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Abstract

Normal cells acquire aggressive behavior by modifying signaling pathways. For instance, 

alteration of endocytosis profoundly impacts both proliferation and migration during 

tumorigenesis. Here we investigate the mechanisms that enable the endocytic machinery to 

coordinate these processes. We show that a membrane curvature-sensing protein, endophilin A3, 

promotes growth and migration of colon cancer cells through two competing mechanisms — an 

endocytosis pathway that is required for proliferation, and a GTPase regulatory pathway that 

controls cell motility. EndoA3 stimulates cell migration by binding the Rac GEF TIAM1 leading 

to activation of small GTPases. Competing interactions of EndoA3 with membrane versus TIAM1 

modulate hyperproliferative and metastatic phenotypes. Disruption of EndoA3-membrane 

interactions stimulates TIAM1 and small GTPases in vitro, and further promotes prometastatic 

phenotypes in vivo. Together, these results uncover a coupling mechanism, by which EndoA3 

promotes growth and migration of colon cancers, by linking membrane dynamics to GTPase 

regulation.

TOC Graphic

*Corresponding authors: Jihong Bai, Ph.D. (Lead Contact), Fred Hutchinson Cancer Research Center, 1100 Fairview Ave. N., Seattle, 
WA 98109, jbai@fredhutch.org, Tel: 206-667-1281, Robert N. Eisenman, Ph.D., Fred Hutchinson Cancer Research Center, 1100 
Fairview Ave. N., Seattle, WA 98109, eisenman@fredhutch.org, Tel: 206-667-4445. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author Contributions
KP, JB, RE, MR, and MC designed the project. KP, TH, AS carried out biochemical experiments and data analysis. KP conducted all 
cell culture experiments. KP, MR, CM designed fish xenotransplantation, MR and KP performed fish xenotransplantation experiments, 
and SA conducted the analysis. SA performed western blot analysis of EndoA3 in tumors. HM and WG helped with mice 
experiments. KP, JB, RE, and MR interpreted data and co-wrote the manuscript. WG, MC, HM, CM provided critical feedback on the 
manuscript.

Declaration of Interests
No competing interests.

HHS Public Access
Author manuscript
Dev Cell. Author manuscript; available in PMC 2019 June 18.

Published in final edited form as:
Dev Cell. 2018 June 18; 45(6): 738–752.e6. doi:10.1016/j.devcel.2018.05.021.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Poudel et al. show that Endophilin A3 (EndoA3) modulates proliferation and migration of 

colorectal cancer cells using two distinct pathways, i.e., EndoA3 facilitates cell proliferation by 

enhancing endocytosis, and it promotes migration by activating TIAM1 and Rac1. Modulation of 

the two pathways tunes tumor progression in vivo.

Introduction

Hyper-proliferation and migration are defining features of malignant tumor cells (Hanahan 

and Weinberg, 2000; Sporn, 1996). Coordination of migration and proliferation enables 

tumors to spread and to establish secondary areas of growth. It has been established that 

cancer cells have the ability to integrate complex signals from neighboring cells (e.g., 
stromal, immune, and vascular cells) for guiding their migration and proliferation. These 

findings highlight the existence of cellular pathways that couple external signals to the 

intrinsic properties of cancer cells. Among these pathways, endocytosis controls signaling, 

adhesion, and nutrient receptors on the cell surface, thereby playing a crucial role in cellular 

communication with the environment. While it is generally accepted that endocytosis is 

altered in cancer cells to enhance their proliferation and metastasis, the identity of endocytic 

proteins and their precise functions in cancer progression remain elusive (Lanzetii and Di 

Fiore, 2017; Mellman and Yarden, 2013; Mosesson et al., 2008).

The endophilin proteins facilitate endocytosis and support cellular signaling (Kjaerulff et al., 

2011). These proteins harbor two functional domains, i.e., a N-terminal BAR (Bin–

Amphiphysin–Rvs) domain that binds membranes in a curvature-dependent manner, and a 

C-terminal SH3 domain that mediates protein-protein interactions (Cestra et al., 1999; 

Farsad and Camilli, 2003). In living cells, endophilin promotes receptor and membrane 

internalization, thus serving as a key component for receptor-mediated signaling events 

(Boucrot et al., 2015; Petrelli et al., 2002; Renard et al., 2015; Soubeyran et al., 2002). 

Endophilin is known for its role in promoting endocytosis in neurons and other types of cells 

(Bai et al., 2010; Boucrot et al., 2015; Gad et al., 2000; Guichet et al., 2002; Milosevic et al., 

2011; Renard et al., 2015; Rikhy et al., 2002; Ringstad et al., 1999; Schuske et al., 2003). 

However, the function of endophilin beyond endocytosis is less explored. Growing evidence 
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suggests that endophilin has a key role in cancer biology (Kjaerulff et al., 2011). For 

example, mutations in endophilin have been linked to cancer progression (Ghosh et al., 

2009; Giordani et al., 2002; Sinha et al., 2008). Moreover, endophilin expression levels and 

phosphorylation are altered in tumors (Aramaki et al., 2005; Bonner et al., 2003; Ghosh et 

al., 2009; Nguyen et al., 2007; Rikova et al., 2007; Sinha et al., 2008; Wu et al., 2005).

The endophilin A family includes three protein isoforms (EndoA1, EndoA2, and EndoA3) 

that are encoded by paralogous genes. All three isoforms have been linked to cancers. 

EndoA1 and EndoA2 are thought to be tumor suppressors because their expression is 

strongly reduced in metastatic tumors (Ghosh et al., 2009; Kjaerulff et al., 2011; Osterberg 

et al., 2009; Yam et al., 2004). However, subcutaneous injection of NIH3T3 cells that 

express EndoA2 leads to tumor formation in nude mice (Lua and Low, 2005). Subsequently, 

it was shown that the tyrosine-protein kinase Src phosphorylates the C-terminus SH3 

domain of EndoA2 to promote degradation of the extracellular matrix (Wu et al., 2005), 

supporting a role of EndoA2 in promoting cancer metastasis. Among the three EndoA 

members, EndoA3 is the least studied isoform. Recently, EndoA3 was linked to cancer 

invasiveness (Delic et al., 2012; Li et al., 2016). In mouse xenografts expressing a 

constitutively active version of the tyrosine kinase receptor Ephrin, EndoA3 was identified 

as a ‘hub’ gene with altered expression levels in invasive colorectal tumors (Li et al., 2016). 

In addition, biochemical data suggest that the C-terminal SH3 domain of EndoA3 directly 

binds MTA1, a protein whose expression directly correlates with the metastatic ability of 

cancer cells (Aramaki et al., 2005). However, because MTA1 is primarily a nuclear protein 

and EndoA3 resides in the cytosol, the biological implications of EndoA3-MTA1 

interactions are currently unclear.

Here, we show that EndoA3 promotes the progression of colon cancers through a 

mechanism involving two competing components. On one hand, EndoA3 facilitates cell 

proliferation by increasing endocytosis. On the other hand, EndoA3 stimulates cell 

migration by binding and activating the Rac GEF TIAM1. These results demonstrate a 

competitive mechanism for EndoA3-membrane and EndoA3-TIAM1 interactions to balance 

cancer growth and migration.

Results

EndoA3 is expressed in human and mouse colon cancers

Increased EndoA3 expression has been linked to poor outcomes in patients with advanced 

colon cancer (Jorissen et al., 2009). To examine the connection between EndoA3 expression 

and human colon cancer, we analyzed tissue microarrays from colon cancer patients using 

immunohistochemistry. Our results identified significant increases in EndoA3-positive areas 

in tumors (~29% of total area) compared to neighboring normal tissue (~9%) (Figure 1A-B). 

To quantify the expression level of EndoA3 on tumor stage, we employed the ‘H’ score 

(Metz et al., 2016), and found that ~20% of stage 1, ~52% of stage 2, and ~64% of stage 3 

tumors have elevated EndoA3 levels (Figure 1C and Supplementary Figure 1B). These data 

indicate that more advanced tumors express EndoA3 at higher levels. To further examine the 

relationship between EndoA3 expression and colon cancer behavior, we performed western 

blotting using tumors derived from mouse models of intestinal cancers (Figure 1D). We 

Poudel et al. Page 3

Dev Cell. Author manuscript; available in PMC 2019 June 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



examined mouse models that have intestinal neoplasms driven by mutated or deleted Apc, 

Tgfbr2 and Kras because these mutant genes can affect the initiation and progression of 

colon neoplasms (Amado et al., 2008; Markowitz et al., 1995; Morin et al., 1997; Sparks et 

al., 1998). These mouse models include mice with: 1) mutations in the Wnt pathway 

secondary to a truncation in one of the alleles of Apc (Apc1638/+) (ATT); 2) Pten and Tgfbr2 
deletions combined in the intestinal epithelium (PPVcTT); 3) Apc truncation in combination 

with Tgfbr2 deletion in the intestinal epithelium (AVcTT); and 4) activated oncogenic 

KrasG13D and Tgfbr2 deletion (KVcTT) in the intestinal epithelium. We found that EndoA3 

levels were highly elevated in these tumors (designated T) compared to neighboring 

intestinal mucosa (designated N) (Figure 1D).

EndoA3 promotes endocytosis, growth, and migration in cancer cells

To determine the cellular consequence of increased expression of EndoA3, we generated 

DLD1 and HCT116 colon adenocarcinoma cell lines stably expressing mCherry-tagged 

EndoA3 (EndoA3-mCherry; designated EndoA3 DLD1 cells). First, we used the FM1-43 

dye uptake assay to measure the levels of endocytosis in DLD1 cells (Betz et al., 1996; 

Meyers et al., 2003). Consistent with the known role of endophilin in promoting 

endocytosis, EndoA3-mCherry DLD1 cells exhibited increased levels of FM1-43 uptake 

after 5min dye incubation (Figure 2A). Next, we used automated assays to examine the 

proliferation and the migration of EndoA3 DLD1 and EndoA3 HCT116 cells. Significantly 

increased growth rates were observed in DLD1 cells (Figure 2B) and HCT116 cells 

(Supplementary Figure 2B left) that carry EndoA3-mCherry. These data indicate that 

EndoA3 further accelerates proliferation in fast growing DLD1 and HCT116 cell lines 

(Ahmed et al., 2013). To quantify cell migration, we used an automated 2D scratch wound 

assay where cell proliferation was blocked using reduced serum conditions (1%) and 

mitomycin. We found that DLD1 and HCT116 cells expressing EndoA3-mCherry migrated 

faster compared to DLD1 cells expressing empty vectors (Figure 2C, Supplementary Figure 

2B right). To further test the link between EndoA3 expression levels and cell physiology, we 

reduced the endogenous EndoA3 expression in three different colorectal cancer cell lines 

(DLD1, HCT116, and SW480; Supplementary Figure 2C). Both growth and migration were 

attenuated in these cells upon siRNA-mediated EndoA3 knockdown (Figure 2D-E and 

Supplementary Figure 2D-E). By contrast, control siRNA with scrambled sequence had no 

effect. Together, these results from multiple cell lines demonstrate a new role of EndoA3 in 

promoting proliferation and migration in colon adenocarcinoma cells.

EndoA3 alters cytoskeletal dynamics and invasiveness in DLD1 cells

To understand how EndoA3 increases cell growth and migration, we examined 

morphological changes in DLD1 cells that stably express EndoA3. We found that the 

number of long and thin actin-rich filopodia was significantly increased (~12-fold) in DLD1 

cells expressing EndoA3 (Figure 3A), compared to cells expressing the empty vector. To 

quantify the filopodia dynamics, we stably expressed Lifeact-eGFP (Riedl et al., 2008) in 

DLD1 and EndoA3 DLD1 cells. We calculated the rates at which de novo actin protrusions 

extend and retract using an established kymograph analysis (Supplementary Figure 2F-G) 

(Sidani et al., 2007). We found that filopodia in EndoA3 DLD1 cells extend more rapidly 

than those in control DLD1 cells (EndoA3: 2.8 ± 0.2 µm/sec; control: 1.7 ± 0.1 µm/sec; 
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Supplementary Figure 2G left). Similarly, the retraction rates were increased in EndoA3 

cells (EndoA3: 2.0 ± 0.2 µm/sec; control: 1.2 ± 0.1 µm/sec; Supplementary Figure 2G 

middle). Finally, we found that the rate of de novo filopodia formation was higher in 

EndoA3 DLD1 cells (2.9 ± 0.3 per 10 min per cell) compared to control DLD1 cells (1.2 

± 0.1 per 10 min per cell) (Supplementary Figure 2G right). These data demonstrate that 

EndoA3 promotes the formation of filopodia. Interestingly, we found that lamellipodia were 

also enhanced in EndoA3 DLD cells. Using Lifeact-eGFP and live imaging analysis, we 

determined that about 61% EndoA3 DLD1 cells show lamellipodia within a 10-minute time 

frame (Figure 3B). By contrast, only ~26% control DLD1 cells had lamellipodia within the 

10 minute time window. Together, these results show that EndoA3 has a significant and 

broad impact on actin-rich filopodia and lamellipodia structures.

Because EndoA3 accelerates the 2D migration rates and increases filopodia and lamellipodia 

structures, we next examined whether EndoA3 DLD1 cells are more invasive using the 3D 

matrigel/collagen assay. Spheroids of EndoA3 DLD1 cells were cultured in mixed 

extracellular matrix of 50% collagen and 50% matrigel, which is permissive to both invasion 

and migration. We found that the volume of control DLD1 cells increased ~4.9 ± 0.8 fold in 

7 days (Figure 3C left and right). By contrast, the volume of EndoA3 DLD1 cells expanded 

~9.6 ± 1.2 fold in the same period (Figure 3C middle and right). These results support the 

notion that EndoA3 increases growth and motility of DLD1 cells.

EndoA3-membrane interactions play distinct roles in cell growth and migration

We next investigated the role of EndoA3-membrane interactions in EndoA3-induced 

phenotypes. We generated a cell line stably expressing a mutant version of EndoA3 denoted 

EndoA3ΔN (ΔN; a deletion of 20 amino acid residues that removes the N-terminal 

amphipathic helix), lacking membrane-binding activity (Supplementary Figure 3A-B). 

Fluorescence microscopy data showed that EndoA3WT resides in two populations – a 

membrane-bound pool (on plasma membrane and intracellular organelles) and a cytosolic 

pool (Supplementary Figure 3C left and 3D). These two pools of EndoA3WT appear to be 

exchangeable and dynamic (Supplementary Video 1 left). In contrast, EndoA3ΔN only 

exhibited a diffuse cytosolic pattern (Supplementary Figure 3C right, 3D, and 

Supplementary Video 1 right). Similarly, cancer-related mutations (K171N and R174L) 

(Cancer Genome Atlas Network, 2012; Cancer Genome Atlas Research Network, 2014) that 

disrupt the membrane-binding interface also shift EndoA3 localization to the cytosol 

(Supplementary Figure 3E). As expected, EndoA3ΔN failed to promote endocytosis (~1.1x, 

compared to parental DLD1 cell lines; Figure 4A) and slightly inhibited cell growth (~0.88x, 

compared to parental DLD1 cell lines; Figure 4B). These findings indicate a potential role of 

EndoA3-dependent receptor-mediated endocytosis in cell proliferation. To further examine 

the connection between cell growth and endocytosis, we measured growth rates in the 

presence of dynamin inhibitors (OctMAB and Dynole 34-2). Results show that these 

dynamin inhibitors strongly blocked the growth of DLD1 cells and EndoA3 DLD1 cells 

(Supplementary Figure 3F and data not shown), suggesting that endocytosis is required for 

EndoA3 to promote cell growth. Surprisingly, disruption of EndoA3-membrane interactions 

did not abolish filopodia and lamellipodia formation. Instead, EndoA3ΔN cells have more 

filopodia (ΔN: ~15-fold and WT: ~12-fold; Figure 4C left). We observed a higher number of 
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de novo actin filopodia (ΔN: 4.9 ± 0.9 per 10 min per cell; WT: 2.9 ± 0.3 per 10 min per cell, 

Supplementary Figure 3G), and longer filopodia in EndoA3ΔN cells (ΔN: 3.7 ± 0.2 µm; WT: 

2.6 ± 0.2 µm; control: 2.6 ± 0.3 µm; Supplementary Figure 3H). These data suggest that 

membrane interactions play an inhibitory role in the EndoA3-induced initiation and the 

stability of filopodia. In contrast to increased filopodia formation, fewer EndoA3ΔN cells 

have lamellipodia, when compared to EndoA3WT cells (ΔN: ~44%, and WT: ~62%; Figure 

4C right). However, it is worth noting that lamellipodia formation in EndoA3ΔN cells still 

remains elevated when compared to control cells with empty vectors (~44% EndoA3ΔN 

cells, and ~26% control cells have lamellipodia; Figure 4C right). Together, these data 

demonstrate that membrane interactions are essential for EndoA3 to promote endocytosis 

and cell growth, but are not required for inducing membrane protrusions such as filopodia 

and lamellipodia.

To determine the impact of EndoA3ΔN on cancer cell motility, we examined cell migration 

using both in vitro and in vivo assays. First, we found that EndoA3ΔN cells migrated faster 

than cells carrying EndoA3WT in the automated 2D scratch assay (Figure 4D). Second, we 

examined the spontaneous metastasis of EndoA3WT and ΔN DLD1 cells using a human to 

fish xenotransplantation assay. We injected fluorescently labeled cells into the hindbrain of 

zebrafish embryos, and scored the fish at 96 hours post injection for disseminated cells 

outside of the hindbrain. Recently, the human to fish xenotransplantation method has been 

successfully used to quantify the migration of colon adenocarcinoma cells (Anderson et al., 

2016). Transplanted DLD1 cells migrate in a solitary instead of collective manner in 

zebrafish (Anderson et al., 2016; Roh-Johnson et al., 2017) . Our results showed that 

compared to animals injected with cells expressing the control vector, fish carrying EndoA3 

DLD1 cells showed a higher level (~24% compared to ~11%) of dissemination of cells from 

the injection site. DLD1 cells carrying membrane-binding defective EndoA3ΔN exhibited 

the highest level of migratory potential in vivo (Figure 4E; ΔN: ~33%). These data indicate 

that disruption of membrane interactions increases the ability of EndoA3 to stimulate cancer 

cell migration.

EndoA3 binds TIAM1

To understand how EndoA3 drives migration and invasion, we performed a yeast two-hybrid 

screen (data not shown) to identify proteins that bind endophilin. Our results showed that a 

potential binding partner of the endophilin is TIAM1 (T-cell Lymphoma Invasion and 

Metastasis 1). TIAM1 is an interesting candidate because it has a profound role in cancer 

cell migration and invasion (Guo et al., 2013; Huang et al., 2013; Malliri et al., 2002; 

Minard et al., 2004, 2006; Van Leeuwen et al., 1997; Xu et al., 2010). To confirm interaction 

between TIAM1 and EndoA3, we performed biochemical assays using both recombinant 

protein segments and full-length proteins. First, we carried out pull-down experiments using 

GST-tagged BAR domains of EndoA1, A2, and A3, respectively (Figure 5A). We found that 

EndoA3 BAR binds strongly to a TIAM1 fragment containing DH-PDZ domains (residues 

841 to 1418 of mouse TIAM1; Figure 5A). By contrast, the EndoA2 BAR domain failed to 

bind the TIAM1 fragment, and the EndoA1 BAR domain showed a weak TIAM1 binding 

activity. To determine whether endogenous EndoA3 and TIAM1 form complexes in cells, 

we conducted co-immunoprecipitation experiments using extracts from colon cancer cell 
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lines (DLD1, SW480, and HCT116). Using either EndoA3 or TIAM1 antibodies, we were 

able to detect EndoA3-TIAM1 complexes in immunoprecipitates (Figure 5B, Supplementary 

Figure 4A-B). These data demonstrate that TIAM1 is a bona fide binding partner of 

EndoA3.

EndoA3 stimulates TIAM1 mediated Rac1 activation

Because TIAM1 is a Rac-specific guanine nucleotide exchange factor (Worthylake et al., 

2000), we examined whether EndoA3 affects TIAM1-dependent Rac1 activation. We 

monitored phosphate release upon GTP hydrolysis by Rac1 using a malachite green assay 

(Figure 5C) (Geladopoulos et al., 1991). Upon the addition of the EndoA3 BAR domain and 

recombinant TIAM1, release of free phosphates was accelerated, evidenced by increased 

malachite green absorbance (Figure 5C middle). As expected, the EndoA3 BAR domain did 

not stimulate Rac1 activation in the absence of TIAM1 (Supplementary Figure 4C). To test 

the specificity of EndoA3 in Rac1 activation, we examined the EndoA2 BAR domain that 

lacks the TIAM1-binding activity. The results showed that the EndoA2 BAR domain did not 

stimulate Rac1 activity in the presence of TIAM1 (Figure 5C right). To address whether 

EndoA3 increases the level of active Rac1 in cancer cells, we used the PBD domain of p21 

activated kinase to pull down GTP bound Rac1 (active Rac1) as previously described 

(Bagrodia et al., 1998). We found higher levels of active Rac1 in EndoA3 cells, compared to 

cells expressing other endophilin isoforms (Figure 5D).

Because both TIAM1 and Rac GTPase are regulators of actin dynamics, we next examined 

whether EndoA3-induced filopodia rely on TIAM1 and Rac1 activation. First, siRNA down-

regulation of TIAM1 led to a significant loss of protrusions (~ 6-fold less in cells transfected 

with TIAM1 siRNA compared to cells transfected with control siRNA; Figure 5E left). 
Second, a Rac1/Cdc42 inhibitor ML141 abolished the formation of filopodia (Figure 5E 

right), suggesting that activation of Rac1/Cdc42 is required. Third, siRNA down-regulation 

of either Rac1 or Cdc42 also blocked filopodia formation (Supplementary Figure 4D), 

indicating the involvement of a network of Rac GTPases. These results support the notion 

that TIAM1 and Rac GTPases activity are required for filopodia formation induced by 

EndoA3. To determine whether EndoA3 activates TIAM1 GEF activity, we determined the 

level of active TIAM1 using a nucleotide free Rac1 mutant. Previous studies have shown 

that the nucleotide free Rac1 mutant (G15A) binds specifically to active TIAM1 (García-

Mata et al., 2006). Using this assay, we found that the Rac1 G15A (immobilized on beads) 

pulled down more TIAM1 from EndoA3 cells, compared with DLD1 cells with empty 

vectors (Supplementary Figure 4E). These data indicate that EndoA3 expression increases 

formation of active TIAM1-Rac1 complexes.

TIAM1-EndoA3 binding specificity

Our biochemical data show that EndoA3 exhibits specificity in binding TIAM1 and 

stimulating Rac1 activity. This is a surprising result given the high similarity among three 

EndoA isoforms (Kjaerulff et al., 2011). Thus, we further examined the specificity of 

EndoA3 in living cells using the protrusion and the 3D migration assays. We found that 

EndoA2 expression did not generate significant changes in the filopodia number (~2.5-fold; 

n.s., one-way ANOVA), while EndoA1 produced a slight but significant increase (~4 fold) 
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(Supplementary Figure 4F). These findings show that EndoA1 and A2 lack the ability to 

robustly generate actin-rich filopodia. To determine whether the BAR domain of EndoA3 

carries the specificity for enhancing invasiveness, we generated chimeric contrasts by 

swapping the SH3 and BAR domains of EndoA3 and EndoA2. Our results showed that the 

EndoA3 BAR_EndoA2 SH3 chimera increased invasiveness of DLD1 cells (Supplementary 

Figure 4G right), while the EndoA2 BAR_EndoA3 SH3 chimera did not (Supplementary 

Figure 4G left). These findings indicate that the specificity of EndoA3 in promoting 

invasiveness resides in the BAR domain.

TIAM1-EndoA3 and membrane-EndoA3 complexes are mutually exclusive

We next determined whether EndoA3 could simultaneously bind membranes and TIAM1. 

First, we performed in vitro cosedimentation experiments to examine interactions between 

membranes and EndoA3 BAR. As shown in Figure 6A, EndoA3 pellets with liposomes 

(70%PC, 24%PS, 1%PIP2, 5%NBD-PE) in the absence of TIAM1. When increasing 

amounts of TIAM1 were added, more EndoA3 BAR remained in the supernatant, suggesting 

the TIAM1 competes with membranes for EndoA3. Second, we used negative staining 

transmission electron microscopy to visualize membrane tubules induced by EndoA3 BAR 

(Figure 6B). Incubation of liposomes with EndoA3 BAR led to a significant amount of 

membrane tubulation. Addition of TIAM1 (20 µM) significantly decreased membrane 

tubules, confirming competition between TIAM1 and membranes for binding EndoA3 BAR. 

As a control, the presence of TIAM1 had no impact on the membrane tubulation activity of 

the EndoA2 BAR domain (Supplementary Figure 4H).

Next, we examined how membrane interactions affect the ability of EndoA3 to stimulate 

TIAM1 and Rac1 GTPase. We found that, upon the addition of phospholipid membranes 

(75%PC, 24%PS, 1%PIP2), EndoA3 failed to stimulate the Rac1 GTPase activity in the 

malachite green assay (Figure 6C). These data suggest that membranes play an inhibitory 

role in EndoA3-dependent Rac1 activation. We next tested whether disruption of EndoA3-

membrane interactions could relieve the inhibitory effect of membranes. First, we found that 

deletion of N-terminal amphipathic helix does not disrupt EndoA3-TIAM1 interactions, as 

EndoA3ΔN binds the recombinant TIAM1 fragment to a similar extent as EndoA3WT 

(Supplementary Figure 5A), and remains active in stimulating TIAM1 in DLD1 cells 

(Supplementary Figure 5B). Indeed, the Rac1 activity was slightly enhanced in EndoA3ΔN 

DLD1 cells (Supplementary Figure 5C), even though the expression levels of EndoA3ΔN 

were lower than that of EndoA3WT (Supplementary Figure 5D). Because EndoA3ΔN does 

not bind membranes, we surmised that it may be able to escape the inhibitory regulation by 

membranes. Consistent with this idea, we found that the BAR domain of EndoA3ΔN 

remains active to stimulate Rac1 activity in the presence of membranes, as reported by the 

malachite green assay (Figure 6C). To further examine the inhibitory impact of membranes 

on EndoA3, we engineered a membraneanchored EndoA3ΔN by adding a myristoylation tag 

to the N-terminus of EndoA3 (myr-EndoA3ΔN; Figure 6D). Myr-EndoA3ΔN was expressed 

at similar levels as EndoA3ΔN in DLD1 cells (Supplementary Figure 5D). As expected, a 

large fraction of myr-EndoA3ΔN was associated with the plasma membrane (Supplementary 

Figure 5E). When compared to EndoA3ΔN DLD1 cells, myr-EndoA3ΔN cells have lower 

levels of active TIAM1 in pull-down experiments using the nucleotide free Rac1 mutant 
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(Figure 6D), and reduced migration rates in the automated 2D migration assay (Figure 6E 

left). By contrast, levels of endocytosis and cell growth were indistinguishable between 

EndoA3ΔN and myr-EndoA3ΔN cells (Figure 6E right and Supplementary Figure 5F). 

These results demonstrate that targeting EndoA3 to membranes is sufficient to inhibit Rac1 

activation and migration, suggesting a competitive link between endocytosis and 

cytoskeleton rearrangements.

To further investigate the relationship between EndoA3-dependent endocytosis and 

cytoskeleton rearrangements, we examined EndoA3 localization and filopodia formation 

upon inhibition of the PIP3 phosphatase PTEN. It was recently demonstrated that PTEN 

inhibition promotes clathrin-mediated endocytosis by enhancing the recruitment of 

endophilin to membranes (Boucrot et al., 2015). Consistent with those data, we found that 

PTEN inhibitors (bPV(HOpic) and VO-OHpic) induced a dramatic shift of EndoA3 from the 

cytosol to the plasma membrane and intracellular vesicles in EndoA3WT DLD1 cells 

(Figure 6F-G). The growth of EndoA3WT DLD1 cells was accelerated upon PTEN 

inhibition (Figure 6H). In contrast, the localization of EndoA3ΔN and the growth of 

EndoA3ΔN DLD1 cells were not altered by PTEN inhibitors (Supplementary Figure 6), 

suggesting that EndoA3-mediated endocytosis is required for PTEN-regulated cell growth. 

Interestingly, PTEN inhibition significantly attenuated filopodia formation in EndoA3WT 

DLD1 cells (Figure 6I), supporting the notion that depletion of cytosolic EndoA3 limits the 

cytoskeleton rearrangements. Together, these results are in agreement with a membrane/

cytosol competition for EndoA3 to balance endocytosis and cytoskeleton rearrangements in 

cancer cells.

EndoA3-membrane interactions modulate cancer cell proliferation and spread at 
secondary sites in mice

To examine whether the balance between EndoA3-membrane and EndoA3-TIAM1 

interactions affects cancer progression in vivo, we examined the ability of cancer cells to 

colonize secondary sites (i.e., lungs) using an experimental metastasis procedure. We 

injected DLD1 cells with WT and ΔN EndoA3 into mouse tail veins and monitored their 

ability to colonize the lung. To determine the presence of metastatic clusters, we stained the 

lung sections using IHC (H&E, cytokeratin, and Ki-67, Supplementary Figure 7). To 

quantify the level of metastasis, we performed immunofluorescence analysis for the 

epithelial marker cytokeratin (8+18). An increased abundance of epithelial cell clusters 

(nodules) was found in lungs of mice injected with EndoA3ΔN DLD1 cells (ΔN: ~38 ± 10/

mice), compared to mice with either EndoA3WT (WT: ~14 ± 1/mice) or control DLD1 cells 

(~8 ± 2/mice) (Figure 7A). These data are consistent with our findings that EndoA3ΔN is 

more potent than EndoA3WT in promoting tumor cell migration (Figure 4). Interestingly, 

the area of cytokeratin positive nodules from mice with EndoA3WT cells (0.028 ± 0.009 

mm2/nodule) was significantly larger than mice with either EndoA3ΔN (0.008 ± 0.002 mm2/

nodule) or control cells (0.002 ± 0.0005 mm2/nodule) (Figure 7B), suggesting that 

EndoA3WT cells proliferate more rapidly at secondary sites. To further examine the 

proliferative effect of EndoA3, we performed Ki-67 staining to assess tumor cell 

proliferation in lung lobes (Figure 7C). We found that Ki-67 positive areas were significantly 

larger in mice with EndoA3WT cells (0.013 ± 0.004 mm2/lobe) compared to control cells 
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(0.0017 ± 0.0006 mm2/lobe), indicating a pro-proliferative function of EndoA3. Disruption 

of EndoA3-membrane interactions impaired the pro-proliferative activity, as mice carrying 

EndoA3ΔN cells had smaller Ki-67 positive areas compared to EndoA3WT cells (ΔN: 

0.0046 ± 0.001 mm2/lobe, and WT: 0.013 ± 0.004 mm2/lobe). Taken together, these data 

suggest that membrane-bound and membrane-unbound EndoA3 promote different aspects of 

cancer progression, i.e., cytoplasmic EndoA3ΔN drives more DLD1 cells to migrate and 

colonize the lung, but membrane-bound EndoA3WT supports the proliferation of newly 

colonized tumor cells.

Discussion

Growing evidence suggests that cancer cells hijack existing signaling pathways to drive 

mechanical changes and alter their interactions with the surrounding microenvironment 

(Lanzetii and Di Fiore, 2017; Lanzetti and Di Fiore, 2008; Mellman and Yarden, 2013; 

Mosesson et al., 2008). In this study, we uncover a pivotal role of EndoA3 in coordinating 

cytoskeletal rearrangement and endocytosis in cancer cells. Our results show that 1) EndoA3 

promotes colon cancer metastasis by increasing both proliferation and migration, 2) 

EndoA3-mediated endocytosis is required for proliferation, but it is dispensable for cell 

migration, 3) EndoA3 stimulates Rac1 GTPase activity by direct interaction with the Rac1 

GEF TIAM1, 4) EndoA3-dependent Rac1 activation determines membrane protrusion 

dynamics and subsequently controls cell migration, and 5) membranes inhibit EndoA3-

TIAM1 interactions, revealing competition between EndoA3-mediated endocytosis and cell 

migration. Together, these findings highlight a role of EndoA3 in modulating small GTPase 

signaling. We propose that imbalanced activity of EndoA3 in cancer cells disrupts 

endocytosis and cell migration, which ultimately facilitates the metastasis of cancer cells. 

Below we discuss the implications of these results.

EndoA3 is a unique endocytic signature of colon cancer cells

Numerous studies have demonstrated that cancer cells modify endocytic pathways to gain 

pro-oncogenic phenotypes (Ben-Chetrit et al., 2015; Bendris et al., 2016; Eppinga et al., 

2012; Frittoli et al., 2014; Hu et al., 2011; Razidlo et al., 2013; Rolland et al., 2014). It is 

generally thought that endocytosis promotes cancer cell proliferation and migration by 

internalization of cell surface receptors, adhesion molecules, and nutrients (Lanzetti and Di 

Fiore, 2008; Mosesson et al., 2008). For instance, endocytosis removes membrane receptors 

from cell surface, which deactivates signaling on the plasma membrane. Moreover, 

internalized receptors through endocytosis induce persistent signaling on intracellular 

organelles (e.g., endosomes) (Miaczynska et al., 2004), that could lead to altered spatial 

specificity and signal diversification in cancer cells. These changes broadly impact 

trafficking routes and signaling networks, and therefore represent an ‘endocytic signature’ of 

cancer cells (Lanzetii and Di Fiore, 2017). In this study, we show that EndoA3 is a unique 

component of the endocytic machinery that promotes oncogenic phenotypes in colon 

cancers through two distinct pathways. On one hand, EndoA3 accelerates the proliferation of 

colon cancer cells through enhanced endocytosis. On the other hand, it promotes cell 

migration by directly binding and activating Rac GEF TIAM1 and Rac GTPases in an 

endocytosis-independent manner. Interestingly, several proteins that act in the endophilin 
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pathway also promote Rac signaling and are pro-metastatic. For example, the GTPase 

Dynamin 2 (Dyn2) activates Rac1 and invasive cellular migration of pancreatic tumor cells 

by binding and stabilizing the Rac1 GEF Vav1 (Razidlo et al., 2013). The Vav1-stablizing 

activity of Dyn2 is independent to the role of Dyn2 in endocytosis (Razidlo et al., 2013). 

Furthermore, the phosphoinositide phosphatase Synaptojanin 2 (SYNJ2) binds the active 

form of Rac1 (Malecz et al., 2000), and enhances invadopodia and lamellipodia formation in 

a Rac1-dependent manner (Chuang et al., 2004). Thus, the endophilin-dependent pathway is 

likely to represent a unique endocytic signature that engages both receptor internalization 

and small GTPase regulation.

Membrane interactions inhibit EndoA3-dependent TIAM1 activation

Small GTPases such as Cdc42, Rac1, and RhoA have profound impacts on cellular activities 

such as polarity, cytoskeletal dynamics, migration, and cell cycle (Etienne-Manneville and 

Hall, 2002; Hall, 1998; Raftopoulou and Hall, 2004; Schmitz et al., 2000). These GTPases 

behave as “molecular switches” that toggle between an inactive GDP-bound state and an 

active GTP bound state (Etienne-Manneville and Hall, 2002; Hall, 1998). Increasing 

evidence suggests that GTPase activity is tightly controlled by morphological changes of the 

plasma membrane (Frost et al., 2009; de Kreuk and Hordijk, 2012; Zhao et al., 2011). In 

particular, proteins that harbor curvature sensing BAR domains have emerged as key 

regulators of the small GTPase signaling. Several BAR proteins contain either scaffolding 

domains that bind active small GTPases, or GEF/GAP domains that facilitate the exchange 

and hydrolysis of GTP by GTPases (de Kreuk and Hordijk, 2012). Such a tandem 

configuration of BAR and GTPase scaffolding/modulatory domains enables the BAR 

proteins to localize GTPase signaling to the plasma membrane. In this study, we show that 

the BAR protein EndoA3 also has a dual role in membrane remodeling and GTPase 

regulation, i.e., it promotes endocytosis by EndoA3 BAR-membrane interactions, and it 

activates Rac GTPases through the binding between EndoA3 BAR and the Rac GEF 

TIAM1. However, the underlying mechanism for EndoA3 BAR to coordinate membrane and 

GTPase regulation is distinct from the proteins with tandem BAR and GTPase scaffolding/

modulatory domains. In the case for EndoA3, membrane and TIAM1 interactions compete 

for the same BAR domain, resulting in a mutually exclusive control of EndoA3 endocytic 

versus GTPase signaling activities.

In support of the competition model, mutant EndoA3 (EndoA3ΔN) lacking membrane 

interactions exhibits increased ability to activate TIAM1 and Rac activity in biochemical 

assays. Physiologically, migration and metastasis of EndoA3ΔN cells were significantly 

enhanced both in vitro and in vivo. These findings uncover an unexpected role of EndoA3 in 

coordinating growth and migration of cancer cells, and therefore raise the possibility of 

dampening cancer aggressiveness by modulating the amount of cytosolic and membrane-

bound EndoA3. That anchoring EndoA3ΔN on the plasma membrane by myristoylation 

inhibits migration without increasing endocytosis is consistent with the notion that 

modulating EndoA3 activity can influence neoplastic progression. More important, 

inhibition of the tumor suppressor PTEN shifts EndoA3 from the cytosol to membranes, 

which likely pushes cancer cell behavior towards proliferation rather than migration. 

Together, these data strongly suggest that EndoA3 connects two key processes of cancer 
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progression – 1) assisting cancer cell proliferation through EndoA3-membrane dependent 

endocytosis, and 2) promoting cell migration by cytosolic EndoA3 activation of small 

GTPases.

Specific interactions between EndoA3 and TIAM1

Endophilin isoforms share a high-degree of similarity in both structural and biochemical 

features. For example, the primary sequence of the EndoA3 BAR domain is ~66% identical 

to the EndoA1 BAR and ~72% identical to the EndoA2 BAR3. Structurally, these BAR 

domains form similar crescent shaped dimers with positively charged residues distributed 

along the membrane-interacting concave face. Functionally, all three endophilin isoforms 

promote membrane internalization during endocytosis. However, despite high levels of 

similarity, endophilin isoforms are specialized for GTPase regulation. We find that the 

EndoA3 BAR domain binds robustly to TIAM1 and activates Rac1 activity in both 

biochemical and cell assays. By contrast, the EndoA2 BAR domain lacks detectable levels 

of TIAM1 interaction and fails to stimulate Rac1 GTPase activity. Interestingly, a recent 

study shows that the EndoA2 BAR domain strongly binds the Arf6 guanine nucleotide 

exchange factor EFA6 (Boulakirba et al., 2014) supporting the notion that endophilin 

isoforms have diverged in modulating specific GTPases. Indeed, we found that EndoA3 

expression but not EndoA2 alters filopodia, lamellipodia, and cell migration in colon cancer 

cells. EndoA3-induced changes require the activation of Rac1, which may subsequently 

activate a network of GTPases to modulate cytoskeletal dynamics. Indeed, we found that 

EndoA3 expression led to CDC42-dependent filopodia formation (Supplementary Fig. 4D), 

even though CDC42 is not a direct target of TIAM1 (García-Mata et al., 2006). Together, 

these findings demonstrate that endophilin isoforms utilize specialized interactions with 

small GTPase modulators to control cellular dynamics.

Implications of EndoA3 mutations in cancers

In human cancers, several mutations occur within EndoA3 at residues that are critical for 

EndoA3- membrane interactions. For example, K171 and R174 are two conserved residues 

among EndoA isoforms. These positively charged residues support the electrostatic 

interactions that bring endophilin BAR domains to membranes with negatively charged 

headgroups (Gallop et al., 2006; Masuda et al., 2006). In colorectal cancers, the R174 

residue is mutated to either Leu or Gln, which causes charge neutralization at the membrane-

binding interface. Indeed, the R174(L/Q) mutation has been found also in lung cancer 

(Cancer Genome Atlas Network, 2012; Cancer Genome Atlas Research Network, 2014) and 

melanoma (Hodis et al., 2012), suggesting that EndoA3 mutations have a broader impact 

beyond colorectal cancers. Similarly, another charge neutralizing mutation K171N occurs in 

EndoA3 in colorectal and uterine cancers (Cancer Genome Atlas Network, 2012; Cancer 

Genome Atlas Research Network et al., 2013). Indeed, we found that both K171N and 

R174L increase the cytosolic pool of EndoA3. EndoA3 mutations are not limited to 

positively charged residues. The residue (S75) that is crucial for sensing and inducing 

membrane curvature is also altered in colorectal cancers (Cancer Genome Atlas Network, 

2012; Matta et al., 2012). The S75 residue of all three EndoA isoforms can be 

phosphorylated by Leucine-rich repeat kinase 2 LRRK2 (Matta et al., 2012). In neurons, 

deregulation of the EndoA1 S75 phosphorylation accelerates neurodegeneration, likely due 
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to changes in synaptic vesicle endocytosis and autophagy biogenesis (Matta et al., 2012; 

Soukup et al., 2016). In colorectal cancers, a S75L mutation occurs in EndoA3, but not 

EndoA1 and EndoA2. Such isoform specificity indicates that EndoA3 may have a stronger 

impact on colorectal cancers than its neuronal paralogues. These findings prompt us to 

speculate that mutations at the EndoA3- membrane interface alter the abundance of 

EndoA3-membrane and EndoA3-TIAM1 complexes, which could result in global changes 

in endocytosis, GTPase regulation, cytoskeleton rearrangement, and thus influence the 

progression and outcome of colorectal and perhaps other types of cancers.

STAR Methods

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Jihong Bai (jbai@fredhutch.org).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Zebrafish (Danio rerio)—Zebrafish (Danio rerio) were raised at the Fred Hutchinson 

Cancer Research Center, and animal care and experiments were approved by the 

Institutional Animal Care and Use Committee. All animals were maintained according to 

standard procedures [Westerfield M., The Zebrafish Book. 1993.] and staged as previously 

described (Kimmel et al. 1995).

Mouse (Mus musculus)—All mouse work was performed in accordance with Fred 

Hutchinson Cancer Center, IACUC #1195 and AAALAS guidelines. Crl:NU-Foxn1nu mice 

were purchased from Charles River laboratory.

METHODS DETAILS

Plasmids and Recombinant Protein Purification—Mouse cDNAs encoding 

EndoA1, A2, and A3 were amplified as previously described (Bai et al., 2010). DNA 

fragments encoding his6-SUMO was inserted into the NcoI and the BamHI sites of PET28A 

vector (Novagen, Madison, WA), which subsequently results in the plasmid BJP-A03. To 

construct plasmids for His6-SUMO-tagged recombinant proteins, DNA fragments encoding 

endophilin BAR domains were inserted into BJP-A03 between BamHI and NotI sites. His6-

SUMO tagged fusion proteins were produced in the BL21(DE3) E. coli strain and were 

purified using a published protocol (Poudel et al., 2016). The his6-SUMO tag was removed 

from the recombinant proteins using the SUMO Protease (Thermo Fisher Scientific). To 

make plasmids for expressing GST-tagged recombinant proteins, DNA fragments encoding 

endophilin, Rac G15A, and mouse TIAM1 (amino acid residues 841-1418) were inserted 

into the pGEX-4T1 vector between BamHI and XhoI sites. These plasmids were 

transformed into Mach1 T1 E. coli cells, and GST-tagged recombinant proteins were 

purified using previously published protocol (Poudel et al., 2016). For retroviral 

transduction, cDNAs encoding full-length rat EndoA1, A2, and A3 were inserted into the 

pBABE vector (Cell Biolabs Inc) between BamHI and EcoR1 sites. For imaging actin 

dynamics, Lifeact-EGFP was inserted into the pBABE vector between BamHI and EcoRI 

sites. All mutations used in this study were generated using overlapping PCR amplification 
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and the CloneEZ PCR cloning kit (Genscript). To generate chimera protein EndoA3 

BAR_EndoA2 SH3, residues 1-243 from EndoA3 BAR domain was fused with residues 

247-368 from the SH3 domain of EndoA2. To generate chimera protein EndoA2 

BAR_EndoA3 SH3, residues 1-246 from EndoA2 BAR was fused with residues 247-347 

from EndoA3 SH3.

Human Tissue Microarray Analysis—Analysis of human tissue microarray using 

immunohistochemistry (IHC) was performed by the IHC core facility at Fred Hutchinson 

Cancer Research Center (FHCRC) (Metz et al., 2016). Briefly, a colon cancer tissue 

microarray that consisted of 50 cases was obtained US Biomax inc (bc05118c). Patient data 

and prognostic status (age, sex, grade and TNM staging) were available through the US 

Biomax website. Inadequate sample and poor staining precluded an assessment of 8 cases 

from the microarray. The IHC core facility at FHCRC independently determined the 

specificity of EndoA3 antibody (abcam, 184008) for IHC through a multi-step procedure. 

First, a proper method for antigen retrieval was identified from several options to increase 

signal to noise ratio. Second, the EndoA3 antibody and a rabbit IgG were tested in brain and 

testis (positive controls) and skin (negative control). An in-house pathologist confirmed the 

antibody specificity. Third, human adrenal gland samples provided by US Biomax were used 

as negative controls for staining human tissue microarrays.

EndoA3 Detection from Mouse Tissues—All animal studies were performed 

according to the guidelines of the Fred Hutchinson Cancer Research Center. Normal mouse 

tissue and tumors were snap-frozen upon dissection, and total extracts were prepared in 

radioimmunoprecipitation assay buffer (pH7.6). Cells were lysed by sonication. The 

concentration of total protein in extracts was determined using the BCA assay (Thermo 

Fisher). Samples were diluted to contain 30µg total protein and were loaded onto SDS-

PAGE gels. Samples were transferred onto nitrocellulose membranes. A rabbit polyclonal 

antibody against EndoA3 (Abcam 184008) was used to detect EndoA3. Endogenous 

EndoA3 was visualized using enhanced chemiluminescence and quantified using 

densitometry.

Cell Culture and Stable Cell Line Generation—Cells were cultured in 1x DMEM 

media (Life technologies) with 10% (vol/vol) fetal bovine serum and 100 U/ml penicillin/

streptomycin. Cell lines that stably expressed genes of interest were generated by a 

retrovirus-based transduction method using pBABE vectors (Cell Biolabs). Briefly, plasmids 

containing genes of interest were inserted into the backbone of pBABE (hygro/puro) vectors. 

These plasmids were transiently introduced into a MLV based retroviral packaging cells 

(PT67, ATCC) using Lipofectamine 2000. After 36 hours, media was collected from the 

PT67 cells. Polybrene (5µM) (Sigma) was added along with fresh media at 1:1 ratio. The 

prepared viral titer was then subjected to target cells grown in 6 well plates. Upon 

introduction of virus, 6 well plates were subjected to centrifugation at 1500g for 30min. The 

same process was repeated at 48 hrs post transfection to improve efficiency of infection. 

After 72 hrs, fresh media was added and cells were allowed to grow for an additional 24 hrs, 

before introducing media that contained antibiotic for selection. Cells remained in selection 

media for 48 hrs before being transferred to growth media. Western blot analysis was carried 
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out to confirm the expression of the gene of interest in selected cells. In cases where a 

fluorescent reporter was attached, fluorescence imaging was used to further confirm the 

expression of the gene of interest.

FM Dye Uptake Assay—FM dye uptake experiments were performed using established 

protocol with modifications (Dong et al., 2015; Hoopmann et al., 2012). Cells were cultured 

in glass bottom tissue culture plates (µ–Dish, Ibidi). Fresh media was added to the cells 

along with 10µM FM1-43 or FM4-64 dye (Thermo Fisher). Cells were incubated for 5 mins 

at 37°C to allow FM dye internalization. Cells were gently washed using 1x PBS containing 

0.5mM EGTA and were incubated in 1x PBS containing 1 mM ADVASEP-7 (Sigma) for 5 

min to remove excess dye. Images were taken using an Olympus FV1000 confocal 

microscope with a 60x/1.42 oil objective or a Zeiss spinning disk Axio Observer Z1 

confocal microscope with a 40x water Objective. FM1-43 was excited with a 488 nm laser 

and FM4-64 was excited with a 560 nm laser. All images were analyzed using ImageJ. The 

number of total cells in each image was counted, along with the number of cells that 

contained FM1-43/FM4-64 fluorescence puncta, to calculate the percentage of cells with 

dye internalization. Student’s t-test was used for statistical analyses.

Automated Cell Growth and Migration Assays—For growth experiments, 5000 cells 

(counted using a hemocytometer) were plated into each well of clear bottom 96 well plate 

(Thermo Fisher). For migration experiments, 50- 70,000 cells were plated into each well of a 

Imagelock 96 well plate (Essen Bioscience). The amount of cells used in these studies was 

optimized to ensure the formation of smooth cell monolayers in 96 well plates. Prior to data 

collection, fresh media was added to the samples. For migration experiments, low serum 

media (1%) was used along with 5 µM mitomycin to limit proliferation to block 

proliferation. A wound maker device (Essen Bioscience) was used to make scratches. Data 

was collected automatically and analyzed using the Incucyte software. All graphs were 

plotted using Graphpad Prism.

Spheroid Cultures—Spheroid culture was performed as previously described (Timmins 

and Nielsen, 2007). Briefly, 500 cells were collected from a culture that was ~70% 

confluent. These cells were grown in suspension of hanging drops (500 µl medium) until 

spheroids were formed. Spheres were carefully re-suspended in 50% (vol/vol) mixture of 

collagen and matrigel. Extra care was applied to ensure that the spheroids did not contact 

plastic surface. The mixture was then covered with DMEM media to prevent spheroids from 

drying up. Growth and spread of the spheroid in the matrix was monitored by visual 

inspection using a Leica DMI3000B inverted microscope.

Fluorescence microscopy—Immunofluorescence was carried out using a published 

protocol (Conacci-Sorrell et al., 2014). Briefly, cells were cultured on glass coverslips or 

chamber slides, washed with PBS, and fixed with 4% paraformaldehyde for 30 mins. Next, 

cells were permeabilized using PBS buffer with 0.5% Triton X-100 for 5 min followed by 

treating with a blocking solution (Image IT FX, Invitrogen) for 30min. Cells were incubated 

with primary antibodies (1:100) for 1 hour. At the end of incubation, cells were washed 5x 

with 1x PBS and incubated with secondary antibodies for 1 hour. Samples were mounted to 
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a microscope slide using ProLong Diamond Antifade Mountant (Thermo Fisher). All images 

were collected using an Olympus FV1000 microscope with a 60x/1.42 oil objective. To 

estimate the amount of membrane-bound and cytosolic mCherry-tagged EndoA3 variants, 

fluorescence images were collected using a Zeiss spinning disk Axio Observer Z1 confocal 

microscope with a 60x water objective, and were analyzed using ImageJ (Boucrot et al., 

2015). Background fluorescence intensity was corrected for each image.

GST Pull-Down Assays—For EndoA3 binding experiments, GST-tagged rat EndoBAR 

proteins (12 µg), immobilized on glutathione beads (Genscript), were incubated with 20 µM 

TIAM1 fragment (His6-DH-PDZ, residues 845-1234) at 4°C for 4 hours in a HEPES buffer 

(50mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Triton X-100). Beads were washed three 

times using the HEPES Buffer. Samples were analyzed by SDS-PAGE and were stained by 

Coomassie Blue. For active Rac1 pulldown experiments were performed as previously 

described (García-Mata et al., 2006). Briefly, cells (freshly fed and ~50-60% confluent) were 

lysed using 1x RIPA buffer containing 2mM EDTA. Fresh lysates were prepared before the 

pulldown. Immobilized GST-PBD (PAK21) protein was incubated with the lysate (500 µg 

total proteins) for 2 hrs at 4°C. Samples were washed 3 times with 1xPBS buffer. Bound 

proteins were analyzed using SDS-PAGE gels. A similar protocol was used for assaying 

active TIAM1 except that GST-tagged Rac (G15A) was used (García-Mata et al., 2006).

Malachite Green Assay for GTPase Activity—A previously published protocol was 

modified to monitor malachite green absorbance upon Rac-GTP hydrolysis (DeVay et al., 

2009). Rac1 (2 µM), TIAM1 (500 nM), and EndoA3 (8 µM), were mixed in PCR tubes. 

GTP (3.125 mM final concentration) was added at last. Samples (100 µl) were incubated at 

37°C in a water bath. At each time point, 10 µl sample was taken out and was placed in a 96 

well plate that was preloaded with 40 µl EDTA (200 mM) to stop the GDP-GTP exchange. 

At the end of experiments, 200µl of 0.98 mM malachite green was added to the wells and 

absorbance at 650 nm was recorded. Phosphate concentration was determined using a 

reference curve.

Liposome Preparation—Liposomes were prepared as previously described (Poudel et 

al., 2016). Briefly, lipid mixtures with desired composition were dried under compressed 

nitrogen for at least 3 hours. Dried lipids were lyophilized for 1.5 hours, and then were 

reconstituted into HEPES buffer. Small multilamellar liposomes were generated by 

sonication. For electron microscopy experiments, unilamellar liposomes were prepared by 

extrusion at least 15 times through polycarbonate membranes (1µm pores) using Mini 

extruders (Avanti Polar lipids).

Liposome Sedimentation Assay—Liposome sedimentation assay was carried out as 

previously described (Hui et al., 2006). Briefly, EndoA3 (2 µM), TIAM1 (5 µM), and 

liposomes (2 mM total lipids, 1%PIP2, 25%PS, 5%NBD-PE and 69%PC) were incubated at 

4°C for 4 hours. Samples were centrifuged in a TA100.1 rotor (Beckman Coulter Inc.) at 

75,000 rpm for 30 mins. Twenty microliters of the supernatant were collected, and pellets 

were re-suspended in 20µl SDS sample buffer. Samples were loaded onto SDS-PAGE gels 

and EndoA3 were visualized using Coomassie Blue.
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Negative Staining and Transmission Electron Microscopy—Sample preparation 

for negative stain electron microscopy was carried out at the FHCRC electron microscopy 

facility as previously described (Poudel et al., 2016). Briefly, nickel grids were glow 

discharged for 40 sec, after which grids were incubated with samples. Samples were fixed 

using 0.5x Karnovsky’s fix at 2 minutes. Samples were then washed with one drop of 0.1 M 

cacodylate buffer, followed by a four-drop H2O wash. One drop of 1% uranyl acetate was 

touched on the sample. The grids were then carefully dragged through dry filter papers and 

put in a desiccator overnight to dry. Images were collected in a JEOL TEM 1400 

transmission electron microscope, and measurements were done using ImageJ.

PTEN inhibition—PTEN inhibitors were obtained from Sigma Aldrich. Cells were treated 

for ~20 hours with DMSO, PTEN inhibitor 1 (bpV(HOpic, 200 nM), or PTEN inhibitor 2 

(VO-OHpic, 200 nM) for imaging experiments. Media containing PTEN inhibitors were 

removed and replaced with Leibovitz medium. Images were collected using Zeiss 

AxioObserver Z1 spinning disc microscope using a 60x water objective. For growth 

measurements upon PTEN inhibition, cells were grown in 96-well imaging plates as 

described above. Growth media were replaced at t=0 to apply PTEN inhibitors. Plates were 

then loaded into IncuCyte Zoom and growth rates were monitored for 96 hours at 2-hour 

intervals.

Xenotransplantation Experiments—Nu/nu mice were commercially purchased from 

Charles River Laboratories, handled and caged under protocols approved by the animal 

facility at FHCRC (Institutional Animal Care and Use Committee, #1189). For tail vein 

injection experiments, cells were cultured as described above. Before injection, four million 

cells/200µl were aliquoted into tubes. Each aliquot was injected into a mouse tail vein using 

approved protocol. Veterinary technicians at FHCRC animal facility carried out all 

injections. Animals were then monitored for physical changes daily until euthanasia. Upon 

euthanization, lungs were fixed in formalin for 96 hours and were submitted to the 

immunohistochemistry core facility for sectioning and staining.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification of Human Tissue Microarray staining—Digital images of IHC-

stained TMA slides were obtained at 20x magnification (0.5 µm per pixel) using a whole-

slide scanner (ScanScope AT, Aperio) with a 20x/0.75 Plan Apo objective lens (Olympus). 

Data from 15 different tumors and normal tissues were used to quantify the average IHC 

intensity of EndoA3 staining. Total tissue area and the percent of EndoA3 stained area were 

obtained using the color deconvolution plugin of ImageJ (Ruifrok and Johnston, 2001). For 

stage-based analysis, a published ‘H score’ methodology (Metz et al., 2016) was used to 

compare a tumor with its normal pair. Briefly, representative images were used as input 

parameters for recognition training in software (Genie, Aperio). Under technical 

supervision, the TMA samples were annotated using Aperio’s annotation software 

(ImageScope v12.2; Aperio). Only annotated images were used for analysis. The H-score for 

tumor grade analysis was calculated by a formula involving the positive percentages: score = 

1.0 × (% weak) + 2.0 × (% medium) + 3.0 × (% strong).
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Quantification of Human in Fish Xenotransplantation Assay—Transplantation of 

human DLD1 cells in zebrafish embryos was carried out as previously described (Anderson 

et al., 2016). Zebrafish embryos were dechorionated and treated with 0.2 mM 

phenylthiourea prior to injection to prevent melanization. DLD1 cells (~70% confluent) 

were collected and 25-50 cells were injected into hindbrain ventricle of wild type zebrafish 

embryos 48 hours post-fertilization (hpf). DLD1 cells were labelled with CellTracker Green 

(Invitrogen) prior to injection. Injected fish were incubated in 0.2 mM PTU at 31°C for 96 

hours before scoring for metastasis. Metastasis was scored as the percentage of animals in 

which one or more cells had migrated from the primary injection site.

Quantification of Xenotransplantation Experiments in Mice—A metastasized 

nodule was scored when a cluster of five or more cells (determined by DAPI signals) shows 

cytokeratin 8/18 staining. A rabbit polyclonal antibody against Ki-67 was used to assess cell 

proliferation. Ki-67 area was quantified at regions where both Ki-67 and cytokeratin 8/18 

immunostaining signals were observed. Area measurements and image collection were done 

using TissueFAXS Software (TissueGnostics) licensed to the imaging facility core at 

FHCRC.

Quantification of Spheroid Cultures—Radius of each sphere was measured using 

metamorph software. Volume of a sphere was used to calculate the volume of each sphere at 

t=0 and t=7 days. The ratio of volumes was then compared to calculate the fold change in 

volume.

Statistical Analysis—Statistical details for each experiment are presented in the figure 

and figure legends. Significance is defined as a p-value less than 0.05, as indicated by the 

statistical method reported for each experiment.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. EndoA3 promotes proliferation and migration of cells using competitive 

mechanisms.

2. EndoA3-mediated endocytosis is required for proliferation, but not for cell 

migration.

3. EndoA3 stimulates Rac1 GTPase activity by directly binding the Rac1 GEF 

TIAM1.

4. EndoA3-Rac1 activation increases membrane protrusion dynamics and cell 

migration.
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Figure 1. EndoA3 is upregulated in aggressive colon cancers
(A) Representative images for immunohistochemistry staining of human colon tissue 

microarrays (US Biomax). Images are shown for a tumor (grade 2, stage iii) (left) and 

normal mucosa (right) from the same patient. EndoA3 was visualized using rabbit 

polyclonal antibody against human EndoA3 (Abcam). Specificity of EndoA3 antibody for 

IHC was determined as described in Materials and Methods. In addition, control IgG 

showed no staining on human adrenal gland samples (Supplementary Figure 1A). (B) The 

average levels of EndoA3 in cancers and normal tissues from multiple patients were 

compared using an image deconvolution algorithm in ImageJ. The size of areas with positive 

EndoA3 staining was normalized to the size of total tissue area (Ruifrok and Johnston, 2001) 

(*** p<0.001, n = number of patient samples). (C) The ‘H’ score system (Metz et al., 2016) 

was used in stage analysis of EndoA3 expression. The percentage of tumors with higher H 

scores than normal neighboring tissues was plotted based on the tumor stage (stages 1-3). 

(D) Immunoblotting for EndoA3 in mice colon tumor sets (a-e). Normal mucosae (N) and 

adenocarcinoma tumors (T) were analyzed. EndoA3 levels were normalized to actin, and the 

fold changes were indicated below the EndoA3 blots (left and middle panels). Genotypes of 

the mouse models were listed at the bottom of the panel. EndoA3 expression levels in each 

sample set (a-e) that includes a tumor tissue and its neighboring normal mucosae were 

quantified using densitometry (3 sample sets were analyzed for each data point). Paired 

Student’s t-test was used for statistical analysis. ** p<0.01, * p<0.05. Fold changes of 

EndoA3 levels in tumors were plotted in the right panel. The dashed line indicates the 

expression level of EndoA3 in normal mucosae.
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Figure 2. EndoA3 expression levels regulate endocytosis, growth, and migration of DLD1 cells
Colon adenocarcinoma DLD1 cells stably expressing EndoA3-mCherry were generated 

using retroviral transduction. (A) Increased EndoA3-mCherry expression (~3 fold over 

endogenous EndoA3, Supplementary Figure 2A) promotes endocytosis in DLD1 cells (blue) 

compared to DLD1 cells with empty vectors (gray) as measured by a FM1-43 dye intake 

assay (Betz et al., 1996; Meyers et al., 2003). Unpaired Student’s t-test was used for 

statistical analysis (*** p<0.001, n=3 independent replicates). (B) Automated cell growth 

assay shows that EndoA3 DLD cells (blue) proliferated faster compared to DLD1 cells 

carrying empty vectors (gray). (C) EndoA3-mCherry expression (blue) accelerates wound 

closure in a 2D scratch assay. Data from DLD1 cells with empty vectors are indicated in 

gray. (D-E) Knockdown of endogenous EndoA3 by siRNA reduces growth (D) and 

migration (E) of DLD1 cells. The error bars in panels B-E indicate SEM from 5 independent 

biological replicates. Two-way ANOVA tests were conducted to calculate statistical 

significance. *** indicates p<0.001 for the comparison between control and EndoA3 DLD1 

cells.
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Figure 3. Increases in EndoA3 expression alter cytoskeletal dynamics and invasiveness
(A) Representative immunofluorescence images of EndoA3 DLD1 (left) and parental DLD1 

cells (middle) stained with Alexa488-phalloidin (green). White arrows indicate examples of 

filopodia. Scale bar 2 µm. Fold changes of actin-rich protrusions in DLD1 cells that express 

either EndoA3 or empty vectors (compared to those in parental DLD1 cells) were plotted in 

the right panel. “n” = number of images quantified. (B) Representative images of enhanced 

lamellipodia in DLD1 cells that stably expressed EndoA3-mCherry and Lifeact-eGFP are 

shown in the left panels. The images were taken from a movie used for lamellipodia 

quantification. Percentage of cells that show lamellipodia in 10 minutes were plotted in the 

right panel. “n” = number of movies quantified. Unpaired Student’s t-test, *** p<0.001. (C) 
Representative images show increased invasiveness of EndoA3 DLD1 cells. 3D spheroids 

were embedded into mixed matrigel and collagen gels (1:1 volumetric ratio), and images 

were collected at day 7 post embedding. Control DLD1 cells with empty vectors (left), and 

EndoA3 DLD1 cells (middle). Dotted circles represent the initial spheroid area at day 1. 

Fold increase of volume (day 7/day 0) from five different spheroids were used for the 

statistical analysis (Student’s ttest, n= number of spheroids used for quantification, * 

p<0.05).
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Figure 4. EndoA3ΔN lacking the membrane-binding activity has increased activity in promoting 
migration
The comparison of (A) endocytosis, and (B) growth among cells expressing EndoA3ΔN-

mCherry (orange), EndoA3WT-mCherry (blue), and control vectors (gray). Error bars 

indicate SEM. (C) The number of filopodia protrusions per cell is shown in the left panel, 

and the fraction of cells with lamellipodia is shown in the right panel. “n” = number of 

images quantified. (D) Wound closure of EndoA3ΔN DLD1 cells was accelerated in the 2D 

migration assay. Error bars indicate SEM. (E) Xenotransplantation of human cancer cells 

into zebrafish hindbrain for assessing cell dissemination in vivo. (Upper left panel) A 

representative image of a zebrafish that was injected with DLD1 cells expressing 

EndoA3WT-mCherry into the fish embryo hindbrain. The image was taken 96 hours after 

injection. The white arrowhead indicates DLD1 cells that have disseminated from the 

injection site (indicated by the white arrow) in the zebrafish embryo hindbrain. (Lower left 
panel) An image showing the zoomed area with disseminated DLD1 cells. (Right panel) 
Percentage of fishes with disseminated DLD1 cells expressing empty vectors, EndoA3 WT-

mCherry, and EndoA3ΔN-mCherry. “n”, the number of animals analyzed over 3 

independent experiments. One-way ANOVA tests were used for multiple comparisons 

followed by unpaired Student’s t-test used for error analysis (* p<0.05, ** p<0.01, *** 

p<0.001).
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Figure 5. EndoA3 binds and activates TIAM1
(A) EndoA3 shows robust binding with recombinant TIAM1. A scheme diagram of the GST 

pull-down assay is shown in the left panel. GST-tagged BAR domains of EndoA1, EndoA2, 

and EndoA3 (12 µg) were incubated with the recombinant TIAM1 fragment (20 µM, 

residues 841-1418) for 4 hours. Proteins bound to the GST beads were analyzed using SDS-

PAGE and coomassie blue staining (right). “TIAM1 input” indicates 13% of the 

recombinant TIAM1 protein used in GST pull-down experiments. * indicates proteolytic 

fragments of the recombinant TIAM1. (B) Endogenous interactions between EndoA3 and 

TIAM1 in DLD1 cells. Co-immunoprecipitation experiments were performed using 
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antibodies against EndoA3 (top) and TIAM1 (bottom). IgG was used as controls for 

immunoprecipitation experiments. Samples were analyzed using western blotting and 

enhanced chemiluminescence. (C) A scheme diagram showing that free phosphates 

(indicated as P) are released upon Rac1 GTP hydrolysis (left). The recombinant EndoA3 

BAR domain (middle), but not the EndoA2 BAR domain (right), stimulates the TIAM1-

dependent Rac1 GTPase activity in vitro. Free phosphates were detected using the malachite 

green absorbance. Unpaired Student’s t-tests were used for statistical analysis (n=5). *** 

p<0.001, ** p<0.01, and * p<0.05. (D) Expression of EndoA3 increases the levels of active 

Rac1 GTPase activity in DLD1 cells. Active Rac1 GTPases that bound to immobilized GST-

tagged p21 activated kinase binding domain (PAK PBD) was detected using monoclonal 

anti-Rac1 antibody (Cytoskeleton Inc.) and enhanced chemiluminescence. Band intensities 

were quantified using densitometry (normalized to the EndoA2/tubulin ratio) (left). 
Increases of active RAC1 (fold) were quantified using data from three independent 

experiments (right). (E) Knockdown of TIAM1 (left) and the Rac1/Cdc42 inhibitor ML141 

(right) blocked protrusion formation. Unpaired Student’s t-tests were used for 3 independent 

experiments (*** p<0.001).
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Figure 6. TIAM1 and membranes compete for EndoA3
(A) Addition of recombinant TIAM1 fragments reduces membrane bound EndoA3 BAR. 

Cosedimentation assays were used to detect membrane-bound (pellet, P) and unbound 

(supernatant, S) fractions of EndoA3. Liposomes (1%PIP2, 24%PS, 70%PC, 5%NBD-PE, 

0.5mM total lipids) and his6-tagged EndoA3 BAR domain (2 µM) were incubated with 

TIAM1 (0, 5, 10, and 20 µM, respectively) for 30 minutes. Samples were centrifuged at 

75,000 rpm for 30 min. Supernatants and pellets were analyzed by western blotting and 

enhanced chemiluminescence. (B) Addition of TIAM1 reduces the tubulation activity of 

EndoA3. Liposomes (1%PIP2, 24%PS, 75%PC, 0.5mM total lipids) were incubated with 
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his6-tagged EndoA3 BAR (1µM), with and without the recombinant TIAM1 fragment (20 

µM), for 30 min at room temperature. Samples were analyzed using negative stain 

transmission electron microscopy. Representative images were shown at the left. The 

fraction of liposomes with membrane tubules were quantified and shown at the right. 

Unpaired Student’s t-tests were used for statistical analysis of 3 independent experiments. * 

p<0.05. (C) Membrane inhibits EndoA3-dependent, but not EndoA3ΔN-dependent, Rac1 

activation. His6-tagged EndoA3 BAR (WT or ΔN; 8 µM) and TIAM1 fragments (0.5 µM) 

were incubated with Rac1 (2µM) in the absence and presence of liposomes (1%PIP2, 

25%PS, 74%PC, 0.5mM total lipids). Fold activation of Rac1 GTPase activity was 

calculated using results from control experiments in the absence of his6-tagged EndoA3 

BAR. Malachite green assay was used to quantify free phosphate groups released from GTP 

by Rac1. Student’s t-tests (** indicates p<0.01). (D) Anchoring EndoA3ΔN to the plasma 

membrane using an N-myristoylation tag reduces the levels of active TIAM1 in DLD1 cells. 

Lysates from DLD1 cells expressing EndoA3ΔN-GFP and Myr-EndoA3ΔN-GFP were 

analyzed. Active TIAM1 was detected using Rac1 G15A agarose beads. TIAM1 signal was 

normalized to tubulin levels. The ratio of active TIAM1 levels between EndoA3ΔN-GFP and 

Myr- EndoA3ΔN-GFP cells were indicated. (E) The ability of EndoA3ΔN to stimulate cell 

migration is significantly reduced when it is anchored to the plasma membrane. Migration 

(left) and growth (right) of DLD1 cells expressing either myr-EndoA3ΔN-GFP (green) or 

EndoA3ΔN-GFP (orange) was quantified using the automated assays described in Figure 2. 

Error bars indicate SEM. Statistical analysis was done using two-way ANOVA (** 

p<0.001). (F) EndoA3 localization was examined using fluorescence microscopy. EndoA3 

cells were treated with DMSO (left), PTEN inhibitor 1 (bpV(HOpic), 200nM; middle), or 

PTEN inhibitor 2 (VO-OHpic, 200nM; right). (G) Ratio between membrane-bound and 

cytoplasmic EndoA3 was measured using ImageJ as previously described in Materials and 

Methods. “n” = the number of cells analyzed. ** p<0.01, one-way ANOVA. (H) Inhibition 

of PTEN accelerates the growth of EndoA3 DLD1 cells (4 independent experiments, * 

p<0.05). (I) Inhibition of PTEN reduces filopodia abundance in EndoA3 DLD1 cells (“n” = 

number of images analyzed). Three independent repeats. *** p<0.001, one-way ANOVA).
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Figure 7. EndoA3 expression promotes tumor spread and proliferation at secondary sites in mice
Experimental metastasis was examined in nude mice injected with DLD1 cells expressing 

vector control (gray), EndoA3-mCherry (blue), and EndoA3ΔN-mCherry (orange), 

respectively. (A) Number of metastatic nodules per mice in lungs upon tail vein injection of 

DLD1 cells. Metastatic nodules were visualized by immunofluorescence staining against 

Ck8/18. (B) Average area per nodule per mice in lung was measured. “n” indicates the 

number of animals. (C) The extent of cell proliferation was assessed using Ki-67 

immunohistochemistry of pulmonary lobes. One-way ANOVA was used for multiple 

comparisons followed by unpaired Student's t-test was used for statistical analysis (*** 

p<0.001, ** p<0.01, * p<0.05).
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