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Summary 

Almost one-third of colorectal carcinomas (CRCs) arise from sessile serrated 

lesions (SSLs) which have > 90% rate of BRAFV600E mutations. Serrated pathway CRCs 

are aggressive, have poor prognosis and lack treatment options.  The pro-metastasis 

actin-bundling protein fascin1 is absent from the normal colon but is a marker of SSLs 

and is differentially expressed between serrated pathway and conventional CRCs. 

However, its function in serrated pathway carcinogenesis has not been directly evaluated. 

We identify for the first time, the novel function of fascin1 in remodeling cell-cell adhesions 

in BRAFV600E-mutated CRC cells.  Our study shows in BRAFV600E-mutated CRC cells  

fascin1 remodels adherens junction (AJ) mechanotransduction to directly activate 

oncogenic Wnt signaling which drives primary and secondary tumor growth in mice. More 

importantly, fascin1’s AJ remodeling function contributes to the hybrid epithelial-

mesenchymal (E/M) state and promotes collective cell migration. We identify fascin1 as 

a driver and a novel therapeutic target in serrated/BRAFV600E-mutated CRCs. 
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Introduction 

While the adenoma-carcinoma pathway is the major contributor to sporadic CRCs, 

evidence accumulated over the last decade shows that approximately 35% of CRCs arise 

via the alternative serrated pathway. Tumors arising via this pathway are enriched for the 

CpG island hypermethylation phenotype (CIMP), microsatellite instability (MSI), and 

mutations in the BRAF  or KRAS oncogene.(De Sousa et al., 2013)  These tumors arise 

from sessile serrated lesions (SSLs; hitherto called sessile serrated adenomas/polyps) 

and >90% of these lesions contain a BRAFV600E mutation.(Chen et al., 2021; De Sousa 

et al., 2013) While ~35% of CRCs arise from precursor lesions with serrated glands, <10% 

of CRCs manifest a serrated morphology at diagnosis and a marker for all serrated 

pathway CRCs that arise from SSLs is lacking.2    BRAFV600E  mutation occurs early, is 

highly correlated with the serrated pathway, and defines a sub-population associated with 

a more aggressive disease course, reduced progression-free and overall survival, and 

treatment resistance. (Chen et al., 2021; Pai et al., 2012)  While selective inhibitors of 

BRAFV600E  have been successfully used to treat metastatic melanomas these agents 

have minimal benefit as single agents in refractory BRAFV600E metastatic CRCs.  Although 

recent studies have shown that this resistance can be partially overcome by combining 

BRAF inhibitors with epidermal growth factor receptor (EGFR) inhibitors, still only a subset 

of patients benefit, underscoring the critical need to find new treatments with better clinical 

outcomes for these patients.(Kopetz et al., 2015; Kopetz et al., 2019) The underlying 

genes that drive serrated pathway carcinogenesis remain unidentified, although, the 

BRAFV600E mutation has been linked to profound morphological changes including 
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dedifferentiation, cytoskeletal remodeling and disruption of adherens junctions (AJs) and 

tight junctions (TJs).(Conesa-Zamora et al., 2013; Herr et al., 2015; Makrodouli et al., 

2011; Reischmann et al., 2020)    While these changes are implicated in serrated pathway 

carcinogenesis, how these phenotypic changes influence tumorigenesis or the molecular 

mechanism responsible for these phenotypic changes are also not known. Identifying and 

understanding the role of these novel genes is, however, crucial in designing 

management approaches and therapies for serrated pathway CRCs.                                                                                                            

Fascin1 is absent from the normal adult epithelium but is expressed in a wide range of 

carcinomas where its expression correlates with a clinically aggressive disease with a 

higher incidence of metastasis and poor prognosis. (Tan et al., 2013)  In these 

carcinomas, fascin1 is both a driver and a prognostic indicator of metastatic disease. (Li 

et al., 2014) In multivariate analysis, fascin1 has been identified as an independent factor 

for CRCs, and fascin1 positive CRCs exhibit a greater ability to invade lymph nodes and 

develop extra-nodal tumor extensions, and have a higher likelihood of recurrence with a 

lower rate of disease-free and overall survival.(Hashimoto et al., 2006; Ristic et al., 2021; 

Tampakis et al., 2021)  It is generally assumed that fascin1 drives tumor cell migration 

and invasion by assembling filopodia and invadopodia. However, there is emerging 

evidence that fascin1 also has cell migration-independent functions linked to tumor cell 

proliferation, oncogenesis, metastatic colonization, anoikis resistance, chemoresistance, 

and cancer stemness although the molecular mechanism underlying these non-canonical 

functions of fascin1 remain unclear.(Barnawi et al., 2016; Li et al., 2014; Ristic et al., 

2021)  Consequently, the mechanism by which fascin1 contributes to metastasis of CRCs 

remains unknown. Fascin1 is significantly upregulated in SSLs (~12 fold) and is identified 
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as a marker of SSLs.(Ashktorab et al., 2019; Kanth et al., 2019; Kanth et al., 2016) A 

recent study by Chen et al where single cell RNA-Seq was employed to investigate 

conventional and serrated polyps/adenomas revealed that fascin1 is significantly 

upregulated in serrated specific cells validating earlier reports that fascin1 is a marker of 

SSLs.(Chen et al., 2021) Conesa-Zamora et al reported that fascin1 and hippocalcin are 

the two most differentially expressed genes between serrated adenocarcinomas and 

conventional CRCs.(Conesa-Zamora et al., 2013) They also reported that fascin1 

expression   was associated with shorter survival  which has been reported previously in 

CRCs.(Conesa-Zamora et al., 2013; Hashimoto et al., 2006) While these earlier works 

suggest that fascin1 could be a unique marker of serrated pathway CRCs and that it plays 

a critical role in serrated pathway carcinogenesis the function of fascin1 in the etiology of 

CRCs has not been directly investigated and its role in tumors arising via the 

serrated/BRAFV600E mutant pathway remains unknown.  

Abnormal Wnt activation is a common feature of SSLs and serrated pathway CRCs, and 

early changes in Wnt signaling are linked to disease progression and poor prognosis.(Wu 

et al., 2008; Yachida et al., 2009) Elevated Wnt signaling is also common to the two 

known genetic mouse models of serrated CRC.(Tong et al., 2017)  Nonetheless, unlike 

conventional CRCs, the molecular mechanism regulating aberrant Wnt activation in 

SSLs, serrated CRCs and CRCs with BRAFV600E mutation remains unidentified.  In the 

absence of Wnt ligands, mechanical forces that change AJ mechanotransduction are 

sufficient to promote nuclear accumulation of -catenin to drive Wnt target genes, and in 

this fashion they induce mechanical-strain induced changes in epithelial cell 

behavior.(Benham-Pyle et al., 2015)  Wnt activation in response to changes in AJ 
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mechanotransduction plays an important role during morphogenesis and in 

tumorigenesis when these conserved embryonic mechanosensitive pathways are 

reactivated in the adult tissue.(Fernandez-Sanchez et al., 2015; Whitehead et al., 2008) 

Here we demonstrate, for the first time, that in BRAFV600E mutant CRCs, fascin1 remodels 

AJ mechanotransduction pathways to drive oncogenic Wnt activation. Our study also 

identifies fascin1 as a novel therapeutic target which has significant potential as a 

treatment for BRAFV600E-mutated CRCs and could significantly improve disease-free and 

overall survival.   

 

Results 

Fascin1 is upregulated in CRCs of the serrated pathway.  Serrated pathway CRCs 

are a new subtype of CRCs that are associated with a worse prognosis than conventional 

CRCs. Fascin1 has been identified as a marker of SSLs.(Kanth et al., 2019; Kanth et al., 

2016)  A decade ago, Conesa-Zamora et al reported that in a CRC cohort of 70 fascin1 

was one of two most differentially expressed gene between serrated adenocarcinomas 

and conventional CRCs that was also associated with shorter survival.(Conesa-Zamora 

et al., 2013) Despite that to date the functional characterization of fascin1 in serrated 

pathway carcinogenesis remains uninvestigated. We analyzed fascin1 expression in a 

large cohort of 299 stage IV CRCs, from patients who participated in the Phase III MAX 

clinical trial.(Tebbutt et al., 2010)  Analysis of fascin1 expression using the Hashimoto et 

al scoring criteria revealed low to high fascin1 expression in 34.4% of cases (score 1-3) 

while 22.4% of cases expressed moderate to high fascin1 protein levels (score 2-3; Fig 

1A).(Hashimoto et al., 2006) Notably, of the 5 serrated adenocarcinomas in this cohort 3 
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(60%) expressed high fascin1 (score 2-3). Furthermore, of the 23 BRAFV600E tumors in 

this cohort 14 (60.87%) expressed high levels of fascin1 (score 2-3), representing a 

statistically significant enrichment of fascin1 protein in this subgroup (P=0.0002, Fisher’s 

exact test; Fig 1B). Fascin1 was also more highly expressed in high grade/poorly 

differentiated CRCs (G1>G2>G3; Supplementary Fig 1A).  

 

Fascin1 remodels adherens junctions and assembles tumor microtube-like cell-cell 

junctions in BRAFV600E CRC cells.  To identify the functional role of fascin1 in the 

pathogenesis of tumors arising via the serrated/BRAFV600E pathway, we performed 

knockdown (KD) studies of fascin1 in BRAFV600E mutant HT-29/19A CRC cells. Fascin1 

targeting shRNA markedly reduced endogenous fascin1 protein expression in the 

parental cell line but did not affect EGFP-Fascin1 overexpression confirming on-target 

specificity of the shRNA constructs (Supplementary Fig 2A).  Spheroids of HT-29/19A 

cells expressing scrambled shRNA (HT-29/19A-Scr) grew as loosely aggregated clusters 

of cells with a ‘grape-like morphology.’ Comparatively, fascin1 KD cells (HT-29/19A-shF) 

formed tightly organized, compact spheres (Fig 1C), implicating a role for fascin1 in the 

remodeling of cell-cell adhesions.  In sub-confluent cell cultures, HT-29/19A-Scr cells 

formed nascent cell-cell adhesions that appeared as long filopodia-like protrusions that 

morphed into lamellipodia-like structures at the distal ends as two cells established cell-

cell contact (Fig 1D). In contrast, HT-29/19A-shF cells extended much smaller 

lamellipodial protrusions as two cells approached each other, similar to nascent adherens 

junction (nAJ) assembly by normal epithelial cells.(Baum and Georgiou, 2011)  Notably, 

Scr cells formed these protrusions even in the absence of direct cell-cell contact 
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(Supplementary Fig 2B). Alternatively, Scr cells formed long intercellular conduits that 

lack lamellipodia-like distal ends (Fig 1E). These remodeled cell-cell junctions contained 

fascin1, F-actin and tubulin (Figs 1D-1E) as well as E-cadherin demonstrating that these 

protrusions are indeed nAJs (Fig 1F). In these nAJs, fascin1 localized to both the 

filopodia-like and lamellipodia-like protrusions. By measuring the rate of assembly, we 

determined that fascin1, F-actin and tubulin are required to assemble these nAJs 

(Supplementary Figs 2C-2D).  In normal epithelial cells AJs are assembled by a 

symmetrical ‘push and pull’ mechanism.(Krendel et al., 1999) Remarkably, fascin1 

expressing Scr cells assemble AJs asymmetrically, where only one cell extends the 

protrusion (Cell 1, Fig 2A) with a lamellipodia-like distal end (red arrowhead) or long 

intercellular conduits (cyan arrowhead) while the neighboring cell assembles oblique actin 

bundles that attach to the E-cadherin and -catenin foci (white arrowheads). In contrast, 

shF cells assemble AJs symmetrically where both cells generate similar protrusions and 

with the actin bundles in both cells arranged parallel to the plasma membrane.  EGFP 

tagged fascin1 overexpressed in the non-transformed epithelial cells, MDCK 

(Supplementary Fig 2E) also results in the assembly of the ultra-long nAJs seen in HT-

29/19A cells (Figs 2B). Notably, some MDCK EGFP-Fascin1 cells also initiated nAJ 

assembly by forming protrusions that resembled the sprouting phenotype of endothelial 

cells undergoing anastomosis (Fig 2C); or had a growth cone-like morphology (Fig 2D).  

More remarkably, these ultra-long nAJs contained functional mitochondria and lysosomes 

(Fig 2E).  

These ultra-long AJs also formed in confluent cultures connecting two non-adjacent and 

significantly distant cells (Fig 3A, cell 1 is connected to cell 6). These remodeled AJs 
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hover over the confluent monolayer, which permits two distant cells to connect in this 

manner (Fig 3B).  To analyze how fascin1 remodels ‘mature’ AJs, small clusters of MDCK 

EGFP and MDCK EGFP-Fascin1 cells were stimulated with hepatocyte growth factor 

(HGF) at concentrations that do not induce epithelial cell scatter.  While the MDCK EGFP 

cells maintained cell-cell adhesions similar to normal epithelial cell clusters with few short-

lived changes (Supplementary Video 1, Fig 3C), the MDCK EGFP-Fascin 1 cells 

continuously remodeled their cell-cell adhesions, dissolving and reforming them resulting 

in loosely connected cell clusters (Supplementary Video 2, Fig 3C). These dynamically 

remodeled cell-cell adhesions differed in length and lifespan which were positively 

correlated (Fig 3D).  Morphologically similar structures called tunneling nanotubes are 

short-lived intercellular bridges with lifespans shorter than 60 min while tumor microtubes 

(TMs) are intercellular junctions with lifespans greater than 60 min.(Osswald et al., 2015; 

Rustom et al., 2004) Based on the morphological characteristics of the intercellular 

junctions between EGFP-Fascin1 cells and their lifespan of greater than 60 min, we refer 

to these remodeled cell-cell adhesions as tumor microtube-like (TM-like) cell-cell 

junctions rather than tunneling nanotube-like (TNT-like) intercellular junctions. It is 

noteworthy that fascin1 is expressed in astrocytomas and glioblastomas although 

fascin1’s role in the assembly of TMs in these cancers has not been studied. 

 

Fascin1 transforms adherens junction mechanotransduction in BRAFV600E CRC 

cells.  In epithelial cells, the actin cytoskeleton is important for the stabilization of AJs, 

but it is also the force-generating mechanism that is required for AJ remodeling and it 

regulates AJ mechanotransduction.(Hoffman and Yap, 2015; Michael and Yap, 2013; 
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Schnittler et al., 2014)  In normal epithelial cells, mature AJs are stable, continuous, and 

associated with actin bundles that are arranged parallel to the plasma 

membrane.(Yonemura, 2011) Fascin1 expressing mutant BRAF HT-29/19A cells 

assemble discontinuous AJs with oblique actin bundles that appear as intercellular stress 

fibers forming end-on attachments with the E-cadherin foci (Fig 4A, Top). Such 

discontinuous AJs have been seen in other cancer cells that have a hybrid E/M phenotype 

however, their role in tumorigenesis is unknown.(Ayollo et al., 2009; Gloushankova et al., 

2017) In stark contrast, fascin1 KD cells formed continuous AJs with F-actin and E-

cadherin distribution similar to normal epithelial cells.  There was no discernable 

difference in the lateral junctions (Fig 4A, Middle). Overexpression of EGFP-Fascin1 in 

the BRAFV600E cell line HT-29 that lacks endogenous fascin1 confirmed fascin1’s function 

in the remodeling of AJ associated actin cytoskeleton (Supplementary Figs 3A-3B).  

Moreover, this function of fascin1 was recapitulated in the non-transformed MDCK cells 

overexpressing EGFP-Fascin1 (Supplementary Fig 3C); and in the fascin1 KD shF cells 

overexpressing EGFP-Fascin1 (Supplementary Fig 3D) thereby demonstrating that this 

function of fascin1 is not cell type-specific.   

In vitro fascin1 and -actinin mutually exclude each other to form discrete fascin1 or -

actinin crosslinked actin networks.(Winkelman et al., 2016) We reasoned that in 

BRAFV600E CRC cells, fascin1 upregulation could result in a similar competitive exclusion 

of AJ associated actin bundling proteins like -actinin and potentially EPLIN. This would 

explain the AJ remodeling function of fascin1 in the BRAFV600E CRC cells. If true, such 

changes would also have significant implications for AJ mechanotransduction, because 

both -actinin and EPLIN regulate AJ mechanosensitivity.(Le et al., 2017; Taguchi et al., 
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2011)  Indeed in BRAFV600E Scr cells, fascin1 and -actinin segregate to different areas 

of the AJ-associated actin cytoskeleton (Fig 4B). While -actinin co-localized with the 

oblique actin bundles of the AJs, fascin1 was associated with the actin bundles where 

they attach to the E-cadherin foci (Fig 4B). This close proximity of fascin1 to the E-

cadherin foci also suggests that in BRAFV600E CRC cells, fascin1 could play a direct role 

in regulating AJ mechanotransduction.  As expected, we identified a competitive 

exclusion of   -actinin and EPLIN away from the AJs to the cytoplasm of Scr cells (Figs 

4C-4D).  In shF cells, the -actinin and EPLIN distribution overlapped with the cell-cell 

margins, which is similar to their distribution in AJs of normal epithelial cell.  Fascin1 also 

displaced -actinin away from focal adhesions (FAs) of Scr cells (Supplementary Fig 3E). 

However, there was no significant difference in total -actinin protein levels between 

control and fascin1 KD HT-29/19A cells (Supplementary Fig 3E). To quantitatively 

measure the effects of fascin1 on AJ actin dynamics, we transfected HT-29/19A-Scr and 

shF cells with mCherry-Lifeact (Fig 4E). As expected, kymographs revealed greater 

movement and greater velocity of movement of F-actin at the AJs of Scr cells compared 

to shF cells.  To directly measure the effect of fascin1 KD on AJ mechanotransduction, 

we evaluated the association of vinculin with the AJs and the association of vinculin with 

-catenin.(Seddiki et al., 2018) In normal epithelial cells, -catenin is a key 

mechanosensor and monomeric -catenin (M) couples the E-cadherin--catenin 

complex to the actin cytoskeleton and recruits vinculin to reinforce the AJ stability while 

the -catenin that dissociates from the cadherin-catenin complex homodimerizes 

(D).(Desai et al., 2013; Seddiki et al., 2018; Yao et al., 2014) In this manner -catenin 

and vinculin function as major mechanosensors that transmit the force of actomyosin 
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contractility to the E-cadherin--catenin complex.(Fernandez-Sanchez et al., 2015; 

Przybyla et al., 2016; Yonemura et al., 2010)  While significant displacement of vinculin 

away from AJs (apical) and FAs (basal) to the cytoplasm was observed in HT-29/19A-Scr 

cells, fascin1 KD in HT-29/19A-shF cells restored vinculin localization to these cell 

adhesion sites which is similar to vinculin’s distribution in normal epithelial cells (Fig 4F; 

Supplementary Fig 3E).(le Duc et al., 2010) There was no significant difference in total 

vinculin protein levels between Scr and shF cells (Supplementary Fig 3E).  Quantitative 

co-immunoprecipitation (IP) assay with an antibody that specifically immunoprecipitates 

monomeric -catenin revealed that fascin1 knockdown also resulted in higher levels of 

vinculin in complex with-catenin (Fig 4F).   

 

Fascin1 activates Wnt signaling in BRAFV600E mutant CRC cells to drive primary 

and secondary tumor growth. We reasoned that by remodeling BRAFV600E CRC cell AJ 

mechanotransduction, fascin1 could drive oncogenic Wnt activation.  Indeed, subcellular 

fractionation showed that fascin1 KD significantly inhibited the nuclear accumulation of -

catenin (60.2%, n=3, p<0.001), and caused a redistribution of -catenin from the nucleus 

and cytoplasm to the cell-cell margins and the AJs without impacting total -catenin or E-

cadherin protein levels (Fig 5A, Supplementary Figs 4A). Most notably, re-expression of 

EGFP-Fascin1 in the fascin1 KD shF cells resulted in the redistribution of -catenin from 

the cell-cell margins and AJs back to the nucleus (Fig 5A) validating fascin1’s direct role 

in nuclear accumulation of -catenin.  Actively invading Scr cell tumor spheroids 

confirmed significant nuclear accumulation of -catenin (Fig 5B). Nuclear accumulation 

of -catenin was also identified in MDCK cells overexpressing EGFP-Fascin1 
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(Supplementary Fig 4B).  Likewise in the CRC patient cohort we identified tumors that 

were positive for both high fascin1 protein expression (score 2-3) and widespread (score 

2) accumulation of nuclear -catenin validating the pathophysiological significance of this 

function of fascin1 (Fig 5C).   

Fascin1 KD in mutant BRAFV600E CRC cells also resulted in reduced expression of Wnt 

target genes including the marker for stemness, CD44  and the ECM remodeling proteins, 

matrix metalloproteinases, MMP7 and MMP9 (Fig 5D). Reduced Wnt activation was 

confirmed by chromatin immunoprecipitation (ChIP-PCR) assay with the -catenin 

antibody (Supplementary Fig 4C). Fascin1’s function as a driver of Wnt activation was 

validated with the Super8x TOP-Flash luciferase TCF-LEF reporter assay 

(Supplementary Fig 4D).  The reduction of Wnt activation induced by fascin1 KD was also 

accompanied by significant changes in epithelial cell behavior, including reduced 

anchorage-independent growth (Fig 5E), restoration of TJ morphology (Fig 5F), and 

contact inhibition-mediated growth inhibition (Fig 5F).  Loss of contact inhibition was 

phenocopied in fascin1 KD shF cells overexpressing EGFP-Fascin1 cells 

(Supplementary Fig 5A) and in MDCK cells overexpressing EGFP-Fascin1 

(Supplementary Fig 5B). Conversely, fascin1 KD in the KRAS mutant and wild type BRAF  

HCT-116 cells restored contact inhibition mediated growth inhibition validating this 

function of fascin1 is also not cell-type specific (Supplementary Figs 5C).   

Next, we assessed the effects of fascin1 KD on primary and secondary tumor growth of 

BRAFV600E mutant CRC cells in vivo. Fascin1 KD significantly reduced primary tumor 

weight compared to control cells (Fig 6A; p<0.01, n=6) and reduced the number of actively 

proliferating tumor cells (Supplementary Fig 6A). More importantly, fascin1 KD induced a 
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re-localization of total and active (NP) -catenin from the nucleus and cytoplasm to the 

cell membrane (Figs 6B-6C, respectively). We used the active (NP) -catenin antibody to 

ascertain if the cytoplasmic -catenin in these tumors is active.  Most remarkably, in this 

in vivo model system, we validated the role of fascin1 in remodeling cell-cell junctions to 

assemble TM-like intercellular links (Fig 6D).  Fascin1 KD also significantly reduced 

secondary tumor growth in mice (Fig 6E; p<0.01, n=8) and prevented the cytoplasmic 

and nuclear accumulation of total and active-catenin (Fig 6E).  Fascin1 KD also reduced 

CRC cell metastasis in a zebrafish embryo metastasis assay (Supplementary Fig 6B) 

validating this as a conserved function of fascin1. 

 

In CRCs fascin1 expression is linked to the E/M metastable state.  Since fascin1 

remodels AJ mechanotransduction, we postulated that fascin1 could also influence 

signals regulating epithelial-to-mesenchymal transition (EMT). Analysis of RNA-Seq data 

from CRCs profiled by the TCGA consortium, revealed a significant inverse correlation 

between mRNA expression of fascin1 and the epithelial phenotype stability factors (PSFs) 

OVOL1 and GRHL2 (Fig 7A) and conversely, a significant positive correlation with the 

metastable markers SNAI1/2/3.(Jolly et al., 2016)  The modest inverse correlation of 

fascin1 with OVOL and GRHL2 suggests dampening of epithelial characteristics but not 

complete EMT and the positive correlation with SNAI suggests stabilization of the E/M 

state.   We also identified a significant positive correlation between fascin1 and ZEB1/2 

expression.  Since stromal cells (e.g. fibroblasts) also express fascin1 and ZEB1/2 

proteins, we also performed these analyses in RNA-Seq data obtained from 61 CRC cell 

lines, which revealed similar findings confirming these changes were tumor intrinsic  (Fig 
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7B). Previously, it has been reported that in a mutant Apc model of CRC, fascin1 is 

upregulated in intestinal tumors which is consistent with induction of fascin1 expression 

in CRCs.(Hashimoto et al., 2006; Schoumacher et al., 2014) Based on that we elected 

also to examine the expression of these TFs in the normal mucosa and intestinal tumors 

derived from mutant Apc mice.  These studies revealed a significant upregulation of 

fascin1 and Snai3 mRNA in intestinal tumors but no change in the levels of Ovol1, Grhl2 

or Zeb1/2 (Supplementary Fig 6C).  

 

Fascin1 promotes collective cell migration.  As collective cell migration is a hallmark 

of the hybrid E/M metastable state, we assessed the role of fascin1 in a wound-closure 

assay. As expected, fascin1 overexpression significantly increased cell migration rates in 

MDCK cells (Supplementary Videos 3-4; Fig 7C).  We identified three groups of migrating 

EGFP-Fascin1 cells that we refer to as loose, edge and bulk, which migrated at different 

speeds and with different patterns (Supplementary Video 3-4; Supplementary Table 1; 

Figs 7D-7E).  Loose and edge cells migrated using TM-like structures connecting the 

back of a leading cell with the front of a follower cell (Supplementary Videos 3-4, 

Supplementary Fig 7A). By measuring the area of migrating bulk cells, it is clear that 

migrating bulk cells also remodel cell-cell adhesions (Supplementary Videos 3 and 4; 

Supplementary Fig 7B).  Moreover, while control MDCK cells migrated as a sheet of tightly 

adherent cells, fascin1 overexpressing MDCK cells displayed large gaps within the 

migrating cell clusters, indicative of increased tension at cell-cell adhesion sites and 

continuous AJ remodeling during cell migration (Supplementary Videos 3 and 4; 

Supplementary Fig 7D). Additionally, we made the striking finding that fascin1 
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overexpressing loose cells display significantly more backwards migration events in the 

direction opposite from the wound edge, which were quantitatively measured by the 

shape metrics (Supplementary Video 4; Figs 7D-7E, Supplementary Fig 7C, 

Supplementary Table 2). Based on the analysis of X and XY (radial) coordinates, the 

backwards migration of EGFP-Fascin1 cells was significantly different from the consistent 

forward migration of MDCK-EGFP cells.   Villin1 is an actin bundling protein that 

assembles filopodia and increases intestinal cell migration rates in normal intestinal 

epithelium.(George et al., 2013)  However, MDCK cells overexpressing EGFP-Villin1 

migrated unidirectionally as a sheet of tightly adherent cells underscoring this unique 

behavior of fascin1 overexpressing cells (Supplementary Video 5).   

 

Discussion 

Even though fascin1 has been identified as a driver and prognostic marker of metastatic 

CRCs a systematic characterization of fascin1 function in the etiology of CRCs is 

lacking.(Ristic et al., 2021) Fascin1 expression is very significantly upregulated in SSLs 

and fascin1 has been identified as a potential biomarker of SSLs.(Ashktorab et al., 2019; 

Kanth et al., 2019; Kanth et al., 2016). A careful evaluation of multi-omic data presented 

in a recent study by Chen et al revealed that fascin1 mRNA is significantly upregulated in 

serrated but not conventional colorectal polyps.(Chen et al., 2021)  Almost a decade ago, 

Conesa-Zamora et al reported that fascin1 was one of two genes that was differentially 

expressed in serrated adenocarcinomas compared to conventional carcinomas.(Conesa-

Zamora et al., 2013) More notably, the authors reported a worse prognosis for fascin1 

expressing serrated adenocarcinomas which is in agreement with other reports of fascin1 
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upregulation in CRCs.(Conesa-Zamora et al., 2013; Hashimoto et al., 2006) Despite this 

strong association of fascin1 with serrated pathway carcinogenesis, the functional 

characterization of fascin1 in the progression of serrated pathway carcinomas has not 

been directly investigated.  Conesa-Zamora et al also reported that fascin1 upregulation 

was statistically associated with KRAS mutation.(Conesa-Zamora et al., 2013) Our results 

are in agreement with those of Conesa-Zamora et al that fascin1 is upregulated in 

serrated carcinomas additionally, we show that fascin1 expression is statistically 

associated with BRAFV600E mutation.  Previously, BRAFV600E mutation was  shown to drive 

dedifferentiation and our study shows that indeed fascin1 upregulation in CRCs positively 

correlates with tumor dedifferentiation.(Herr et al., 2015; Reischmann et al., 2020) While 

the underlying genes that drive serrated pathway carcinogenesis and the molecular 

changes that are required for metastatic progression of SSLs remain poorly defined, 

upregulation of genes involved in matrix remodeling, cell migration/invasion and EMT are 

all  implicated.(De Sousa et al., 2013) Here we identify, for the first time, a direct role for 

fascin1 in Wnt activation and an upregulation of Wnt target genes associated with ECM 

remodeling  such as MMP-7 and MMP-9.(Lin et al., 2021) Additionally, our studies identify 

fascin1’s function in BRAFV600E CRC cell migration and invasion as well as the association 

of fascin1 with hybrid EMT. These canonical and non-canonical functions of function1 in 

underscore the pivotal role of fascin1 in serrated pathway carcinogenesis.  Little is known 

about the molecular events driving the initiation and progression of BRAFV600E-mutant 

CRCs although BRAFV600E mutation is linked to AJ and TJ remodeling.(Conesa-Zamora 

et al., 2013; Herr et al., 2015)  Here we show that in BRAFV600E CRC cells, AJ and TJ 

remodeling is phenocopied by fascin1 upregulation and we identify fascin1 as a major 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.14.496198doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.14.496198


driver of this BRAFV600E-mutant CRC phenotype.(Herr et al., 2015)  Fascin1’s 

upregulation in SSLs and in serrated/BRAFV600E CRCs together with its direct role in Wnt 

activation suggests that in the serrated pathway, fascin1 could regulate both tumor 

initiation and progression. Our hypothesis is supported by a previous report where 

constitutive expression of fascin1 in the intestinal epithelium in the Apc-mutated mouse 

background was shown to significantly decrease survival and increase tumor burden 

providing evidence that fascin1 regulates intestinal tumor initiation.(Schoumacher et al., 

2014) 

 In this study, we demonstrate for the first time a direct role for fascin1 in the assembly of 

remodeled cell-cell junctions that resemble TMs. We show that these TM-like structures 

contain E-cadherin and -catenin, which suggests that the origins of these structures is 

similar to epithelial protrusions that assemble and/or repair AJs.(Li et al., 2020) These 

findings also indicate that when upregulated in BRAFV600E CRC cells fascin1 appropriates 

this molecular machinery to construct TM-like remodeled cell-cell junctions. We show that 

in BRAFV600E CRC cells these TM-like structures share many structural and functional 

similarities with protrusions associated with TNTs, neuronal growth cones and TMs such 

as their morphology, their inclusion of tubulin and organelles, and their ability to hover 

over cell surfaces while connecting distant cells.(Osswald et al., 2015; Rustom et al., 

2004) The most significant difference that makes these remodeled cell-cell junctions more 

TM-like is their longer lifespan as seen in MDCK EGFP-Fascin1 cells (>60 min) and in 

primary tumors in mice.  Unlike its distribution in migrating cells and more like its 

distribution in growth cones, fascin1 localizes to the lamellipodia- and filopodia-like 

protrusions of the remodeled cell-cell junctions.(Cohan et al., 2001)  TNTs are thought to 
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correspond to invadopodia in vivo and TMs in vivo have been shown to regulate tumor 

cell migration/invasion but also tumor proliferation and radioresistance.(Naphade et al., 

2015; Osswald et al., 2015) While these TM-like structures remain to be identified in 

serrated pathway CRCs, we hypothesize that this property of fascin1 implicates it in 

BRAFV600E CRC invasion, proliferation and chemoresistance and underscores fascin1’s 

impact on the pathogenesis of the serrated pathway cancers.  We speculate that these 

TM-like structures could also have other functions e.g. as conduits for cell signaling 

allowing cells at the invasive front and the tumor center to communicate directly, or to 

function like cytonemes to traffic morphogens and to generate morphogen gradients. 

Since stromal cells also expression fascin1, morphogen trafficking between the stromal 

and tumor cells can be envisioned.  We speculate that such properties of remodeled TM-

like cell-cell junctions could influence CRC tumor heterogeneity. Tumor heterogeneity is 

responsible for the failure of most cancer therapies and this may be the molecular basis 

for fascin1’s association with treatment-refractory CRCs. 

Our study shows that in BRAFV600E CRC cells, fascin1 regulates the competitive exclusion 

of three major AJ associated mechanosensors namely, -actinin, EPLIN, and vinculin.   

Fascin1 and -actinin form actin bundles with very different inter-filament spacing, 8 nm 

versus 35 nm, respectively.(Winkelman et al., 2016)  We propose that in BRAFV600E CRC 

cells, the tightly packed actin bundles formed by fascin1 exclude non-muscle myosin II 

(NMII) and this could be the molecular basis for the segregation of the two proteins in the 

AJ associated actin cytoskeleton. Both fascin1 and -actinin assemble stable actin 

networks but when these structures are mixed together they form unstable structures 

because -actinin crosslinks impose unfavorable and energetically costly defects in 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.14.496198doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.14.496198


hexagonally packed structures formed by fascin1 and vice versa.(Freedman et al., 2019)  

We propose that such energetically costly defects in fascin1 expressing BRAFV600E CRC 

cells likely remodel AJ actin dynamics and increase AJ plasticity. More importantly, we 

demonstrate unequivocally that in   BRAFV600E CRC cells fascin1 KD restores AJ 

morphology and function comparable to normal epithelial cells.   In the quiescent 

epithelium, mechanical strain is sufficient to activate -catenin and cell cycle re-

entry.(Benham-Pyle et al., 2015; Fernandez-Sanchez et al., 2015; Roper et al., 2018) We 

propose that the profound changes in AJ actin cytoskeleton and AJ mechanotransduction 

regulated by fascin1 are sufficient for aberrant Wnt activation in the serrated pathway. 

Despite a high prevalence in CRCs, ectopic expression of an oncogenic BRAFV600E 

mutant transgene in mice promotes senescence or differentiation of intestinal stem 

cells.(Riemer et al., 2015; Tong et al., 2017) However, elevated Wnt signaling can rescue 

the stem cell loss in BRAFV600E mutant mice to drive serrated pathway 

carcinogenesis.(Reischmann et al., 2020; Riemer et al., 2015; Tong et al., 2017) We 

hypothesize that this may be the molecular significance of aberrant Wnt signaling in SSLs 

and in serrated pathway CRCs.  Based on that we propose that fascin1 upregulation in 

SSLs and serrated pathway CRCs contributes to oncogenic transformation after 

BRAFV600E activation by directly activating Wnt signaling. We propose that such 

coordination of aberrant Wnt signaling by fascin1 with BRAFV600E activation regulates 

CRC initiation and progression. Mechanical cues can initiate tumor-like gene expression 

pattern in pre-neoplastic tissues of the Apc mutant mice.(Whitehead et al., 2008) This 

suggests that in patients with mutant APC, colon epithelial cells are hypersensitive to 

mechanical perturbations.  A similar function for mutant APC could also explain why the 
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conditional expression of fascin1 in mutant Apc mice promotes both tumor initiation and 

progression.(Schoumacher et al., 2014)  It may be noted that even in the absence of 

conditional fascin1 expression in the mutant Apc mice, endogenous fascin1  expression 

in this mouse model of CRC has been reported previously and is validated by us here 

(Supplementary Fig 6C).(Schoumacher et al., 2014)  In intestinal organoids BRAFV600E 

mutation induces transient proliferation, inhibits epithelial organization but eventually 

leads to the disintegration of the organoid.(Reischmann et al., 2020)  However, Apc 

deletion in these organoids prevents their disintegration and confers growth factor 

independence suggesting a cooperation between BRAFV600E and mutant Apc 

signaling.(Reischmann et al., 2020)  In the study of Conesa-Zamora et al fascin1 

expression was observed in 88.6% of serrated adenocarcinomas but also in 14.3% of 

conventional carcinomas.(Conesa-Zamora et al., 2013) Our study shows that one-third 

of all CRCs express fascin1, which allows us to speculate that even in the presence of 

mutant APC, fascin1 may be the driver of aggressive, metastatic CRCs and an important 

regulator of oncogenic Wnt signaling.  One previous study has shown that in CRC cells 

fascin1 is itself a target of -catenin-TCF signaling.(Vignjevic et al., 2007) While we did 

not see a similar effect of Wnt signaling on fascin1 expression, a feedback mechanism 

between Wnt and fascin1 is possible.   Targeted Wnt therapies for the treatment of CRCs 

have been unsuccessful due to the pleiotropic effects of Wnt. Most of these drugs also 

target ligand-receptor Wnt signaling, a likely factor in their ineffectiveness.  The fascin1 

knockout mice do not have any major defects, and since fascin1 is absent from the normal 

colon, we propose that fascin1 is a potential therapeutic target to prevent aberrant Wnt 

activation in serrated/BRAFV600E CRCs.  
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The expression of TFs such as OVOL and ZEB and OVOL and SNAI induce the hybrid 

E/M metastable state.(Jia et al., 2017) Our study reveals that fascin1 expression in CRCs 

is linked to the hybrid E/M state.  Even in the mutant Apc mouse model, we found fascin1 

upregulation associated with a hybrid E/M phenotype.  While we predict that the majority 

of carcinomas expressing fascin1 will have an E/M phenotype, some fascin1 expressing 

cancers could reflect a complete phenotypic transition to M due to rewiring of EMT 

regulatory networks and/or differences in epigenetic reprogramming.  Fascin1 expressing 

CRC cells migrate collectively using TM-like remodeled cell-cell connections which could 

function in vivo as guidance cues.  This is supported by the knowledge that similar AJ 

elongation during morphogenesis provides directional cues.(Niewiadomska et al., 1999) 

We also interpret this as reactivation of embryonic cell migration patterns in BRAFV600E-

mutated CRCs.  We predict that TM-like structures provide BRAFV600E CRCs with an 

advantage when responding to external cues by rapidly remodeling AJs allowing CRC 

cells to switch between more closely or more loosely adherent cells leading to successful 

metastasis. Bidirectional migration of leukocyte T cells and vertebrate axon growth cones 

is  regulated by chemoattraction and chemorepulsion.(Poznansky et al., 2000; Vianello 

et al., 2005)   We propose that by facilitating bi-directional migration fascin1 could 

enhance the response of BRAFV600E CRCs to chemoattractants and chemorepellents to 

promote successful tumor metastasis. It is clear that other actin crosslinking proteins like 

villin1, which are also expressed in most CRC cells, cannot fulfill this function. This may 

also explain why fascin1 is upregulated in metastatic CRCs.  In summary, we provide for 

the first time, a functional characterization of fascin1 in serrated neoplasia pathway and 

identify fascin1’s novel role in this pathway that contributes to tumor growth and 
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metastasis. Our study provides a molecular mechanism for aberrant Wnt activation that 

has previously been shown to drive serrated pathway carcinogenesis. We postulate that 

targeting fascin1’s function in AJ remodeling could provide a novel, effective therapeutic 

approach to prevent aggressive, recurrent, treatment refractory, serrated pathway CRCs, 

which could lead to improved patient survival.  
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Figure Legends 

Figure 1. The role of fascin1 in serrated/BRAFV600E CRCs.  (A-B) CRCs were graded 

for fascin1 protein expression and Venn diagram and pie chart show the correlation of 

fascin1 with CRCs and with BRAFV600E-mutant CRCs.  (C) Phase contrast image of HT-

29/19A-Scr and shF cells grown as suspension 48 h tumor spheroids. Scale bar, 25 µm.  

(D) Confocal images of sub confluent HT-29/19A-Scr and HT-29/19A-shF cells show 

distribution of actin (red) and tubulin. Nuclei were counter stained with DAPI. Scale bar, 

50 µm (Scr) and 10 µm (shF). (E) Confocal image of sub confluent HT-29/19A-Scr cells 

shows distribution of actin (magenta), tubulin (red), and fascin1 (green). Nuclei were 

counter stained with DAPI.  Scale bar, 30 µm. (F) Confocal image of HT-29/19A-Scr cells 

shows distribution of actin (red), tubulin (cyan) and E-cadherin (green). Nuclei were 

counter stained with DAPI.  Scale, 10 µm. 

 

Figure 2. Fascin1 remodels AJ assembly in BRAFV600E CRC cells.  (A) Confocal 

image of Scr and shF cells shows distribution of actin (green), E-cadherin (red) and β-

catenin (cyan) as two cells (cell 1 and 2) assemble nAJs.  Arrowheads identify, oblique 

actin bundles, E-cadherin and β-catenin foci (white). Elongated nascent cell-cell junctions 

with or without distal lamellipodia (cyan). bottom panel is a magnification of the boxed 

area.  Scale, 20 µm.  (B) Confocal image of MDCK EGFP-Fascin1 cells shows distribution 

of fascin1 (green) and E-cadherin (red). Scale bar, 20 µm. (C) Confocal image of MDCK 

EGFP-Fascin1 cells shows the distribution of fascin1 (green) and β-catenin (red) during 

nAJ assembly. Bottom panels are magnification of the boxed areas shown above. Scale 

bar, 10 µm.   (D) Confocal image MDCK EGFP-Fascin1 cells shows growth-cone like 
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cellular protrusion during nAJ assembly. Scale bar, 20 µm.  (E) Live confocal 

immunofluorescence of MDCK EGFP-Fascin1 cells labeled with MitoTracker-Red and 

LysoTracker Red show the presence of functional mitochondria and lysosomes in these 

elongated nascent AJs. Asterisks highlight mitochondria and lysosomes, respectively. 

Scale bar, 10 µm. 

 

Figure 3: Fascin1 assembles tumor microtube-like elongated cell-cell junctions. (A) 

Confocal immunofluorescence z-stacks (xy images;1 µm each from (a) to (f)) show the 

distribution of fascin1 (green) and actin (red) in confluent MDCK EGFP-Fascin1 cells.  

Arrowhead identifies TM-like intercellular junctions connecting cell 1 to cell 6.  Scale bar, 

15 m.  (B) Live confocal immunofluorescence z stacks (xy images; 1 m) of MDCK 

EGFP-Fascin1 cells show TM-like cell-cell junction suspended over the confluent 

monolayer. Scale bar, 25 m. (C) Phase contrast images show clusters of MDCK EGFP 

and MDCK EGFP-Fascin1 cells at time 0 and at 17.5 h post-treatment with HGF. Scale 

bar, 20 m.  (D) Correlation of   TM-like remodeled cell-cell junction length (m) and 

lifespan (hrs) in HGF treated MDCK EGFP and MDCK EGFP-Fascin1.   

 

Figure 4. Fascin1 remodels AJ associated actin cytoskeleton in BRAFV600E CRC 

cells. (A) Confocal microscopy shows the distribution of actin (red) and E-cadherin 

(green) at the AJs (Top) and lateral junctions (Middle) of HT-29/19A-Scr and shF cells. 

Nuclei were counter stained with DAPI.  Plot profiles were generated by measuring the 

distribution of actin and E-cadherin in ROI highlighted by a white line, 10 m long.  Scale, 

10 m.  (B) Virtual Channel confocal microscopy shows the AJ associated actin (red), 
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fascin1 (green) and -actinin (cyan) in Scr cells. Scale bar, 10 m.  (C) Confocal 

immunofluorescence of HT-29/19A-Scr and shF cells show the distribution of E-cadherin 

(green) and -actinin (red) at the AJs. Nuclei were counter stained with DAPI. Plot profiles 

were generated by measuring the distribution of E-cadherin and -actinin in ROI 

highlighted by a white line, 10 m long.  Scale bar, 10 m.  (D) Virtual Channel confocal 

immunofluorescence of HT-29/19A-Scr and shF cells shows distribution of actin (red), E-

cadherin (cyan), and EPLIN (green) at the AJs. Nuclei were counter stained with DAPI.  

Plot profiles were generated by measuring the distribution of EPLIN and actin in ROI 

highlighted by a white line, 10 m long.  Scale bar, 10 m.  (E) Live cell imaging of HT-

29/19A-Scr and shF cells stably expressing mCherry-Lifeact. Nuclei were counter stained 

with Hoechst. Scale bar, 5m.  Kymograph analysis of mCherry-Lifeact at AJs of Scr and 

shF cells measured at two ROI (labeled 1 and 2, 10 m each) shows difference in speed 

(m/min) of migration and distance (m/min) moved by AJ-associated F-actin in Scr and 

shF cells. Asterisk (****) denotes p<0.001, n=6. (F) Confocal images of Scr and shF cells 

show xz distribution of vinculin (green) and actin (red). Nuclei were counter stained with 

DAPI.   Scale bar, 10 m. Accumulation of cytoplasmic vinculin in Scr and shF cells was 

measured from three independent experiments (***) denotes p<0.001, n=3. Scr and shF 

cell lysates were immunoprecipitated with -catenin antibody and immunoblotted with 

vinculin antibodies.    Asterisks (*) denote as follows:  *** denotes p<0.001, n=3 and **** 

p<0.0001, n=3.   

Figure 5. Fascin1 activates Wnt signaling. (A) Confocal immunofluorescence of HT-

29/19A-Scr, shF and shF expressing Fascin1 shows the distribution of total -catenin 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.14.496198doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.14.496198


(green). Nuclei were counter stained with DAPI. Scale bar, 10 m.  Subcellular 

fractionation assays were performed to quantify the distribution of -catenin in the nuclear 

(N), cytoplasmic (C) and whole cell (WC) lysate fractions. Asterisk (****) denotes 

p<0.0001, n=3.  (B) Phase contrast image shows actively invading Scr cell tumor 

spheroids at day 0 and at the end of day 8. Confocal images show the distribution of 

fascin1 (green) and -catenin (red) in actively invading Scr cell tumor spheroids. Nuclei 

were counter stained with DAPI.  Right panels (i) and (ii) are magnifications of the boxed 

areas labelled (i) and (ii). (C) Immunohistochemistry in paired panels show fascin1 and 

widespread nuclear -catenin accumulation in the same colorectal tumor.   Arrowheads 

highlight widespread accumulation of nuclear -catenin in high fascin1 expressing 

tumors.  (D) Quantitative RT-PCR for Wnt target genes using total cellular mRNA 

extracted from Scr and shF cells. Asterisks (*) denote as follows: * p<0.05, ** p<0.01, *** 

p<0.001 (n=6). (E) Phase contrast image of anchorage-independent colonies of HT-

29/19A-Scr and shF cells.  Asterisk (*) denotes p<0.05, n=3. (F)  Confocal 

immunofluorescence shows xz distribution of ZO-1 (green) and actin (red) (left panels) 

and xz distribution of actin (red) and Ki67 (green; right panels) in Scr and shF cells.  Nuclei 

were counter stained with DAPI.  Asterisk (***) denotes p<0.001, n=3.   

 

Figure 6. Fascin1 activates Wnt signaling in BRAFV600E mutant CRC cells to drive 

primary and secondary tumor growth in mice.  (A) IVIS imaging of NSG mice injected 

subcutaneously with BRAFV600E mutant HT-29/19A-Scr and shF cells.  Fascin1 KD 

significantly decreased primary tumor weight. Asterisk (**) denotes p<0.001, n=6.    (B) 

Confocal immunofluorescence shows distribution of total -catenin in primary tumors of 
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mice injected with Scr and shF cells. Nuclei were counter stained with DAPI.  Scale bar, 

10 m.  (C) Immunohistochemistry shows distribution of active (NP) β-catenin in primary 

tumors from mice injected with BRAFV600E mutant HT-29/19A-Scr or shF cells. Yellow 

arrowheads label nuclear accumulation of active -catenin.  (D)  Confocal image of 

primary tumor from Scr injected mice shows TM like remodeled AJs and the distribution 

of actin (red) and fascin1 (green) in these remodeled cell-cell junctions (arrowhead). 

Nuclei  were  counter stained with DAPI.  Right panel is a magnification of the boxed area.   

(E) Secondary tumor growth in liver of mice injected with Scr or shF cells. Asterisk (**) 

denotes p<0.0.001, n=8.  Immunohistochemistry   of secondary tumors from mice injected 

with Scr and shF cells shows distribution of fascin1, total -catenin and active (NP) -

catenin in tumor (T) and surrounding normal (N) tissue.  White arrowheads identify 

nuclear accumulation of -catenin. 

 

Figure 7. Upregulation of fascin1 expression correlates with a hybrid E/M 

metastable state. (A-B) Correlation analysis of mRNA expression levels of fascin1 with 

epithelial (OVOL1, OVOL2 and GRHL2), mesenchymal (ZEB1 and ZEB2), and E/M 

stability markers (SNAIL1, SNAIL2, SNAIL3) in (A) CRCs,  n=273, and (B) CRC cell lines, 

n=61. (C) Phase contrast image of scratch wound of MDCK control cells expressing 

EGFP or overexpressing EGFP-Fascin1. Cells identified by our tracking method are 

shown in green (bulk), red (edge) or blue (loose). Scale bar, 50 m. See methods for 

description of group classifications. Quantification of instantaneous migration speeds are 

shown as mean (x̄) ± SD. P-value from Mann-Whitney U test comparing MDCK EGFP 

and MDCK EGFP-Fascin1 cells. (D) Quantification of instantaneous migration velocity in 
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X coordinates only and in XY-radial coordinates. Instantaneous migration velocity 

frequencies in XY-radial coordinates. (E) Instantaneous velocity-angle histograms of 

migrating MDCK EGFP and MDCK EGFP-Fascin1 bulk, edge, and loose cell clusters.   

 

Supplementary Figure 1.  (A) Fascin1expression increases significantly with increasing 

tumor grade (G1>G2>G3, **p<0.01, n=270). 

 

Supplementary Figure 2. (A) Endogenous fascin1 expression in HT-29/19A-Scr and HT-

29/19A-shF cells and ectopic overexpression of EGFP-Fascin1 in HT-29/19A-shF cells. 

Tubulin was used as a loading control. This immunoblot is a representative of at least 

three independent experiments with similar findings.   (B) Confocal immunofluorescence 

shows distribution of F-actin (red), tubulin (green) and fascin1 (magenta) in nAJs of Scr 

cells. Nuclei were counter stained with DAPI.  Scale bar, 30 m.  (C) Phase contrast 

image of HT-29/19A-Scr and shF cells. Scale bar, 10 m.  Rate of elongated nAJ 

assembly was measured in HT-29/19A-Scr and shF cells. Data are presented as mean ± 

S.E.M.; Students’s t-test.  Asterisk (***) denotes p<0.001, n=10 fields/group and >300 

cells/group. (D) Phase contrast image of HT-29/19A-Scr cells.  Scale bar, 10 m.  Rate 

of elongated nAJ assembly was measured in Scr cells 48 h post-treatment with vehicle 

control (DMSO), cytochalasin B (250 nM), or colchicine (1 mM). Data are presented as 

mean ± S.E.M.; Students’s t-test.  Asterisk (***) denotes p<0.001, n=10 fields/group and 

>300 cells/group.  Asterisk (****) denotes p<0.0001, n=10 fields/group and >300 

cells/group.  (E) Ectopic overexpression of EGFP-Fascin1 in MDCK cells. Tubulin was 

used as a loading control. 
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Supplementary Figure 3. (A) Immunoblot shows ectopic overexpression of EGFP and 

EGFP-fascin1 in HT-29 cells, a BRAFV600E CRC cell line that lacks endogenous fascin1 

protein. Tubulin was used as a loading control.  This immunoblot is a representative of at 

least three independent experiments with similar findings. (B) Confocal 

immunofluorescence of HT-29 EGFP and HT-29 EGFP-Fascin1 cells shows distribution 

of AJ associated actin (red) and EGFP (green). Nuclei were counter stained with DAPI. 

Scale bar, 10 m.  (C) Confocal image of MDCK EGFP and MDCK EGFP-Fascin1 cells 

shows distribution of AJ associated actin (red) and EGFP (green). Nuclei were counter 

stained with DAPI. Scale bar, 10 m.  (D) Confocal image of shF cells overexpressing 

EGFP or EGFP-Fascin1 shows distribution of AJ associated actin (red) and EGFP 

(green). Scale bar, 10 m.  (E) Confocal image shows the distribution of focal adhesion 

associated actin (red), -actinin (green) and vinculin (green) in Scr and shF cells. Right 

panels are magnifications of the boxed areas.  Immunoblot shows total vinculin, fascin1 

and actinin levels in Scr and shF cells. Tubulin was used as a loading control. This 

immunoblot is a representative of at least three independent experiments with similar 

findings. 

 

Supplementary Figure 4. (A) Immunoblot shows total E-cadherin and -catenin levels 

in Scr and shF cells. Tubulin was used as a loading control.  This immunoblot is a 

representative of at least three independent experiments with similar findings.   (B) 

Confocal immunofluorescence z-stack of MDCK EGFP-Fascin1 cells shows distribution 

of fascin1 and -catenin. Nuclei were counter stained with DAPI. Scale bar, 20 m.  Data 
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obtained from n = 10 fields/group, and >15 cells/group. (C) ChIP-qPCR with -catenin 

antibody and cell lysates from HT-29/19A-Scr and shF cells. ChIP with IgG and negative 

control primers against a region of MMP9 were used as control. Data are representative 

of n=3 biological replicates, mean ± S.E.M.; Student’s t-test.  Asterisk (*) denotes *p<0.05, 

n=3. NS, not significant, (D) Wnt signaling activity in BRAFV600E mutant HT-29/19A-Scr 

and shF cells was monitored using TOPFlash luciferase reporter assay.  Data are shown 

as mean ± S.E.M., Student’s t-test. Asterisk (*) denotes p<0.01, n=3. 

 

Supplementary Figure 5. (A) Confocal image of shF EGFP and shF EGFP-Fascin1 cells 

shows xz distribution of actin (red) and EGFP (green). Nuclei were counter stained with 

DAPI. Scale bar, 10 m. (B) Confocal image of MDCK EGFP and MDCK EGFP-Fascin1 

cells shows xz distribution of actin (red) and EGFP (green). Nuclei were counter stained 

with DAPI. Scale bar, 10 m. (C) Confocal image shows xz distribution of actin (red) in 

HCT-116 expressing scrambled shRNAs (Scr) and HCT-116 cells transduced with 

shRNAs to KD fascin1 (shF cells). Nuclei were counter stained with DAPI. Scale bar, 10 

m.  Immunoblot shows total fascin1 levels in HCT-116 cells expressing scrambled 

shRNA (Scr) and HCT-116 with fascin1 KD using fascin1 specific shRNA (shF). Actin was 

used as a loading control.  This immunoblot is a representative of at least three 

independent experiments with similar findings.   

 

Supplementary figure 6. (A)  Confocal immunofluorescence of primary tumors from 

mice injected with Scr or shF cells labeled for cell proliferation (Ki67, green) and apoptosis 

(cleaved caspase-3, red). Nuclei were counter stained with DAPI. Scale bar, 10 m.  (B) 
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Scr and shF cells labeled with dye (red) injected into 2-day old zebrafish embryos and 

metastasis scored for 72 h post-injection. This is a representative of three independent 

experiments with similar findings. (C) Analysis of mRNA expression levels of fascin1; 

(OVOL1 and GRHL2), mesenchymal (ZEB1 and ZEB2), and E/M stability markers 

(SNAIL1, SNAIL2, SNAIL3) in intestinal tumors and normal intestinal tissue from mutant 

Apc mice.  Asterisks denote the following: **p<0.001, n=5 and ****p<0.0001, n=5.   

 

Supplementary figure 7 (A) Phase contrast microscopy shows TM-like long intercellular 

junction connecting two migrating MDCK EGFP-Fascin1 loose cells. Arrowheads 

indicates the TM-like structure.  (B) Total area (m2) covered by ‘bulk’ cells was measured 

in migrating MDCK EGFP and MDCK EGFP-Fascin1 cells.  Asterisk (****) denotes 

p<0.0001, n=3. (C) Time lapse phase contrast imaging of MDCK EGFP-Fascin1cells 

captured every 10 min. Start time, 20.30 and finish time, 1:02:40 (D) Large gaps 

(arrowheads) identified in migrating MDCK EGFP-Fascin1 cells.  
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Methods 

Cells and plasmids:  HT-29/19A, HCT-116 and MDCK cells are described by us 

previously.(Mathew et al., 2008; Patnaik et al., 2016) MRC-5, HT-29 cells were purchased 

from American Type Culture Collection (ATCC, Rockville, MD).   Human fascin1 plasmid 

was a kind gift from Dr. Shigeko Yamashiro (Rutgers University, New Brunswick, NJ).  

HT-29/19A and HCT-116 cells were transduced with lentivirus expressing short-hairpin 

RNAs (shRNAs) targeting fascin1 (Sigma-Aldrich, St. Louis, MO). For the rescue 

experiments, EGFP-Fascin1 plasmid without 3’UTR region were overexpressed in HT-

29/19A-shF cells.  EGFP-Fascin1 or EGFP were also overexpressed in HT-29 cells that 

lack endogenous fascin1 protein.  

 

Tumor spheroid culture: Tumor spheroids were generated as described 

previously.(Humtsoe et al., 2012)  Briefly, cells were  grown on standard tissue culture 

dishes to 80% confluence, and re-plated 24 h prior to initiating tumor spheroids. For tumor 

spheroids 1 x106 cells/mL were plated on agarose-coated dishes.  Spheroids were 

imaged using a Nikon Eclipse TE2000-U inverted microscope equipped with a CoolSnap 

ES charge-coupled device (CCD) camera. For hanging drop cultures, 2000 cells in 20 μl 

drops were plated on the inside lids of 10 cm dishes, and the lids were inverted prior to 

incubation.   

 

Immunoblotting: Cell lysates were prepared as described previously.(Wang et al., 2016)  

Briefly, proteins were separated by SDS-PAGE, transferred to nitrocellulose membranes, 
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immunoblotted and detected with ECL. All Western blots are representative of at least 

three independent experiments with similar findings.  

 

Cell migration assay: Migration assay was performed as described previously.(George 

et al., 2013) Briefly, cells were plated on 6-well tissue culture treated dishes and allowed 

to grow to confluency. Upon confluency, the monolayers were wounded with a sterile 

blade. Wells were rinsed with phosphate buffered solution (PBS), and cells were treated 

with MRC-5 conditioned media (diluted in 3 volumes 10% FBS DMEM). Cells were treated 

for 20 h prior to imaging.  

 

Scratch-wound image analysis: For image analysis, cells were identified through a 

series of filters applied to individual images using Python, which produced binary images. 

Adjacent frames were shifted to maximize the total overlap in the binary images and cells 

were assigned to tracks based on maximum overlap. Cells unaccounted for by this 

method were assigned tracks by minimizing the centroid displacement between 

remaining cells. Edge cells were identified as being within 75 μm of the migratory front. 

Loose and bulk cells were identified by their position relative to the migratory front and 

edge cells. Instantaneous centroid velocities were used for further analysis. Cell tracks 

that were detected in a minimum of 10 frames were analyzed.   

 

Cell-cell junction remodeling assay: For mature AJ remodeling assays, 5x104 cells 

were plated in 6-well tissue culture treated dishes and allowed to form small colonies (<40 

cells). The cells were treated with MRC-5 conditioned media, and imaged every 5 
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minutes. Images were taken with a Nikon Eclipse TE2000-U inverted microscope and 

CoolSnap ES CCD camera.  

 

Invasion Assay: For invasion assays, tumor spheroids formed by the hanging drop 

method were isolated 96 hours after suspension culture, and embedded in a Collagen I 

matrix (2mg/mL). The Collagen I matrix was allowed to solidify for 90 minutes prior to 

being overlaid with 10% FBS containing DMEM with 50 ng/mL HGF. Additionally, the 

tumor spheroids were treated with vehicle control (DMSO). The invasion occurred over 8 

days.   

 

Soft agar colony formation assay: First a layer of 0.5% agarose-containing DMEM was 

solidified at the bottom of wells of 6-well dishes to prevent cells from attaching.  Cells 

were mixed into liquid 0.33% agarose at the desired cell numbers and allowed to solidify 

on top of the 0.5% layer.  For HT-29/19A cells 500 cells were used.  Colonies greater 

than 0.05m2 in area were counted. 

 

Mice: NOD-scid IL2Rgammanull mice (NSG) (Jackson Laboratory, Bar Harbor, ME) were 

injected subcutaneously with 2 x 106 Scr and shF cells and intra-splenic with 1x106 Scr 

and shF cells. Three weeks’ post-injection primary and secondary tumors were excised 

and measured.   

 

Zebrafish metastasis assay: Zebrafish (Danio rerio) were reared and maintained at 

28.5oC. Tg(kdrl:EGFP)mitfab692/b692 was generated by crossing Tg(kdrl:EGFP) with 

mitfab692/b692 (Zebrafish International Resource Center, Eugene, OR). 300-500 HT-29/19A 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 17, 2022. ; https://doi.org/10.1101/2022.06.14.496198doi: bioRxiv preprint 

https://doi.org/10.1101/2022.06.14.496198


Scr and HT-29/19A-shF cells labeled with CM-Dil (ThermoFisher) were microinjected into 

yolk sac of 2-day old embryos using a pressure injector (Harvard Apparatus, Holliston, 

MA) and manipulator (MM33-Righ, Märzhäuser Wetzlar, Germany). Embryos and cells 

injected in the yolk were incubated at 34oC and imaged using OLYMPUS IX51 

fluorescence microscope, OLYMPUS XM10 camera and cellSens Dimension software 

(Olympus, Center Valley, PA, USA).    

 

Immunofluorescence and live cell fluorescence microscopy: Confocal images were 

acquired using the Olympus FV2000 inverted confocal microscope. Unless otherwise 

indicated all data were obtained by performing three independent experiments with   n = 

10 fields/group and   >300 cells/group were analyzed each time. Nuclei were counter 

stained with DAPI. Tumor spheroids were studied in three independent experiments with 

10 spheroids per group in each experiment. Plot profiles were generated by measuring 

the distribution of AJ associated proteins in regions of interest (ROI) highlighted by a white 

line, 10 m long.   

 

Chromatin Immunoprecipitation. ChIP was carried out as previously described.(Bado 

et al., 2016) Briefly, cells were fixed with 1.5% paraformaldehyde, lysed, nuclei were 

purified, and then chromatin was sheared by sonification. Immunoprecipitation was carried out 

with β-catenin monoclonal antibody and Protein G magnetic beads (Sigma-Aldrich). For 

PCR, the following primers were used:  
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MMP9:  

F: 5’-CCTCCTTAAAGCCCCCACAA-3’,  

R: 5’-CAGTCCACCCTTGTGCTCTT-3’; 

CCND1: 

F: 5’-CAGAAGAGCGCGAGGGAG-3’,  

R: 5’-ATGGAACACCAGCTCCTGTG; 

 MYC,  

F: 5’-GAGGCGAACACACAACGTCTT-3’, 

R: 5’-CGCAACAAGTCCTCTTCAGAAA-3’ 

 MMP9 negative control, 

F: 5’-GTGGGACCTCAACGTCTGTC-3’, 

R: 5’- CACCACCTCTAAGCACTGACAT-3’. 

Fascin1: 

F: 5’-AGGCGGCCAACGAGAGGAAC-3’ 

R: 5’-ACGATGATGGGGCGGTTGAT’3’ 

CD44: 

F:5’-GCAGTCAACAGTCGAAGAAGG’3’ 

R: 5’-TGTCCTCCACAGCTCCATT-3’ 
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MMP7: 

F:5’-CTTACCTCGGATCGTAGTGG-3’ 

R: 5’-CCCCAACTAACCCTCTTGAAGT-3’ 

AXIN2: 

F:5’-AACCTATGCCCGTTTCCTCTA-3’ 

R:5’-GAGTGTAAAGACTTGGTCCACC-3’ 

TCF1: 

F:5’-CCAGTGTGCACCCTTCCTAT-3’ 

R:5’-AGCCCCACAGAGAAACTGAA-3’ 

 

Promoter reporter assays. Promoter reporter assays. Cells were transfected in 24-

well dishes using Lipofectamine 2000 (ThermoFisher) with β-catenin reporter Super 8X 

TOPFlash and pSV-β-Galactosidase control vector. All cells were lysed approximately 24 

hours post-transfection, and luciferase activity was measured with Luciferase Assay 

(Promega, Madison, Wisconsin, USA) and β-Galactosidase with chlorophenol red-β-D-

galactopyranoside (CPRG). Reporter activity was normalized to β-Galactosidase activity. 

24 hours’ post-transfection, cells were treated with DMSO, 20µM G2, or 100µM G2 for 24 

hours. Luminescence was quantified with VICTOR Multilabel Plate Reader (PerkinElmer, 

Waltham, MA, USA). 
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Fascin1 and -catenin immunohistochemistry scoring: Patient tumor microarrays 

were immunostained for fascin1 and total -catenin. Fascin1 was scored using the 

method of  Hashimoto et al and -catenin was scored by adapting the method of Hugh et 

al.(Hashimoto et al., 2006; Hugh et al., 1999)  Immunohistology in paired tumor panels 

show expression of fascin1 and -catenin in the same tumor.  

 

Statistical Analysis: Data are expressed as mean ± standard deviation (SD) or ± 

standard error (SE).  Significance was determined by Student’s t-test, Mann-Whitney U 

test, Kuiper’s test, or Watson U2 test.  

 

Study approval: All animal studies were performed in accordance with animal protocols 

approved by the University of Houston Institutional Animal Care and Use Committee. 
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