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ABSTRACT 1 

The scaffold protein Tks5α is required for invadopodia-mediated cancer invasion both in vitro and 2 

in vivo. We have previously also revealed a role for Tks5 in tumor cell growth using three-3 

dimensional (3D) culture model systems and mouse transplantation experiments. Here we use 4 

both 3D and high-density fibrillar collagen (HDFC) culture to demonstrate that native type I 5 

collagen, but not a form lacking the telopeptides, stimulated Tks5-dependent growth, which was 6 

dependent on the DDR collagen receptors. We used microenvironmental microarray (MEMA) 7 

technology to determine that laminin, collagen I, fibronectin and tropoelastin also stimulated 8 

invadopodia formation. A Tks5α-specific monoclonal antibody revealed its expression both on 9 

microtubules and at invadopodia. High- and super-resolution microscopy of cells in and on 10 

collagen was then used to place Tks5α at the base of invadopodia, separated from much of the 11 

actin and cortactin, but coincident with both matrix metalloprotease and cathepsin proteolytic 12 

activity. Inhibition of the Src family kinases, cathepsins or metalloproteases all reduced 13 

invadopodia length but each had distinct effects on Tks5α localization. These studies highlight 14 

the crosstalk between invadopodia and extracellular matrix components, and reveal the 15 

invadopodium to be a spatially complex structure. 16 

 17 

Keywords: Tks adaptors, proteases, invadopodia, actin, extracellular matrix, super-resolution 18 

microscopy  19 
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INTRODUCTION 20 

Cancer invasion, the ability of cancer cells to infiltrate into and through extracellular matrix (ECM), 21 

has long been associated with tumor metastasis (Hanahan and Weinberg, 2011). Increasing 22 

evidence suggests that the same mechanisms that allow invasive capacity also promote tumor 23 

growth during cancer progression. This may be because the ECM acts as a physical barrier to 24 

tumor growth, which cancer cells destroy by activating pericellular proteases (Lu et al., 2012), 25 

Alternatively, these same pericellular proteases can release latent growth factors and cytokines 26 

in the matrix that promote tumor growth and angiogenesis (Chang and Werb, 2001). In either 27 

case, tumor growth and tumor metastasis are interlinked.  28 

In many types of cancer, degradation of ECM has been linked to the formation of invadopodia 29 

(Murphy and Courtneidge, 2011; Weaver, 2008b), actin-rich plasma membrane protrusions 30 

coordinate the cytoskeleton with pericellular proteolytic activity. Since their discovery, 31 

invadopodia have been considered characteristic structures of invasive disease. Aside from an 32 

array of actin-regulatory proteins and signaling molecules, invadopodia also contain several 33 

classes of protease, including members of the metalloprotease superfamily (Chang and Werb, 34 

2001; Seals and Courtneidge, 2003), serine proteases such as fibroblast activation protein (FAP) 35 

(Monsky et al., 1994) and urokinase-type plasminogen activator (uPA) and its receptor (uPAR) 36 

(Artym et al., 2002), and cysteine proteases such as cathepsins (Tu et al., 2008). Despite our 37 

steadily increasing knowledge of the composition and functions of invadopodia in vitro, much less 38 

is known about their in vivo presence and functional relevance in vivo. However, related 39 

podosome structures have been observed in motile vascular smooth muscle cells and neural 40 

crest stem cells in vivo (Murphy et al., 2011; Quintavalle et al., 2010), and genetically-defined 41 

invadopodia have been observed during intra- and extra-vasation in animal models (Gligorijevic 42 

et al., 2014; Leong et al., 2014) as well as in freshly explanted primary human tumors (Weaver, 43 

2008a).  44 
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 45 

Almost all of the components of invadopodia are also found in other actin-based structures such 46 

as adhesion complexes and protrusions (Murphy and Courtneidge, 2011). However, the Tks5 47 

adaptor protein (SH3PXD2A) has a more restricted subcellular distribution, and is found 48 

predominantly at invadopodia (Saini and Courtneidge, 2018). Furthermore, knockdown of Tks5 49 

prevents invadopodia formation and function (Abram et al., 2003; Buschman et al., 2009; Iizuka 50 

et al., 2016; Seals et al., 2005). Conversely, enforced expression of the longest, α isoform of Tks5 51 

in non-invasive cancer cells lacking native expression results in the formation of invadopodia 52 

(Seals et al., 2005). Together these data support the conclusion that Tks5α is an obligate 53 

invadopodia scaffold, and its expression can be used as a surrogate to study invadopodia-based 54 

invasive capacity.  55 

 56 

The Tks5 and related Tks4 adaptors are large scaffolding proteins composed of 57 

phosphatidylinositol lipid binding PX domains followed by 5 or 4 SH3 domains respectively. Both 58 

adaptors are Src substrates, and also contain multiple serine/threonine phosphorylation motifs. 59 

While we do not yet have a full understanding of all binding partners of the Tks adaptors, they 60 

have been implicated in reactive oxygen species (ROS) production (Diaz et al., 2009) and have 61 

been shown to interact with actin-remodeling proteins (Crimaldi et al., 2009; Oikawa et al., 2008; 62 

Stylli et al., 2009), pericellular proteases (Buschman et al., 2009), as well as the small GTPase 63 

Rab40b (Jacob et al., 2016), the guanine exchange factor Sos1, and the membrane remodeling 64 

GTPase dynamin (Rufer et al., 2009). The Oikawa lab has shown that invadopodium formation is 65 

initiated near focal adhesions by the binding of the Tks5α PX domain to PI3,4P2 (Oikawa et al., 66 

2008). This model was refined by Condeelis et al., who showed that small actin foci form in the 67 

absence of Tks5 (likely following Src phosphorylation of cortactin), and that Tks5 acts to stabilize 68 

these nascent protrusions (Sharma et al., 2013). However, few studies to date have examined 69 
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the structure and function of invadopodia formed in vitro in response to extracellular matrix, where 70 

their full functionality is observed. Here we describe such experiments. 71 

 72 

  73 
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MATERIALS AND METHODS 74 

Cell lines 75 

The luciferase-expressing human breast cancer cell line MDA-MB-231-Luc was obtained from 76 

Xenogen. The Src-transformed NIH-3T3 (Src3T3) cells have been described previously (Seals et 77 

al., 2005).  The cell lines were routinely cultured in Dulbecco’s minimal essential medium (DMEM) 78 

supplemented with 10% Fetal Bovine Serum (FBS) and a cocktail of penicillin and streptomycin 79 

(P/S) (Gibco). The human breast cancer cell lines, Hs578t and HCC1806, UACC812, SUM44PE, 80 

SUM52PE, HCC1187, SUM1315MO2, HCC1143, HCC1937, BT474 and HCC3153 were kindly 81 

provided by Dr. Joe Gray (Oregon Health and Science University [OHSU], USA). The culture 82 

medium used: SUM52PE (HAMS F12, 5% FBS, 1M HEPES, 1mg/mL hydrocortisone, 10mg/mL 83 

Insulin), HCC1187 (RPMI, 10% FBS), SUM1315MO2 (HAMS F12, 10ug/mL EGF, 5% FBS, 84 

10mM HEPES, 5ug/mL insulin), HCC1143 (RPMI, 10% FBS), HCC1937 (RPMI, 10% FBS), 85 

BT474 (DMEM, 10%FBS) and HCC3153 (DMEM, 10%FBS). 86 

 87 

DNA constructs and shRNAs 88 

Human Tks5α was cloned into pCDH-CMV-MCS-EF1-Puro (Addgene) with a GFP sequence 89 

fused at the C-terminus. The shRNAs pLKO.1 lentiviral plasmids used for scrambled and human 90 

Tks5 knockdown were described previously (Blouw et al., 2015). The clones used were 91 

TRCN136336 (D5), TRCN0000136014 (D6) and TRCN0000136512 (D7). The shRNAs pLKO.1 92 

lentiviral plasmids used for DDR1 and DDR2 knockdown were: TRC000121082 and 93 

TRCN0000361395. The plasmids encoding cortactin (#26722), N-WASP (#54199) and fascin 94 

(#54094) were obtained from Addgene. Each insert was cloned into the lentiviral plasmid pCDH-95 

CMV-MCS-EF1-Puro with GFP fusion protein at C-terminus. 96 

 97 

Tks5 antibodies design and production 98 
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The antibodies for Tks5 (Rabbit monoclonal, F4 and mouse monoclonal, G6) were generated by 99 

Abcam/Epitomics (F4) or by the Oregon Stem Cell Center, Monoclonal Antibody Core Facility at 100 

OHSU (G6), and validated by the Courtneidge laboratory. The following primer sets were used 101 

for cloning into pGEX-4T1 to produce the immunogens: 102 

PX domain (F4)-Forward: CGGGATCCATGCTCGCCTACTGCGTGCAG 103 

PX domain (F4)-Reverse: CCGCTCGAGCTACTCTTTTGGAGGGTTGACATC 104 

SH-linker (G6)-Forward: CTTCAGAGGATGTGGCCCTG 105 

SH-linker (G6)-Reverse: CCTCACTCTTGGAGCCCTTG 106 

For Protein production: Appropriate DNA constructs were transformed into BL121 E.coli and a 107 

single colony was selected and grown overnight at 37 °C in 5 mL of LB medium with ampicillin. 108 

The overnight culture was then added to 1 L of LB-ampicillin pre-warmed to 25 °C, grown in a 109 

shaking incubator at 25 °C until OD600 was reached 0.5. Follow this, IPTG was added to a final 110 

concentration of 0.1mM and cultured overnight at 25 °C. The cells were pelleted in a centrifuge 111 

and lysed with lysis buffer (20mM Tris pH 7.5, 1% Triton, 1mg/mL Lysozyme, 5mM DTT and 112 

protease inhibitor cocktail, Roche #11-836-170 001) for 1 hour at 4 °C. Lysed cells were placed 113 

in pre-cooled tubes in an ice bath, and sonicated at 50% power with Sonic Dismembrator (Model 114 

705, Fisher Scientific) with a micro-tip for 30 seconds, in 5 cycles. Lysates were centrifuged at 115 

10,000xg for 5 minutes at 4 °C and the pellet was discarded. 5 mL of glutathione sepharose 4B 116 

was prepared according to manufacturer’s instructions (GE #17-0756-01) and added to the 117 

lysates, which were incubated at 4 °C on a rocking platform for 3 hours. The lysates were 118 

centrifuged at 500xg for 5 min at 4 °C and was washed in 50 mL of ice-cold 1X PBS for a total of 119 

three washes then re-suspended in a final volume of 20 mL of ice-cold PBS. An appropriate size 120 

of chromatography column (R&D) was loaded with chilled sepharose beads at 4°C and allowed 121 

to settle. Lysate solution was added to the column and allowed to pass through the column by 122 
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gravity. 5 mL of elution buffer (50mM Tris HCL, 25mM glutathione, pH 8.0) was added to the 123 

beads, and this process was repeated for a total of 12-18 cycles. Eluates were collected at each 124 

cycle and kept on ice. To determine which elution contained the protein, samples of each elution 125 

were loaded onto a poly-acrylamide gel which was stained by coomassie-blue followed by de-126 

stain (Thermo Fisher Scientific). Eluates that contained the appropriate proteins were pooled 127 

together in a pre-chilled tube on ice. Pooled eluates were concentrated in an Amicon Ultra 128 

(Millipore) centrifuge unit. Purified lysates were immediately frozen at -80 °C to maintain integrity 129 

of proteins. GST tagged proteins were verified by immunoblot with an anti-GST antibody (#71-130 

7500, Zymed). Purified lysates were then sent to Abcam/Epitomics (F4), or to the Oregon Stem 131 

Cell Center, Monoclonal Antibody Core Facility at OHSU (G6) for production of monoclonal 132 

antibodies. 133 

Immunizations for monoclonal antibody production at OHSU was conducted under a 134 

protocol approved by the OHSU Institutional Animal Care and Use Committee. Balb/C 135 

mice received multiple IP immunizations with the Tks5 protein. Four days after the final 136 

boost, mice were humanly euthanized using CO2 and their spleens were harvested. 137 

Splenocytes were fused with SP2/0 Ag14 myeloma cells (Kohler and Milstein, 1975) and 138 

hybrid cells were selected by growth in methylcellulose-containing HAT medium (Stem 139 

Cell Technologies). Approximately 600 clones were isolated and transferred to liquid HT 140 

medium in 96-well plates. Supernatants from these wells were initially screened for Tks5-141 

specific monoclonal antibodies by ELISA. 142 

 143 

Antibodies and reagents for immunoblotting and staining 144 

Antibodies used for immunoblotting were: F4 (1:10), G6 (1:500) and tubulin (T6557, Sigma, 145 

1:3000). Antibodies used for immunofluorescence staining were: F4 (1:10), G6 (1:250) and tubulin 146 
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(6074, 1:250, Sigma). Fluorescently labeled phalloidin (Alexa Fluor-350, -488, -568 or -647, 147 

Thermo Fisher Scientific) was used for actin staining. Hoechst (1:4000, Thermo Fisher Scientific) 148 

was used for nuclear staining. 149 

 150 

Invadopodia assay on high-dense fibrillar type I collagen (HDFC) 151 

Invadopodia staining was performed as previously described (Iizuka et al., 2016). Briefly, cells 152 

were grown on glass coverslips with or without collagen and fixed with 4% paraformaldehyde/PBS 153 

(Electron Microscopy Sciences). For the invadopodia assay on collagen-coated coverslips, HDFC 154 

was prepared according to the original protocol reported (Artym, 2016; Artym et al., 2015). Briefly, 155 

18 mm coverslips were pre-chilled on ice and coated with 10 µl ice-cold neutralized collagen 156 

(#35429, Corning). The pipette tip was used to spread the collagen evenly on the glass surface 157 

and the coated coverslips were left on ice for 10 min to facilitate flattening of the collagen. The 158 

layer of collagen was polymerized into a fibrillar meshwork at 37 °C for 30 min, followed by 159 

centrifugation at 3,500 g for 20 min. After fixation and permeabilization with 0.1% Triton X-160 

100/PBS for 15 min, the cells were blocked by 5% BSA in PBS with 5% goat-serum for 1 hour at 161 

room temperature (RT) and incubated with primary antibodies for 90 min at RT (or overnight at 4 162 

°C). The cells were washed and incubated with Alexa Fluor-conjugated secondary antibodies and 163 

phalloidin. Confocal images were collected using a laser-scanning confocal microscope LSM880 164 

equipped with AiryScan (Carl Zeiss). Images were transferred to Imaris™ (Bitplane) which is a 165 

multidimensional analysis program based on the fluorescence intensity data to create 3D view of 166 

invadopodia and quantify invadopodia length, which was measured by Imaris software using the 167 

polygon scaling tool in Slice view. 168 

 169 

2D/3D proliferation assays 170 
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Type I collagen 3D cultures were performed as described previously (Iizuka et al., 2016). For 171 

collagen 3D proliferation assay, briefly rat-tail type I collagen (#08-115, Sigma, Millipore) was 172 

prepared to a final concentration of 2.1 mg/ml, and 2,500 cells were added to the collagen mix 173 

before gelling. For atelocollagen proliferation assay, rat-tail type I collagen or atelocollagen 174 

(##602, Yo Proteins) was prepared to a final concentration of 2.1 mg/ml and added to multi-well 175 

plate for 1hr in a CO2 incubator. Spread cells were grown in DMEM containing 10% FBS. The 176 

matrix was dissolved with 2 mg/ml collagenase type2 (#LS004176, Worthington Biochemical 177 

corporation) and cell numbers were quantified using hemocytometry. HDFC was prepared 178 

according to original protocol reported in (Artym, 2016; Artym et al., 2015) and described briefly 179 

above. The HDFC was dissolved with a 1:1 mixture of 2 mg/ml collagenase type2 and trypsin 180 

(Gibco), and cell numbers were quantified using hemocytometry. For the growth assay in Matrigel 181 

(BD Biosciences), briefly, the cells were added to Matrigel (1:1 dilution with serum-free medium) 182 

on ice before gelling in a CO2 incubator for 30 min. The cells in Matrigel were cultured in DMEM 183 

containing 10% FBS. The matrix was dissolved with cold PBS and cell numbers were quantified 184 

by hemocytometry. 185 

 186 

Invasion and growth assay and invadopodia staining in spheroids 187 

3D spheroid cultures were performed as described previously (Kelm et al., 2003). Briefly, 188 

spheroids of MDA-MB-231 cells were prepared in hanging droplets with 2,000 cells in 10 µl of 189 

20% FBS containing DMEM for 3 days. The spheroids were embedded in 2.1 mg/ml of rat type I 190 

collagen (#354263, Corning) and incubated with DMEM containing 10%FBS for 2 days. Spheroids 191 

were fixed with 4% PFA and washed with PBS for three times. After permeabilization with 0.1% 192 

Triton X-100/PBS for 15 min, the samples were stained by Alexa Fluor-568-phalloidin to visualized 193 

the entire spheroid in 3D collagen. Imaging was performed on Zeiss/Yokogawa CSU-X1 spinning 194 

disk confocal microscope and the z-section with the maximum size of actin stained spheroids 195 
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were collected and measured for the “spheroid size (actin intensity)”. For invadopodia 196 

visualization, spheroids were stained by Alexa Fluor-568-phalloidin and Hoechst (1:4000, Thermo 197 

Fisher Scientific, used for nuclear staining). Imaging was performed on a laser-scanning confocal 198 

microscope LSM880 equipped with AiryScan. Inhibitors used for the spheroid growth assay were: 199 

GM6001 (EMD Millipore), CA074 (Vergent Biosciences) and DDR1-1N-1 (Selleck Chemicals). 200 

 201 

Microenvironmental Microarray (MEMA) 202 

MEMAs were produced as described previously (Smith et al., 2019; Watson et al., 2018) with 203 

several minor modifications.  The same set of 45 ECM or ECM combinations that we previously 204 

reported were plated into the bottom of 96 well plates (Ibidi). The plates were left desiccated for 205 

several days at room temperature, then 3000 MDA-MB-231 cells containing Tks5aGFP were 206 

plated in 100 µl DMEM containing 10% FBS. After overnight adhesion in a 37 °C incubator with 207 

5% CO2, an additional 100 µl of DMEM containing PBS control, epidermal growth factor (EGF), 208 

fibroblast growth factor 2 (FGF2), or hepatocyte growth factor (HGF) was added to give final 209 

concentrations of 10 ng/ml EGF and FGF2 and 40 ng/ml of HGF. The cells were left to grow for 210 

24h, then fixed with 4% PFA and washed with PBS three times. The cells on MEMA were stained 211 

with Alexa Fluor-568-phalloidin to visualize the invadopodia, which were also marked with 212 

Tks5aGFP, where double positive delineated invadopodia). Hoechst was used for staining of cell 213 

nuclei. Imaging was performed on laser-scanning confocal microscope LSM880 equipped with 214 

AiryScan. 215 

 216 

Super resolution microscopy 217 

MDA-MB-231 cells with Tks5aGFP were cultured on HDFC prepared on #1.5 coverglass for 2 218 

days before stained for F-actin (phalloidin-Alexa Fluor-647) and Tks5aGFP (GFP-nanobody, 219 
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ChromoTek GFP Vhh, # gt-250) using manufacturer recommended procedures. The GFP-220 

nanobody was conjugated to an oligonucleotide (‘P1’ docking strand) using published procedures 221 

(Schnitzbauer et al., 2017). After staining, the cells were imaged sequentially, first with DNA-222 

PAINT (using a CF660R conjugated ‘P1’ imager strand) in buffer C, which contains 1x PBS 223 

supplemented with 500 mM NaCl. Each time after a cell was imaged with DNA-PAINT, the buffer 224 

was replaced with 1x PBS supplemented with an oxygen scavenging mixture (comprising glucose 225 

oxidase, catalase, and glucose) and 50 mM 2-mercaptoethylamine (MEA) for STORM imaging 226 

(van de Linde et al., 2011). For both DNA-PAINT and STORM imaging, a weak cylindrical lens 227 

(f=1000 mm) was inserted in front of the detector (Andor iXon Ultra 897) for 3D single-molecule 228 

localization (Huang et al., 2008). DNA-PAINT and STORM imaging were performed on a custom 229 

setup as described previously (Creech et al., 2017), and 3D localizations were done using 230 

ThunderSTORM (Ovesny et al., 2014).  231 

 232 

Activity-base probes (MMP-ABP, CTS-ABP) 233 

Cathepsin activity-base probe (CTS-ABP) were purchased from Vergent Bioscience and imaging 234 

was performed according to manufacturer’s instructions. 235 

Chemical synthesis of MMP activity-based probe (MMP-ABP): SiTMR (Lukinavicius et al., 2013), 236 

3-azido-1-propanamine (Hannant et al., 2010), and HxBP (Saghatelian et al., 2004) were 237 

synthesized following published protocols. To a solution of SiTMR (200 mg, 423 µmol) in DCM 238 

(10 mL) at room temperature, DiPEA (442 µL, 2.54 mmol, 6 eq) was added. The reaction was 239 

stirred for 10 mins before HOBt (71 mg, 508 µmol, 1.2 eq), 3-azido-1-propanamine (85 mg, 846 240 

µmol, 2 eq) and EDC (97 mg, 508 µmol, 1.2 eq) were added sequentially. The reaction mixture 241 

was covered from light and stirred overnight. The reaction was subsequently added saturated 242 

NaHCO3 and extracted with DCM (3 ´ 50 mL). The combined organic layers were rinsed with 243 

brine, dried over anhydrous Na2SO4, and the solvent was removed using a rotary evaporator. The 244 
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residue was purified by flash column chromatography with silica gel, using DCM/MeOH as eluent 245 

to give compound SiTMR-N3 (173 mg, 74%) as a pale green solid.  Under N2, compound HxBP 246 

(4.2 mg, 7.84 µmol) and SiTMR-N3 (5 mg, 9.02 µmol) were suspended in 2 ml degassed 247 

DMSO/H2O (1/1, v/v). Freshly prepared 100 mM sodium ascorbate solution (95 µL) and copper 248 

sulfate (CuSO4) solution (40 µL) were added to the solution. The resulting reaction mixture was 249 

stirred at room temperature overnight and purified using preparative high-performance liquid 250 

chromatography (HPLC, Agilent 1250 Infinity HPLC) with a C18 column (150 × 21.2 mm). The 251 

sample was eluted using solvents A: water-formic acid (99.9:0.1, v/v) and B: acetonitrile-formic 252 

acid (99.9:0.1, v/v), with the gradient increased from 10% B to 90% B over 60 mins at a flowrate 253 

of 10 mL/min. The fractions containing product were frozen and lyophilized to afford MMP-ABP 254 

(4.1 mg, 48%) as a blue solid. HRMS (ESI-TOF) m/z [M + 2H]2+ calculated for C60H71N9O9Si2 255 

545.7645, found 545.7658. Synthetic route, structure and purity confirmation of MMP-ABP is 256 

shown in Supplementary Figure S1.   257 
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RESULTS AND DISCUSSION 258 

New reagents to study Tks5 isoforms 259 

There are multiple isoforms of Tks5, generated by alternative promoter usage (Cejudo-Martin et 260 

al., 2014; Li et al., 2013). The full length (α) isoform contains the amino terminal PX domain 261 

(Figure 1A) required for phosphatidylinositol lipid binding and the formation of invadopodia (Seals 262 

et al., 2005), while the shorter isoforms (b and short) lack this domain. The Tks5-specific 263 

antibodies we generated previously (Lock et al., 1998) were raised against the first and third SH3 264 

domains of the mouse protein. As a result, this antibody could not distinguish between the a and 265 

b isoforms nor reliably between Tks4 and Tks5; they also did provide high fidelity staining in 266 

human cells. To overcome these limitations, we generated new Tks5 antibodies to assist in the 267 

study of invadopodia. Of these, F4 is a rabbit monoclonal antibody (produced in collaboration with 268 

Epitomics, Inc.) raised against an epitope in the PX domain of Tks5α, and G6 is a mouse 269 

monoclonal antibody (produced in collaboration with the Flow Cytometry Shared Resource at 270 

OHSU) raised against an epitope in one of the unique linker domains of Tks5. The specificity of 271 

these antibodies in immunoblotting is demonstrated in Figure 1B. G6 recognizes both full-length 272 

and PX domain-deleted forms of Tks5 (e.g., the a and b isoforms) in human cells, whereas F4 273 

recognizes only the full-length α isoform of Tks5. Neither antibody recognized the related Tks4 274 

protein.  275 

Given our interest in the role of invadopodia in breast cancer, we next used the G6 (“panTks5”) 276 

antibody to profile a series of invasive human breast cancer cell lines. All tested cell lines 277 

expressed predominantly Tks5α, with low levels of Tks5β and short also detected in some cell 278 

lines (Figure 1C). We examined expression by immunofluorescence in one of these cell lines, 279 

MDA-MB-231. Focusing on the ventral surface of the cell, we noted co-localization of G6 with the 280 

puncta of F-actin characteristic of invadopodia, as expected, whereas no staining was seen if 281 

Tks5 expression was reduced by RNA interference (Figure 1D). The F4 antibody also showed 282 
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specific staining at invadopodia in these cells (Figure 1E). Thus, we conclude that these 283 

antibodies are suitable for both immunoblotting and immunocytochemistry. We also found them 284 

to provide suitable utility for immunoprecipitation and immunohistochemistry (data not shown). 285 

We next used F4 for high-resolution imaging of Tks5α in Src-transformed mouse fibroblasts (Src-286 

3T3), a workhorse for studies on invasive behavior in which the invadopodia form into 287 

characteristic rosettes (Chen, 1989; Tarone et al., 1985). Here too we observed Tks5α co-288 

localization with F-actin in the rosettes (Figure 1F). However, in these cells, the relative lack of 289 

actin stress fibers, coupled with our use of high-resolution microscopy, also allowed us to observe 290 

punctate staining of Tks5α in the cytoplasm. Interestingly, in the cytoplasm Tks5α staining was 291 

coincident with tubulin, but not actin, suggesting that Tks5α is localized to microtubules as well 292 

as invadopodia. Similar distribution was observed when Tks5α fused with GFP or mCherry was 293 

expressed in the cells. This analysis also revealed that the microtubules terminated near the 294 

rosettes, in keeping with other reports on podosomes and invadopodia (Linder et al., 2011; 295 

Luxenburg et al., 2007; Schoumacher et al., 2010). These data suggested the trafficking of Tks5α 296 

on microtubules, which indeed we have now observed (studies to be reported elsewhere).  297 

 298 

Morphology and growth of breast cancer cells with and without Tks5. 299 

The ECM, particularly collagen-I, can control cell survival, proliferation, migration and invasion. In 300 

cancer, collagen-I had been thought to be growth suppressive (Henriet et al., 2000), but this view 301 

is now more nuanced (Keely, 2011; Pickup et al., 2014). For example, increased collagen-I 302 

density and changed ECM architecture promote tumor proliferation and metastasis and are linked 303 

to a worse clinical outcome (Schedin and Keely, 2011). In addition, ECM rigidity has been shown 304 

to promote invadopodia formation (Parekh et al., 2011) and high-density fibrillar collagen (HDFC) 305 

in particular increased invadopodia formation in the MDA-MB-231 breast cancer cell line (Artym 306 

et al., 2015).  307 

 308 
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We have previously published that Tks5 knockdown is not required for growth of either breast 309 

cancer or melanoma cells on tissue culture plastic, but has an inhibitory effect when cells are 310 

placed in a cross-linked matrix of type I collagen (collagen-I) (Blouw et al., 2015; Iizuka et al., 311 

2016). An example of this finding is shown in Figure 2A. Over the course of this five-day assay, 312 

control cells increased in number approximately 10-fold, but knockdown of Tks5 with two different 313 

shRNAs had a marked inhibitory effect. Interestingly, the basement membrane surrogate Matrigel 314 

stimulated growth only three-fold over the same time period, although Tks5 knockdown was still 315 

inhibitory. We next wanted to explore whether the ability of collagen-I to form cross-links was 316 

important for the observed growth stimulation. To do this we compared native collagen to a 317 

pepsinized version which lacked the telopeptides where cross-linking occurred (Figure 2B). We 318 

found that, compared to controls, atelo-collagen only poorly stimulated growth, independent of 319 

Tks5 expression (Figure 2C). Atelocollagen was also unable to promote invadopodia formation 320 

in MDA-MB-231 cells and two other invasive breast cancer cell lines, Hs578t and HCC1806, when 321 

compared to native collagen-I (Figure 2C). These data are consistent with a report that fibrillar 322 

collagen-I induced an invasive phenotype in breast cancer cells whereas high-density non-fibrillar 323 

collagen-I (generated by sonication to shear fibrils) suppressed invasive behavior (Maller et al., 324 

2013).  325 

 326 

Epithelial cells interact with collagen via integrins (predominantly α1β1 and α2β1) and the receptor 327 

tyrosine kinases DDR1 and DDR2 (Leitinger and Hohenester, 2007), with the DDRs attracting 328 

recent attention as possible therapeutic targets (Brakebusch and Fassler, 2005; Rammal et al., 329 

2016; Valiathan et al., 2012). DDR1 is reported to have a kinase-independent function in 330 

linearizing invadopodia (Juin et al., 2014). There are no reports on DDR2, although interestingly 331 

DDR2 is involved in hypoxia-stimulated invasion of cancer cells (Ren et al., 2014), through 332 

stabilization of Snail and subsequent EMT (Zhang et al., 2013). Hypoxia increases invadopodia 333 

formation (Diaz et al., 2013), as does Twist-stimulation (Eckert et al., 2011). This suggests a 334 
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possible reciprocal relationship between invadopodia and collagen-DDR signaling. We used two 335 

approaches to investigate this. First, we knocked down DDR1 and DDR2, and tested the effect 336 

on growth on and in collagen-I. In both cases we observed a reduction in collagen-I stimulated 337 

growth, to the same extent as Tks5 knockdown (Figure 2D). Secondly, we evaluated the effect 338 

of the DDR inhibitor DDR1-IN-1, which inhibits both DDR1 and DDR2 at the concentrations used 339 

(Kim et al., 2013). We observed a reduction in the invasion and growth of breast cancer cells in 340 

3D (using a spheroid assay), but not 2D growth (Figure 2E, not shown). Together, these data 341 

highlight the importance of DDR signaling in invadopodia formation. It is likely that many of these 342 

effects occur through DDR2, which is uniquely activated by fibrillar collagen-I (Itoh, 2018; Rammal 343 

et al., 2016), whereas DDR1 can be activated by both collagen-I and collagen-IV lacking fibrillar 344 

structure. This will be explored in more detail in future work. 345 

 346 

The effect of ECM on invadopodia formation. 347 

Research in recent years has highlighted the importance of the tumor microenvironment on 348 

invadopodia formation and function, but efforts to systematically evaluate how the 349 

microenvironment regulates invadopodia have been hampered by its complexity. Aside from a 350 

myriad of insoluble ECM components, the typical tumor microenvironment also consists of soluble 351 

growth factors, cytokines and chemokines, secreted by multiple different cell types. With these 352 

issues in mind, the Korkola laboratory has developed the microenvironmental microarray (MEMA) 353 

technology to enable study of the microenvironment (Watson et al., 2018). MEMA consist of 354 

arrayed combinations of ECM molecules printed into each well of a multi-well plate, where each 355 

printed ECM spot forms a growth pad upon which cells can be cultured. Each individual well is 356 

treated with a separate soluble growth factor or ligand. By performing these assays in a multi-well 357 

format, the effects of unique combinations of ECM plus ligand can be assessed for their effects 358 

on cellular phenotypes (Watson et al., 2018). We ran a small-scale MEMA experiment using MDA-359 

MB-231 cells in which expression of endogenous Tks5 was suppressed by RNA interference, and 360 
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replaced by similar levels of Tks5αGFP. We used 45 different ECM proteins, with either no ligand, 361 

EGF, FGF or HGF, for a total of 192 different conditions in this screen. After 24 hours of growth, 362 

cells were fixed and stained with phalloidin for F-actin visualization and Tks5α co-localization on 363 

a confocal microscope (Figure 3). As expected, we observed collagen-I stimulation of 364 

invadopodia formation. We also observed stimulation by laminin, consistent with known biology 365 

and the observation that invadopodia form at contact sites with basement membrane 366 

(Schoumacher et al., 2010). We also saw more invadopodia on fibronectin, an abundant ECM 367 

protein with appreciated roles in cancer (Rick et al., 2019). But the most prominent ECM inducer 368 

of invadopodia was tropoelastin, the soluble precursor of the cross-linked ECM protein elastin 369 

(Vindin et al., 2019). As the name suggests, elastin provides elasticity and resilience to many 370 

organs, including the breast and the lung (a frequent site of breast cancer metastasis). Pericellular 371 

proteolysis of elastin can impact several aspects of cancer progression (Scandolera et al., 2016), 372 

although a discrete role in invadopodia biology has not previously been reported. None of the 373 

added growth factors were found to impact invadopodia formation in this MEMA assay format (not 374 

shown). This small-scale study demonstrates the feasibility of MEMA to identify novel modulators 375 

of invadopodia. In the future, it will be important to also test the roles of their corresponding 376 

receptors and downstream signaling events on invadopodia biology. 377 

 378 

Spatial distribution of Tks5α and other invadopodia components. 379 

Previous studies have started to reveal fundamental properties of invadopodia such as molecular 380 

components, order of assembly, and overall architecture. Currently, it is thought that invadopodia 381 

formation begins with a ‘core’ of branching cortical actin (with actin, cortactin, N-WASP, cofilin 382 

and so on), likely through Src-mediated tyrosine phosphorylation of cortactin, followed by 383 

recruitment of SHP2 and Tks5α (Oikawa et al., 2008; Sharma et al., 2013). SHP2 generates 384 

PI(3,4)P2, which binds to the PX domain of Tks5α to turn the latter into a multi-functional scaffold 385 
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to: bind to and stabilize filamentous actin; allow protrusion extension and maturation; engage and 386 

activate proteases such as the ADAMs and potentially MMPs for proteolytic activities; and recruit 387 

other adaptor proteins such as Nck2 and dynamin-2, which help organize signaling molecules 388 

such as the integrins, EGFR, and MET. While recruitment of these proteins and lipids could 389 

explain the various biological functions of invadopodia, the prior studies have mostly used 2D 390 

culture systems (e.g., on coverslips with or without a thin layer of gelatin). The structure and 391 

dynamics of invadopodia in more physiological 3D growth conditions remain poorly defined. We 392 

have conducted a series of experiments to define invadopodia in native collagen-I. Unexpectedly, 393 

both in tumor cell spheroids in 3D and cells on HDFC, Tks5α localization was restricted at the 394 

base of invadopodia but not in the protrusion body itself (Figure 4A, B, E and Supplementary 395 

movie1). We have also used super-resolution microscopy (SRM) to image Tks5 and the results 396 

revealed even more details of Tks5α distribution at the base of invadopodia, resembling that of 397 

the actin cortex (Figure 4D and E). Since Tks5 likely acts as a scaffold for multiple proteins, this 398 

localization pattern might also confine relevant biological processes to the base of invadopodia.  399 

 400 

We next evaluated the spatial distribution of the invadopodia components and actin regulators 401 

cortactin, N-WASP and fascin HDFC. To do this, cortactin, N-WASP or fascin-GFP fusion proteins 402 

were overexpressed in MDA-MB-231 cells together with Tks5α-mCherry, and the localization of 403 

these proteins in invadopodia formed on HDFC evaluated (Figure 5A, B). First, we confirmed 404 

that Tks5αGFP and Tks5α-mCherry were colocalized at the base of invadopodia. N-WASP 405 

accumulated in similar areas to Tks5α, consistent with reports of their association between N-406 

WASP and Tks5 (Oikawa et al., 2008). However, cortactin, which has also been reported to 407 

associate with Tks5α (Crimaldi et al., 2009), extends much further into the invadopodia body than 408 

Tks5α. Finally, while there was no localization or accumulation of fascin in invadopodia at day 2 409 

on HDFC, some fascin was detected along the protrusions beginning at day 4. These distributions 410 
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are schematized in Figure 5C. It will be important to extend these observations to other 411 

invadopodia proteins in the future, and to look at the ultrastructure of the F-actin contained in 412 

invadopodia over time. However, these observations may suggest that fascin-directed actin 413 

cables only form once the protrusions have fully elongated. 414 

 415 

Localization and function of pericellular proteases 416 

Invadopodia are known to be sites of pericellular proteolysis, with matrix, cysteine and serine 417 

protease activity associated with them, although whether protease activity is required for 418 

invadopodia formation, or just for function, may be cell type and context dependent (Linder, 2007; 419 

Murphy and Courtneidge, 2011). Nor have 3D studies of proteolytic activity associated with 420 

invadopodia been performed. We have begun to investigate this by determining the localization 421 

of both the MMPs and the cysteine cathepsins, initially focusing on their proteolytically active 422 

forms, using activity based probes (ABPs) for cathepsins (Xiao et al., 2013) and MMPs 423 

(Saghatelian et al., 2004). In both cases, active enzyme was localized to the base of invadopodia, 424 

in approximately the same location as Tks5α in magnified orthogonal views (Figure 6A and C). 425 

3D sideview of invadopodia more clearly showed the spatial localization of those proteins 426 

(Figure6B, 6D, Supplementary movie2 and movie3). This was surprising, since it might have 427 

been expected that ECM degradation occurs at the advancing tip of the invadopodium. It has 428 

been shown that pericellular proteases can be delivered as exosome cargo to invadopodia 429 

(Hoshino et al., 2013). In the future, it will be interesting to visualize exosomes and other 430 

microvesicles in these 3D systems.  431 

 432 

We next looked at the requirement for metalloprotease and cysteine cathepsin activity for 433 

invadopodia formation, using small molecule inhibitors. We found that 3D growth was affected by 434 

the MMP inhibitor GM6001 and the impermeable cathepsin inhibitor CA074 (Figure 7A). These 435 
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data suggest non-redundant, or concerted, functions for these two classes of protease. We used 436 

our high-resolution microscopy techniques to investigate further, comparing to a Src family kinase 437 

(SFK) inhibitor SU11333 (Laird et al., 2003), a derivative of SU6656 (Blake et al., 2000), since 438 

many invadopodia proteins are Src substrates (Murphy and Courtneidge, 2011). SFK inhibition 439 

markedly reduced the Tks5α content at the base of nascent invadopodia, whereas MMP and 440 

cathepsin inhibition caused an increase in Tks5α content (Figure 7B and C). We confirmed these 441 

observations by plotting signal intensities with z-stack depth (Figure 7C, right). SFK inhibition 442 

reduced both actin and Tks5α signals at invadopodia (Y-axis), but MMPs/cathepsin inhibition 443 

increased Tks5α accumulation at invadopodia compare to the DMSO control group. These graphs 444 

also show the decrease of protrusion depth (X-axis, actin intensity) in all inhibitor groups. To test 445 

the formation of functional invadopodia on HDFC, the length of invadopodia was measured. We 446 

found that all inhibitors markedly reduced the length of protrusions (Figure 7D). Thus, we 447 

speculate that SFK signaling may be required for initiation and perhaps maintenance of 448 

protrusions, whereas MMPs and cathepsins may promote the maturation/elongation of the 449 

structures.  450 

 451 

CONCLUSIONS 452 

In conclusion, we describe here two new antibodies: one (G6) recognizes all isoforms of Tks5; 453 

and one (F4) is specific for Tks5α. Both have antigen recognition utility in multiple formats 454 

including immunoblotting, immunoprecipitation and immunostaining (both immunohistochemistry 455 

and immunocytochemistry), making them highly valuable to the invadosome community. 456 

Combining these antibodies with several cutting-edge technologies such as super-resolution 457 

microscopy, MEMA and activity-based probes, we have begun to investigate the structure and 458 

function of invadopodia forming in response to the ECM. The results revealed new and complex 459 

sub-invadopodia architecture unseen in our previous analyses in 2D, and ECM components 460 

(tropoelastin) as novel invadopodia inducer. Among others, it is possible to evaluate whether 461 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 27, 2020. ; https://doi.org/10.1101/2020.02.26.966762doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.26.966762
http://creativecommons.org/licenses/by-nc-nd/4.0/


 22 

invadopodia architecture is influenced by the ECM components present by studying invadopodia 462 

structure in 3D or semi-3D model systems. The 3D and HDFC formats also revealed that ECM 463 

stimulates cancer cell growth in an invadopodia-dependent manner, which goes a long way to 464 

explaining why Tks5α (and other invadopodia proteins) are required for growth of many invasive 465 

cancer cells in 3D, but not when the same cells are cultured on tissue culture plastic.  466 

Future studies will expand on the findings described herein, with the goals being to evaluate more 467 

invadopodia components, to map their localizations, interactions and functionality. These studies 468 

will be important to determine whether invadopodia initiators such as the DDR receptors co-469 

localize to invadopodia, as well as the spatial localization of their downstream signaling 470 

components. 471 
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FIGURE LEGENDS 687 

Figure 1. Tks5 antibodies against PX domain (F4) and linker region (G6). 688 

A Schematic view of Tks5 isoforms and antibody epitope regions. B Antibody specificity analyzed 689 

by immunoblotting on extracts from 293T cells transiently expressing full-length of Tks5α (Tks5), 690 

Tks5α with PX domain deletion (! PX) or full-length of Tks4 (Tks4). C Tks5 protein levels analyzed 691 

by immunoblotting on human breast cancer cell lines. Asterisks show predicted size of Tks5α (*) 692 

and Tks5β/short (**). Tubulin is shown as a loading control.  D and E Validation of antibodies by 693 

immunofluorescence. (D) All Tks5 isoforms were stained by G6 in MDA-MB-231 cells with 694 

shRNA-scrambled (Ctrl), shRNA-Tks5 (D6) or shRNA-Tks5 (D7). Invadopodia were visualized by 695 

Tks5 (G6, green) and actin (phalloidin, red). (E) Tks5α was stained by F4 in Src-transformed 696 

NIH3T3 cells with Tks5αGFP overexpression. Magnified areas (1 and 2, orange square in top) 697 

were shown. Arrows show Tks5 accumulation at invadopodia. Arrowheads show Tks5α signals 698 

on microtubules in cytoplasmic region. F Invadopodia were stained for Tks5 (G6 or F4, red) and 699 

actin (phalloidin, green) in MDA-MB-231 cells. Magnified orthogonal views (orange square) were 700 

shown in left.  Hoechst to denote nuclei of cells in the images. Scale bars, 5 µm (D, E left, F top) 701 

and 2 µm (E right, F bottom).  702 

 703 

Figure 2. Crosstalk between invadopodia and the extracellular matrix.   704 

A Growth of cells as indicated in the figure in 3D native type I collagen (3D native COLI) and in 705 

3D matrigel (3D matrigel). Red line shows the cell number when they were embedded in matrix. 706 

B Schematic view of native collagen and atelocollagen. C Growth of cells as indicated in the figure 707 

on native type I collagen (native COLI) and atelocollagen (atelo COLI). Fold change in cell number 708 

in MDA-MB-231 cells with shRNA-scrambled (Ctrl), shRNA-Tks5 (D6), shRNA-Tks5 (D7) or 709 

shRNA-Tks5-D6 + rescued expression of Tks5αGFP (D6R) and representative images (actin by 710 

phalloidin) in MDA-MB-231, Hs578t or HCC1806 cells on each conditions (right). D Growth of 711 
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cells as indicated in the figure on high-dense type I collagen (HDFC) and in 3D native type I 712 

collagen (3D native COLI). Fold change in cell number in MDA-MB-231 cells with shRNA-713 

scrambled (Ctrl), shRNA-Tks5 (D6), shRNA-Tks5-D6 with rescued expression of Tks5αGFP 714 

(D6R) or shRNA-DDR1/2 (DDR1/2). E 3D growth/invasion in a hanging droplet spheroid assay 715 

with DDR inhibitor, DDR-IN-1. Representative images of spheroids in type I collagen stained by 716 

phalloidin (left) and spheroid size measured by actin intensity (right). Scale bars, 5 µm (C) and 717 

500 µm (E).  P>0.05 unless other specified; *, P<0.05; **, P<0.01; ***, P<0.001. 718 

 719 

Figure 3. Invadopodia formation assay on microenvironmental microarray (MEMA).  720 

A Overall view from one of the MEMA assays with MDA-MB-231 cells. Invadopodia were 721 

visualized by actin (phalloidin) and Tks5αGFP. B Representative zoom-in images from each spot 722 

as indicated in the figure (type I collagen: COLI, fibronectin: FN, laminin: LAM and tropoelastin). 723 

Magnified areas (orange square at top) shown at bottom. Hoechst staining reveals nuclei of cells 724 

in the images. Scale bars, 500 µm (A) and 10 µm (B).  725 

 726 

Figure 4. Fine structures of invadopodia in 3D type I collagen.  727 

A Invadopodia were visualized in a 3D type I collagen hanging droplet spheroids. Representative 728 

images of MDA-MB-231 spheroids stained by phalloidin (red) and Tks5αGFP (green). Magnified 729 

areas (orange square in left) were shown in middle. Hoechst staining reveals nuclei of cells in the 730 

images. Magnified orthogonal view (orange square in middle) shown at right. B Invadopodia in 731 

MDA-MB-231 cells with Tks5αGFP were visualized on high-dense fibrillar collagen (HDFC). 732 

Representative images of invadopodia stained by phalloidin (red), Tks5αGFP (green) and HDFC 733 

(gray). Magnified orthogonal view (orange square in left and middle) shown in the middle and 734 

atright. 3D reconstruction images were processed by using Imaris software (3D signal or spots, 735 

bottom). C Invadopodia on HDFC were visualized by phalloidin (red) and Tks5αGFP (green). 736 
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Hoechst to denote nuclei of cells in the images. Magnified orthogonal view (orange square in left) 737 

were shown in middle. Digital zoom-in image from single z-stack plane in middle (orange square) 738 

was shown in right. D 3D super-resolution microscopy (SRM) image of invadopodia on HDFC. 739 

Sample was prepared at same time as in C. E Comparison of invadopodia on HDFC between 740 

confocal microscopy and SRM. Representative images and structural information as indicated in 741 

the figure. Scale bars, 100 µm (A left), 10 µm (A middle), 5 µm (B top left, C left), 2 µm (A right, 742 

B top middle) and 1 µm (B top right, B bottom three, C right three). 743 

 744 

Figure 5. Localization of invadopodia components on HDFC.  745 

A Invadopodia in MDA-MB-231 cells with Tks5αGFP and Tks5α-mCherry were visualized on 746 

HDFC. Representative images of invadopodia stained by phalloidin (gray), Tks5α-mCherry (red) 747 

and Tks5αGFP (green). Magnified orthogonal view (orange square in top) shown at bottom. 748 

Digital zoom-in side-view image from single invadopodia in bottom (orange square) shown at 749 

right. Dot-line shows the area of cell membrane. B Invadopodia side-view images in Tks5α-750 

mCherry overexpressing MDA-MB-231 cells with cortactin-GFP, N-WASP-GFP or fascin-GFP on 751 

HDFC. C Schematic view of invadopodia with localization of invadopodia-related proteins in 3D. 752 

Scale bars, 5 µm (A top) and 3 µm (A bottom). 753 

 754 

Figure 6. Localization of protease activity at invadopodia on HDFC.  755 

A MMP activity at Invadopodia in MDA-MB-231 cells with Tks5αGFP were visualized on HDFC. 756 

Representative images of invadopodia stained by phalloidin (red), Tks5αGFP (green) and MMP 757 

activity (gray, MMP-ABP). Magnified orthogonal view (orange square in left and middle) were 758 

shown in middle and right. 3D reconstruction images were processed by using Imaris software 759 

(3D signal or spots) and shown in bottom. B Cathepsin activity at invadopodia in MDA-MB-231 760 

cells with Tks5αGFP was visualized on HDFC. Representative images of invadopodia stained by 761 
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phalloidin (red), Tks5α (green, F4 antibody) and cathepsin activity (gray, CTS-ABP). Magnified 762 

orthogonal view (orange square in left and middle) shown in middle and at right. 3D reconstruction 763 

images were processed by using Imaris software (3D signal or spots) and shown at bottom. Scale 764 

bars, 5 µm (A left, C left, D), 2 µm (A right, C right) and 1 µm (B). 765 

 766 

Figure 7. Role of protease activities in 3D invadopodia.  767 

A 3D growth/invasion in a hanging droplet spheroid assay in MDA-MB-231 cells with inhibitors, 768 

GM6001 or CA074. Representative brightfield images of spheroids in type I collagen (top) with 769 

spheroid size measured by actin intensity (bottom). B Invadopodia in MDA-MB-231 cells with 770 

Tks5αGFP were visualized on high-dense fibrillar collagen (HDFC). The cells were treated with 771 

DMSO, SU11333 (1µM), GM6001 (10µM) or CA074 (10µM). Representative images of 772 

invadopodia stained by phalloidin (red), Tks5αGFP (green) and HDFC (gray). Magnified 773 

orthogonal view (orange square) shown in left two panels. C Images from B were processed for 774 

3D reconstruction (3D spots) using Imaris software. Length (z-depth) and intensity of actin or 775 

Tks5αGFP (from three representative invadopodia) was analyzed in each condition (C, right 776 

graphs). Red dotted-line shows depth of actin intensity 10 in each condition. Green dotted-line 777 

shows maximum intensity of Tks5aGFP in DMSO. D Individual invadopodia length was measured 778 

using Imaris software. Scale bars, 5 µm (B left, C) and 1 µm (B right).  P>0.05 unless other 779 

specified; *, P<0.001. 780 
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