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Abstract

Inactivation of the WASF3 gene suppresses invasion and metastasis of breast cancer cells. WASF3 

function is regulated through a protein complex that includes the NCKAP1 and CYFIP1 proteins. 

Here we report that silencing NCKAP1 destabilizes the WASF3 complex, resulting in a 

suppression of the invasive capacity of breast, prostate and colon cancer cells. In an in vivo model 

of spontaneous metastasis in immunocompromized mice, loss of NCKAP1 also suppresses 

metastasis. Activation of the WASF protein complex occurs through interaction with RAC1, and 

inactivation of NCKAP1 prevents the association of RAC1 with the WASF3 complex. Thus, 

WASF3 depends on NCKAP1 to promote invasion and metastasis. Here we show that stapled 

peptides targeting the interface between NCKAP1 and CYFIP1 destabilize the WASF3 complex 

and suppress RAC1 binding, thereby suppressing invasion. Using a complex-disrupting compound 

identified in this study termed WANT3, our results offer a mechanistic proof of concept to target 

this interaction as a novel approach to inhibit breast cancer metastasis.
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Introduction

Tumor progression is associated with an accumulation of genetic changes that define the 

transition to more aggressive forms (1). Acquisition of the invasion and metastasis 

phenotypes has been associated with genes that promote metastasis in combination with the 

loss of metastasis suppressor genes (2–4). Where it has been studied, these two classes of 

metastasis-related genes operate independently of the genetic defects that lead to 
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uncontrolled proliferation, survival or cell death. The WASF3 gene has been shown to be a 

promoter of cell invasion in vitro (5–9) and metastasis in vivo (10–12) in different cancer 

cell types. Inactivation of WASF3 in breast and prostate cancer cells, for example, leads to 

reduced cell migration and invasion and, in experimental metastasis models in mice (10–11) 

and zebrafish (12), metastasis is suppressed. Upregulation of WASF3 was part of the gene 

signature associated with the highly aggressive “claudin-low” subgroup of breast cancers 

(13). Immunohistochemical (IHC) data showed that WASF3 is upregulated in high-grade 

breast tumors (10, 14). Similar analyses show the relationship between WASF3 expression 

levels and poor prognosis in non-small cell lung cancer (15), gastric cancer (16), 

hepatocellular carcinoma (17) and prostate cancer (11,18). Thus, analysis of WASF3 

expression levels in primary cancers, are consonant with the in vitro studies showing 

WASF3 promotes cancer cell invasion. In addition, the role of WASF3 in metastasis of 

osteosarcoma has recently been shown as a result of its down regulation by miRNA-217 

(19).

The WASF3 protein contains a verprolin-cofilin-acidic (VCA) motif that binds monomeric 

actin and the Arp2/3 complex at the C-terminus (20,21). In resting cells, the protein is held 

in an inactive conformation through association with a complex of proteins that bind to the 

WASF homology domain (WHD) at the N-terminus (22). These proteins include CYFIP1, 

NCKAP1, ABI1 and BRK1, collectively known as the WASF regulatory complex (WRC). 

Following stimulation of cells with cytokines or growth factors, for example, RAC1 binds to 

CYFIP1, initiating WASF3 phosphoactivation and leading to conformational changes in the 

WASF3 protein. As a result, the VCA domain is exposed, facilitating reorganization of the 

actin cytoskeleton through actin polymerization. This activation of WASF3 is dependent on 

its phosphorylation on tyrosine residues (5,6,9,23) and the protein moves to the leading edge 

of the cell where the lamellipodia that are responsible for cell movement are being formed. 

In highly aggressive cancer cells, these lamellipodia also facilitate invasion through an 

artificial matrix in vitro and metastasis in vivo (24). WASF3 has also been shown to have a 

signaling function where, through suppression of KISS1, NFκB is released from its 

suppression by IκBα and moves to the nucleus where it activates invasion-promoting genes 

such as MMP-9 and ZEB1 (7,25). We recently showed a feed forward loop as a result of the 

IL6 activation of the JAK2/STAT3 where STAT3 acts as a promoter of WASF3 transcription 

and JAK2 activates WASF3 (9,23). WASF3 upregulation leads to downregulation of E-

cadherin and members of the miR-200 family (25), both of which have been shown to 

suppress epithelial-to mesenchyme transition (EMT). WASF3 can also be upregulated by 

HIF1 as a result of hypoxia (26) and facilities communication between endoplasmic 

reticulum and mitochondria through its interaction with the ATAD3A mitochondrial protein 

and GRP78 (27).

The central role for WASF3 in invasion and metastasis, combined with its selective 

overexpression in high-grade tumors, suggests that directly targeting its function may serve 

as a strategy for controlling metastasis. Here we investigated using stapled peptides (SPs) to 

disrupt WASF3 function and suppress invasion. Stapled peptides are synthetically designed 

to stabilize and constrain an α-helical structure through N-methylation and macrocyclic ring 

formation. Stabilization of the secondary structure introduces an entropically favorable, pre-

ordered binding state where key interacting residues are spatially poised for target binding. 
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Further, these locked peptides exhibit drug-like properties including enhanced cell 

permeability, non-immunogenicity, increased binding affinity and resistance to cellular 

degradation (28, 29). In this report, we demonstrate that NCKAP1 is required for WASF3 

function and its regulation of invasion, and that targeting the interaction between two 

members of the WRC, CYFIP and NCKAP1, using SPs, leads to suppression of invasion. 

Thus, targeting this complex may serve as a means to inhibit metastasis and the lead 

compound identified from this study, WANT3, may offer a therapeutic approach for 

selectively targeting metastasis.

Materials and methods

Cell culture and standard assays

MDA-MB-231, Hs578T and T47D breast cancer cell lines were obtained directly from 

American Type Culture Collection (Rockville, MD). MDA-MB-231 and T47D and have 

been verified using SNP-CGH (7,27) for characteristic cytogenetic changes. The ATCC Cell 

Authentication Testing service confirmed the identity of Hs578T, PC3 and SW620 (August 

2015) using STR DNA fingerprinting analysis (30). Standard cell culture, transient 

transfections, RT-PCR, western blotting, immunoprecipitation (IP), flow cytometry, Biotin-

Avidin pulldown, lentiviral transduction, cell proliferation and Transwell invasion assays 

were carried out as described previously (7–9,30).

DNA constructs, antibodies and other reagents

Lentiviral pCDH-CMV-MCS-EF1-PURO-HA-WASF3 (pCDH-HA-WASF3) was generated 

as described previously (9). To construct the HA-NCKAP1 overexpression vector, the full-

length human NCKAP1 was amplified from the template NCKAP1 cDNA clone (OriGene, 

Rockville, MD) and inserted into the pCDH-CMV-MCS-EF1-GFP lentiviral vector (System 

Biosciences, Mountain View, CA) as described previously (25). To stably knock down 

NCKAP1, pLKO.1 lentiviral vectors harboring shRNA-targeting NCKAP1 were obtained 

from Open Biosystems (Huntsville, AL). pcDNA3-EGFP-RAC1-T17N (RAC1DN) was a 

gift from Dr. Gary Bokoch (Addgene plasmid #12982). The RAC1 NSC24766 inhibitor was 

obtained from Selleckchem (Houston, TX). For western blot and IP assays, the following 

primary antibodies were used: NCKAP1, WASF1 (Abcam, Cambridge, MA), WASF2, 

WASF3 (Cell Signaling Technology, Beverly, MA), HA, GST, RAC1, β-Actin (Sigma, St 

Louis, MO).

Glutathione S-transferase (GST) fusion protein interaction assays

To determine the interaction between NCKAP1 and WASF3, GST-fusion protein pulldown 

assays were performed as described previously (5,31). A GST-WASF3 (GST-W3) fusion 

protein was expressed in BL21 bacteria and purified using MagneGST glutathione particles 

(Promega, Madison, WI). Once the correct size protein was confirmed, using Coomassie 

Brilliant Blue staining following SDS-PAGE, the immobilized fusion protein was used 

immediately. Cell lysates from MDA-MB-231 cells that had been transfected with a pCDH-

CMV-MCS-EF1-PURO-NCKAP1 construct were incubated in 500 µl of binding buffer (20 

mm Tris-HCl, pH 7.5, 140 mm NaCl, 1% Nonidet P-40 and 0.5% BSA) with the GST fusion 
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protein tethered to the glutathione particles for 4 h at 4°C. Precipitates were resolved by 

SDS-PAGE and analyzed by western blotting.

Protein complementation assays (PCAs)

To identify the interaction between NCKAP1 and WASF3 in live cells, PCAs were 

performed as described previously (32). In brief, expression vectors encoding NCKAP1 and 

WASF3 fused to N- and C-terminal fragments of GFP were constructed respectively. The 

NCKAP1-venus1 (NCKAP1-v1) and WASF3-venus2 (WASF3-v2) constructs were either 

transiently transfected individually or co-transfected into MDA-MB-231 cells and 12 hours 

after transfection, GFP was detected by fluorescence microscopy (Carl Zeiss, Jena, 

Germany).

In vivo tumor growth and metastasis analysis

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) of Augusta University. Six-week-old female NSG (NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ) mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME, USA) and maintained in accordance with IACUC guidelines. The animal experiments 

were performed using the NSG mouse model as described previously (27). The mice were 

euthanized on day 56 post-injection and dissected tumors were individually weighed. The 

lungs were also removed from these mice and the number of nodules on the surface of the 

lungs was counted. For histological analyses, the lungs were fixed in 10% neutral buffered 

formalin, embedded in paraffin blocks, sectioned at 5 µm, and subjected to hematoxylin and 

eosin (H&E) staining.

Peptide Synthesis

Peptides were synthesized on rink amide MBHA resin using 9-fluorenylmethoxycarbonyl 

(Fmoc) solid phase synthesis in 1-methyl-2-pyrolidinone (NMP). Fmoc protecting groups 

were removed using 25% (v/v) piperidine in NMP for 20–30 min. For couplings using 

standard N-α-Fmoc protected amino acids, 10 equivalents were added (0.25 M final 

concentration) along with 2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetramethylaminium 

hexafluorophosphate (HCTU, 0.23 M final concentration) and 8% (v/v) N,N-diisopropyl 

ethylamine (DIEA) in NMP. (S)-N-Fmoc-2-(4’-pentenyl) alanine couplings were performed 

using 4 equivalents. The ring-closing metathesis (RCM) reaction was performed prior to 

addition of N-terminal labeling using 0.4 equivalents bis(tricyclohexylphosphine) 

benzylidine ruthenium(IV) dichloride (1st generation Grubbs Catalyst, Sigma) in 1,2-

dichloroethane (DCE) for two 1-hour reaction periods with agitation.

Prior to N-terminal labeling, β-alanine was added to the N-terminus of all peptides before 

the addition of 5(6)-carboxyfluorescein. N-terminal fluorescein labeling was performed 

using 2 equivalents of 5(6)-carboxyfluorescein (Acros) in DMF along with 0.046 M HCTU 

and 2% (v/v) DIEA. Resin cleavage was performed using a solution containing 95% 

trifluoroacetic acid, 2.5% water and 2.5% triisopropylsilane (Sigma) for 4 hours at room 

temperature. Peptides were precipitated in methyl-tert-butyl ether at 4 °C and lyophilized. 

Peptides were purified by high-performance liquid chromatography (HPLC) and verified by 

ESI mass spectrometry (ESI-MS). Fluorescein-labeled peptides were quantified by 
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measuring the absorbance of 5(6)-carboxyfluorescein at 495 nm. Absorbance values were 

measured using a Synergy 2 microplate reader (Bio-Tek). The masses of the purified 

peptides are as follows: WANT1 = 1849.5 (expected mass = 1849.0), WANT2 = 2014.5 

(expected mass = 2015.2), WANT3 = 1848.6 (expected mass = 1849.1), WANT3 scr = 

1848.6 (expected mass = 1849.1).

Results

The NCK/NCKAP1 complex interacts with WASF3

WASF3 is essential for invasion and metastasis in different cancer cell types (10–11). By 

mass spectrometry, NCK associated protein 1 (NCKAP1) was found to associate with the 

WASF3 immunocomplex (Supplementary Figure 1). Immunoprecipitation (IP) analysis of 

the WASF3 immunocomplex from MDA-MB-231 and Hs578T cells confirmed the presence 

of NCKAP1 (Figure 1a). To further validate the interaction between NCKAP1 and WASF3, 

a GST-WASF3 fusion protein was immobilized on glutathione-agarose and incubated with 

lysates from NCKAP1 overexpressing MDA-MB-231 cells. In these pull-down assays, 

NCKAP1 was recovered using the GST-WASF3 fusion protein, but not GST alone (Figure 

1b), indicating that NCKAP1 indeed interacts with WASF3. This interaction was confirmed 

using protein-fragment complementation (PCA) assays, based on split green fluorescent 

protein (GFP). Interestingly, the GFP signal was identified at the plasma membrane when 

NCKAP1-v1 and WASF3-v2 were co-transfected into MDA-MB-231 cells, while no 

fluorescence was observed when either construct was transfected alone (Figure 1c). IP 

analysis showed that serum starvation suppressed WASF3 phosphorylation, without 

affecting the engagement of NCKAP1 in the WASF3 complex (Figure 1d).

The NCK1 protein contains multiple SH2/SH3 domains (33) and is the target of several cell 

surface tyrosine kinase receptors. It was shown that ligand binding activates NCK1 by 

phosphorylation, and that this event triggers downstream effectors to activate cell motility 

(34–36). As we have shown, growth factors such as PDGF and cytokines such as IL-6 

activate WASF3, thereby leading to increased migration and invasion and WASF3 is 

recruited to the cell membrane to facilitate actin reorganization at leading edges of cells 

(6,9,10,23). However, NCK1 was not found in the WASF3 immunocomplex in starved cells 

as shown by IP analysis (Figure 1d).

NCKAP1 is required for WASF3 protein stability and invasion potential

To investigate this relationship between NCKAP1 and WASF3, we used two different 

shRNA constructs to suppress NCKAP1 expression in MDA-MB-231 and Hs578T cells 

which led to a reduction in WASF3 protein levels (Figure 2a), while not affecting its 

transcript levels (Supplementary Figure 2), supporting the idea that NCKAP1 protects 

WASF3 from degradation. Since NCKAP1 is also found in complex with other members of 

the WASF family (36–38), we analyzed the effect of its knockdown on their protein levels, 

where levels of both WASF1 and WASF2 were reduced in MDA-MB-231 and Hs578T cells 

(Figure 2a). Thus, NCKAP1 is also required for the stability of these proteins. Invasion 

potential, however, is not affected by knockdown of WASF1 and WASF2 in MDA-MB-231 

cells (30).
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Knockdown of NCKAP1 in both MDA-MB-231 and Hs578T cells leads to a significant 

reduction in invasion (Figure 2b), but does not impact cell proliferation (Supplementary 

Figure 3). The Rho-GTPase, RAC1, relays signals to WASF proteins, leading to activation of 

Arp2/3-mediated actin polymerization (38,39). To determine whether depletion of NCKAP1 

suppresses the interaction of RAC1 with the WASF3 complex, we transfected an HA-tagged 

WASF3 construct into NCKAP1-knockdown MDA-MB-231 cells. IP analysis in these cells 

using WASF3 antibodies showed that RAC1 was not co-immumoprecipitated with the 

exogenous WASF3 protein (Figure 2c), in the absence of NCKAP1. Moreover, suppression 

of invasion in NCKAP1 knockdown cells was not reversed by forced expression of WASF3 

(Figure 2d). Thus, NCKAP1 is essential for the RAC1 interaction with the WASF3 complex 

in order to promote cell invasion.

Knockdown of NCKAP1 suppresses metastasis in breast cancer cells in vivo

To relate the in vitro observation that links NCKAP1 expression with invasion to clinical 

parameters, we evaluated the correlation between NCKAP1 expression and survival of 

patients with breast cancer. Using an online gene profiling database we related NCKAP1 

expression levels with relapse-free survival data from 3,554 cancer patients based on relative 

NCKAP1 expression levels as described (40). Univariate survival analysis (Kaplan-Meier 

method and log-rank test) revealed that high NCKAP1 expression significantly correlates 

with poor, relapse-free, survival (Figure 3a), which is likely related to its involvement in 

metastasis.

The suppression of invasion seen in vitro following knockdown of WASF3 correlates with 

suppression of metastasis in vivo in both zebrafish (12) and mouse models (10,11). We have 

previously used the NSG mouse model for in vivo metastasis studies where, unlike SCID 

mouse models, primary tumor formation and metastasis occurs coincidentally within 2 

months (27). MDA-MB-231 cells with NCKAP1 knockdown were injected into the 

mammary fat pads of NSG mice and tumor development and metastasis was monitored over 

8 weeks. There was no significant difference in primary tumor size (Figure 3b) between the 

mice injected with either the NCKAP1 knockdown or knockdown control cells. When 

pulmonary metastasis was examined at the conclusion of the experiment, mice injected with 

the control cells showed multiple surface tumors. In contrast, those animals injected with 

NCKAP1 knockdown cells showed a significantly reduced number of metastases (Figure 

3c). Histological analysis further demonstrated that, while the mice injected with the control 

cells show multiple large tumors throughout the lungs, there are relatively few, small 

metastases in the mice injected with the NCKAP1 knockdown cells (Figure 3d). Thus, loss 

of NCKAP1 expression inhibits in vivo metastasis, confirming that disrupting its interaction 

with the WASF3 complex may be a means of suppressing this aggressive stage of cancer.

RAC1 binding to the WASF3 complex is required for the NCKAP1-WASF3 invasive 
signaling axis in breast cancer cells

Knockdown of NCKAP1 does not affect WASF3 transcription levels, but leads to a 

destabilization of the WASF3 protein (see above). To further investigate whether NCKAP1 

is functionally associated with WASF3, we overexpressed NCKAP1 in invasive MDA-

MB-231 and non-invasive T47D cells, and analyzed cell invasion potential. Overexpression 
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of NCKAP1 did not increase WASF3 protein levels in either cell line (Figure 4a) but 

significantly increased the invasion potential in MDA-MB-231 cells while making no 

difference in T47D cells which lack WASF3 expression (Figure 4b). Thus, WASF3 is 

essential for NCKAP1-mediated invasion in breast cancer cells. IP analysis of WASF3 from 

MDA-MB-231 cells demonstrated increased levels of NCKAP1 and RAC1 in the WASF3 

immunocomplex, concomitant with increased WASF3 activation levels (Figure 4c). These 

observations suggest that overexpressing NCKAP1 leads to increased engagement of RAC1 

with the WASF3 complex. Treating MDA-MB-231 and Hs578T cells with NSC23766, an 

inhibitor of RAC1 (41), led to a dose-dependent reduction in invasion in both cell lines 

(Figure 4d), without affecting cell proliferation (Supplementary Figure 4) or affecting the 

protein levels of either WASF3, NCKAP1 or RAC1 (Figure 4e). IP analysis shows that 

NSC23766 does not disrupt engagement of NCKAP1 with the WASF3 complex, although 

high dose NSC23766 (50 µM) significantly inhibited both WASF3 phosphorylation and 

RAC1 binding to the WASF3 complex (Figure 4f). This is likely due to the reduced levels of 

RAC1 expression. To further determine the role of RAC1 on the NCKAP1-WASF3 complex, 

we transfected a T17N dominant-negative RAC1 construct (RAC1DN) into MDA-MB-231 

cells overexpressing NCKAP1. Similar to NSC23677 treatment, expression of RAC1DN 

disrupted the WASF3 interaction with RAC1 and subsequently impaired WASF3 

phosphoactivation (Figure 4g). Moreover, both NSC23677 treatment (Figure 4h) and 

overexpression of RAC1DN (Figure 4i) led to a significant reduction of invasion potential in 

cells expressing NCKAP1, suggesting that inhibition of RAC1 activation attenuates 

NCKAP1-mediated cell invasion. Taken together, these data demonstrate that RAC1 binding 

to the WASF3 complex is critical for promoting invasion in breast cancer cells.

NCKAP1 engagement with the WASF3 complex is required for metastasis of breast cancer 
cells

Knockdown of WASF3 in MDA-MB-231 and Hs578T cells (Figure 5a) led to a significant 

reduction in invasion potential (Figure 5b), which is consistent with our previous reports (5–

12,25–27). However, when NCKAP1 is overexpressed in WASF3 knockdown cells, there 

was no significant increase in invasion potential compared with the parental cells (Figures 5a 

and 5b). When in vivo metastasis assays were performed using NSG mice, increased 

numbers of tumor nodules were seen on the surface of the lungs in the knockdown control 

cells compared with either the WASF3 knockdown cells or the WASF3 knockdown cells 

overexpressing NCKAP1 (Figure 5c). In addition, there is no significant change in the 

number of tumor nodules on the surface of the lungs when NCKAP1 was overexpressed in 

WASF3 knockdown cells (Figure 5c). Histological examination of the lungs of these mice 

shows large tumor foci in the knockdown control cells, compared with the small tumor foci 

seen in WASF3 knockdown cells (Figure 5d). Thus, there was no increased metastasis 

potential to the lung in the WASF3 knockdown MDA-MB-231 cells expressing NCKAP1, 

compared with the WASF3 knockdown cells (Figure 5d). This is consistent with the in vitro 
invasion assays. Collectively, these data demonstrate that the NCKAP1-WASF3 complex is 

essential for cell invasion and metastasis in breast cancer cells.
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Suppression of invasion by targeting the CYFIP1-NCKAP1 interaction using SPs

Since the NCKAP1-WASF3 interaction is required for invasion and metastasis, we explored 

whether targeting this complex could suppress invasion. Knockdown of NCKAP1 in highly 

invasive cancer cells leads to suppression of invasion (Figure 2b), which is accompanied by 

decreased WASF3 levels. Reduced WASF3 levels are also seen after knockdown of CYFIP1 

(30), which associates with WASF3 as a dimer with NCKAP1 (42–43). Loss of either 

member of this trimeric complex leads to loss of WASF3 protein levels (Supplementary 

Figure 5) and suppresses invasion. These observations suggest that disrupting the 

engagement of NCKAP1 with the WASF3 complex could lead to disruption of the WRC and 

loss of invasion. Currently, no inhibitors target WASF3 function directly, but targeting the 

WRC may provide a means to suppress invasion. We have previously reported, for example, 

that targeting a direct protein-protein interaction between CYFIP1 and WASF3 using stapled 

peptides (SPs) can effectively suppress invasion in WASF3 overexpressing cancer cells (30). 

It is possible, therefore, that disrupting the WRC by targeting NCKAP1 might have a similar 

consequence. Analysis of the crystal structure of the WRC complex, however, showed no 

direct contact between NCKAP1 and WASF3 (42,43), even though loss of NCKAP1 leads to 

reduced WASF3 stability (Figure 2a). SPs can be designed to mimic α-helical surfaces 

between proteins to serve as disruptors of protein-protein interactions. In order to disrupt the 

WRC complex, several α-helices were identified at the interface between CYFIP1 and 

NCKAP1 (Supplementary Figure 6) that could potentially serve as disruptors of the WRC 

and hence suppress invasion. We therefore targeted three regions derived from NCKAP1 that 

had α-helical interactions with CYFIP1. These PPIs encompassed amino acids 631–642, 

933–944 and 1110–1121. Stapled peptides, designated WASF3-NCKAP1 Targets (WANT), 

were designed against the NCKAP1 surface (Figure 6a) at these sites. Highly invasive 

MDA-MB-231 and HS578T breast cancer cells were treated with each of the three WANT 

peptides independently at a final concentration of 10 µM. When MDA-MB-231 cells were 

then challenged to invade in Transwell chamber assays, no significant effect on invasion 

potential was observed in the presence of WANT1 and WANT2 (Figure 6b), albeit with only 

a single peptide designed against these regions. The lack of activity may be due to the fact 

that these particular compounds were not able to sufficiently disrupt the targeted protein-

protein interface. In contrast, treatment with WANT3 resulted in a highly significant 

suppression of invasion (Figure 6b) without affecting cell proliferation (Supplementary 

Figure 7a). To investigate the mechanism of WANT3 action, we analyzed WASF3 stability 

using western blotting. Compared with treatment with a scrambled peptide control, WANT3 

resulted in a significant reduction of WASF3 levels (Figure 6c) and this coincided with loss 

of NCKAP1. Flow cytometry analysis demonstrated that, in the two different breast cancer 

cell lines, uptake of these peptides was rapid, achieving maximal levels after only 10–20 

minutes (Figure 6d). Significantly, in vitro cell toxicity at 10 µM was minimal 

(Supplementary Figure 7) and the ability of WANT3 to suppress WASF3 levels was dose 

dependent (Supplementary Figure 8 and Figure 6e), achieving a maximal effect at 20 µM. 

Thus, the WANT3 stapled peptide serves as a successful tool to suppress invasion.

Since targeting the WASF3-CYFIP1 interface also led to disruption of the WRC and 

suppression of invasion (30), we investigated the relative ability of targeting the WASF3-

CYFIP1 (using the WHAM1 peptide) or CYFIP1-NCKAP1 (using the WANT3 peptide) 
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interaction to disrupt the WRC. Following treatment of MDA-MB-231cells with WHAM1 

or WANT3, it was clear that targeting the CYFIP1-NCKAP1 interface was more efficient in 

decreasing WASF3 levels compared to targeting the WASF3-CYFIP1 interface (Figure 6f). 

WASF3 is activated through its interaction with RAC1 binding to CYFIP1 (44) and so, as 

expected, since targeting the CYFIP1-NCKAP1 interaction leads to destabilization of the 

WRC, the engagement of RAC1 in the absence of NCKAP1 is suppressed. The engagement 

of RAC1 with the WASF3 complex was more significant following treatment with WANT3 

than WHAM1 (Figure 6f). Despite this variance in the level of destabilization of the WRC, 

Transwell invasion assays demonstrated that both WAHM1 and WANT3 peptides produced 

a comparable ability to suppress invasion (Figure 6g). Further, WANT3 could successfully 

suppress invasion in a concentration-dependent manner (Figure 6g).

WASF3 also promotes metastasis in prostate and colon cancer (11, 27). To extend these 

studies to other cancer cell types, we treated highly invasive PC3 prostate and SW620 colon 

cancer cells with WANT3 where again invasion was suppressed (Supplementary Figure 9). 

Thus targeting the WASF3 complex may have wider efficacy in suppressing metastasis in 

different cancer subtypes.

The observation that targeting the WRC with SPs leads to suppression of invasion, provides 

pre-clinical evidence that this target may serve as a means to suppress invasion and 

potentially metastasis. To evaluate the stability of these SPs, we incubated WANT3 in serum 

containing medium for varying lengths of time (1–7 days) at 37°C and then added this 

medium to MDA-MB-231 cells to evaluate the ability of the preincubated peptide to 

suppress invasion. As shown in Figure 6h, WANT3 that had been preincubated for up to 

three days was still able to significantly suppress invasion. Even after 7 days, although not 

significant, there was a residual effect on suppression of invasion, demonstrating that this 

peptide has an appreciable half-life in enriched medium. Going forward, WANT3 may serve 

as a viable candidate for targeted inhibition of the WRC by disrupting the trimeric protein 

complex and thereby suppress the ability of cancer cells to invade and metastasize.

Discussion

Reorganization of the actin cytoskeleton to facilitate cell invasion and metastasis is a 

complex regulatory process involving many interacting pathways (44–46). One of the key 

initiating events is the activation of RAC1, which is known to signal actin cytoskeleton 

reorganization following stimulation with growth factor receptors (34, 47). This facilitates 

recruitment of WASF family members to the membrane to promote invasion. Here, we 

demonstrate that RAC1 cannot be recruited to the WASF3 complex in the absence of 

NCKAP1. High level expression of NCKAP1 is associated with poorer survival in breast 

cancer patients. This may be due to the increased stability of WASF3 since, when NCKAP1 

levels are increased in MDA-MB-231 cells, invasion potential also increases and this is 

associated with both increased RAC1 levels in the WRC complex and increased WASF3 

activation. The cascade leading to increased invasion, however, is dependent on WASF3 

expression, since non-invasive cells do not respond to increased NCKAP1 expression.
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WASF3 is part of a three-member family which share similar structural motifs that define 

their function in actin cytoskeletal reorganization (20,48). Knockdown of WASF3 leads to 

suppression of invasion and metastasis in breast and prostate cancer cells. WASF1 and 

WASF2 are redundant in this function since they clearly cannot compensate for the 

suppression of invasion even with sustained expression. We have also shown recently that 

knockdown of WASF1 and WASF2 in these same breast cancer cells does not lead to 

suppression of invasion or metastasis (30). While WASF3 regulates lamellipodia formation 

(5), which is essential for the development of the invasion and metastasis phenotypes, 

WASF1 appears to regulate dorsal ruffle formation (49) while WASF2 regulates filopodia 

production (50). It is possible, therefore, that while controlling similar actin dynamics, the 

specificity of WASF3 in influencing metastasis depends on the mechanisms of its regulation 

and possibly the proteins it binds to. WASF3, for example, is under the regulation of the 

STAT3 transcription factor (9, 23) and is activated following cytokine and growth factor 

stimulation, but WASF1 and WASF2 do not have consensus STAT binding sites in their 

promoters and do not respond to IL-6 stimulation (9). Knockdown of NCKAP1, however, 

also leads to destabilization of WASF1 and WASF2 protein complexes but no specific 

resultant cell phenotypes were evident.

Part of the mechanism proposed for WASF protein function is through recruitment to 

membrane locations following growth factor stimulation resulting from actin cytoskeleton 

reorganization through interactions with NCK1 (51, 52). Consistent with this idea, NCK1 is 

not present in the WASF3 immunocomplex in the absence of serum and WASF3 remains 

inactive, although addition of serum growth factors activates WASF3 and a sub pool of 

protein interacts with NCK1. In contrast, NCKAP1 is associated with WASF3 in both its 

inactive and active forms, consistent with the idea that its presence is required for protein 

stability. It is tempting to speculate that NCK1 is an important protein for the recruitment of 

WASF3 to tyrosine kinase receptor complexes through an interaction with NCKAP1 upon 

extracellular stimulation. Thus, NCK1-NCKAP1-RAC1 signaling may be critical for 

WASF3 activation leading to the significant consequence of cell invasion.

The central role of WASF3 in regulating invasion and metastasis (5–12,23,25–27,48), 

together with its overexpression in high-grade and metastatic tumors (13,14), provides an 

ideal target to suppress metastasis. Here we show that SPs targeting the large interaction 

interface between two key proteins that maintain the integrity of WASF3, leads to loss of 

WASF3 and subsequently suppression of invasion, suggesting this complex may serve as a 

viable target to suppress metastasis. While only one of the three designed peptides 

demonstrated efficacy, this may simply be due to their ability or inability to effectively 

disrupt the protein-protein interface. The interface is composed of multiple helical contact 

points and each will have differing energetic contributions to the stabilized interface. It is 

possible that the active compound, WANT3, may additionally have unanticipated off-target 

effects that may be contributing to the observed phenotypes. This will be explored to fully 

elucidate the biological mechanism of WANT3. Importantly, since there are currently no 

inhibitors that directly target WASF3, and the interface lacks pockets required for small 

molecule targeting, the development of the WANT3 peptide described here, and the WHAM 

peptides targeting the WASF3-CYFIP1 interaction (30), provide a potential approach to 

suppress WASF3 function and suppress metastasis. The emerging field of SPs as therapeutic 
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agents is gaining traction through clinical trials currently underway targeting the MDM2/

MDMX-p53 protein interaction (53,54) for cancer patients with tumors expressing wild type 

p53. Although there are many conventional, unmodified peptides currently in clinical trials, 

because of their limited ability to penetrate the cell, most still target extracellular proteins. 

SPs on the other hand, are constrained in a highly stable helical conformation, and address 

many of the limitations of standard peptides because (1) their active transport into cells (2) 

their pharmaceutical stability (3) low immunogenicity and (4) their binding affinity for the 

target (28). Indeed, we show here that the NCKAP1 peptide mimic, WANT3, retains its 

ability to suppress invasion after incubation in serum for up to three days. While the 

NCKAP1 mimic appears to be more effective in destabilizing the WASF3 complex, CYFIP1 

mimics that targeting the WASF3-CYFIP1 interaction (30), suppress WASF3 

phosphoactivation. Nonetheless, since we have shown that phosphoactivation is required for 

the ability of WASF3 to regulate invasion, both peptide mimics suppress invasion equally 

effectively. This approach validates the WASF3 complex as a viable target for suppression of 

metastasis and identifies WANT3, as a potential therapeutic lead compound to selectively 

inhibit invasion and metastasis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NCKAP1 interacts with WASF3
(a) Following immunoprecipitation (IP) of WASF3 from MDA-MB-231 and Hs578T breast 

cancer cells, western blot analysis identified NCKAP1 in the IP. The interaction between 

NCKAP1 and WASF3 was further demonstrated in a GST fusion-protein pulldown assays 

(b). Lysates from MDA-MB-231 cells were incubated with the GST-tagged WASF3 

prepared in BL21 bacterial cells, where the correct size fusion protein was confirmed using 

anti-GST antibodies (below). The presence of NCKAP1 was then demonstrated in the 

WASF3-GST (GST-W3) complex using anti-NCKAP1 antibodies. Interaction between 

NCKAP1 and WASF3 was also demonstrated in vivo following transfection of the 

NCKAP1-venus1 (NCKAP1-v1) and WASF3-venus2 (WASF3-v2) constructs into MDA-

MB-231 cells (c). After 12 hours, GFP was detected by fluorescence microscopy in cells 

where both constructs were expressed but not in cells where either of the constructs was 

expressed alone. In the co-transfected cells, a membrane localization of the GFP signal 

could be seen (arrows).When the WASF3 complex was recovered using 

immunoprecipitation from MDA-MB-231 cells grown in the presence or absence of FBS 

(d), NCKAP1 was detected in the complex whether FBS was present or not. The presence of 

NCK1, however, was only seen in cells treated with FBS, where WASF3 (P-WASF3) was 

activated.

Teng et al. Page 15

Cancer Res. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Molecular and cell invasion analysis following NCKAP1 knockdown
Breast cancer MDA-MB-231 and Hs578T cells in which NCKAP1 had been stably knocked 

down (shNCKAP1-1 and shNCKAP1-2) show significantly reduced levels of WASF3 (a) 

compared with cells carrying a control shRNA (shGFP). Similarly, reduced levels of the 

WASF1 and WASF2 proteins were also seen in the NCKAP1 knockdown cells. When 

NCKAP1 knockdown cells were analyzed using Transwell invasion assays (b), their invasion 

potential was suppressed. Immunoprecipitation of HA-tagged WASF3 from MDA-MB-231 

cells in which NCKAP1 had been knocked down shows the absence of RAC1 in the WASF3 

immunocomplex (c), compared with parental cells expressing the control shRNA (shGFP). 
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When WASF3 was overexpressed in NCKAP1 knockdown MDA-MB-231 and Hs578T 

cells, there was no recovery of invasion potential (d). *p<0.05, **p<0.01 and ns indicates no 

statistical significance.
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Figure 3. Metastasis in vivo is suppressed following NCKAP1 knockdown
Kaplan-Meier plot analyses with the log-rank test, shows that higher NCKAP1 expression 

was associated with lower relapse-free survival rates compared with low NCKAP1 

expression (a). When MDA-MB-231 cells were implanted subcutaneously into six-week-old 

female NSG mice (b) primary tumor growth was not affected by knockdown of NCKAP1 

(shNCKAP1-1 and shNCKAP1-2), compared to control knockdown (shGFP) cells. When 

the lungs were removed from these mice, however, the number of nodules on the surface of 

the lungs was significantly reduced in the NCKAP1 knockdown cells (c). Histological 

analysis of these lungs demonstrated that, while animals receiving the control cells showed 

extensive tumor infiltration throughout the lung (d) the NCKAP1 knockdown cells showed 

relatively few, small tumor foci. Images on the right derived from the boxed areas on the left. 

**p<0.01.
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Figure 4. RAC1 binding to the WASF3 complex is required for NCKAP1-mediated invasion of 
breast cancer cells
NCKAP1 overexpression in MDA-MB-231 cells does not affect WASF3 levels and, in T47D 

cells which do not express WASF3, overexpression of NCKAP1 does not increase WASF3 

levels (a). Transwell assays demonstrate that overexpressing NCKAP1 in MDA-MB-231 

cells significantly increases invasion potential, although T47D cells are unaffected (b). IP of 

WASF3 (W3) from MDA-MB-231 cells shows increased RAC1 levels in the WASF3 

complex and increased WASF3 phosphorylation when NCKAP1 is overexpressed (c). 

Treatment of MDA-MB-231 and Hs578T breast cancer cells with the NSC23766 RAC1 
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inhibitor, leads to a dose-dependent reduction in invasion potential (d) but does not affect 

protein levels of either WASF3, NCKAP1 or RAC1 (e). IP of WASF3 (W3) from MDA-

MB-231 cells treated with NSC23766 shows that, at high (50 uM) concentration, activation 

of WASF3 is suppressed and RAC1 engagement in the complex is virtually eliminated (f). 

When a dominant-negative RAC1 (RAC1DN) is introduced into MDA-MB-231 cells 

overexpressing NCKAP1, levels of phosphoactivated WASF3 are significantly reduced in 

concert with reduced RAC1 levels (g). In Transwell assays, NSC23766 leads to a significant 

reduction in invasion in both MDA-MB-231 parental cells containing the empty vector (EV) 

and cells overexpressing NCKAP1 (h). Similarly, the RAC1 dominant-negative construct 

(RAC1DN) significantly suppresses invasion in MDA-MB-231 cells overexpressing 

NCKAP1 (i). *p<0.05 and **p<0.01.
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Figure 5. Invasion and metastasis analysis after NCKAP1 overexpression in WASF3 knockdown 
cells
When NCKAP1 was overexpressed in WASF3 knockdown MDA-MB-231 and Hs578T cells 

(a), cell invasion was not significantly affected (b). Following subcutaneous implantation of 

MDA-MB-231 cells overexpressing NCKAP1 into NSG mice, the number of nodules on the 

surface of the lungs after 8 weeks in these animals was not significantly different compared 

with the WASF3 (shW3) knockdown cells (c). Histological analyses showed the same 

distribution of tumors in the lungs of these mice carrying the NCKAP1 overexpressing cells 

as seen for the WASF3 knockdown cells (d). **p<0.01 and ns indicates no statistical 

significance.
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Figure 6. Targeting the NCKAP1-WASF3 complex using stapled peptides leads to loss of invasion 
in breast cancer cells
Sequence of amino acid regions 631–642, 933–944 and 1110–1121 in NCKAP1 (a) used to 

design stapled peptides (above). The three stapled peptides WANT1, 2 and 3 were designed 

to target interaction surfaces between CYFIP1 and NCKAP1 where (*) represent the 

position of the non-natural amino acids (below). The scrambled peptide was used as a 

negative control. Transwell invasion assays show that only WANT3 significantly suppresses 

MDA-MB-231 cell invasion (b) and suppresses both WASF3 and NCKAP1 protein levels 

(c). A time course of WANT3-FITC uptake using flow cytometry over the first 30 minute of 

exposure (d) shows progressive fluorescein labeling in breast cancer MDA-MB-231 cells. 

WANT3 suppresses WASF3 protein levels in a dose-dependent manner (e). WANT3 

suppresses phosphoactivation of WASF3 more significantly than the WASF3-CYFIP1 

peptide mimic WAHM1 (f). Using a high dose of WANT3 (20 µM) leads to a more 

remarkable reduction in MDA-MD-231 cell invasion compared with low dose treatment (g). 

WANT3 peptides were preincubated in serum-containing medium at 37°C for 1–7 days. 

When this medium was then used in invasion assays, significant suppression of invasion in 

MDA-MB-231 cells was still observed for up to three days (h).
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