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SUMMARY

Cancer metastasis involves multiple steps including detachment of the metastatic cells from 

neighboring cells, the acquisition of motility and invasion to other tissue. All of these steps require 

the reorganization of the actin cytoskeleton. In this study, we found that the protein palladin, a 

molecular scaffold with an important function in actin organization, is expressed at higher overall 

levels in tumors compared to benign breast tissue, and also significantly higher in four invasive 

breast cancer cell lines when compared to four non-invasive cell lines. In addition, we found that 

palladin plays a key role in the formation of podosomes. Podosomes are actin-rich structures that 

function in adhesion and matrix degradation and have been found in many invasive cell types. Our 

results show that phorbol ester treatment stimulated the formation of palladin-containing 

podosomes in invasive, but not in non-invasive cell lines. More importantly, palladin knockdown 

resulted in decreased podosome formation and a significant reduction in transwell migration and 

invasive motility. Palladin overexpression induced podosome formation in the non-invasive MCF7 

cells, which are otherwise unable to form podosomes, suggesting that palladin plays a critical role 

in the assembly of podosomes. Overall, these results indicate that palladin overexpression 

contributes to the invasive behavior of metastatic cells.

Keywords

podosomes; migration; actin; metastasis

INTRODUCTION

Breast cancer is the second leading cause of death in women in Western countries 

(Dumitrescu and Cotarla, 2005). The spread of cancer cells to distant sites in the body is the 
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major cause of death in breast cancer patients, rather than the primary tumors themselves. In 

order for cells to metastasize, they must first become detached from neighboring cells, then 

acquire a motile phenotype, and finally, gain the ability to invade through the extracellular 

matrix to permit both intravasation and extravasation. Each of these steps involves the 

dynamic reorganization of specific types of actin arrays. Thus, it is not surprising that many 

different regulators of the actin cytoskeleton have been implicated in the process of 

metastasis; examples include cofilin, Arp 2/3, LASP-1, Mena, AFAP-110 and profilin (Di 

Modugno et al., 2007; Grunewald et al., 2007a; Roy and Jacobson, 2004; Wittenmayer et al., 

2004; Yamaguchi and Condeelis, 2007; Zhang et al., 2007).

Palladin is an actin-associated protein that plays an essential role in the assembly and 

maintenance of multiple types of actin-dependent structures, including both contractile stress 

fibers in fibroblasts and dynamic dorsal ruffles and podosomes in vascular smooth muscle 

cells (Goicoechea et al., 2006; Parast and Otey, 2000). Palladin was first shown to play a 

role in protrusive motility in knockdown experiments with cultured cells, in which palladin 

expression was found to be required for normal neurite extension in cortical neurons 

(Boukhelifa et al., 2001). More recently, the phenotype of the palladin null mouse 

(embryonic lethal, with defects in body wall closure both dorsally and ventrally) 

demonstrated that palladin plays an essential role in normal cell motility during embryonic 

development (Luo et al., 2005).

Since palladin is required for normal cell motility during embryonic development, this raises 

the possibility that palladin could also be involved in the pathological cell motility that is 

characteristic of metastatic cancer cells, and multiple lines of evidence support this idea. In 

an analysis of pancreatic and colorectal cancers, palladin was found within a cluster of 

invasion-specific genes (Ryu et al., 2001). More recently, the Condeelis lab found that the 

human palladin gene was strongly upregulated (∼3 fold) in aggressively motile cells, as 

compared to the nonmotile cells in the primary tumor (Wang et al., 2004). Finally, a 

mutation in the human palladin gene was recently implicated in an unusual and highly 

penetrant form of familial pancreatic cancer, which is an extremely invasive disease (Pogue-

Geile et al., 2006). Together, these results suggest that palladin could play a key role in the 

abnormal behavior of metastatic cancer cells. However, these results are essentially 

correlative in nature, and the precise mechanism by which palladin contributes to invasive 

cancer is not known.

The most common localization of palladin is in regularly-spaced puncta along stress fibers 

of well-spread cells; however, palladin have also been shown to localize to dorsal ruffles, 

cell-cell junctions and podosomes. Recent advances in the cell motility field have shown 

that many types of invasive cells form podosomes (Calle et al., 2006; Yamaguchi et al., 

2006). Podosomes are highly dynamic structures involved in the adhesion of cells to solid 

substrates, and they also play a role in tissue invasion and matrix remodeling (Buccione et 

al., 2004; Gimona and Buccione, 2006; Linder, 2007). Podosomes were originally 

discovered in monocyte-derived cells, but they have recently been observed in other cell 

types that migrate across tissue boundaries as part of their physiological function (Carman et 

al., 2007; Gringel et al., 2006). It has been demonstrated that treatment of cells with phorbol 

esters such as phorbol dibutyrate (PDBu) induces the formation of podosomes and also 
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triggers partial disassembly of actin stress fibers. The podosomes induced by PDBu 

treatment possess the standard podosome features, containing an F-actin core surrounded by 

a ring of adhesion proteins such as vinculin and talin, and exhibiting a tubular, column-like 

morphology arising perpendicularly from the bottom of the cells (Gimona et al., 2003; Hai 

et al., 2002).

In this study, we found that palladin levels in breast cancer patients is higher in malignant 

tissues that in normal breast samples. In addition, highly invasive breast cancer cell lines 

express significantly higher levels of palladin than non-invasive cell types. Our results also 

show that the expression level of palladin is correlated with their ability to form podosomes 

and that knocking down palladin resulted in a decrease in their ability to form PDBu-

induced podosomes, as well as in reduced migration and invasion. These results suggest that 

palladin plays an important role in promoting podosome formation, and thus high levels of 

palladin expression may contribute to the invasive motility of metastatic breast cancer cells 

by facilitating the assembly of these matrix-degrading structures. However, our results also 

show that overexpression of palladin alone is not sufficient to trigger enhanced invasive 

motility in cultured human breast cancer cells. Overall, these results support a model in 

which a cohort of genes is coordinately upregulated in metastatic cells, each contributing to 

specific aspects of invasive cell motility and cell survival.

RESULTS

Palladin protein levels correlate with metastatic potential in human breast cancer

Previous microarrays results showed that overexpression of palladin correlates with invasive 

motility in human breast cancer cells implanted in a mouse host (Wang et al., 2004). To 

further explore palladin's function in breast cancer, immunohistochemistry was performed 

on paraffin-embedded sections of breast tissue. Histological sections of normal breast tissues 

(n = 5), primary tumors (n = 10) and metastasis (n = 5) were stained with palladin antibody, 

and representative images of each group are shown Figure 1A. In normal breast, palladin 

was detected in ductal epithelial cells and also in occasional blood vessels (not shown). In 

primary tumors, palladin was detected in the neoplastic cells. Palladin staining was 

significantly stronger in metastatic tumors. Since metastases are derived from a highly 

invasive subset of cells in the original tumor, this result is consistent with the idea that 

palladin overexpression contributes to invasive cell motility. However, 

immunohistochemistry is only semi-quantitative, so we also investigated palladin levels in 

patient samples using immunoblot analysis. As shown in Figure 1B, palladin levels were 

significantly higher overall in primary tumors, as compared to normal breast tissue, although 

there was variation from sample to sample which may reflect the varying amount of tumor 

versus normal cells in each sample, or differences in the biologic behavior of these primary 

tumors. Palladin levels were also high in the three samples of metastatic disease, although 

these were also variable within this small sample size. To assure approximately equal 

sample loading in each lane, the blots were also analyzed for GADPH (a standard house-

keeping protein) (Figure 1B). These results support the hypothesis that deregulated palladin 

expression may be a common feature of invasive cancer. However, both our results obtained 

with patient samples and the previously published microassay results demonstrate only a 
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correlation and do not directly demonstrate a role for palladin in invasive cell motility. 

Therefore, we turned to a cultured cell model system to explore palladin's cellular function 

in more detail.

The expression of palladin in breast cancer cell lines was examined by immunoblot analysis 

using total cell lysates Figure 2A. For these experiments, we utilized eight lines of human 

breast cancer cells. These cell lines are well characterized, and their invasive potentials have 

been established: T47D, BT474, ZR75.1 and MCF-7 cells are non-invasive, while BT549, 

Hs578T, MDA-MB-231 and SUM159 are invasive in nude mice and also invasively motile 

in vitro (Flanagan et al., 1999; Kuperwasser et al., 2005; Zajchowski et al., 2001). The 

expression levels of palladin were normalized against those of tubulin and the results are 

presented in arbitrary units and shown in Figure 2B. Among the breast cancer cell lines, high 

levels (approximately 80 arbitrary units) of palladin were detected in the highly invasive 

BT549, Hs578, MDA-MB-231 and SUM159 cells, whereas very low levels (approximately 

5 arbitrary units) were detected in the non-invasive T47D, BT474, ZR75.1 and MCF7 cells. 

The correlation of palladin expression level with the metastatic potential/invasiveness of 

breast cancer cells suggests that palladin may be part of the mechanism governing the 

migratory and invasiveness of breast cancer cells.

Invasive breast cancer cells form podosomes in response to PBDu treatment

The presence of podosomes correlates with invasiveness in a variety of human cancer cell 

lines (Bowden et al., 1999; Kelly et al., 1998; Monsky et al., 1994; Seals et al., 2005). 

Podosomes are believed to facilitate migration across basement membranes through the 

activity of membrane-bound proteases that digest the extracellular matrix (Linder and 

Aepfelbacher, 2003). We examined the ability of both non-invasive and invasive breast 

cancer cells to form podosomes in response to phorbol ester stimulation. MCF7, MDA-

MB-231 and SUM159 cells were treated with two phorbol esters, PBDu and PMA, fixed 

and processed for immunofluorescence. Podosomes, identified by their dot-like 

concentrations of F-actin, were found both individually and in clusters scattered over the 

ventral membrane (Figure S1). Z-series analyses of individual podosome structures (Figure 

S1, insets) shows that the adhesion protein vinculin, which is an intrinsic component of 

podosomes, closely surrounds the actin core (Figure S1). Figure 3A shows that podosome 

formation was detected only in the invasive cell lines MDA-MB-231 and SUM159 cells 

shortly after addition or either PDBu (Figure 3A) or PMA (not shown), but not in the non-

invasive MCF7 cells, which have very low levels of endogenous palladin (Figure 3A).

Palladin localizes to podosomes and enhances podosome formation

Palladin has been shown previously to play an essential role in podosome formation in 

vascular smooth muscle cells (Goicoechea et al., 2006). We hypothesized that the high 

levels of palladin expression in MDA-MB-231 and SUM 159 cells could facilitate the 

formation of podosomes in these invasive breast cancer cells. To determine if palladin is 

recruited to these actin-based structures, immunostaining was used to visualize endogenous 

palladin in invasive MDA-MB-231 and SUM159 cells after stimulation with PDBu. Figure 

3B shows that palladin was clearly enriched in the podosomes and co-localized with actin in 

cells double-labeled for palladin and F-actin.
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To determine the role of palladin in PDBu induction of podosomes, we examined the effect 

of palladin knockdown on the cellular response to PDBu. siRNA oligos were used to knock 

down the expression of palladin. Figure 3C shows that when palladin siRNA transfected 

cells were treated with PDBu, a significant percentage of the siRNA-transfected cells were 

unable to form podosomes. When these results were quantified, we found that palladin 

knockdown reduces the percentage of cells that form podosomes from 36% to 19% (Fig. 

3C). These results suggest that palladin plays an important role in increasing the efficiency 

of podosome formation induced by PDBu.

Palladin knockdown in SUM159 cells impairs cell migration and invasion

We found that palladin is overexpressed in highly invasive SUM159 cells compared with the 

non-invasive cell line MCF7. This finding, together with the previous demonstration that 

palladin is localized to dynamic structures such as dorsal ruffles and podosomes 

(Goicoechea et al., 2006) prompted us to investigate the role of palladin in SUM159 cell 

migration and invasion using serum as a chemo-attractant. SUM159 cells were transfected 

with siRNAs and 96 h later, were collected and placed in the upper half of the inserts, which 

were then incubated for 24 h. Western blot analysis shows that treatment with palladin 

siRNA leads to a ∼90% reduction in palladin expression in SUM 159 cells (KD), as 

compared to cells treated with control siRNA (Figure 4A). Representative photomicrographs 

illustrate that SUM159 cells transfected with control siRNA migrate and invade faster 

compared with cells transfected with palladin siRNAs (Figure 4B-C). Following the 

quantification of stained cells, the percentage of migration and invasion was calculated by 

normalization of the number of knockdown cells, to the number of control cells that moved 

through the filters showing that palladin knockdown reduces both, the percentage of cells 

that migrate through the membrane by 60% (Figure 4B) and the percentage of cells that 

invade through the Matrigel by 50% (Figure 4C). In contrast, MCF-7 cells neither migrated 

nor invaded through the filters, either with or without palladin siRNA treatment (Figure 4B-

C). These results suggest that palladin plays an important role in cell migration and invasion.

Palladin overexpression in MCF7 cells induces podosome formation

We have shown so far that palladin knockdown results in decreased podosome formation, 

and in a significant reduction in the efficiency of transwell migration and invasive motility 

of SUM159 cells which express high levels of palladin. We also have shown that in the 

absence of exogenous palladin, MCF7 cells (which have low endogenous levels of palladin) 

do not form podosomes at all. Next, we wanted to determine whether experimental 

overexpression palladin was sufficient to drive PDBμ-induced formation of podosomes. We 

infected MCF7 cells with an adenovirus vector encoding either GFP (control) or myc-

palladin (OE). We overexpressed palladin to levels that are comparable with those found in 

invasive cells such as Hs578, MDA-MB-231 and SUM159 cells (Figure 5A). Double 

immunostaining was used to visualize myc-palladin and actin in MCF7 cells after 

stimulation with PDBu (Figure 5B). When cells were infected with adenovirus vector 

encoding myc-palladin, podosome formation was observed in 10% of cells (Fig. 5C).

Because palladin expression levels correlate with the invasiveness of breast cancer cells, we 

also examined whether palladin overexpression could promote cell migration and/or cell 
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invasion in non-invasive MCF7 cells, or enhance the invasion of SUM159 cells. Cells were 

infected with control and palladin-overexpressing adenovirus vectors (Figure 6A) and 24 h 

later, were collected and placed in the upper half of the inserts, which were then incubated 

for a further 24 h. Figure 6B and 6C shows that overexpression of palladin does not have 

any effect in the migration or invasion of SUM159 cells. Consistently with the results 

showed above, MCF7 cell did not migrate or invade either with or without overexpressed 

palladin levels. Together, these results suggest that palladin plays an important role in 

podosome formation but is not sufficient to promote cell migration and invasion.

DISCUSSION

Palladin's function has been explored previously in multiple types of cultured cells and also 

in knockout mice (Goicoechea et al., In Press). These studies have shown that palladin 

expression correlates closely with cell motility: palladin protein is more abundant in 

embryonic tissues (which are highly plastic) than in adult mammals (Parast and Otey, 2000), 

and in many adult organs, palladin is upregulated after injury near the wound-site, where 

cell migration and tissue remodeling occur (Boukhelifa et al., 2003; Jin et al., 2007; Ronty et 

al., 2006). This suggests that in normal cells, palladin expression is tightly controlled to 

allow for regulated transitions from non-motile to motile phenotypes. The present study was 

directed at understanding the potential role of palladin in a pathological type of cell 

migration, the invasive motility that characterizes malignant breast cancer cells. The role of 

palladin in breast cancer metastasis has not been investigated previously; however, multiple 

lines of evidence suggest that palladin could be critically involved in this process. First, 

palladin is a key regulator of the actin cytoskeleton. Palladin has been shown previously to 

be required for the maintenance of a normal actin cytoskeleton in a wide variety of cells 

(Goicoechea et al, In Press). Recently, a palladin knockout mouse was generated, and 

fibroblasts from this mouse displayed defects in cell motility, cell adhesion and actin 

organization, demonstrating that normal palladin levels are required for normal actin 

assembly (Luo et al., 2005). Second, palladin has been implicated in other highly invasive 

cancers. The human palladin gene is point-mutated in an inherited form of pancreatic cancer 

and also overexpressed in many cases of sporadic pancreatic cancer (Pogue-Geile et al., 

2006). Pancreatic cancer is lethal in 95-99% of cases, due to the extremely aggressive 

invasive motility of pancreatic cancer cells, suggesting the idea that deregulated palladin 

may contribute to this pathological cell behavior. Third, palladin is overexpressed in the 

most invasive population of cancer cells, as demonstrated by the results of two independent 

gene expression studies (Ryu et al., 2001; Wang et al., 2004). This correlation spurred us to 

test directly the hypothesis that high levels of palladin expression contribute to invasive 

motility.

Our results showed that palladin levels are much higher in more invasive than in 

noninvasive breast cancer cells: the most highly invasive breast cancer cell lines express 

palladin at levels that are approximately eighty times of those expressed by the majority of 

weakly invasive breast cancer cells. As the invasiveness of cancer cells is dependent on 

increased migratory and invasive properties, we have tested the hypothesis that the 

mechanism of action of palladin overexpression in breast cancers and cell lines is to promote 

the migration and invasiveness of breast cancer cells. Both gain of function (by 
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overexpression) and loss of function (by siRNA-mediated knockdown) established a critical 

role of palladin in the formation of podosomes by human breast cancer cells. 

Overexpression of palladin promotes podosome formation but has no effect on cell 

migration. These results are in accordance with Wang et al, who proposed that it is the 

activity of a pathway as a whole and not the change in expression of any one particular gene 

that determines the invasive and metastatic phenotype of the tumor (Wang et al., 2005).

The question remains: how exactly does palladin contribute to these processes? We have 

recently shown that palladin binds to actin and that it plays a role as an actin-crosslinking 

protein (Dixon et al., 2008) leading us to the hypothesis that palladin may be involved in 

migration and invasion by organizing the actin networks at sites of protrusion, by 

crosslinking actin filaments into bundles. Many results obtained to date suggest that palladin 

also acts as a potent molecular scaffold with a critical role in organizing actin filaments into 

functional arrays. Palladin binds to a large number of actin-associated proteins, including 

ezrin, VASP/Mena/EVL, profilin, alpha-actinin, Lasp-1 and Eps8 (Boukhelifa et al., 2006; 

Boukhelifa et al., 2004; Goicoechea et al., 2006; Mykkanen et al., 2001; Rachlin and Otey, 

2006; Ronty et al., 2004). In addition, palladin binds to signaling intermediaries such as 

ArgBP-2 and SPIN-90 (Ronty et al., 2007; Ronty et al., 2005), and palladin expression is 

required for the actin-cytoskeleton rearrangements that occur downstream of active Src 

(Ronty et al., 2007), suggesting that palladin regulates the organization of the actin 

cytoskeleton via multiple molecular pathways.

It has been proposed that genes encoding many components of the pathways that cause 

migration, including both stimulatory and inhibitory parts of each pathway, are coordinately 

upregulated in invading cells (Wang et al., 2005). It is worth noting that many of palladin's 

binding partners have been shown to be upregulated in invasive cancers. For example, 

Lasp-1 has been implicated in the motility of ovarian cancer and breast cancer cells 

(Grunewald et al., 2007a; Grunewald et al., 2006; Grunewald et al., 2007b; Lin et al., 2004). 

In addition, palladin binds to alpha-actinin, a widely expressed actin-crosslinking protein 

(Ronty et al., 2004) that is also overexpressed in metastatic sub-populations of cancer cells 

(Hatakeyama et al., 2006; Honda et al., 1998; Suehara et al., 2006). Eps8 is increased in 

pancreatic cancer, and its expression is required for dynamic actin-based cell protrusions and 

intercellular cytoskeletal organization (Welsch et al., 2007). The strong binding interaction 

between palladin and its binding partners, and their high degree of co-localization in cells 

and tissues, suggest that these proteins may have a shared function in motility and adhesion 

that may be deregulated in cancer cells.

In conclusion, we provide insight into the role of palladin in cancer metastasis stemming 

from its important involvement in actin organization and cell motility. Future studies will 

evaluate the relationship between palladin expression and metastatic potential in animal 

models and cancer progression in breast cancer patients. Further studies are required to 

delineate whether palladin and/or any of its regulators represent novel targets for therapeutic 

interventions in human cancer.
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EXPERIMENTAL PROCEDURES

Cell lines

Eight breast cancer cell lines were used: T47D, BT474, ZR75.1, MCF7, BT549, Hs578, 

MDAMB-231 and SUM159. T-47D cells were cultured in Dulbecco's modified Eagle's 

medium (DMEM, GIBCO) supplemented with 10% fetal bovine serum (FBS) and 10μg/ml 

of insulin. MDA-MB-231, MCF7, BT474, and SKBR3 cells were cultured in DMEM 

containing 10% FBS. BT-549 cells were cultured in RPMI supplemented with 10% FBS. 

ZR-75-1 were obtained from ATCC and cultured in DMEM supplemented with 5% fetal 

bovine serum (FBS), 2 mM Lglutamine. Hs578 cells were cultured in RPMI 1640 medium 

supplemented with 10% FBS and 2 mM glutamine. SUM159 cells were cultured in Ham's 

F12 with 5% calf serum, 5 μg/ml insulin, and 1 μg/ml hydrocortisone. All cell lines were 

grown at 37°C and 10% carbon dioxide.

Materials

Antibodies against the following proteins were used: palladin (polyclonal antibody and 

monoclonal 1E6 antibody previously characterized by Parast and Otey (Parast and Otey, 

2000). Tubulin alpha (Lab Vision Corporation); GAPDH and cortactin (Santa Cruz) and 

alpha-actinin (Sigma). Protease inhibitor cocktail for mammalian tissues were from Sigma. 

TransIT siQuest TransIT-LT1 transfection reagent was from Mirus. Alexafluor-488 and 

Alexafluor-568 anti-mouse IgG and anti-rabbit IgG conjugated secondary antibodies were 

from Molecular Probes.

Immunofluorescence Staining

Breast cancer cells lines MCF7, MDA-MB-231 and SUM159 were grown on glass 

coverslips and fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS), then 

permeabilized in 0.2% Triton X-100 and incubated with the specific primary antibodies for 

1 h. Primary antibodies were detected with Alexafluor-488 and Alexafluor-568 anti-mouse 

IgG and anti-rabbit IgG conjugates. Coverslips were examined with a Nikon TE200-U 

microscope with 20x and 60x objective lenses, an optional 1.5x tube lens and a Hamamatsu 

Orca-ER camera. Images were processed using Adobe Photoshop 7.0 (Adobe Systems Inc). 

Podosome formation was induced by the addition of 1 μM phorbol-12,13-dibutyrate (PDBu; 

Sigma-Aldrich), as previously described (Gimona et al., 2003; Hai et al., 2002). Confocal 

image acquisition and analysis were performed using a Leica SP2 AOBS confocal 

microscope with a 63×, 1.4-numerical-aperture apochromatic Leica lens (Leica 

Microsystems). Scanning was performed with the xz axis, using three independent laser 

sources (364-nm-UV, 488-nm-Ar, 568-nm-Kr lasers), as required. Images were processed 

using Leica and Adobe Photoshop software.

siRNA Knockdown

To knock down the expression of palladin by RNA interference, two 21-base 

oligonucleotides were purchased from Dharmacon Research. RNA sequences were the 

following: sense, 5′-CUACUCCGCUGUCACAUUAUU-3′ and antisense, 5′-

UAAUGUGACAGCGGAGUAGUU-3′. As a control we used siCONTROL Non-Targeting 
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siRNA #2 from Dharmacon. MCF7 and SUM159 cells were transfected using the TransIT 

siQuest transfection reagent following manufacture's instructions. Briefly, 1.5 ml of serum-

free medium (Life Technologies) and 20 μl of transfection reagent per plate were 

preincubated for 15 minutes at room temperature. After incubation, 225 μl of 1 μM siRNA 

was added to the diluted TransIT siQuest reagent and the mixture was incubated for 15 

minutes at room temperature for complex formation. Then, the entire mixture was added to 

the cells, resulting in a final concentration of 25 nM siRNAs. Cells were assayed between 72 

and 96 hours after transfection.

Palladin overexpression using adenoviral system

Mouse mycPalladin and GFP were first cloned into pENTR and then recombined into 

pAd/CMV/V5-DEST using Gateway recombination technology according to the 

manufacturer's instructions. Viruses were produced using the Virapower Adenoviral 

Expression System according to manufacturer's instructions (Invitrogen).

Cell Lysis and Immunoblot

MCF7, MDA-MB-231 and SUM159 cells cultured on 100 mm tissue culture dishes were 

briefly rinsed with phosphate-buffered saline and then scraped into a lysis buffer containing 

50 mM Tris (pH 7.0), 150 mM NaCl, 1% Triton X-100, and a protease inhibitor cocktail for 

mammalian tissues. The supernatant was collected after centrifugation at 14,000 rpm for 15 

min. The cell lysates were either analyzed by immunoblot or processed for migration and 

invasion assays or frozen with liquid nitrogen and stored at −80 °C for future use. For the 

immunoblot, lysates were boiled in 2X Laemmli buffer, and 20 μg of protein were resolved 

by SDS-PAGE in each lane of a 4-12% gel. The proteins were transferred to nitrocellulose 

and immunoblotted. For imaging, IRdye700 or 800-conjugated secondary antibodies were 

used with an Odyssey infrared imaging system (Licor). In some cases, immunocomplexes 

were visualized using the Western Lights Chemiluminescence Detection kit from Perkin-

Elmer.

Immunohistochemistry

Paraffin sections of human specimens of normal breast, primary breast cancer, and 

metastatic breast cancer were obtained from the University of North Carolina Tissue 

Procurement Facility. The primary antibody for palladin was a commercial polyclonal 

obtained from Proteintech Group at 1:200 dilution. Briefly, the slides were incubated at 

60°C for 15 minutes and then deparaffinized in xylene. Endogenous peroxidase activity was 

then quenched by incubation for 30 minutes in 0.3% H2O2 in methanol. Next, the slides 

were steamed for 25 minutes in citrate buffer. After adequate cooling, the specimens were 

placed in diluted normal blocking serum (based on secondary antibody). The slides were 

then incubated overnight with the primary antibody in a humidity box at 4°C and then 

placed in diluted biotinylated secondary antibody for 30 minutes at room temperature. The 

slides were incubated in VECTASTAIN Elite ABC Reagent (Vector Laboratories) for 30 

minutes at room temperature followed by peroxidase substrate solution until the desired 

stain intensity was obtained. Finally, the slides were counterstained in Hemotoxilyn and 

dehydrated before mounting with a coverslip.
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Migration assay

MCF7 and SUM159 siRNA transfected cells and their parental control were serum starved 

for 2 h, harvested, and resuspended in serum free medium. Cells (5 × 104) were added to the 

top chambers of 24-well Transwell plates and complete medium was added to the bottom 

chambers. After 24 hours of incubation at 37°C and 5% CO2, the nonmigrating cells present 

on the upper surface of the filter were removed using a sterile cotton swab. The cells that 

were able to migrate through the chamber onto the lower surface of the filter were fixed and 

stained with Diff-Quick (American Scientific Products). The number of migrating cells cells 

was counted with entire fields and the results were calculated as migration rate in relation to 

parental control cells. Each experimental condition was done in triplicates and repeated at 

least 3 times.

Matrigel Invasion Assay

The invasive potential of the parental MCF7 and SUM159 cells and the palladin knockdown 

cells was assessed using the Matrigel invasion chambers from BD Biosciences. Cells were 

cultured for 48 hours in complete media, harvested by trypsinization, and counted, and 5 × 

104 cells were placed onto the top insert. One chamber consists of a cell insert and a well. 

The bottom of the cell insert is covered with a filter containing multiple 8-μm pores and is 

coated with a basement membrane matrix (Matrigel). Cells, in 500 μl of serum-free DMEM 

media, were seeded in the cell insert and placed in the well, which was filled with 750 μl of 

DMEM and supplemented with 10% fetal bovine serum. After 24 hours of incubation cells 

were treated as described above for the migration assay.

Acknowledgments

The authors are grateful to the following former lab members for their assistance in the early stages of this project: 
Dr. Mana Parast, Amir Aghajanian, and Xinshuo Wang. We thank Xiaoya Ding and Dave Cowan for help with 
immunohistochemistry. The authors also want to thank Dr. Cercina Onesto for kindly sharing the breast cancer cell 
lines. This work was supported by NIH grant GM61743 (to C.O.). H.J.K. was supported by NIH K08 grant 
CA098240, and B.B. was supported by NIH training grant CA09688.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

REFERENCES

Boukhelifa M, Hwang SJ, Valtschanoff JG, Meeker RB, Rustioni A, Otey CA. A critical role for 
palladin in astrocyte morphology and response to injury. Mol Cell Neurosci. 2003; 23:661–8. 
[PubMed: 12932445] 

Boukhelifa M, Moza M, Johansson T, Rachlin A, Parast M, Huttelmaier S, et al. The proline-rich 
protein palladin is a binding partner for profilin. Febs J. 2006; 273:26–33. [PubMed: 16367745] 

Boukhelifa M, Parast MM, Bear JE, Gertler FB, Otey CA. Palladin is a novel binding partner for Ena/
VASP family members. Cell Motil Cytoskeleton. 2004; 58:17–29. [PubMed: 14983521] 

Boukhelifa M, Parast MM, Valtschanoff JG, LaMantia AS, Meeker RB, Otey CA. A role for the 
cytoskeleton-associated protein palladin in neurite outgrowth. Mol Biol Cell. 2001; 12:2721–9. 
[PubMed: 11553711] 

Bowden ET, Barth M, Thomas D, Glazer RI, Mueller SC. An invasion-related complex of cortactin, 
paxillin and PKCmu associates with invadopodia at sites of extracellular matrix degradation. 
Oncogene. 1999; 18:4440–9. [PubMed: 10442635] 

Goicoechea et al. Page 10

Oncogene. Author manuscript; available in PMC 2009 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Buccione R, Orth JD, McNiven MA. Foot and mouth: podosomes, invadopodia and circular dorsal 
ruffles. Nat Rev Mol Cell Biol. 2004; 5:647–57. [PubMed: 15366708] 

Calle Y, Burns S, Thrasher AJ, Jones GE. The leukocyte podosome. Eur J Cell Biol. 2006; 85:151–7. 
[PubMed: 16546557] 

Carman CV, Sage PT, Sciuto TE, de la Fuente MA, Geha RS, Ochs HD, et al. Transcellular diapedesis 
is initiated by invasive podosomes. Immunity. 2007; 26:784–97. [PubMed: 17570692] 

Di Modugno F, DeMonte L, Balsamo M, Bronzi G, Nicotra MR, Alessio M, et al. Molecular cloning 
of hMena (ENAH) and its splice variant hMena+11a: epidermal growth factor increases their 
expression and stimulates hMena+11a phosphorylation in breast cancer cell lines. Cancer Res. 
2007; 67:2657–65. [PubMed: 17363586] 

Dixon RD, Arneman DK, Rachlin AS, Sundaresan NR, Costello MJ, Campbell SL, et al. Palladin is an 
actin cross-linking protein that uses immunoglobulin-like domains to bind filamentous actin. J 
Biol Chem. 2008; 283:6222–31. [PubMed: 18180288] 

Dumitrescu RG, Cotarla I. Understanding breast cancer risk -- where do we stand in 2005? J Cell Mol 
Med. 2005; 9:208–21. [PubMed: 15784178] 

Flanagan L, Van Weelden K, Ammerman C, Ethier SP, Welsh J. SUM-159PT cells: a novel estrogen 
independent human breast cancer model system. Breast Cancer Res Treat. 1999; 58:193–204. 
[PubMed: 10718481] 

Gimona M, Buccione R. Adhesions that mediate invasion. Int J Biochem Cell Biol. 2006; 38:1875–92. 
[PubMed: 16790362] 

Gimona M, Kaverina I, Resch GP, Vignal E, Burgstaller G. Calponin repeats regulate actin filament 
stability and formation of podosomes in smooth muscle cells. Mol Biol Cell. 2003; 14:2482–91. 
[PubMed: 12808045] 

Goicoechea S, Arneman D, Disanza A, Garcia-Mata R, Scita G, Otey CA. Palladin binds to Eps8 and 
enhances the formation of dorsal ruffles and podosomes in vascular smooth muscle cells. J Cell 
Sci. 2006; 119:3316–24. [PubMed: 16868024] 

Gringel A, Walz D, Rosenberger G, Minden A, Kutsche K, Kopp P, et al. PAK4 and alphaPIX 
determine podosome size and number in macrophages through localized actin regulation. J Cell 
Physiol. 2006; 209:568–79. [PubMed: 16897755] 

Grunewald TG, Kammerer U, Kapp M, Eck M, Dietl J, Butt E, et al. Nuclear localization and and 
cytosolic overexpression of LASP-1 correlates with tumor size and nodal-positivity of human 
breast carcinoma. BMC Cancer. 2007a; 7:198. [PubMed: 17956604] 

Grunewald TG, Kammerer U, Schulze E, Schindler D, Honig A, Zimmer M, et al. Silencing of 
LASP-1 influences zyxin localization, inhibits proliferation and reduces migration in breast cancer 
cells. Exp Cell Res. 2006; 312:974–82. [PubMed: 16430883] 

Grunewald TG, Kammerer U, Winkler C, Schindler D, Sickmann A, Honig A, et al. Overexpression of 
LASP-1 mediates migration and proliferation of human ovarian cancer cells and influences zyxin 
localisation. Br J Cancer. 2007b; 96:296–305. [PubMed: 17211471] 

Hai CM, Hahne P, Harrington EO, Gimona M. Conventional protein kinase C mediates phorbol-
dibutyrate-induced cytoskeletal remodeling in a7r5 smooth muscle cells. Exp Cell Res. 2002; 
280:64–74. [PubMed: 12372340] 

Hatakeyama H, Kondo T, Fujii K, Nakanishi Y, Kato H, Fukuda S, et al. Protein clusters associated 
with carcinogenesis, histological differentiation and nodal metastasis in esophageal cancer. 
Proteomics. 2006; 6:6300–16. [PubMed: 17133371] 

Honda K, Yamada T, Endo R, Ino Y, Gotoh M, Tsuda H, et al. Actinin-4, a novel actin-bundling 
protein associated with cell motility and cancer invasion. J Cell Biol. 1998; 140:1383–93. 
[PubMed: 9508771] 

Jin L, Kern MJ, Otey CA, Wamhoff BR, Somlyo AV. Angiotensin II, focal adhesion kinase, and 
PRX1 enhance smooth muscle expression of lipoma preferred partner and its newly identified 
binding partner palladin to promote cell migration. Circ Res. 2007; 100:817–25. [PubMed: 
17322171] 

Kelly T, Yan Y, Osborne RL, Athota AB, Rozypal TL, Colclasure JC, et al. Proteolysis of 
extracellular matrix by invadopodia facilitates human breast cancer cell invasion and is mediated 
by matrix metalloproteinases. Clin Exp Metastasis. 1998; 16:501–12. [PubMed: 9872598] 

Goicoechea et al. Page 11

Oncogene. Author manuscript; available in PMC 2009 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Kuperwasser C, Dessain S, Bierbaum BE, Garnet D, Sperandio K, Gauvin GP, et al. A mouse model 
of human breast cancer metastasis to human bone. Cancer Res. 2005; 65:6130–8. [PubMed: 
16024614] 

Lin YH, Park ZY, Lin D, Brahmbhatt AA, Rio MC, Yates JR 3rd, et al. Regulation of cell migration 
and survival by focal adhesion targeting of Lasp-1. J Cell Biol. 2004; 165:421–32. [PubMed: 
15138294] 

Linder S. The matrix corroded: podosomes and invadopodia in extracellular matrix degradation. 
Trends Cell Biol. 2007; 17:107–17. [PubMed: 17275303] 

Linder S, Aepfelbacher M. Podosomes: adhesion hot-spots of invasive cells. Trends Cell Biol. 2003; 
13:376–85. [PubMed: 12837608] 

Liu XS, Luo HJ, Yang H, Wang L, Kong H, Jin YE, et al. Palladin regulates cell and extracellular 
matrix interaction through maintaining normal actin cytoskeleton architecture and stabilizing 
beta1-integrin. J Cell Biochem. 2007; 100:1288–300. [PubMed: 17115415] 

Luo H, Liu X, Wang F, Huang Q, Shen S, Wang L, et al. Disruption of palladin results in neural tube 
closure defects in mice. Mol Cell Neurosci. 2005; 29:507–15. [PubMed: 15950489] 

Monsky WL, Lin CY, Aoyama A, Kelly T, Akiyama SK, Mueller SC, et al. A potential marker 
protease of invasiveness, seprase, is localized on invadopodia of human malignant melanoma 
cells. Cancer Res. 1994; 54:5702–10. [PubMed: 7923219] 

Mykkanen OM, Gronholm M, Ronty M, Lalowski M, Salmikangas P, Suila H, et al. Characterization 
of human palladin, a microfilament-associated protein. Mol Biol Cell. 2001; 12:3060–73. 
[PubMed: 11598191] 

Otey CA, Rachlin A, Moza M, Arneman D, Carpen O. The palladin/myotilin/myopalladin family of 
actin-associated scaffolds. Int Rev Cytol. 2005; 246:31–58. [PubMed: 16164966] 

Parast MM, Otey CA. Characterization of palladin, a novel protein localized to stress fibers and cell 
adhesions. J Cell Biol. 2000; 150:643–56. [PubMed: 10931874] 

Pogue-Geile KL, Chen R, Bronner MP, Crnogorac-Jurcevic T, Moyes KW, Dowen S, et al. Palladin 
mutation causes familial pancreatic cancer and suggests a new cancer mechanism. PLoS Med. 
2006; 3:e516. [PubMed: 17194196] 

Rachlin AS, Otey CA. Identification of palladin isoforms and characterization of an isoform-specific 
interaction between Lasp-1 and palladin. J Cell Sci. 2006; 119:995–1004. [PubMed: 16492705] 

Ronty M, Taivainen A, Heiska L, Otey C, Ehler E, Song WK, et al. Palladin interacts with SH3 
domains of SPIN90 and Src and is required for Src-induced cytoskeletal remodeling. Exp Cell 
Res. 2007; 313:2575–85. [PubMed: 17537434] 

Ronty M, Taivainen A, Moza M, Kruh GD, Ehler E, Carpen O. Involvement of palladin and alpha-
actinin in targeting of the Abl/Arg kinase adaptor ArgBP2 to the actin cytoskeleton. Exp Cell Res. 
2005; 310:88–98. [PubMed: 16125169] 

Ronty M, Taivainen A, Moza M, Otey CA, Carpen O. Molecular analysis of the interaction between 
palladin and alpha-actinin. FEBS Lett. 2004; 566:30–4. [PubMed: 15147863] 

Ronty MJ, Leivonen SK, Hinz B, Rachlin A, Otey CA, Kahari VM, et al. Isoform-specific regulation 
of the actin-organizing protein palladin during TGF-beta1-induced myofibroblast differentiation. J 
Invest Dermatol. 2006; 126:2387–96. [PubMed: 16794588] 

Roy P, Jacobson K. Overexpression of profilin reduces the migration of invasive breast cancer cells. 
Cell Motil Cytoskeleton. 2004; 57:84–95. [PubMed: 14691948] 

Ryu B, Jones J, Hollingsworth MA, Hruban RH, Kern SE. Invasion-specific genes in malignancy: 
serial analysis of gene expression comparisons of primary and passaged cancers. Cancer Res. 
2001; 61:1833–8. [PubMed: 11280733] 

Seals DF, Azucena EF Jr, Pass I, Tesfay L, Gordon R, Woodrow M, et al. The adaptor protein Tks5/
Fish is required for podosome formation and function, and for the protease-driven invasion of 
cancer cells. Cancer Cell. 2005; 7:155–65. [PubMed: 15710328] 

Suehara Y, Kondo T, Fujii K, Hasegawa T, Kawai A, Seki K, et al. Proteomic signatures 
corresponding to histological classification and grading of soft-tissue sarcomas. Proteomics. 2006; 
6:4402–9. [PubMed: 16807943] 

Goicoechea et al. Page 12

Oncogene. Author manuscript; available in PMC 2009 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Wang W, Goswami S, Lapidus K, Wells AL, Wyckoff JB, Sahai E, et al. Identification and testing of a 
gene expression signature of invasive carcinoma cells within primary mammary tumors. Cancer 
Res. 2004; 64:8585–94. [PubMed: 15574765] 

Wang W, Goswami S, Sahai E, Wyckoff JB, Segall JE, Condeelis JS. Tumor cells caught in the act of 
invading: their strategy for enhanced cell motility. Trends Cell Biol. 2005; 15:138–45. [PubMed: 
15752977] 

Welsch T, Endlich K, Giese T, Buchler MW, Schmidt J. Eps8 is increased in pancreatic cancer and 
required for dynamic actin-based cell protrusions and intercellular cytoskeletal organization. 
Cancer Lett. 2007; 255:205–18. [PubMed: 17537571] 

Wittenmayer N, Jandrig B, Rothkegel M, Schluter K, Arnold W, Haensch W, et al. Tumor suppressor 
activity of profilin requires a functional actin binding site. Mol Biol Cell. 2004; 15:1600–8. 
[PubMed: 14767055] 

Yamaguchi H, Condeelis J. Regulation of the actin cytoskeleton in cancer cell migration and invasion. 
Biochim Biophys Acta. 2007; 1773:642–52. [PubMed: 16926057] 

Yamaguchi H, Pixley F, Condeelis J. Invadopodia and podosomes in tumor invasion. Eur J Cell Biol. 
2006; 85:213–8. [PubMed: 16546563] 

Zajchowski DA, Bartholdi MF, Gong Y, Webster L, Liu HL, Munishkin A, et al. Identification of gene 
expression profiles that predict the aggressive behavior of breast cancer cells. Cancer Res. 2001; 
61:5168–78. [PubMed: 11431356] 

Zhang J, Park SI, Artime MC, Summy JM, Shah AN, Bomser JA, et al. AFAP-110 is overexpressed in 
prostate cancer and contributes to tumorigenic growth by regulating focal contacts. J Clin Invest. 
2007; 117:2962–73. [PubMed: 17885682] 

Goicoechea et al. Page 13

Oncogene. Author manuscript; available in PMC 2009 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Palladin expression is increased in patient samples of breast cancer compared with 
normal breast
A. Immunohistochemical analysis of normal, primary breast cancer tumors and metastatic 

tumors: comparison of the palladin staining in the tissue sections demonstrates an apparent 

increase in staining in metastatic tumors. B. Palladin levels are increased in primary tumors 

and metastatic tumors: western blots were used to determine the levels of palladin in normal, 

primary breast cancer tumors and metastatic tumors. GADPH (a standard house-keeping 

protein) was used as a loading control.
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Figure 2. Palladin levels correlate with invasive potential in human breast cancer cells
A- Western blot analysis was used to determine the amount of palladin protein in whole-cell 

lysates of eight different human breast cancer cell lines: T47D, BT474, ZR75.1, MCF7, 

BT549, Hs578T, MDA-MB-231 and SUM159. B- Quantification of palladin protein levels 

in breast cancer cells. The ratio of palladin to total cellular tubulin is shown on the left axis, 

and this amount was found to correlate closely with the invasive potential of the eight cell 

lines.
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Figure 3. Palladin localizes to PDBu-induced podosomes and enhances podosome formation
A- MCF7, MDA-MB-231 and SUM159 cells were plated on FBS-coated coverslips and 

treated with the phorbol ester PDBu for 20 minutes. Co-labeling with rhodamine-phalloidin 

and polyclonal anti-cortactin antibody was used to detect podosomes. Note that only the 

invasive MDA-MB-231 and SUM159 breast cancer cell lines form podosomes after PDBu 

treatment and not the non-invasive MCF7 cell line. B- MDA-MB-231 and SUM159 cells 

were plated on FBS-coated coverslips and treated with the phorbol ester PDBu for 20 

minutes. After fixation, endogenous palladin was detected by immunofluorescence. Co-
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labeling with phalloidin and anti-palladin antibody reveals that palladin was consistently 

detected in podosomes of the both invasive cell lines. Top two panels: Low magnification 

images of MDA-MB-231 and SUM159 breast cancer cell lines. Bottom: High magnification 

image of SUM159 cells to show detail. C- SUM159 cells transfected with control siRNA 

oligos and siRNA oligos targeting palladin were plated on FBS-coated coverslips overnight 

and then treated with PDBu for 20 minutes. Left panel- Western blot analysis was used to 

detect palladin levels in cells treated with control oligos (C) or palladin- specific siRNA 

oligos (KD). RNA interference reduced expression by ∼90%. Right panel- Podosome 

formation was significantly reduced in palladin knockdown cell (KD, 19 ± 5 %), as 

compared with control cells (C, 36 ± 3 %). Results are representative of three independent 

experiments in which at least 300 transfected cells were counted. Scale Bar = 10μm
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Figure 4. Palladin knockdown reduces migration and invasion of invasive breast cancer cells
A- Western blot analysis shows that treatment with palladin siRNA leads to a ∼90% 

reduction in palladin expression in SUM 159 cells (KD), as compared to cells treated with 

control siRNA (C). B- Transwell migration assay of control siRNA (C) and palladin siRNA 

(KD) transfected MCF7 and SUM159 cells. Palladin knockdown reduces the number of 

cells migrating through a transwell filter by ∼60% in SUM-159 cells, while the non-

invasive MCF-7 cells are non-migratory either with or without palladin siRNA treatment. C- 
Matrigel invasion assay of control siRNA (C) and palladin siRNA (KD) transfected MCF7 
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and SUM159 cells. Palladin knockdown reduces the number of cells invading through a 

Matrigel-coated transwell filter by ∼50% in SUM-159 cells, while the non-invasive MCF-7 

cells are non-invasive either with or without palladin siRNA treatment. For both assays, 

cells on the lower surface of the filter were fixed and counted 20 hours after plating 

(Representative microphotographs of migrating and invading cells are included).
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Figure 5. Palladin overexpression induces podosomes formation
A- Western blot analysis shows that treatment with adenovirus vector containing myc-

palladin in MCF7 cells leads to palladin levels comparable with those found in invasive cell 

lines such as MDA-MB-231 and SUM159. B- GFP and palladin-overexpressing MCF7 cells 

were plated on FBS-coated coverslips and treated with the phorbol ester PDBu for 20 

minutes. After fixation, palladin was detected by immunofluorescence. Co-labeling with 

phalloidin and anti-myc antibody reveals that myc-palladin was consistently detected in 

podosomes of infected cell lines. C- Podosome formation was induced in palladin 
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overexpressing cells (OE, 10 ± 2%) as compared with control cells (C, 0 %). Results are 

representative of three independent experiments in which at least 100 transfected cells were 

counted. Scale Bar = 10μm
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Figure 6. Palladin overexpression does not affect cell migration of either invasive or noninvasive 
breast cancer cells
A- The levels of palladin in MCF7 and SUM159 cells infected with adenovirus expressing 

either GFP (C, control) or myc-palladin (OE, overexpression) were assessed by Western 

blot. B- Transwell migration assay of MCF7 (left) and SUM159 (right) expressing either 

GFP (C) or myc-palladin (OE). C- Matrigel invasion assay of control MCF7 (left) and 

SUM159 (right) expressing either GFP © or myc-palladin (OE). For both assays, cells on 

the lower surface of the filter were fixed and counted 20 hours after plating (Representative 
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microphotographs of migrating and invading cells from three different experiments are 

included).
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