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Abstract 

The migration and invasion of cells through tissues in the body is facilitated by a dynamic actin 

cytoskeleton. The actin-associating protein, tropomyosin Tpm3.1 has emerged to play important roles in 

cell migration and invasion. To date, investigations have focused on single cell migration and invasion 

where Tpm3.1 expression is inversely associated with Rac GTPase-mediated cell invasion. While single 

cell and collective cell invasion have many features in common, collective invasion is additionally 

impacted by cell-cell adhesion, and the role of Tpm3.1 in collective invasion has not been established. In 

the present study we have modelled multicellular invasion using neuroblastoma spheroids embedded in 

3D collagen and analysed the function of Tpm3.1 using recently established compounds that target the 

Tpm3.1 C-terminus. The major findings from our study reveal that combined Rac inhibition and Tpm3.1 

targeting result in greater inhibition of multicellular invasion than either treatment alone. Together, the 

data suggest that Tpm3.1 disruption sensitizes neuroblastoma cells to Rac inhibition of multicellular 

invasion. 
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Introduction 

When invading through complex 3D tissue environments, cells respond to physical and biochemical cues 

in the extra-cellular environment facilitating their passage. Responding to changes in the external tissue 

structure, cells adopt alternative invasion mechanisms which can lead to discrete functional outcomes 

[Friedl et al., 2012]. Invasive cancer cells have co-opted many of these invasion mechanisms and thus can 

display a range of individual and multicellular/collective modes of invasion. The actin-associating protein 

Tpm3.1 (formerly known as Tm5NM1 [Geeves et al., 2015]) is an important player in cell migration and 

invasion, through regulating the dynamic reorganisation of the actin cytoskeleton and associated focal 

adhesions [Lees et al., 2011a]. However, while previous studies have addressed Tpm3.1’s role in single 

cell migration and invasion, the role of Tpm3.1 in collective cell invasion modes is not known. This is of 

particular interest in light of the proposed new role for Tpm3.1 in maintaining the integrity of cell-cell 

junctions [Caldwell et al., 2014], thus suggesting that Tpm3.1 may differentially affect collective versus 

single cell invasion. In the present study the role of Tpm3.1 in collective invasion is investigated using 

multicellular spheroids of neuroblastoma cells embedded in 3D hydrogels combined with small molecule 

inhibitors of Tpm3.1. 

Collectively invading cells variously display sheets, strands, or small clumps of cells invading en masse 

[Friedl et al., 2012]. In addition to the influence of direct cell-cell adhesion, cells can cooperatively invade 

with one population influencing the invasion of a second population of cells in a heterogeneous mix of 

cells (for example [Mitchell and O'Neill, 2016]). Tpm3.1 function in single cell migration and invasion 

has previously been demonstrated in B35 neuroblastoma cells [Bryce et al., 2003; Bach et al., 2009; Lees 

et al., 2011b]. Neuroblastomas are a class of paediatric solid tumour that are derived from neural crest 

cells with a diverse range of single and multicellular invasion patterns [Theveneau and Mayor, 2012].  

Reflecting their cellular derivation, patient-derived neuroblastomas exhibit collective invasion into local 

tissue in orthotopic mouse xenografts [Braekeveldt et al., 2015]. Moreover, multicellular neuroblastoma 

spheroids embedded in 3D collagen display a range of cooperative and collective invasion behaviours 

[Mitchell and O'Neill, 2016; Mitchell and O'Neill, 2017].  

There are over 40 tropomyosin isoforms generated through differential transcript splicing from 4 coding 

genes [Gunning et al., 2008]. Their major function is to regulate the dynamics of the associated actin 

filament, via regulating access of different myosin motors [Clayton et al., 2015; Manstein and Mulvihill, 

2016; Bryce et al., 2003; Schevzov et al., 2005]. Tpm3.1 stabilises actin filaments, through myosin II 

recruitment [Bryce et al., 2003; Schevzov et al., 2005; Clayton et al., 2015; Gateva et al., 2017] and this 

stabilising function underpins the multiplicity of roles that have been ascribed to this ubiquitously 

This article is protected by copyright. All rights reserved.



4 
 

expressed protein [Bryce et al., 2003; Bach et al., 2009; Bach et al., 2014; Schevzov et al., 2005; Lim et 

al., 2015; Clayton et al., 2014; Caldwell et al., 2014; Vlahovich et al., 2009; Lees et al., 2011b; Lees et al., 

2013]. Elevated Tpm3.1 expression inhibits both 2-dimensional (2D) and 3D single cell migration [Bryce 

et al., 2003; Bach et al., 2009; Bach et al., 2014; Lees et al., 2011b]. Conversely, the loss of Tpm3.1 

expression, either through genetic deletion or siRNA-mediated depletion, is inversely related to Rac 

GTPase activity and thus stimulates Rac-dependent, elongated mesenchymal invasion in single invasive 

cells [Lees et al., 2011b; Lees et al., 2013]. Given the recently described role for Tpm3.1 in cell-cell 

adhesion [Caldwell et al., 2014], Tpm3.1 may have additional roles to play in collective invasion. 

Recently, the Tpm3.1 targeting small molecule TR100, was reported [Stehn et al., 2013]. Subsequent 

screening for second generation anti-tropomyosin (ATM) drugs that target the Tpm3.1 C-terminus 

identified a novel compound, ATM-3507, that binds to and impairs Tpm3.1 function [Currier et al., 

2017]. In the present study ATM-3507 has been employed in order to investigate the role of Tpm3.1 in 

multicellular invasion. The results reveal that ATM-3507 induces loss of filamentous actin and switches 

the invasive morphologies of both single and collectively invading cells. When combined with Rac 

inhibition, Tpm3.1 targeting decreases multicellular invasion of neuroblastoma spheroids.  

 

Results 

MYCN and non-MYCN neuroblastoma lines are sensitive to ATM3507 

The MYCN gene is an established prognostic indicator for neuroblastoma [Brodeur, 2003] and since 

MYCN amplification is inversely related to Rac GTPase activity [Mitchell and O'Neill, 2017] we 

compared Tpm3.1 expression relative to MYCN amplification status in a panel of neuroblastoma cell 

lines. As previously reported [Stehn et al., 2013], Tpm3.1 expression was similar between representative 

examples of both non-MYCN amplified, high Rac activity, neuroblastoma (SHEP, SKNAS, SKNSH) and 

amplified MYCN/low Rac expression (BE2C, IMR32 and CHP134) [Mitchell and O'Neill, 2017]  (Figure 

1A). ATM-3507 cytotoxicity was next compared between the non-MYCN amplified line SKNSH and 

MYCN amplified BE2C cells. ATM-3507 had comparable effects on cell viability in both lines, with 

IC50 values of 5.4 µM ± 0.5 and 5.3 µM ± 0.2 for SKNSH and BE2C, respectively (Figure 1B).  

Based on reports that many drugs are less effective in 3D when compared with 2D cultures due to cell-

cell and cell-extracellular matrix interactions [Correia and Bissell, 2012; Krishnan et al., 2016], we next 

analysed the effect of ATM-3507 on SKNSH and BE2C spheroids embedded in 3D collagen gels. 

Conditions were standardised to generate spheroids of 500 µm maximal diameter, as this size creates an 
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optimal physiological gradient of exposure to nutrients [Ivanov et al., 2014]. Subsequent embedding in 

collagen facilitates analysis of cell invasion, as the collagen matrix provides a biologically active mimetic 

of the in vivo tissue organisation.  Confirming growth in the 3D cultures, spheroids enlarged over the time 

course (Figure 1C, compare 0 and 48 hours). Strikingly, incubation with 10 µM ATM-3507 (~ double the 

IC50 in 2D culture) did not alter overall spheroid growth in 3D (Figure 1C), confirmed by quantification of 

spheroid area (Figure 1D). By contrast, there were less than 10% viable cells remaining in 2D cultures 

treated with 10 μM ATM-3507 (Figure 1B). Thus agreeing with other reports in the literature, we find 

that ATM-3507 effects on cell growth are much reduced in 3D compared with 2D cultures. 

 

ATM-3507 disrupts F-actin detection and induces altered invasive morphologies 

We then further assessed the effect of ATM-3507 in collagen-embedded multicellular SKNSH and BE2C 

spheroids. Strikingly, ATM-3507 abolished F-actin staining in embedded spheroids of both cell types 

(Figure 2A). To confirm that this did not simply represent cell loss, cells were labelled with fluorescent 

cell tracker prior to spheroid formation and embedding. This revealed cell tracker-positive cells lacking 

phalloidin-staining and thus confirmed that the lack of F-actin detection was not due to cell loss (Figure 

2B). Furthermore, the same absence of F-actin detection was observed in single cell suspensions of 

SKNSH and BE2C cells in 3D collagen (Figure 2C). Assessment of F-actin staining in a dilution series of 

ATM-3507 (0, 0.4, 1.0, 4.0 and 10 μM) revealed that loss of phalloidin positive cell staining is seen at the 

highest concentration of ATM-3507 tested (Figure 2D).  

Next, we analysed the effect of ATM-3507 on spheroid growth and invasion. As previously established, 

the SKNSH spheroids displayed both multicellular strand invasion and elongated single cell invasion 

representing the mixed lineage of this cell line [Mitchell and O'Neill, 2016]. Despite reduced detection of 

F-actin, spheroid sizes were not significantly different in ATM-3507 treated conditions (Figure 3A). 

However, the single elongated invasive cells seen under control conditions (Figure 3B, arrows), were 

absent in ATM-3507-treated spheroids. Instead single dispersed cells had a rounded appearance (Figure 

3B, arrow heads). This morphological change was further confirmed through analysis of single cell 

suspensions of SKNSH cells. Control cultures revealed three distinct morphologies: phalloidin and cell 

tracker positive elongated cells (Figure 3D), phalloidin and cell tracker positive rounded cells (Figure 3D, 

asterisks) and phalloidin negative but cell tracker positive rounded cells (Figure 3D arrows). In the 

presence of ATM-3507 the proportion of elongated cells decreased and the phalloidin negative, cell-

tracker positive round cells predominated.  
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Contrasting the invasive behaviour of SKNSH spheroids, the BE2C spheroids displayed a collective sheet 

of invading cells (Figure 4A), confirmed by time-lapse imaging (Figure 4B). The invading sheet has a 

cobblestone F-actin appearance, reflecting adhesion between neighbouring cells in the invading sheet 

(Figure 4A, enlarged image and see additional example in Supplementary Figure 2). At early time points 

cells at the spheroid periphery extended long, thin membrane processes into the collagen (Figure 4B, 0-8 

hours). Subsequently, a sheet of cells emerged from the spheroid and continued to expand and migrate 

into the collagen matrix (Figure 4B, 16 hours, arrow). Occasional individual cells were seen to escape the 

advancing front (Figure 4B arrow heads). Exposure to ATM-3507 did not affect total BE2C spheroid size 

(Figure 3A). However, ATM-3507 induced the appearance of single cells at the spheroid periphery 

(Figure 3C), suggesting that ATM-3507 may induce the loss of cell-cell adhesion. Agreeing with this, 

individual cells unattached to their neighbours are seen in the bright field images of BE2C spheroids 

treated with ATM-3507 (Figure 1C). This was further supported by analysis of single cell suspensions of 

BE2C cells which, despite efforts to disaggregate into single cell suspensions prior to embedding, exhibit 

small clusters of cells (Figure 3E). These small clusters of adherent cells are lost when cultured in the 

presence of ATM-3507 (best seen in the Hoescht images, Figure 3E). Collectively, the data reveal that 

ATM-3507 induced switches in the invasive modes of both SKNSH and BE2C cells. As spheroid sizes 

were not significantly changed in the presence of ATM-3507, this suggests that despite the changes to 

invasive morphology, the cells retained the same proliferative and invasive competency as under control 

conditions. 

 

Tpm3.1 targeting increases response to Rac inhibition 

We next considered whether ATM-3507 might induce changes in the cytoskeleton that could prime the 

cells for response to other agents that affect the cytoskeleton. Given that Tpm3.1 expression is inversely 

related to Rac activity, response to Rac inhibition versus Rac inhibition combined with ATM-3507 was 

next assessed.  Spheroids were treated with ATM-3507 and the potent Rac inhibitor EHT1864 alone or in 

combination. Importantly, combined treatment with ATM-3507 and EHT1864 resulted in smaller 

SKNSH and BE2C spheroids than either compound alone (Figure 5A). Moreover, there was a striking 

reduction in the appearance of individual elongated invasive cells in the SKNSH cultures. Quantification 

confirmed significant smoothing of spheroid boundaries (Figure 5B). Collectively, these data suggest that 

ATM-3507 increases SKNSH and BE2C spheroid response to Rac inhibition, and together the 

compounds inhibit both growth and invasion. 
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An important question was whether the sensitisation to Rac inhibition was secondary to the loss of F-actin 

or whether this was a primary effect of the loss of Tpm3.1 function. Among the second generation 

compounds targeting the Tpm3.1 C-terminus generated were two additional compounds, ATM-1001 and 

ATM-4015. Recently, ATM-1001 has been demonstrated to have a similar mode of action to ATM-3507 

[Kee et al., 2018]. Neither of these compounds induced the loss of phalloidin staining (Figure 6A). 

Cytotoxicity quantification revealed that both BE2C and SKNSH cells were sensitive to ATM-1001 

(IC50 = 10.1 µM ± 2.5 and 9.1 µM ± 1.0, respectively) and ATM-4015 (IC50 = 7.0 µM ± 1.1 and 9.3 µM 

± 2.0, respectively). Importantly, either ATM-1001 or ATM-4015 in combination with Rac inhibition 

significantly reduced SKNSH spheroid size and inhibited the invasion of single elongated invasive cells 

(Figure 6A and 6C). In contrast, neither ATM-1001 nor ATM-4015 in combination with Rac inhibition 

significantly decreased the BE2C spheroid size relative to reduced size seen with Rac inhibition alone 

(Figure 6B and 6D). However, combined treatment did induce a smoothed BE2C spheroid boundary 

indicating that this combination treatment significantly inhibited invasion (Figure 6E). Collectively, these 

data suggest that Tpm3.1 targeting sensitizes cells to Rac-inhibitor mediated inhibition of cell invasion. 

Finally, it was noted that following exposure of BE2C spheroids to either ATM-1001 or ATM-4015 there 

was no evidence of loss of cell-cell adhesion at the spheroid peripheries (Figure 6B). Collectively, these 

data suggest that the loss of cell-cell adhesion induced by ATM-3507 is secondary to the loss of F-actin 

induced by this compound. 

 

Discussion 

Since Tpm3.1 depletion can induce Rac activity and increase cell migration [Lees et al., 2013] it was 

important to establish whether molecules targeting Tpm3.1 might have the unintended consequence of 

inducing invasion. The present study has revealed that Tpm3.1 targeting drugs do not induce invasion. 

Moreover, we demonstrate that ATM-3507 increases cellular response to Rac inhibition of collective cell 

invasion. Based on the data, we propose that anti-Tpm3.1 mediated changes in the actin cytoskeletal 

network increases the inhibitory effects of the major actin regulator Rac GTPase. 

Based on reports that mouse embryo fibroblasts lacking Tpm3.1 display elongated mesenchymal invasion 

[Lees et al., 2013], it was predicted that anti-Tpm3.1 compounds may induce morphological transition to 

mesenchymal invasion. Surprisingly, neither anti-Tpm compound ATM-1001 nor ATM-4015 altered 

cellular morphologies, raising the question why the anticipated mesenchymal transition was not observed. 

The answer may be found in recent analyses which have revealed that while (TR100) perturbs Tpm3.1 

This article is protected by copyright. All rights reserved.



8 
 

regulated actin filament depolymerisation [Bonello et al., 2016], Tpm3.1 still associates with the actin 

filaments in the presence of the drug. This therefore may explain why anti-Tpm3.1 drugs do not 

phenocopy all effects of genetic deletion. Tpm3.1 recruits myosin II motors to actin filaments [Bryce et 

al., 2003; Schevzov et al., 2005; Clayton et al., 2015; Gateva et al., 2017] and elongated mesenchymal 

invasion requires inhibition of myosin II motor activity at the cell’s leading edge [Asokan et al., 2014]. 

Thus, continued association of Tpm3.1 with actin filaments following exposure to anti-Tpm3.1 drugs may 

maintain myosin II activity at the leading edge and thereby block induction of mesenchymal invasion. 

Despite this, anti-Tpm3.1 drugs appear to prime the cells for further insults to the actin cytoskeleton 

network, possibly through increased activation of Rac GTPase [Lees et al., 2013], since the addition of 

Rac inhibitors tips the cells into rounded morphologies.  

 

The demonstration that neither ATM-1001 nor ATM-4015 alone affected growth and invasion of 

neuroblastoma spheroids is in contrast to previous studies where TR100 inhibited growth and invasion of 

melanoma spheroids [Stehn et al., 2013]. This may reflect cancer type differences (melanoma versus 

neuroblastoma). However, the earlier study also showed that TR100 inhibited migration of the SHEP 

neuroblastoma cell line. These migration analyses were performed under 2D conditions and so are not 

directly comparable to the 3D assays in the present study [Bradbury et al., 2012]. Despite this, the 

different invasion phenotypes exhibited by SHEP, SKNSH and BE2C spheroids in 3D cultures may be 

relevant. SHEP spheroids display Rac-dependent single cell invasion [Mitchell and O'Neill, 2017], 

SKNSH have a mix of single cell and collective strand invasion [Mitchell and O'Neill, 2016] and BE2C 

exhibit collective sheet invasion (this study). Therefore different responses to drug treatments may reflect 

differences between collective and single cell invasion. Supporting this suggestion, under the same 

collagen gel assay conditions used in the present study, cells from melanoma spheroids use a single cell 

invasion mode [Haeger et al., 2014]. Increased collagen density reportedly switches melanoma cells to 

collective invasion [Haeger et al., 2014]. In future it would be interesting to test whether melanoma 

spheroids induced to undergo collective invasion respond differently to anti-Tpm3.1 drugs. 

Of the three anti-Tpm3.1 compounds tested in the present study, ATM-3507 caused the most striking 

response, inducing loss of phalloidin staining from both single cell cultures and multicellular spheroids. 

This suggested that ATM-3507 may be stimulating F-actin disassembly and further that it is more 

efficient at destabilising actin filaments than either of the other two compounds. However, the present 

data cannot rule out that ATM-3507 has induced structural change to the actin filament that prevents 

phalloidin from binding to the filament. It was noted that ATM-3507 treatment induces dispersal of the 
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BE2C cells at the spheroid boundary into single cells. Recent reports indicate that Tpm3.1 mediates 

junctional tension at cell-cell adhesions [Caldwell et al., 2014]. Therefore, ATM-3507 may induce loss of 

cell-cell adhesion between collectively invading cells, thereby switching cells to single cell, Rac-

dependent invasion. We propose that the anti-Tpm3.1-induced switch from a collective to single cell 

invasion mode correspondingly increases the cells to Rac inhibition. Importantly, single versus collective 

cell invasion may predispose to blood versus lymph-based dissemination, respectively [Giampieri et al., 

2009]. In summary, data presented in this study reveal that Tpm3.1 targeting can expose new 

vulnerabilities in the actin cytoskeleton that increase response to the inhibition of other actin regulators. 

 

 

 

 

Materials and Methods 

Cell lines and cell culture 

Cultured neuroblastoma cell lines (SHEP, SK-N-AS, SKNSH, BE2C, IMR32 and CHP134) were kindly 

provided by Dr. Loretta Lau (Kids Research Institute, Sydney, Australia). SK-N-AS, SKNSH, BE2C, and 

CHP134 cell lines were obtained mid-2014 and early 2015 and were not further authenticated after having 

been received from Dr Lau, who purchased the lines from EACC. SHEP and IMR32 were from previous 

laboratory stocks [Yager et al., 2003] and have not been further authenticated. CHP134 cells were 

maintained in RPMI-1640 medium supplemented with 10% FBS. All other cell lines were maintained in 

Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% FBS. Preparation of single cell 

suspensions and spheroid embedding in collagen gels were performed as previously described [Mitchell 

and O'Neill, 2017]. Spheroids are viewed by bright field microscopy regularly throughout the experiments 

to ensure that under control conditions spheroids continue active growth and invasion. Collagen gels 

containing cells and spheroids were allowed to polymerise for 1 hour at 37
o
C, subsequently complete 

media with or without pharmacological agents was added and all cultures were incubated for a further 48 

hours. Custom-designed Rac1 siRNAs from Invitrogen and conditions for use have been previously 

described [Mitchell and O'Neill, 2017]. Cells were transfected with siRNA prior to suspension in 

collagen. 

Drugs and inhibitors 
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Anti-tropomyosin (ATM) drugs targeting the C-terminal end of Tpm3.1, were provided by Novogen and 

have been previously described [Currier et al., 2017; Heaton, 2016; James, 2015; James, 2016; Kee et al., 

2018]. Stock solutions (10mM) were prepared in DMSO. Final concentration of drug used in experiments 

was 10μM for ATM compounds and 25µM for EHT 1864 (Tocris Bioscience). 

Cytotoxicity assays 

Cells plated in 96 well dishes were treated with ATM compounds and viability measured after 72 hours 

using MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium). Percentage viability was calculated relative to vehicle control-treated cells. IC50 (inhibitory 

concentration at which 50% cell are non-viable) was determined by non-linear regression sigmoidal dose-

response (variable slope) curve fitting, using GraphPad Prism V6.05. 

Western blotting, immunofluorescence and imaging 

Proteins were extracted as previously described [Bach et al., 2014]. Protein concentrations were equalized 

following quantification with the Biocinchoninic acid (BCA) Protein Assay Kit (Pierce Biotechnology). 

SDS-PAGE and immunoblotting were performed using standard conditions and 10% SDS-

polyacrylamide gels. Tropomyosin Tpm3.1 was detected using a sheep polyclonal anti-γ9d antibody 

kindly provided by Prof Peter Gunning. Immunofluorescence of embedded cells and spheroids was 

performed as previously described [Mitchell and O'Neill, 2016]. Confocal imaging of fixed and 

immunostained cells and spheroids was performed on a Leica SP5 II confocal microscope with a 10 x air 

objective. Live cell time-lapse imaging was performed using an ORCA ERG cooled CCD camera 

(Hamamatsu, SDR Clinical Technology) and a 20x air objective on an Olympus IX81 inverted 

microscope equipped with an environmental heat chamber maintained at 37
o
C and operated by 

Metamorph V6.3 software (Molecular Devices). 

Image analysis 

Morphology analysis of single cell suspensions was performed as previously described [Mitchell and 

O'Neill, 2017]. Quantification of spheroids was achieved using Metamorph V7.7 to determine the 

equivalent radius (the radius of a circle that would contain an area equal to that of the object) of 

thresholded maximum projections of phalloidin-stained spheroids. To account for variation between 

biological replicates, each set of radii were expressed relative to the matched control untreated spheroid 

for that replicate series. Due to loss of phalloidin-staining following treatment with ATM-3507 

compound, Hoescht blue images of spheroids treated with this compound were instead analysed using 

Metamorph V7.1 to measure the shape factor (4πA/P
2
, where A = area and P = perimeter). Values of 1.0 
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indicate a perfect circle and thus higher values reflect a smooth spheroid edge and reduced cell invasion. 

All error bars on graphs show SEM. All final colour adjustments of fluorescence micrographs were made 

in Adobe Photoshop. 
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Figure Legends 

Figure 1: Tpm3.1 expression in neuroblastoma and treatment with ATM-3507. A. Western blot 

showing Tpm3.1 expression in the indicated neuroblastoma lines. HSP70 expression is shown to confirm 

equal protein loading. B. Cell viability of BE2C and SKNSH cells in response to increasing 

concentrations of ATM-3507 for 72 hours. Data shown are the average of 3 independent repeats. Error 

bars = SEM. C. Bright-field images at 0 and 48 h of BE2C and SKNSH spheroids embedded in collagen 

matrix under control conditions or in the presence of 10 μM ATM-3507, as indicated. Scale bar = 500 

µm. D. Histogram shows the area of spheroids embedded in collagen and treated as indicated for 48 

hours. NS = not significant, Students’ t test. > 4 spheroids analysed per condition. 

 

Figure 2: ATM-3507 induces loss of F-actin in 3D spheroid and single cell suspension cultures. A. 

Representative confocal images (maximum projections) of SKNSH and BE2C spheroids embedded in 

collagen gels under control conditions (left hand panels) and exposed to ATM-3507 for 48 h. Spheroids 

were stained with phalloidin (red) and Hoescht blue (blue). Scale bar 500 μm. Single Z-slices of the same 

images are shown in Supplementary Figure 1. B. Representative confocal images (maximum projections) 

of collagen embedded SKNSH and BE2C spheroids after 48 h of incubation with 10 µM ATM-3507. 

Prior to embedding, cells were incubated with cell tracker (green). Following incubation and drug 

treatment spheroids were fixed and counter-stained with phalloidin (red) and Hoescht blue (blue). Scale 

bar 500 μm. C. Maximum projections of SKNSH and BE2C cells cultured as single cell suspensions in 

3D collagen gels, showing control conditions (DMSO, top panels), and following treatment with 10 µM 

ATM-3507. Cells were labelled with cell tracker (green) prior to embedding in the 3D collagen gels and 

after 48 h cells were fixed and counter-stained with phalloidin (red). Scale bar 200 μm. Insets = 2.4 x 

magnification. Single Z-slices of the same images are shown in Supplementary Figure 1. D. Cell tracker 

labelled (green) SKNSH spheroids embedded in 3D collagen gels, treated with increasing concentrations 

of ATM-3507 and then fixed and counter-stained with phalloidin (red) and Hoescht (blue). Scale bar = 

250 µm. 

 

Figure 3. ATM-3507 induces altered invasive morphologies. A. Maximum projection of SKNSH 

spheroids embedded in 3D collagen under the indicated conditions. Cells were labelled with cell tracker 

prior to spheroid formation and embedding. 3.5 x magnifications of the regions boxed in white are shown 

in the images on the right hand side. Arrows point to elongated cells under control conditions and arrow 
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heads point to rounded cells in ATM-3507 treated (48 hours) cultures. B. As for A, except with BE2C 

cells. Note the dispersed pattern of the cells in the magnified region from the ATM-3507 treated 

spheroids. Scale bars = 500 µm. C. Single cell suspensions of SKNSH cells in 3D collagen, labelled with 

cell tracker (green) prior to embedding. Arrows point to examples of rounded, cell tracker-

positive/phalloidin-negative cells. Asterisks indicate rounded, cell tracker-positive/phalloidin-positive 

cells. D. As for C, except with BE2C cells. Note the close packing of the cell clusters in the control 

condition that is lost in the ATM-3507 treated cells. In all cases embedded cells were incubated with 

pharmacological agents for 48 hours. Scale bars = 200 µm. 

 

Figure 4. BE2C spheroids exhibit collective sheet invasion. A. Confocal images (maximum 

projections) of spheroids 48 h after plating and stained with phalloidin (red) and Hoescht blue (blue). 

Scale bar = 500 μm. Magnified section highlights morphology of the invasive cell front of the BE2C 

spheroid. B. Representative montage of time-lapse images of collagen embedded BE2C spheroids over a 

24 h time period. White arrow heads point to individual invasive cells. Arrow points to collectively 

invading sheet of cells. 

 

Figure 5. Anti-tropomyosin compound ATM-3507 sensitises both SKNSH and BE2C spheroids to 

Rac inhibition. A. Representative SKNSH and BE2C spheroids treated with EHT1864 and ATM-3507 

alone and in combination. Hoescht blue stained spheroids are shown for each condition. Scale bar 500 

μm. Green outlines around the spheroids show the spheroid boundaries used to determine the shape 

factors. B. Histograms show the average shape factor of spheroids under the indicated treatment 

conditions. Data for SKNSH spheroids averaged from at least 5 independent experiments with duplicate 

spheroids per experiment; data for BE2C spheroids averaged from at least 7 independent experiments 

with duplicate spheroids per experiment. Error bars equal SEM. *** p<0.01, one way ANOVA. In all 

cases embedded spheroids were incubated with pharmacological agents for 48 hours. 

 

Figure 6. Sensitisation to Rac inhibition by Tpm3.1 targeting is not due to F-actin loss. 

Representative confocal images (maximum projections) of SKNSH (A) and BE2C (B) spheroids 

embedded in collagen gels and incubate for 48 h under the indicated conditions. Spheroids were stained 

with phalloidin (red) and Hoescht blue (blue). Scale bar 500 μm. C & D. Quantification of spheroid sizes 

under the indicated treatment conditions. E. Average shape factor measured on phalloidin-stained 
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spheroids under the indicated treatment conditions. Data are the average of at least 7 individual spheroids 

per condition from three independent repeats and are normalised to the matched control within each 

experiment. * p < 0.05,  ** p < 0.01, *** p < 0.001 (compared to control values), one-way ANOVA with 

Tukey’s post-comparison test. Error bars equal SEM. In all cases embedded spheroids were incubated 

with pharmacological agents for 48 hours. 

 

Supplementary Figure 1 

Images of single confocal slices. (A) Single Z-slices from the maximum Z-projection images shown in 

Figure 2A and (B) Figure 2C. 

 

Supplementary Figure 2 

Images of single confocal slices. Images shown are a single confocal slice of a collagen embedded BE2C 

spheroid. The grey scale images show F-actin and nuclei staining and the coloured image is a merge of 

these stains. 

 

Supplementary Figure 3 

Spheroid quantification at time zero. Bright field images of SKNSH and BE2C spheroids immediately 

post-embedding in 3D collagen (0 hours). The histogram shows spheroid area. NS = not significant, 

Students’ t-test. 
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