systems (Prior
Scientific Instruments, Ltd) all controlled by Simple PCI AIC (v. 6.5) acquisition
software (Compix Imaging Systems). Cells were imaged using a Nikon PlanFluor
106 (0.3 NA) or PlanFluor ELWD 206 (0.45 NA) objectives for 24–48 hours at
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a rate of 1 frame per site per 10 minutes. Movies were exported from Simple PCI
software as uncompressed. AVI files with a frame rate of 15 frames/second.

Vitronectin immunofluorescence

100 ml M/C was plated in an Ibidi 89626 m-Plate and incubated for 4.5 hours at
37 C̊ in 10% CO2. 1.56104 cells were plated serum-free and incubated for 20
hours at 37 C̊ in 10% CO2. 0.1 ml 4% formaldehyde was added for 15 minutes at
room temperature (RT), and washed twice in PBS. 0.1 ml 0.2% Triton X-100 was
added for 30 minutes at RT and washed three times in PBS. Vitronectin antibody
(ab7165, 0.1 mg/ml, 1:10)was added in 100 ml PBS for 2 hours at 37 C̊ in 10% CO2

and washed twice in PBS. APC-rat anti-mouse IgG (BD550874, 1:300) was added
in 0.5% BSA, 0.1% Triton X-100 for 1 hour at 37 C̊ in 10% CO2 and washed twice
in PBS. The matrix was placed on a MatTek glass dish (P35G-1.5-1.0-c 3-mm dish
no.15 coverglass 0.16-0.19 mm), and imaged on the Zeiss LSM710 microscope.
All images were taken at the same acquisition conditions and identically
processed.

NEDD9 tissue microarray immunohistochemistry

All procedures using human tissues were approved by the Ethics Committees of
the Institute of Cancer Research and the Royal Marsden Hospital Foundation
Trust, in accordance with the Human Tissue Act 2004 (chapter 30). The high
density melanoma tissue microarray (Tissue Microarray ME1004) was purchased
from Biomax (Rockville, MD), and contained multiple primary, malignant and
metastatic melanoma samples collected with full donor consent under Institutional
Review Board (IRB)- and Health Insurance Portability and Accountability Act of
1996 (HIPPA)-approved protocols. Staining was done as follows: citrate buffer pH
6.0 was added, microwaved at full power for 18 minutes and cooled for 20 minutes
at RT. Serum-free protein block was performed for 5 minutes, and NEDD9 Abcam
2G9 antibody (1:75) was added for 60 minutes. Polymer - Dako Envision mouse
was added for 30 minutes, and the colour substrate Diaminobenzidene (Dako,
1:10) was added for 10 minutes with a light Haematoxylin nuclear counterstain.
Cell shape was assessed following the method of Viros et al. (Viros et al., 2008).
Each core (diameter 1 mm) was visually assessed in its entirety at 206 and graded
from 0 to 3: round cells (long and short diameters approximately equal) classified
as 0; ovoid cells (long diameter approximately one-third greater than the short
diameter) as 1; elongated (long diameter between one-third and two times longer
than the short diameter) as 2; and spindle (long diameter two times the short
diameter) as 3.

Statistical analysis

Student’s t-test was performed to determine whether the difference between
two groups was significant for quantifications of Rac activation, protein
phosphorylation, percentage of elongated cells and invasion index. When more
than two groups were analysed, one-way analysis of variance (ANOVA) was used.
P#0.05 was considered to be significant.

Linear regression analysis was performed for the correlation of cell shape and
NEDD9 staining intensity, using Microsoft Excel. Linear equation and correlation
coefficients (R2 values) are shown.
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