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A B S T R A C T

Invadopodia, cancer cell protrusions with proteolytic activity, are functionally associated with active remodeling
of the extracellular matrix. Here, we show that the invadopodia-related protein TKS5 is expressed in human
pancreatic adenocarcinoma lines, and demonstrate that pancreatic cancer cells depend on TKS5 for invadopodia
formation and function. Immunofluorescence staining of human pancreatic cancer cells reveals that TKS5 is a
marker of mature and immature invadopodia. We also analyze the co-staining patterns of TKS5 and the com-
monly used invadopodia marker Cortactin, and find only partial co-localization of these two proteins at in-
vadopodia, with a large fraction of TKS5-positive invadopodia lacking detectable levels of Cortactin. Whereas
compelling evidence exist on the role of invadopodia as mediators of invasive migration in cultured cells and in
animal models of cancer, these structures have never been detected inside human tumors. Here, using antibodies
against TKS5 and Cortactin, we describe for the first time structures strongly resembling invadopodia in various
paraffin-embedded human tumor surgical specimens from pancreas and other organs. Our results strongly
suggest that invadopodia are present inside human tumors, and warrants further investigation on their reg-
ulation and occurrence in surgical specimens, and on the value of TKS5 antibodies as pathological research and
diagnostic tools.

1. Introduction

Invadopodia are cancer cell protrusions with localized pericellular
proteolytic activity (Chen 1989). These structures are functionally
linked to processes involving active extracellular matrix remodeling,
such as invasive migration (Murphy and Courtneidge, 2011), pro-
liferation in a three-dimensional protein matrix (Blouw et al., 2015;
Iizuka et al., 2016), and angiogenesis (Petropoulos et al., 2018; Blouw
et al., 2008). Accordingly, invadopodia are regulated in vitro by pro-
invasive signals such as EGFR ligands and TGFβ (Diaz et al., 2013; Zhou
et al., 2014; Mandal et al., 2008), adhesion to the extracellular matrix
(Branch et al., 2012), hypoxia (Diaz et al., 2013; Lucien et al., 2011;
Hanna et al., 2013), and extracellular matrix rigidity (Alexander et al.,
2008) among other signals. Invadopodia have been extensively studied
in cell culture, and in various cancer cell implantation models in vivo

(Blouw et al., 2015; Leong et al., 2014; Eckert et al., 2011). However,
these structures have never been detected inside intact tumors.

Analysis of invadopodia assembly using time-lapse microscopy have
described three stages in the invadopodia life cycle: invadopodia pre-
cursor, immature invadopodia, and mature invadopodia (Beaty and
Condeelis, 2014). The mature invadopodia stage is defined by the
presence of extracellular protein degradation, an activity measured
using an in vitro assay that detects focal digestion of a fluorescently-
labeled protein substrate (Mueller et al., 1992). This extensively used
assay, easily performed in vitro in cultured cell lines, has been used to
detect invadopodia in primary cancer cells freshly isolated from human
surgical head-and-neck tumors (Clark et al., 2007). However, detecting
focal invadopodia-dependent proteolysis inside intact tumors remains
technically challenging. Therefore, the identification of invadopodia
inside tumors still relies on the use of suitable invadopodia markers.
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The adaptor protein TKS5 (Lock et al., 1998) is functionally linked
to invadopodia formation and activity. Cancer cells with reduced levels
of TKS5 fail to elaborate invadopodia, and have decreased invasive
ability in vitro and in vivo (Blouw et al., 2008, 2015; Iizuka et al., 2016;
Eckert et al., 2011; Seals et al., 2005). The TKS5 protein contains a
PHOX homology domain (PX domain), and five SH3 domains (Lock
et al., 1998). The PX domain is necessary for phosphoinositide binding
and membrane localization, and the SH3 domains fulfill the scaffolding
function of TKS5 (Abram et al., 2003; Oikawa et al., 2008). Recently,
we and others have identified additional forms of mouse Tks5 lacking
the PX domain, which are the result of transcription from intronic in-
itiation sites (Li et al., 2013; Cejudo-Martin et al., 2014). Different PX
domain-lacking Tks5 isoforms were named Tks5short and Tks5β, and the
canonical PX-containing Tks5 form was named Tks5α/Tks5long. All
forms of Tks5 are detected in most normal mouse tissues, whereas in-
creased expression of Tks5α/Tks5long is associated with malignant
transformation, metastasis and invadopodia formation (Li et al., 2013;
Cejudo-Martin et al., 2014). TKS5 is highly enriched at invadopodia
when compared with other cellular compartments, and it is present at
all stages from precursor to mature (Abram et al., 2003; Di Martino
et al., 2014; Sharma et al., 2013). In breast cancer cells stimulated with
EGF, TKS5 is recruited to invadopodia precursors shortly after Cor-
tactin, an actin nucleation-promoting factor, which is also necessary for
invadopodia formation and activity (Clark et al., 2007). Cortactin is
also present in invadopodia at all stages, and promotes F-actin poly-
merization (Oser et al., 2009). In addition, Cortactin is also abundant at
other subcellular localizations such as lamellipodia, membrane ruffles
and sites of exocytosis (Schnoor et al., 2018).

Here, using immunofluorescence for TKS5 and Cortactin on human
cell lines and tumor surgical specimens, we analyze the co-localization
patterns of these two proteins in invadopodia formed by cancer cells in
vitro, and describe for the first time the presence of invadopodia-like
structures inside human tumors. This work refines the tools to identify
and study these cancer cellular structures. The possibility to detect in-
vadopodia in paraffin-embedded archived samples will greatly expand
future studies on the pathology of invadopodia-associated tumor
biology.

2. Materials and methods

2.1. Tumor surgical specimens

In this study, we evaluated archived paraffin-embedded blocks from
25 patients from Harbor-UCLA Medical Center at Los Angeles County,
who underwent surgical resections for varying tumor pathologies from
pancreas, stomach, colon, rectum, gallbladder, breast, and brain. Los
Angeles Biomedical Research Institute Human Subjects Committee re-
viewed and approved the study (IRB Protocol number 31363).

2.2. Cell lines

BxPC-3, PANC-1, MIAPaCa-2, CAPAN-1, SU86.86 and MRC-5 cells
were from ATCC. L3.6pl cells were obtained from J. Summy (MD
Anderson, Orlando). BxPC-3, MIAPaCa-2, CAPAN-1 and SU86.86 cells
were grown in RPMI containing 10% FBS. PANC-1 were grown in
DMEM containing 10% FBS. MRC-5 cells were grown in ATCC-for-
mulated IMEM containing 10% FBS.

2.3. Antibodies

Polyclonal antibody against human TKS5 was from LSBio (cat. no.
LS-C383498), monoclonal antibody against human TKS5 (clone
13H6.3) and Cortactin antibody (clone 4F11) were from
MilliporeSigma. Polyclonal antibody against mouse Tks5 (1737) was a
generous gift from Dr. Sara Courtneidge (OHSU, Portland, OR, US).
Cytokeratin antibody (CAM 5.2) was from LSBio (LS-C312027). Anti-β

actin antibody (D6A8) was from Cell Signaling Technology.

2.4. Immunofluorescence of tumor samples

Paraffin-embedded formalin-fixed specimens from patients who
underwent tumor surgical resection were freshly cut into 5 μm thick-
ness sections. After deparaffinization, samples were subjected to heat-
induced epitope retrieval for 15min using antigen retrieval solution
(Citra Buffer pH 6, cat. no. HK086 from Biogenex). After three washes
with PBS, samples were blocked in 5% normal donkey serum for 1 h at
room temperature, washed with PBS and incubated with TKS5 antibody
(LSBio) at 1:50 overnight at 4 °C. Signal was developed with donkey
anti-rabbit IgG antibody coupled with Alexa 488 (Jackson
ImmunoResearch) at 1:100. Selected samples were co-stained with anti-
TKS5 and either anti-Cortactin (1:50) or Phalloidin-Alexa 568 (1:100).
Cortactin signal was developed using donkey anti-mouse IgG antibody
coupled with Alexa 594 (Jackson ImmunoResearch) at 1:200. Images
were captured from regions containing TKS5-positive cancer cells using
100× oil-immersion objective in a Nikon eclipse E400 microscope
equipped with an Excelitas X-Cite 120 fluorescence illuminator, a Nikon
Y-IDP Double port, a Nikon DS-Fi2 camera head, and Nikon NIS ele-
ments D imaging software.

2.5. Invadopodia formation and staining

BxPC-3 cells were plated on coverslips coated with a layer of 2%
type B gelatin (MilliporeSigma) or with Oregon Green-labeled gelatin
(ThermoFisher Scientific), essentially as described before (Diaz et al.,
2013; Díaz, 2013); PANC-1 were plated on coverslips coated with type
B gelatin and treated with 10% NuSerum supplement (Corning) for
24 h. Cells were fixed with 4% paraformaldehyde for 10min, blocked in
PBS containing 0.1% Triton X-100 and 3% BSA, and incubated over-
night at 4 °C in primary antibody diluted 1:500 in PBS containing 0.1%
Triton X-100 and 0.3% BSA. Secondary antibodies conjugated with
Alexa 488 or Alexa 594, as well as Phalloidin-Alexa 568 (ThermoFisher
Scientific) were used at 1:500. Samples were mounted using vectashield
containing DAPI (Vector Labs). Images were obtained using a 63×
objective in a Zeiss AxioImager A1 equipped with a PRIOR Lumen 200,
Axiocam 503 mono camera and ZEN2 software (Zeiss).

2.6. RNA interference

BxPC-3 cells were transfected with a human TKS5-specific siRNA
pool (Dharmacon) at a final concentration of 80 nM using lipofectamine
2000 (ThermoFisher Scientific). Invadopodia formation and activity
were quantified 72 h after transfection, essentially as described pre-
viously (Diaz et al., 2013). Briefly, 24 h after transfection, cells were
plated on Oregon-green gelatin-coated coverslips, fixed and stained
with Phalloidin-Alexa 568. Cells forming invadopodia were quantified
in 15 randomly selected microscope fields (representing at least 80 total
cells), and data represented as percent of cells forming invadopodia.
Gelatin degradation was measured as relative degraded area normal-
ized to cell number. Image J software (Schneider et al., 2012) was used
to calculate the relative degraded area on 15 randomly selected fields
corresponding to at least 80 total cells. Experiments were repeated
three times. Statistical significance was calculated using Student's t-test.

2.7. Immunoblotting

Cells were lysed in NP40-containing lysis buffer and proteins se-
parated in an 8% acrylamide gel. After electrotransfer, membranes
were blocked in 5% milk in PBS and incubated overnight at 4 °C in
primary antibody diluted in PBS containing 0.1% Tween 20 and 0.3%
BSA. TKS5 antibody (13H6.3) was used at 1:500 and β actin at
1:10,000. Membranes were washed and incubated with HRP-con-
jugated anti-mouse or anti-rabbit antibodies (GE Healthcare) and
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imaged using enhanced chemiluminescence (Supersignal West Pico
PLUS, ThermoFisher Scientific) and a film developer. Films were
scanned to digital files.

3. Results

3.1. Expression of TKS5 in human pancreatic tumors

Our initial goal was to analyze TKS5 protein expression by im-
munofluorescence in pancreatic surgical tumor samples of various de-
grees of malignancy (from benign to highly malignant) to evaluate
whether TKS5 expression levels correlated with the invasive/malignant
potential of these lesions. To that end, we analyzed 15 archived for-
malin-fixed paraffin embedded tumor specimens from patients that
underwent surgery at Harbor-UCLA Medical Center. Pancreatic tumors
included mucinous cystadenoma (benign, but with malignant trans-
formative potential), solid pseudopapillary tumors (relatively good
prognosis), ampullary invasive adenocarcinomas (medium prognosis),
and pancreatic invasive adenocarcinomas (worse prognosis).
Pathological and clinical information of the analyzed specimens is de-
tailed in Table 1 and Supplementary Table 1. TKS5 staining was posi-
tive in 9 of the 15 samples analyzed (60%). TKS5 was not detected in
the analyzed benign tumor, but was detected in samples from all other
tumors types. Ampullary invasive adenocarcinomas displayed the
highest level of TKS5 expression, where TKS5-positive cancer cells were
usually scarce and preferentially localized at the tumor invasive front
(Fig. 1). In addition, pseudopapillary tumor cells and centriacinar cells
from preserved acini structures, were also positive (see Fig. 1 in (Chen
et al., n.d.)).

Strikingly, careful microscopical analysis of TKS5-positive samples
under high magnification (100× objective), revealed the presence of
TKS5-positive puncta associated with epithelial tumor cells in solid
pseudopapillary tumors, ampullary invasive adenocarcinomas, and
pancreatic invasive adenocarcinomas (Fig. 2). Size and polarized dis-
tribution of TKS5-positive puncta was highly reminiscent of in-
vadopodia elaborated by cancer cells in culture. This finding suggests

that cancer cells elaborate invadopodia in vivo inside human tumors,
and that TKS5 is a suitable marker for their identification. This un-
expected and potentially relevant observation prompted us to further
evaluate whether these structures might indeed be invadopodia.

3.2. Expression of TKS5 protein in human pancreatic cancer cell lines

To select the most appropriate pancreatic cell line for in vitro ex-
periments, we evaluated total TKS5 protein expression levels in a small
panel of human pancreatic carcinoma cell lines, including PANC-1,
BxPC-3, MIAPaCa-2, SU86.86, L3.6pl, and Capan-1. Protein extracts
from these lines, along with a control non-cancer cell line (immortal
human fibroblasts, MRC5), were separated by electrophoresis, followed
by western blotting for TKS5. Out of the three TKS5 antibodies used in
this study, only clone 13H6.3 was suitable for detection of the human
protein by western blotting. As predicted by the TKS5 region used to
generate 13H6.3, this antibody detected the PX-containing form
TKS5α/TKS5long (~150 kDa), as well as non-PX containing forms
TKS5β and TKS5short (~135–140 kDa) in the non-cancer line MRC-5
(Fig. 3). None of the pancreatic cancer cells analyzed expressed de-
tectable levels of isoforms Tks5β or TKS5short, in agreement with these
forms being preferentially expressed by non-cancer cells. The highest
expression of TKS5α/TKS5long (TKS5 hereinafter) corresponded to
BxPC-3 and L3.6pl cells, a highly metastatic variant selected from
COLO357 cells (Bruns et al., 1999). All other pancreatic cancer cells
analyzed expressed moderate to low levels of TKS5. This analysis in-
dicates that TKS5 is expressed in pancreatic adenocarcinoma cell lines
at different levels, and that TKS5α/TKS5long is the only protein isoform
detected by western blot.

3.3. TKS5 localizes at invadopodia in pancreatic adenocarcinoma cells

Based on the above results, we selected the pancreatic cancer cell
line BxPC-3, which readily forms invadopodia in culture (Diaz et al.,
2013), to investigate the subcellular localization of TKS5 in human
pancreatic adenocarcinoma cells. We plated BxPC-3 on gelatin B-coated

Fig. 1. TKS5 expressing cells localize at the tumor invasive front. Representative images from similar (not consecutive) regions of an ampullary invasive adeno-
carcinoma (Specimen 6, Table 1) stained with H&E (A, B); Cytokeratin (CAM 5.2) followed by immunoperoxidase reaction to detect pancreatic cancer cells (C, D);
and TKS5 followed by immunofluorescence detection (E, F). Lower panels represent magnification of the regions indicated by a square in the upper panel images.
Arrowheads in C and D point to cytokeratine-positive pancreatic adenocarcinoma cells at the tumor invasive front. Arrowheads in E and F point to TKS5-positive cells
at the tumor invasive front. Bar, 200 μm in upper panels, 100 μm in lower panels.
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coverslips and process them for TKS5 immunofluorescence along with
fluorescent phalloidin staining to detect F-actin. Whereas TKS5 poly-
clonal antibody from LSBio was not suitable for this application, im-
munofluorescence with 13H6.3 revealed a strong discrete punctate
pattern co-localizing with ventral F-actin-rich puncta (Fig. 4 A), in-
dicative of invadopodia. Most F-actin rich puncta (95%) were positive
for TKS5; however, some TKS5-positive puncta lacked detectable levels
of F-actin. Analysis of a different pancreatic adenocarcinoma cell line
(PANC-1) revealed similar results (Fig. 4 A). To evaluate whether TKS5
localizes at mature or immature invadopodia, we plated BxPC-3 cells on
coverslips coated with Oregon-green labeled gelatin and incubated
them for 24 h. After fixation and staining with TKS5 antibody 13H6.3,
fluorescence microscopy visualization revealed that most TKS5-positive
puncta co-localized with extracellular degradation areas, an indication
of mature invadopodia. In addition, some TKS5-positive puncta were
not associated with gelatin degradation, confirming TKS5 as a marker
of both immature and mature invadopodia (Fig. 4 B). TKS5 is, there-
fore, a valuable invadopodia marker in human cancer cells because
preferentially associates with invadopodia, while being largely un-
detectable by conventional fluorescence microscopy at other cellular
locations. Notably, TKS5 staining pattern in pancreatic cancer cells in

Table 1
TKS5 staining and Invadopodia detection in pancreatic tumors.

Specimen Pathology location Grade Number of positive lymph nodes Stage LVI PNI TKS5
Staining

Invadopodia

1 Mucinous Cystadenoma Solid Pancreas tail n.a. n.a. n.a. n.a. n.a. Negative No
2 Solid pseudopapillary Pancreas tail 1 0 pT2N0M0 No No Positive No
3 Solid pseudopapillary Pancreas head _ 0 pT2N0M0 No No Positive Yes
4 Solid pseudopapillary Pancreas head _ 0 pT2N0M0 _ _ Positive Yes
5 Invasive Adenocarcinoma Ampulla of Vater 2 0 pT3N0M0 Yes _ Pegative No
6 Invasive Adenocarcinoma Ampulla of Vater 2 0 pT1N0M0 No _ Positive Yes
7 Invasive Adenocarcinoma Ampulla of Vater 2 1 pT2N1M0 No _ Positive Yes
8 Invasive Adenocarcinoma Ampulla of Vater 1 0 pT1N0M0 No Yes Positive Yes
9 Invasive Adenocarcinoma Ampulla of Vater 2 4 pT4N1M0 Yes Yes Positive Yes
10 Invasive Adenocarcinoma Pancreas body _ _ cT3N1M0 _ _ Negative No
11 Invasive Adenocarcinoma Pancreas head 1 0 pT4N0M0 No Yes Positive No
12 Invasive Adenocarcinoma Pancreas head 1 17 pT2N1M0 Yes No Negative No
13 Invasive Adenocarcinoma Pancreas head 2 1 ypT3N1M0 Yes Yes Negative No
14 Invasive Adenocarcinoma Pancreas head _ _ cTxNxM1 _ _ Negative No
15 Invasive Adenocarcinoma Pancreas head 3 _ cT3N1M1 _ _ Positive Yes

n.a., not applicable; LVI, lymphovascular invasion; PNI, perineural invasion; “p” pathologic stage; “c”, clinical stage; “yp” pathologic stage following neoadjuvant
therapy.

Fig. 2. TKS5-positive invadopodia-like puncta in human pancreatic tumor specimens. (A-G) Human pancreatic tumor specimens were stained with anti-human TKS5
antibody (LSBio), and DAPI. Pictures show tumor cells containing TKS5-positive puncta in solid pseudopapillary tumors (A, B), invasive ampullary adenocarcinomas
(C-F), and pancreatic adenocarcinoma (G, H). Panels A and B correspond to patients 3 and 4; C to F to patients 6–to 9 respectively; G and H to patient 15 (see Table 1).
TKS5-positive invadopodia-like structures are marked by arrowheads. Bar, 5 μm.

Fig. 3. TKS5 protein expression in pancreatic adenocarcinoma cells. Protein
lysates from the indicated pancreatic adenocarcinoma cell lines, and from the
human fibroblast line MRC-5, were subjected to immunoblotting with the TKS5
antibody 13H6.3. Actin was used as loading control. The electrophoretic mo-
bility of the TKS5 isoforms is 150 kDa (TKS5α/TKS5long) and ~135-140 kDa
(TKS5β and Tks5short).
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culture highly resembles TKS5-positive puncta found in tumor speci-
mens (compare Fig. 2 with middle panels in Fig. 4 A).

3.4. Invadopodia formation and function in pancreatic cancer cells requires
TKS5

To investigate the functional relevance of TKS5 in pancreatic cancer
cells, we transfected BxPC-3 cells with a control non-targeting siRNA
pool or with a TKS5-specific siRNA pool (Fig. 5 A), and compare in-
vadopodia formation and activity. BxPC-3 cells with reduced levels of

TKS5 were significantly impaired in their ability to form invadopodia
(Fig. 5 B) and to digest fluorescent gelatin (Fig. 5 C). These data in-
dicate that TKS5 is required in pancreatic cancer cells to elaborate
functional invadopodia, and suggest that TKS5 expression in pancreatic
tumors is largely associated with active extracellular matrix re-
modeling.

Fig. 4. TKS5 localizes at mature and immature invadopodia in pancreatic adenocarcinoma cells.
(A) BxPC-3 and PANC-1 cells were processed for immunofluorescence with TKS5 antibody 13H6.3 (green) and AlexaFluor 546-Phalloidin (red) to visualize F-actin.
Most-TKS5 positive-puncta co-localized with F-actin (arrowheads); some TKS5-positive puncta contain little to undetectable F-actin (arrows). (B) BxPC-3 cells were
grown on Oregon Green-labeled gelatin and processed for immunofluorescence with TKS5 antibody 13H6.3 (red). TKS5 is present at mature and immature in-
vadopodia (B, top and bottom panels respectively). Top panels show TKS5-positive puncta with gelatin degradation activity (arrowhead). Bottom panels show TKS5-
positive puncta without associated degradation activity (arrowheads). Bars, 5 μm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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3.5. TKS5 and Cortactin show variable co-localization patterns at
invadopodia in cultured cells

Next, we sought to evaluate whether an additional invadopodia
marker would be suitable for co-staining and marking invadopodia-like
structures in human tumor specimens. Cortactin is a commonly used
invadopodia marker, which marks all invadopodia stages, and localizes
at invadopodia in pancreatic cancer cells (Razidlo et al., 2014). We
analyzed Cortactin expression by western blotting in the pancreatic
cancer cells PANC-1, BxPC-3, MIAPaCa-2, SU86.86, L3.6pl, and Capan-
1. All pancreatic cancer lines expressed Cortactin, albeit to different
levels (see Fig. 2 in (Chen et al., n.d.)). No obvious correlation between
Cortactin and TKS5 expression levels was observed (Fig. 2 in (Chen
et al., n.d.) and Fig. 3). To evaluate whether TKS5 and Cortactin co-
localize at invadopodia in cancer cells, we stained BxPC-3 cells with a
Cortactin monoclonal antibody (4F11) in combination with a Tks5
polyclonal antibody (1737) that has been characterized previously
(Lock et al., 1998). TKS5 and Cortactin-positive puncta showed either
complete co-localization or close apposition (Fig. 6 A and Fig. 3 in
(Chen et al., n.d.) respectively) in 24.6% of the cells analyzed. Notably,
we observe a surprisingly high number of cells containing TKS5-posi-
tive puncta with low or undetectable Cortactin staining (69.5%). The
cases in which Cortactin-positive puncta contained low or undetectable
TKS5 staining represented the remaining 5.9% of cells. The fact that a
significant number of invadopodia were only TKS5-positive, suggests
that Cortactin staining might only identify a subset of all the in-
vadopodia present in a cell. Although both TKS5 and Cortactin have
been detected at immature and mature invadopodia (Sharma et al.,

2013), our finding suggests that Cortactin and TKS5 are not always
equivalent markers of invadopodia. This finding might reflect a cell-
type specific dynamic association of these proteins with the in-
vadopodium during the life cycle of this structure. Based on this
finding, we expect that only a fraction of TKS5-positive puncta stain for
Cortactin inside human tumors.

3.6. Cortactin and F-actin co-localize with TKS5 at invadopodia-like
structures in human pancreatic tumors

To evaluate whether additional invadopodia markers are present in
TKS5-positive puncta resembling invadopodia observed in human tu-
mors (Fig. 2), we co-stained selected pancreatic surgical specimens with
phalloidin or Cortactin along with TKS5. Phalloidin staining was only
successful in a few specimens, likely due to variability in sample fixa-
tion or post-fixation processing. Co-localization between F-actin and
TKS5 was detected in some specimens (see Fig. 4 in (Chen et al., n.d.)).
Furthermore, some TKS5 and Cortactin-positive puncta in close appo-
sition were also identified (Fig. 4 in (Chen et al., n.d.)). Most of the
Cortactin-positive signal, however, localized at the cellular periphery,
as expected from previous studies (Weed et al., 2000). These results
further support the idea that TKS5-positive puncta detected inside
pancreatic human tumors are invadopodia.

3.7. TKS5-positive invadopodia-like structures in human cancer specimens
from different organs

To investigate whether malignant tumors from other organs also

Fig. 5. TKS5 is necessary for invadopodia formation
and activity in pancreatic cancer cells. (A) BxPC-3
transfected with non-targeting siRNA (control) or a
TKS5-specific siRNA pool were subjected to western
blotting to verify TKS5 knockdown. Actin was used
as loading control. (B) BxPC-3 control and TKS5
knockdown cells were stained for F-actin and the
number of cells forming F-actin positive invadopodia
was quantified. Pictures show representative images
of the quantification indicated in the graph. (C)
BxPC-3 control and TKS5 knockdown cells were
plated on Oregon Green-labeled gelatin. Invadopodia
activity (gelatin degradation) was quantified and
represented as normalized degraded area. Pictures
show representative images of the quantification
indicated in the graph. Both graph represents
average and SEM. (*) P < .010; (**) P < .00002
(Student's t-test). Bars, 15 μm. (For interpretation of
the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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contain TKS5-positive puncta resembling invadopodia, we processed
cancer samples from stomach, colon, rectum, gallbladder, breast and
brain (see Table 2 and Supplementary Table 2) for TKS5 and Cortactin
staining. As summarized in Table 2, TKS5 staining was positive in 8 out
of 10 tumors (80%), and TKS5-positive puncta were detected in 7 out of
8 TKS5-positive samples (87%) (Fig. 7). Similarly to pancreatic tumors,
some TKS5-positive puncta also contained Cortactin (Fig. 8). Collec-
tively, our results strongly suggest that TKS5-positive puncta represent
invadopodia, revealing for the first time the presence of these structures
inside intact human tumors. Our findings underscore the physiological
relevance of invadopodia for human tumor biology. The tools described
here should allow a systematic analysis of different aspects of in-
vadopodia-related biology in archived tumor samples.

4. Discussion

Increased levels of SH3PXD2A transcript (the gene encoding for
TKS5) are associated with cancer progression and/or poor prognosis in
a number of human malignancies including glioblastoma, schwannoma,
and breast cancer (Blouw et al., 2015; Stylli et al., 2014; Stylli et al.,
2012). TKS5 transcripts are overexpressed in pancreatic adenocarci-
noma epithelium when compared to normal pancreas (Badea et al.,
2008), but TKS5 protein levels in pancreatic adenocarcinoma have not
been evaluated, and no information on transcript or protein levels is
available for pancreatic neoplastic lesions with comparative better
prognosis, such as papillary tumors (Dinarvand, 2017) or ampullary
adenocarcinomas (Talamini et al., 1997). In this study, we observe that
TKS5 protein expression levels are comparable between pancreatic

Fig. 6. Cortactin and TKS5 display different co-localization patterns within the same cell line. BxPC-3 cells were co-stained with Cortactin (green) and TKS5 (red).
Different invadopodia-associated co-localization patterns were observed in the same slide: Co-localization of TKS5 and Cortactin (A, B); TKS5-positive puncta with
low or undetectable Cortactin (C, D); and Cortactin-positive puncta with low or undetectable TKS5 (E, F). Squares in A, C and E, indicate the areas magnified in B, D
and F respectively. Bar, 0.5 μm in A, C, E and 0.05 μm in B, D, F. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 7. TKS5-positive invadopodia-like puncta in human malignant tumor specimens.
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tumors of better and worse prognosis. Although our study did not in-
clude enough sample size to evaluate the existence of correlations, it
suggests the possibility that TKS5 expression is associated with the
likeliness of recurrence in solid pseudopapillary tumors and/or am-
pullary adenocarcinomas. Within invasive adenocarcinomas, TKS5-po-
sitive cells were interspersed at the tumor invasive front (Fig. 1), in
agreement with previous studies linking TKS5-dependent invadopodia
formation with epithelial-to-mesenchymal transition (Eckert et al.,
2011) and metastatic colonization (Blouw et al., 2008).

TKS5 is necessary for the assembly and activity of invadopodia in
Src-transformed mouse fibroblasts (Seals et al., 2005), as well as human
breast cancer cells and melanoma (Iizuka et al., 2016; Seals et al.,
2005). Our finding that TKS5 is necessary for invadopodia formation
and activity in pancreatic adenocarcinoma cells is in line with these
studies. TKS5 accumulates at invadopodia in several human cancer cell
lines including breast and melanoma (Seals et al., 2005; Weidmann
et al., 2016). Additionally, mouse Tks5 localizes at invadopodia in Src-
transformed mouse fibroblasts (Blouw et al., 2008; Abram et al., 2003).
However, the presence of TKS5 at invadopodia has not been system-
atically evaluated, and this information is lacking for most human
cancer cell lines. A limitation to these studies has been the availability
of TKS5 antibodies suitable for immunofluorescence on human cells.
The commercially available TKS5 monoclonal antibody 13H6.3, raised
against human TKS5, seems an excellent tool for immunofluorescence
studies in human cells. We observed that some TKS5-positive puncta
lacked detectable levels of F-actin (Fig. 4 A), which is consistent with F-
actin nucleation taking place after TKS5 recruitment to the nascent

invadopodium (Oser et al., 2009).
Cortactin is one of the most commonly used invadopodia markers,

but the degree of co-localization between Cortactin and TKS5 is un-
known. To avoid the technical limitations of using two antibodies raised
in mouse for co-staining studies, we used a polyclonal Tks5 antibody
raised against mouse Tks5 (Lock 1998) that has been extensively
characterized. Interestingly, a surprisingly large number of TKS5-posi-
tive puncta contained low or undetectable Cortactin signal. This does
not seem in agreement with invadopodia assembly studies in which
TKS5 and Cortactin are present at all stages of invadopodia from pre-
cursors to mature invadopodia, with Cortactin arriving earlier than
TKS5 (Sharma et al., 2013). Instead, it seems more in line with a role for
TKS5 in the recruitment of Cortactin (Crimaldi et al., 2009). It is pos-
sible that the co-occurrence of these two markers at invadopodia is cell-
type specific. Alternatively, it is possible that during invadopodia dis-
assembly, a less studied process, Cortactin leaves invadopodia before
TKS5 does. We observe that most invadopodia within a given cell dis-
play similar TKS5/Cortactin co-localization patterns. Perhaps, the dif-
ferent TKS5/Cortactin co-staining patterns that we observe are due to
heterogeneity in the relative expression levels of both proteins among
individual cells within a cell population. Although unlikely, it could
also be plausible that, when highly phosphorylated, the Cortactin an-
tibody 4F11 binds weakly to invadopodia-associated Cortactin. In any
case, our results indicate that TKS5 and Cortactin are not always
equivalent invadopodia markers, and indicate that, when possible,
TKS5 staining should also be used for invadopodia identification.

The presence of TKS5-positive puncta associated with tumor cells in

Fig. 8. TKS5 and Cortactin-positive invadopodia-like puncta in human malignant tumor specimens.

Table 2
TKS5 staining and Invadopodia detection in various malignant tumors.

Specimen Organ Pathology Location Grade Number of positive lymph nodes Cancer Stage LVI PNI TKS5 Staining Invadopodia

16 Stomach Invasive Adenocarcinoma Peritoneal Implant _ n.a. cTxNxM1 _ _ Negative No
17 Stomach Invasive Adenocarcinoma Stomach 3 1 ypT3N1M0 Yes No Positive No
18 Stomach Invasive Adenocarcinoma Stomach _ _ cTxNxM1 _ _ Positive Yes
19 Stomach Invasive Adenocarcinoma Stomach 3 2 ypT1N1M0 Yes No Positive Yes
20 Colon Invasive Adenocarcinoma Sigmoid Colon Low 2 T3N1bM0 Yes No Positive Yes
21 Rectal Invasive Adenocarcinoma Rectum _ _ cT3N1M0 _ _ Positive Yes
22 Gallbladder Invasive Adenocarcinoma Gallbladder 3 1 pT2N0M0 No No Positive Yes
23 Breast Invasive Adenocarcinoma Breast 2 12 ypT2N3M0 Yes _ Negative No
24 Breast Invasive Adenocarcinoma Breast 3 27 ypT4bN3aM0 Yes _ Positive Yes
25 Brain Astrocytic Glioblastoma Brain _ _ _ _ _ Positive Yes

n.a., not applicable; LVI, lymphovascular invasion; PNI, perineural invasion; “p” pathologic stage; “c”, clinical stage; “yp” pathologic stage following neoadjuvant
therapy.
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surgical specimens strongly suggests that tumor cells elaborate in-
vadopodia in vivo. The size and polarized subcellular distribution of the
TKS5-positive puncta detected inside tumors do not resemble any other
structure elaborated by cells, and the staining pattern that we observed
is striking and very unique. Some TKS5-positive puncta contained F-
actin or Cortactin, further supporting our hypothesis. Cells with asso-
ciated TKS5-positive puncta were not abundant in any specimen, per-
haps reflecting the difficulty to identify these structures in thick sec-
tions vs. cells in two-dimensional culture conditions. Indeed,
invadopodia in various three-dimensional culture conditions, which
better mimic their natural environment, are thin and elongated finger-
like cell protrusions (Mueller et al., 1992; Schoumacher et al., 2010;
Lizarraga et al., 2009; Bowden et al., 1999). It is not clear yet whether
TKS5, Cortactin, or other invadopodia components localize at the tip,
base, or everywhere along the finger-like invadopodium. It would be
conceivable that invadopodia proteins dynamically associate with dif-
ferent portions of the finger-like invadopodium at different stages of the
invadopodia life cycle. This might explain the observation that, when
both are present at invadopodia in cultured cells, TKS5 and Cortactin
either co-localize or appear in close apposition (Fig. 6A and Fig. 3 in
(Chen et al., n.d.)).

Surprisingly, tumors with low malignancy such as pancreatic solid
papillary tumors, also contain TKS5-positive puncta. One possible ex-
planation is that these represent immature invadopodia with low matrix
remodeling activity. Since the presence of TKS5 or Cortactin cannot
differentiate between mature and immature invadopodia, testing this
hypothesis would require the evaluation of active proteolysis. It is also
possible that TKS5-positive puncta in tumors of low invasive potential
are associated with additional functions of invadopodia such as growth
in three-dimensional culture (Blouw et al., 2015; Iizuka et al., 2016). It
would be plausible that additional oncogenic signals are necessary to
confer degradative ability to invadopodia-containing pre-malignant
tumor cells, such as those in solid papillary tumors. Indeed, Cortactin
and TKS5 are direct substrates of the non-receptor tyrosine kinase and
proto-oncogene product Src (Wu et al., 1991; Lock et al., 1998). Tyr-
osine phosphorylation of Cortactin by Src is linked to its role in pro-
moting migration and invasion (reviewed in Schnoor et al., 2018).
Notably, Src activity promotes the stabilization of the pro-invasive
isoform Tks5α/Tks5long concomitantly with the destabilization of the
Tks5β and Tks5short isoforms (Cejudo-Martin et al., 2014). Increased
TKS5long/TKS5short ratio predicts worse survival in early stage lung
adenocarcinoma patients (Li et al., 2013). Interestingly, TKS5α is the
only protein isoform detected in the pancreatic adenocarcinoma cells
analyzed (Fig. 3). This fact, along with the prominent role of Src ac-
tivity in pancreatic adenocarcinoma malignancy, (Lutz et al., 1998;
Yezhelyev et al., 2004; Hilbig, 2008) suggest that Cortactin and TKS5
are important effectors of Src in invadopodia-mediated pancreatic
adenocarcinoma invasion. Whether Src activity is associated with worse
prognosis/recurrence in other pancreatic tumors such as ampullary and
pseudopapillary tumors remains to be tested. Likewise, it would be
interesting to evaluate the relative expression of TKS5 isoforms in
pancreatic tumors with relatively low malignant potential.

Collectively, our data strongly support the existence of invadopodia
inside human tumors, an idea that deserves further attention. The
possibility to identify invadopodia in archived human tumors should
greatly expand our understanding of the biology of these cancer cell
structures.

5. Conclusions

Our study demonstrate that human pancreatic cancer cells depend
on the adaptor protein TKS5 for invadopodia formation and function,
and that TKS5 is an excellent marker of mature and immature in-
vadopodia in human pancreatic cancer cells. Cortactin and TKS5 co-
localize at invadopodia only in a fraction of pancreatic cancer cells,
suggesting that Cortactin and TKS5 are not equivalent markers of

invadopodia, and that Cortactin staining alone might not identify all the
invadopodia formed by cells. Importantly, our study reveals for the first
time the presence of invadopodia-like structures inside intact human
tumors. This finding underscores the physiological relevance of in-
vadopodia for human tumor biology, and should allow a systematic
analysis of different aspects of invadopodia-related biology in archived
tumor samples. Furthermore, it opens the possibility to use similar tools
to analyze podosomes (the counterparts of invadopodia in non-cancer
cells) in a variety of normal and diseased human tissues.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.yexmp.2018.11.005.
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