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ARTICLE INFO ABSTRACT

Keywords: The WASF3 gene promotes cancer cell invasion and metastasis, and genetic inactivation leads to
WASF3 suppression of metastasis. To identify small molecules that might interfere with WASF3 function,
metastasis

we performed an in silico docking study to the regulatory pocket of WASF3 using the National
Cancer Institute (NCI) diversity set VI small molecule library. Compounds that showed the
maximum likelihood of interaction with WASF3 were screened for their effect on cell movement

In silico screen
Small molecules

MDA-MB-231

Dulds in breast and prostate cancer cells, a well-established predictor of invasion and metastasis. Three
Cellular thermal shift assay hit compounds were identified that affected cell movement, and the same compounds also sup-
Zebrafish model of metastasis pressed cell migration and invasion in vitro in both MDA-MB-231 breast cancer cells and Dul45

prostate cancer cells. Using a zebrafish metastasis assay, one of these compounds, NSC670283,
showed significant suppression of metastasis in vivo while not affecting cell proliferation.
NSC670283 showed a consistent effect on suppression of invasion and metastasis, and cellular
temperature shift assays provided support for physical interaction with WASF3. In addition,
suppression of cell movement and invasion was accompanied by a decrease in actin filament
polymerization. The data in this study suggest that these small molecules inhibit cancer cell in-
vasion and metastasis, and to our knowledge, it is the first identification of a small molecule that
can potentially inhibit WASF3-directed metastasis, laying the foundation for medicinal chemistry
approaches to enhance the potency of the identified compounds.

1. Introduction

Metastasis is a primary reason for mortality in cancer patients, and there is extensive evidence that this particular phenotype, which
develops as the tumor progresses, is genetically determined [1,2]. Genes and pathways that might be involved in this transition to an
invasive phenotype have been described, including the WASF3 gene [3,4], which is an essential conduit from external stimuli to a
variety of downstream effector pathways that contribute to invasion and metastasis [5-8]. Targeted knockdown of WASF3 function in
highly metastatic cells leads to suppression of invasion and metastasis [9-13], and overexpressing WASF3 in non-metastatic cells
increased their invasion potential [5]. These observations led to the development of a stapled peptide approach targeting essential
protein-protein interactions required for WASF3 function, which suppressed invasion and metastasis [11-13]. WASF proteins have
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been shown to bind to a complex of proteins called the WASF regulatory complex (WRC), which regulates its stability and includes
NCKAP1/2, CYFIP1/2, ABI1/2, and BRK300 [14-16]. These proteins maintain the WASF3 structure in a closed, auto-inhibited
conformation that prevents phospho-activation and consequent release of the C-terminal VCA domain that initiates actin polymeri-
zation leading to cell motility, which is an essential component of invasion [17]. Knockdown of either the NCKAP1 or CYFIP1 proteins
in highly metastatic cells has been shown to destabilize the protein complex, leading to loss of WASF3 and suppression of invasion and
metastasis [11,12]. Crystal structure analysis of the WRC demonstrated the importance of the WRC in maintaining the stability of the
proteins and identified an essential pocket region that maintains the structure [18]. Peptidomimetics that compete for binding between
proteins within the WRC lead to the disruption of this complex [11,12]. Despite the demonstration that protein mimics and stapled
peptides can affect WASF3 function, to our knowledge, there have still been no small molecules identified that can suppress WASF3
function and inhibit invasion. Identifying small molecules that inhibit specific phenotypes through high throughput screening is
time-consuming and expensive and depends on the availability of a convenient assay to report the phenotype [19]. Currently, invasion
assays are cell-based, which do not readily lend themselves to unbiased analyses of small molecule libraries. An alternative approach is
to use docking analyses in silico prediction of drug-protein interactions, which can streamline the selection of potential candidate
compounds, allowing a more focused analysis of their effect on cell phenotypes [20]. This study used this approach to identify
compounds that potentially interact with WASF3 through the WRC complex domain pocket. In addition, an extensive survey of in vitro
invasion assays and in vivo metastasis assays in zebrafish was performed to identify a lead compound that offers a potential candidate
for suppression of invasion and metastasis.

2. Experimental procedures
2.1. Cell culture

Cell lines MDA-MB-231 and Dul45 were purchased from the American Type Culture Collection (ATCC, Rockville, MD). Cells were
cultured in RPMI 1640 media and supplemented with 10 % fetal bovine serum (FBS) using standard cell culture conditions for human
cell lines.

2.2. Molecular docking

The NCI Diversity Set VI from the DTP program was used in the docking process. Since the NCI provides only structural formulae (i.
e., 2D connectivity data), these structures were converted to 3D structures using the Obgen software from the Openbabel suite [21].
Compounds from this set were then docked against the structure of the human WASF regulatory complex (PDB refcode 4N78), and the
60 compounds with the highest significant binding energies were selected for further analysis. Docking employs shortcuts, such as
empirical scoring functions in place of accurate potentials and systematic phase space searches to explore the conformations of the
ligand and find the optimal one. A 24%24%24 A search box centered on the previously reported binding site of the WIRS peptide [18]
recognition sequence was used, and docking was achieved using Autodock Vina software [22].

2.3. Wound-closure assay

Cells were seeded into 12-well plates at ~0.3 x 10° per well. Confluent monolayers were starved overnight, and a single scratch
wound was created by dragging a 20 pl plastic pipette tip across the cell surface. Cells were washed with Phosphate-Buffered Saline
(PBS) once to remove cell debris and supplemented with RPMI culture media containing 2 % FBS. The area of a defined region within
the scratch was measured using ImageJ software at time = 0 and again after 18 h. The extent to which the wound had closed over 18 h
(motility index) was calculated and expressed as a percentage of the difference between times 0 and 18 h. Each assay was performed in
4 parallel wells, and the mean closure was calculated. Compounds being evaluated were then added into the wells at the determined
concentration, and a photograph was taken after 18 h. The percentage area of the wound that was closed at the end of the experiment
was determined using ImageJ software (V 1.53e). Distributed throughout the plates were wells that were treated with DMSO only. For
each series of experiments, the mean closure amongst the DMSO- treated wells was calculated, and then the wound closure for drug-
treated cells was expressed as a percentage of closure seen in the DMSO controls.

2.4. Migration/invasion assay

Migration and invasion assays were performed using the same protocol but with different inserts. For migration, uncoated inserts
were used to evaluate the ability to migrate through pores in the membrane. For invasion assays, the Corning BioCoat Tumor Invasion
System (BD Bioscience, MD) was used with an 8 pm pore size polyethylene terephthalate (PET) membrane coated with Corning
Matrigel Matrix. The plate was rehydrated with warm Phosphate-Buffered Saline (PBS), 500 pL/well, at 37 °C for 2 h. After rehy-
dration, the PBS was carefully aspirated and discarded without disturbing the membrane.

In both assays, serum-starved cells were added in the upper chamber ~5 x 10* cells/0.2 mL (~50.000/per chamber), and a
complete medium with 10 % FBS was used as a chemoattractant in the lower chamber. Where indicated, the individual compounds
were added to the lower chamber at the specified concentration. For migration assays, the plates were then incubated at 37 °C for 24 h,
and then the upper chamber was transferred into another 24-well plate containing 500 pL/well of 0.2 % crystal violet to stain migrated
cells. Images were captured using a Zeiss LSM-inverted microscope, and the number of invading cells was counted using ImageJ. For
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cell invasion assays, the upper chambers were transferred to another 24-well plate containing 500 pL/well of 4 pg/mL Calcein-AM
fluorescence dye (BD Bioscience, MD) in Hanks’ Balanced Salt Solution (HBSS) and incubated for 1 h at 37 °C. According to the
manufacturer’s instructions, fluorescence was measured using the SpectraMax M5 Microplate Reader with the excitation and emission
wavelength 494/517 nm (Ex/Em).

2.5. Cell proliferation assays

Cells were seeded at 2.5 x 10* cells/well in a 96-well microtiter plate and exposed to individual compounds and DMSO at the
determined effective concentrations. After 24, 48, and 72 h treatment, the cells were washed with PBS and incubated with PrestoBlue
reagent (Invitrogen, Cat# A13261) according to the manufacturer’s instructions. The changes in cell viability were detected using
bottom-read fluorescence at excitation = 570 nm/emission = 610 nm for the recommended time of incubation (10 min-endpoint). The
cell viability was expressed as a time course using PrestoBlue Relative Fluorescent Units (RFUs).

2.6. Western blotting

Cells were lysed in PBS containing a mixture of halt protease and phosphatase inhibitor cocktail (ThermoFisher, Cat# 78440).
Then, two consecutive freeze-thaw cycles were performed, and the cell lysate was analyzed using SDS-PAGE, followed by immuno-
blotting using standard protocols with the respective antibodies. Briefly, after blocking with 5 % skimmed milk, membranes were
probed with primary antibodies at 4 °C overnight. The membrane was washed three times and then incubated with secondary anti-
bodies at room temperature for 1 h. Immunoreactive proteins were developed with enhanced chemiluminescence reagents (Pierce,
Rockford, IL, USA). The following antibodies were used: rabbit anti-WASF3 (1:500, Cat # 2806, Cell Signaling, Danvers, MA, USA) and
monoclonal mouse anti-B-actin peroxidase (1:30000, Cat # A3854, Sigma). Horseradish peroxidase-conjugated anti-rabbit was used as
a secondary antibody (GE Healthcare NA934-1 ML).

2.7. Zebrafish in vivo assays

Metastasis assays were carried out essentially as described previously [23] with fluorescent cell tracker CM-Dil (Invitrogen,
Carlsbad, CA, USA) labeled human metastatic cells injected into the perivitelline space of 3-day-old embryos. Metastasis was evaluated
36-48 h later using whole-mount confocal microscopy. Each compound was evaluated on four separate occasions using at least ten
individual fish on each occasion (N = 40) by adding the compound at the indicated dose into the fish water in 24-well plates. Con-
servative estimates of metastasis were defined where at least ten cells had migrated from the injection site into the fish body. All fish
were treated at the predetermined maximum tolerated dose (see text).

2.8. Immunofluorescence staining of F-actin

Coverslips were coated with poly-L-lysine for 30 min, then washed twice with deionized water and dried for approximately 1 h.
MDA-MB-231 cells were grown on these coverslips for 24 h to ~80 % confluence and exposed to either DMSO or N20 (10 pM) for 18 h.
Subsequently, the culture medium was removed, and cells were washed once with PBS, fixed using IC Fixation Buffer (eBioscience),
and permeabilized with 0.1 % Triton X-100 in PBS for 10 min at RT. Filamentous actin (F-actin) was stained with Monoclonal anti-
f-actin peroxidase (1:30,000) produced in mice (Sigma, cat# A3854 -200uL) by incubating the cells in the dark for 30 min. The wells
were washed with PBS and stained for 15 min at 37 °C with 4,6-diamidino-2-phenylindole (DAPI) to reveal cell nuclei. After 2 PBS
washes, the coverslips were mounted with IMMU-MOUNT (Thermo Scientific) media and sealed. F-actin staining was observed
directly using a Stellaris 5 Confocal microscope (Leica Microsystems).

2.9. Cellular thermal shift assay (CTSA)

The protocol was adopted from Jafari et al. [24]. Cells were cultured to a final density of 2 x 10° cells/ml, harvested, and
distributed equally into 2 x 15 mL tubes. One tube was treated with DMSO and the other with the test compound for 1 h at 37 °C. Cells
were then centrifuged in 15 mL conical tubes at 300 g at room temperature for 3 min, and the pellet was washed twice with PBS. Cells
were then re-suspended in 700 pL of PBS plus protease/phosphatase inhibitors, and 100 pl from each sample was distributed evenly
into seven 0.2 mL microcentrifuge tubes. Paired tubes were then placed in a thermal cycler at the required temperature for 3 min and
then transferred to room temperature for another 3 min before being snap frozen on dry ice for 3 min and stored at —70 °C. Before
analysis, the lysis reaction was performed through two consecutive freeze-thaw procedures. Western blot for soluble protein detection
was performed as described above.

3. Results

Our objective was to screen and identify small molecules that affect WASF3-induced cell invasion. It is known that acidic phos-
pholipids are involved in the recruitment of the WASF complex to the cell membrane [16] and that their activity is regulated by
individual kinases and GTPases [17]. Recently, a consensus motif was identified that binds to a surface patch of the fully assembled
WASF complex that is found in ~120 transmembrane or membrane-associated proteins [18], which is involved in the recruitment and
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regulation of WASF complex activity. The crystal structure of the WASF complex with this recognition peptide has been published
(PDB ref code 4N78), which seemed a more promising target site for binding by small molecules compared with either the
phospholipid-binding site or the several phosphorylation sites since phospholipid binding is notoriously weak and phosphorylation is
better disrupted by targeting kinases. Consequently, we used the crystal structure of the WASF regulatory complex site to identify small
molecules that were predicted to interact with the WASF3 structure. The National Cancer Institute (NCI) diversity set VI, consisting of
1584 compounds, was used primarily because these molecules are generally well characterized, structurally diverse, and freely
available [25]. The scoring algorithm in this in silico approach is based on molecular mechanics force fields that estimate the energy of
the pose within the binding site. A low energy implies a stable system and, therefore, a likely binding interaction. From the first pass
screen of this collection of compounds, we selected 60 with the highest negative binding scores for further analysis. For convenience,
these are referred to as N1-N60, and their NCI identifiers are provided in Supplemental Table 1.

3.1. Screening compounds for suppression of cell motility

One of the most consistent indicators of in vitro cell migration/invasion in our hands [6] has been the wound-closure assay (WCA).
Using a highly invasive cell line such as the MDA-MB-231 breast cancer cell line, an artificial wound is made in a confluent cell
monolayer, and the ability of the cells to close that wound over 18 h was evaluated. For drug screening assays, cells treated with DMSO
vehicle were compared with cells in which the individual compounds had been added. The prediction was that any compound
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Fig. 1. Primary screen of compounds for effect on cell motility. MDA-MB-231 human breast cancer cells were seeded into 12 well plates and
wounds created. Cells were then treated with each of the 60 compounds from the NCI Chemical diversity set VI at 10 pM (left) and 100 pM (right) in
replicates of 4 wells. Similarly, sets of 4 wells in triplicate were treated with DMSO (N = 12). Motility is expressed as the relative percentage of
wound closure after 18 h compared with the DMSO control. In cases where there is no data (mostly at the 100 M concentration), e.g., compound
N3, the compounds were toxic at the particular dose.
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potentially interacting with WASF3, possibly affecting its function, would negatively affect the motility of these metastatic breast
cancer cells. Cell monolayers were established in 12-well plates, and wounds were created. The cells were then washed with PBS, and
the medium replaced in which the 60 compounds were included, initially at a final concentration of 10 pM. Individual compounds
were assayed in batches of 20 using four different wells, and DMSO controls were included randomly in 12 different wells in different
plates. After 18 h, the extent of wound closure was assessed using ImageJ (V 1.53), as we have described previously [6,10]. In each
batch, the mean WC from the 12 wells treated with DMSO was calculated, and the wound closure for each of the four wells treated with
compounds was expressed as a percentage of the mean DMSO control. For some of the compounds, there was evidence in the wells of
cell detachment and floating debris, which indicate cell toxicity. These compounds were excluded from further analysis.

As shown in Fig. 1, several of the non-toxic compounds showed effective suppression of motility as defined by >50 % reduction in
wound closure. WCAs were then repeated using the compounds at 100 pM, where toxicity was again identified for many of the
compounds. These assays were once more performed using the compounds at 1 pM, where none showed comparable effectiveness
(data not shown). In all, three compounds (N20, N43, and N54) showed effective suppression of motility, with two (N20 and N43)
showing effectiveness at 10 pM and another (N54) at 100 pM. Examples of the WCA are shown in Supplemental Fig. 1. The molecular
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Fig. 2. Proliferation assays and docking profile. Analysis of cell proliferation over 72 h using PrestoBlue (PB) quantitation assays (N = 6) for
each compound compared with the DMSO control (A). Chemical structures for the lead compounds identified as affecting motility during the wound
closure assay are shown (B). Predicted docking structures for lead compounds engagement into the binding pocket for each of the three lead
compounds (C). Several common features were identified where the docking output would indicate that the ligand always binds to a hydrophobic
groove on the surface of the WAVE complex and that a side chain, if present, especially a phenyl side-chain, binds to the same pocket seen for the
phenylalanine side-chain of the recognition motif.
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Fig. 3. Motility, Migration, and Invasion Assays. Summary of the effects of lead compounds on motility (above), migration (center), and invasion
potential (below) in MDA-MB-231 cells (left panels) and Dul45 cells (right panels) compared with DMSO-treated cells. Motility is defined by the
relative percentage of wound closure over 18 h and represents the mean for MDA-MB-231 (n = 16) and Dul45 (n = 10). Migration was determined
as the number of cells that passed through the membrane pores over 18 h expressed as a percentage of that seen for DMSO-treated cells. In these
studies replicates were analyzed for N20 (N = 35), N43 (N = 29) and N54 (N = 34) compared with DMSO (N = 28) for MDA-MB-231. For Dul45
cells, N20 (N = 20), N43 (N = 20), and N54 (N = 14) replicates were also expressed as a percentage of the mean migration levels seen in DMSO-
treated cells (N = 35). Invasion assays were quantitated using Calcein-AM fluorescence, and the values presented as a percentage of those seen for
DMSO-treated cells (N = 20) calculated for N20, N43, and N54 (N = 6) in MDA-MB-231 and Dul45 cells. *p = 0.01, **p = 0.001.
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structures of these compounds are shown in Fig. 2, identifying a similar macrocyclic structure. Predicted docking structures for
engagement of the lead compounds into the binding pocket are shown in Fig. 2C.

3.2. Effect of lead compounds on cell viability

Part of the assessment of the ability of individual drugs to affect cell migration and invasion depends on the extent to which the drug
also shows cytotoxicity. Migration, however, is typically assayed over 12-24 h and is not significantly affected by cell proliferation
kinetics. Given the relatively large number of compounds for cell-based assays, in the preliminary screens, we triaged those showing
the excessive presence of detached cells in the supernatant at the time of the WCA analysis as an indication of toxicity. For the three
lead compounds, however, we performed more detailed cell viability assays. As shown in Fig. 2, while DMSO alone has a relatively
minor effect on proliferation, there was no significant reduction in viability when cells were treated for 24-72 h with N54 at 100 uM or
N20 and N43 at 10 pM.

DMSO

N20

Fig. 4. Analysis of effects of the lead compounds on actin cytoskeleton formation. In (A), the typical spindle-shaped cells for MBA-MB-231 are
shown under phase contrast microscopy compared with the more rounded cell morphology in cells treated with N20. Scale bar = 50 pm. Fluorescent
imaging of F-actin distribution in treated and control cells is shown in (B) where, at higher resolution (C), the extensive actin fiber network can be
seen in the DMSO-treated cells, which is lost in the N20-treated cells (D).
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3.3. Effect of lead compounds on migration and invasion

The WCA measures the ability of cells to move randomly into the vacant space created in the cell monolayer, which is related to the
reorganization of the cell membrane dynamics through actin cytoskeleton reorganization, a mechanism influenced by WASF3 [6]. This
assay typically correlates well between migration, invasion, and metastasis assays. To better understand the lead compounds’ ability to
prevent three-dimensional migration through membrane pores, we used a standard transwell assay. Although MDA-MB-231 cells are
frequently used in invasion assays to assess the effect of WASF3 on invasion and metastasis, we also included Dul45 prostate cancer
cells in these assays since they are also sensitive to modulation of WASF3 expression [10]. As shown in Fig. 3, the lead compounds
could suppress the motility and migration of both cell lines. Since invasion truly reflects the metastatic potential of cancer cells, we also
used matrigel-coated inserts in conventional transwell assays. The matrigel inserts in the transwell chambers challenge the cells to pass
through a matrix similar to the basement membrane. Consistently, cell invasion was suppressed by the lead compounds in both cell
lines. In all three of these in vitro assays, N20 consistently showed the most profound effect.

3.4. Epithelial to mesenchyme transition

One of the consequences of the inactivation of the WASF3 gene in multiple studies has been the change in morphology in the
targeted cells characteristic of the epithelial to mesenchyme transition (EMT). In our previous studies manipulating the genetic
consequences of WASF3 function, loss of cell motility and invasion is typically accompanied by morphological alteration of cell shape,
which is accompanied by altered levels of actin polymerization, which manifests in a decrease in the formation of actin microfilaments
and cellular protrusions such as lamellipodia which are responsible for cell movement [26]. Phase contrast images (Fig. 4A) show a
typical normal spindle cell appearance in DMSO-treated MDA-MB-231 cells, which are lost when treated with N20. The rounded
mesenchymal-like appearance is similar to the effects on cell shape seen when WASF3 is knocked down [10,26]. As shown in Fig. 4B-D,
cells treated with N20 show reduced levels of filamentous actin formation compared with DMSO-treated cells, which show extensive
formation of interconnecting cell protrusions.

3.5. Analysis of metastasis in a zebrafish model

We have previously reported [23,27] that zebrafish can be used as a convenient and relatively rapid means of assessing the
metastatic potential of human cancer cells. Zebrafish embryos do not develop an immune system until ~10 days post fertilization, and
during this period, it is possible to maintain human cells in the fish and monitor invasion and dissemination in the transparent zebrafish
embryos using confocal microscopy. We used the three lead compounds that showed the most significant suppression of motility in
vitro in this zebrafish assay. Compounds were first introduced into the fish water to evaluate the maximum tolerated dose on fish

Drug Maximum Tolerated Dose (uM) Effect on Metastasis
(Percent embryos showing Metastasis)
DMSO Control 50 60
N20 2 25
N43 50 40
N54 50 45

Fig. 5. Zebrafish metastasis assays. Summary of the maximum tolerated dose (MTD) for the lead compounds affecting cell invasion (above).
Zebrafish metastasis assays, showing confocal images (below) demonstrating dissemination of individual cells throughout the vasculature of the fish
(arrows) following treatment with N20 after 36-48 h. In the DMSO-treated embryos (A), dark field analysis shows the extensive dissemination in the
fish body of breast cancer cells labeled with CM-Dil. Fluorescent images (B) show the density of metastasized cells. A higher magnification of the
trunk of the fish is shown in (C). In fish treated with N20 (D), the number of disseminated cells is greatly reduced, with only a single cell detected (E)
as shown in the expanded view of the fish trunk (F).
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embryos using 1, 2, 5, 10, 25, and 50 pM final concentrations (Fig. 5). Embryos were treated from 24 h post fertilization (hpf) until 120
hpf, and the maximum tolerated doses (MTD) and extent of metastasis for the fish cohorts treated with the lead compound were
analyzed. MTD was calculated as the concentration at which <10 % showed either deformity or mortality at 120 hpf. To evaluate the
effects on metastasis, MDA-MB-231 cells were labeled with the CM-Dil fluorescent dye as described previously [23], and ~200 cells
were injected into the perivitelline space of 36-48 hpf embryos, which were then incubated for 36-48 h with the compounds at their
MTD and then imaged using confocal microscopy and the presence of metastatic cells in the body of the fish observed. Metastasis was
evaluated by determining the number of fish in which at least ten cells were seen in the zebrafish body away from the injection site.
When treated with 2 pM, at the lowest concentration, DMSO (n = 89), significant metastasis was seen in over 60 % of embryos.
Treatment with N43 and N54 showed only a minor decrease in the percentage of embryos showing metastases (Fig. 5). In contrast,
following treatment with N20 (n = 64), only 23 % of embryos showed metastases. These data further reinforce N20 as the most
effective compound in our series across the in vitro and in vivo analyses and became the lead compound for further analysis.

3.6. Cellular thermal shift assays

The in vitro and in vivo analysis shows evidence that the lead compounds affect cell invasion and metastasis, and the in silico
docking study implies that they bind to WASF3. However, in the absence of a molecular modification, it can sometimes be challenging
to demonstrate direct interaction with the target using surrogate analyses. Extensive studies have shown, however, that a ligand
binding to its target can perturb protein thermal stability as detected by melting temperature shifts. This principle has been adapted to
studies in the normal physiological environment of the cell [24] using the cellular thermal shift assay (CETSA). In this approach, cells
are treated with the compound, and then lysates are used to measure the melting profile of the target protein, which is determined by
Western blotting across a temperature gradient. MDA-MB-231 and Du145 cells were treated with 10 pM N20 and subjected to tem-
perature changes in two-degree Celsius intervals (Fig. 6). The stability of the WASF3 protein is progressively reduced with increasing
temperature and is lost at 60-62° compared with cells treated with DMSO alone. These data suggest that N20 indeed binds to WASF3.

4. Discussion and conclusion

Since WASF3 significantly regulates phenotypes involved in cell invasion, it might be a rational target to suppress metastasis, a
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Fig. 6. Cellular thermal shift assays. Equal volumes of cellular protein from MDA-MB-231 cells treated with either DMSO or N20 were analyzed
for WASF3 expression levels following denaturation with increasing temperature at 2 °C intervals. Similarly, the thermal stability of WASF3 was
determined in Dul45 prostate cancer cells. Actin levels in each aliquot was also assayed as a loading control (Above). Densitometric analysis of the
protein levels at each temperature was determined using ImageJ, and the relative levels for each temperature between the DMSO and N20 cells were
calculated (Below). A progressive reduction in protein stability relative to increasing temperature is seen in both breast and prostate cancer cell lines
treated with N20.
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contention supported by the observation that stapled peptide disruption of the WASF3 regulatory complex suppresses metastasis [11,
12]. Here we report the first identification of a series of small molecules that might achieve the same effect. The only other suggestion
of an inhibitory molecule that might affect actin polymerization directed by the closely related WASP proteins came from a study in
Xenopus embryos that suggested a small peptide, 1187, could suppress activation of the ARP2/3 complex by the closely related
N-WASP protein [28]. In our unpublished observations, 1187 also suppresses invasion in WASF3-expressing breast cancer cell lines.
This peptide was also directed against the activation pocket in the WASP/WASF proteins, but since it represents a conventional
approach with limitations in targeting efficiency, cell penetration, and stability, it is likely to be less successful than small molecule
inhibitors. The consistent demonstration that N20 can suppress invasion and metastasis provides a basis for using medicinal chemistry
approaches to develop means to suppress WASF3-directed metastasis. The in vitro invasion assays used in this study have consistently
correlated with metastasis in vivo in mouse models [10,29]. In vivo assays represent a more complex view of the ability of specific
compounds to effectively suppress the invasion phenotype over and above what can be determined in in vitro cell studies. While
metastasis in mice is typically the preferred preclinical foundation approach, the zebrafish model of metastasis is rapidly emerging as a
convenient surrogate [23]. Zebrafish have all the characteristics of organ function and plasma involvement. However, they offer the
advantage that metastasis of single cells can be monitored in live animals and in real time using confocal microscopy. In addition, these
assays can be completed in several days compared with the need for tumor development in mice, which can take months and typically
requires the sacrifice of the animals to assess metastasis [10,29]. The close parallel between the metastatic ability of human cells in
zebrafish and in vitro characteristics has been demonstrated [23]. The fish, however, report more significant effects of drug toxicity
due to affects on metabolism and organ function not seen in cultured cells. This is reflected in the fact that the most active compounds
in vitro (N20) are not tolerated in fish assays to the same extent as the other compounds. Although zebrafish are transparent, allowing
the visualization of metastatic cells, quantitation is complicated since the fluorescence signal deep in the body can be suppressed. For
this reason, instead of absolute numbers of disseminated cells, we used frequency of metastasis, which has been generally adopted for
these assays. Demonstrating a direct interaction between a ligand and its target has traditionally been difficult and can frequently lead
to compound failure in clinical trials [30]. The CETSA approach, however, has become a trusted means to demonstrate interactions
between compounds and protein targets, where the stability of the protein is affected as a result of these interactions [24,31]. Two
outcomes have been described, the first where the protein is stabilized due to interaction and the second where the protein is
destabilized. Detailed mathematical modeling has demonstrated that the stabilizing effects are due to the compounds binding to the
fully folded active protein, and the destabilizing effects are due to binding to the unfolded inactive protein [32]. It appears that N20
destabilizes binding to WASF3 and, therefore, would be predicted to bind the unfolded protein to affect its function. While in silico
docking has been successful on many occasions in defining lead compounds in a variety of situations, it is also true that the predictions
can be inaccurate for various reasons, such as the state of conformational flexibility upon binding, size of the grid to represent the
protein, and difficulties in predicting large complexes [33]. However, we have shown that despite these limitations, we were able to
identify candidate compounds that clearly affect invasion and metastasis in model systems. The complication in most of these studies
lies in the ability to determine cause and effect. Our premise was that docking to the WASF3 pocket would interfere with its function,
although we have been unable to demonstrate an effect on protein complex stability seen when the complex members are disrupted
genetically, for example [11,12]. The compromised function of WASF3 as a result of treatment with the macrocyclic compounds,
however, is suggested through a correlation with cell movement/invasion and with the effects on actin organization, which is typical of
genetic approaches that suppress WASF3 function [6,10,26]. The main characterized functions of WASF3, however, are still limited to
its control of actin reorganization through the VCA domain [16] and the ability to direct specific kinase activation and function [5,6,
34]. It is clear, though, that beyond the ability of WASF3 to regulate a series of pathways that are related to metastasis, albeit as a result
of ablation of the proteins involved [11,12], this does not seem to be the case for N20 since, in CETSA studies, the stability of the
protein in treated cells is unaffected. In our study using co-immunoprecipitation and mass spectroscopy studies of WASF3 binding
partners, however [35], over 600 proteins were identified as potential interactors, so it is likely that many functional relationships for
WASF3 remain to be discovered. Indeed, we have shown that multiple kinases interact with the WASF3 scaffold structure [5,6,34], and
it has been predicted that these may be transported to sites of active actin polymerization seen when WASF3 cells [6] are stimulated to
migrate. WASF3 has also been shown to interact with mitochondrial proteins as well as Golgi complex proteins [29] and is stabilized
through interactions with heat shock proteins [35]. WASF3 also interacts with various membrane-bound receptors, such as members of
the ERBB family [8], which is an important intermediate for mutant RAS-induced invasion and metastasis [36]. Unfortunately, while
the mode of action of N20 has not been extensively reported, it is included in two US patents [37,38] and is implicated in binding to
connexins 30 and 43 and the hepatitis C viral (HCV) structural E2 protein, although there is limited confirmatory evidence beyond this.
It is perhaps relevant that connexin-43 has been implicated in cell invasion [39,40], and, while beyond the scope of this study, if it were
to interact with WASF3, then this might suggest a potential role for the disruptive influence of N20. Similarly, the HPV E2 protein is
also implicated in cell invasion and metastasis [41], possibly through its regulation of MMP9 [42], which is a mediator of
WASI3-induced invasion and metastasis [26]. The data in this study suggest that these small compounds inhibit cell motility,
migration, and invasion, with N20 being the most potent; therefore, it has the potential to be used as a precursor compound for further
directions on the development of anti-metastatic drugs for cancer therapy.
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