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Abstract
Podosomes and invadopodia are electron-dense, actin-rich protrusions located on the ventral side of
the cellular membrane. They are detected in various types of normal cells, but also in human cancer
cells and in Src-transformed fibroblasts. Previously we have shown that the scaffold protein Tks5
(tyrosine kinase substrate 5) co-localizes to podosomes/invadopodia in different human cancer cells
and in Src-transformed NIH-3T3 cells. Upon reduced expression of Tks5 podosome formation is
decreased, which leads to diminished gelatin degradation in vitro in various human cancer cell lines.
It is unclear, however, whether cancer cells need podosomes for tumor growth and metastasis in vivo.
To test this idea, we evaluated the ability of Srctransformed NIH-3T3 cells, showing stable reduced
expression of Tks5 and podosome formation (Tks5 KD), to form subcutaneous tumors in mice. We
demonstrate that decreased expression of Tks5 correlated with reduced tumor growth at this site. In
addition, we generated lung metastases from these cells following tail vein injection. The lungs of
mice injected i.v. with the Tks5 KD showed smaller-sized metastases, but there was no difference
in the number of lesions compared to the controls, indicating that podosomes may not be required
for extravasation from the blood stream into the lung parenchyma. Independent of the
microenvironment however, the reduced tumor growth correlated with decreased tumor
vascularization. Our data potentially implicate a novel role of podosomes as mediators of tumor
angiogenesis and support further exploration of how podosome formation and Tks5 expression
contribute to tumor progression.
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Introduction
Despite significant improvements in the treatment of cancer, the occurrence and growth of
distant metastases is the major cause of morbidity and mortality. Metastasis is a multi-step
process. At the primary site, tumor cells invade into the lymphatic system, or directly into the
circulation. This is a result of extracellular matrix degradation followed by migration. Once in
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the bloodstream, tumor cells must survive and avoid attacks by the immune cells to extravasate
and colonize a distant organ. There, adequate blood supply will have to be established, allowing
the metastatic tumor to grow (Steeg, 2006). Growing evidence has implicated specialized
subcellular structures, called podosomes or invadopodia, in extracellular matrix degradation,
and raised the interesting question of whether invadopodia are involved in metastasis in vivo.

Podosomes/invadopodia are highly dynamic, actin-rich adhesion structures localized on the
ventral side of the cellular membrane. They are regulated by various proteins, including the
Arp2/3 complex, N-WASp, WAVE1, Cdc42, ASAP1, cortactin, gelsolin, and cofilin (Bowden
et al., 1999, 2006; Baldassarre et al., 2003; Yamaguchi et al., 2005; Artym et al., 2006;
Chellaiah, 2006; Bharti et al., 2007; Clark et al., 2007). Podosomes/invadopodia are found in
various mammalian cells such as macrophages, osteoclasts and vascular smooth muscle cells
(Linder and Aepfelbacher, 2003). They are also detected in various human cancer cells,
including breast, colon, and head and neck cancer cell lines (Artym et al., 2006; Bharti et al.,
2007; Clark et al., 2007; Vishnubhotla et al., 2007) and in Src-transformed fibroblasts (Abram
et al., 2003). The activation of Src is essential for the formation of these structures (Weaver,
2006).

Even though podosomes and invadopodia contain the same molecular components with
virtually the same function, it is currently not clear whether podosomes and invadopodia truly
represent distinct structures. We anticipate that this will be clarified by detailed examination
in the near future. Until then, the convention is to use the term “podosome” for the structures
found in normal cells (such as monocytic cells, endothelial cells and smooth muscle cells) and
in Src-transformed fibroblasts, whereas the structures found in cancer cells are referred to as
“invadopodia” (see (Gimona et al., 2008)). For the remainder of the manuscript we will adhere
to this convention.

Several lines of evidence support the notion that podosomes/invadopodia play a critical role
in tumor progression. First, in human cancer the expression of some of the proteins that regulate
podosomes, such as Arp2/3, WASP, cortactin, gelsolin, and cofilin correlates with the
occurrence of metastasis (Vignjevic and Montagnac, 2008). Second, in vitro studies have
indicated that these proteins are involved in cancer cell invasion. In head and neck cancer cells,
a reduced ability to form invadopodia was correlated with a decrease in matrigel invasion. This
was correlated with a diminished secretion of metalloproteinases such as MMP9 and MMP2
(Clark et al., 2007). In contrast, similar experiments in Src-transformed fibroblasts, did not
reveal alterations in the secretion of these metalloproteinases; however the activity of these
gelatinases was compromised. It is also possible that podosomes/invadopodia in different cells
secrete different proteases. This is supported by the observation that exposure to a cocktail of
different protease inhibitors led to a similar decrease in invasion as reducing invadopodia
formation alone (Seals et al., 2005). Possibly the molecules that regulate these structures have
distinct roles in the secretion and activation of different proteases. In this regard it is important
to note that even though in all cell types podosome/invadopodia formation was reduced, this
was achieved by decreasing the expression of different genes, either cortactin (Clark et al.,
2007), or Tks5 (Seals et al., 2005). It is incompletely understood how these proteins mediate
the secretion and activation of pro-invasive molecules.

The role of podosomes during cancer cell invasion is generally tested using cells in which the
expression of the proteins that regulate podosomes is reduced. Some of these molecules,
however, such as cortactin, cofilin and Arp2/3 also regulate actin polymerization through direct
interactions (Gimona and Buccione, 2006). Thus, alterations in the expression of some of these
proteins might also affect the actin cytoskeletal morphology. This makes it difficult to establish
whether specific alterations in podosome formation, or in the actin cytoskeleton, determine the
phenotype that is being observed.
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Previously, our lab has identified a new Src substrate and scaffold protein named Tks5/Fish
(tyrosine kinase substrate 5) (Lock et al., 1998). For the remainder of the manuscript we will
refer to this protein as Tks5. We showed that Tks5 co-localizes to podosomes in Src-
transformed fibroblasts and that specific members of the ADAMs family of proteases, namely
ADAM12, -15 and -19 bind to the fifth Src homology 3 (SH3) domain of Tks5 (Abram et al.,
2003). More recently, we demonstrated that Tks5 is required for podosome formation and
invasion in vitro, not only in Src-transformed fibroblasts but also in various human cancer cell
lines. Tks5 does not contain known actin-binding sites, nor has it been shown to directly interact
with the actin cytoskeleton. Furthermore, a variety of highly invasive tumor types such as breast
cancer and melanoma showed a marked increase in the expression of Tks5 compared to normal
breast tissue and skin (Seals et al., 2005).

To determine whether podosomes are also important during tumor growth and metastasis in
vivo, we grew the Src-transformed fibroblasts in which the expression of Tks5 is stably reduced
by 70–80%, and non-targeted controls, as subcutaneous tumors and lung metastases in mice.
Here we report the results of these experiments.

Materials and methods
Cell lines and growth curve

The Src-transformed NIH-3T3 cells in which the expression of Tks5 was stably reduced have
been described before in (Seals et al., 2005). For the growth curve, cells were plated at a
concentration of 3 × 104 cells per well in triplicates, in a 12-well plate in either 10% or 1%
fetal bovine serum (FBS). Cells were harvested every 24 h by trypsinization. At least 100 cells
from each well were counted with a hemocytometer and the average cell number was
determined. The growth curve was repeated three times and the values described in the figures
are representative of one triplicate culture experiment ± the standard error of the mean (SEM).

Extracellular matrix degradation assay and fluorescence microscopy
Fluorescently-labeled gelatin-coated coverslips were prepared as described by Berdeaux et al.
(2004), as originally described by Bowden et al. (1999). In brief, coverslips were coated with
Oregon green 488-conjugated gelatin (Chemicon, Temecula, CA), cross-linked 15 min in 0.5%
glutaraldehyde in phosphate-buffered saline (PBS), and incubated for 3 min with 5 mg/ml
NaBH4 in PBS. After quenching with Dulbecco’s modified Eagle medium (DMEM) at 37°C,
cells were plated on coated coverslips in DMEM (Invitrogen, Carlsbad, CA) containing 10%
FBS and incubated for 3 to 4 h before processing for immunofluorescence. The detection of
Tks5 expression and podosomes was carried out according to (Seals et al., 2005).

Subcutaneous tumor growth and lung metastasis assay
All animal experiments were conducted in accordance with the NIH Guide for the Care and
Use of Laboratory Animals. Subcutaneous implantation was carried out as described in (Blouw
et al., 2003). In short, cells were harvested by trypsinization and resuspended in PBS
(Invitrogen) to a final concentration of 4 × 105 cells/ml. Athymic nude mice were injected in
the flank with 100 µl for each cell line, and tumors were allowed to form for 14 days. Tumor
growth was measured every 2–3 days using calipers, both the longest (L) and shortest (S)
measurements were recorded. Using these values, tumor volumes were calculated as follows:
(L × S2) × 0.5 and expressed as mean volume ± SEM. Mice were sacrificed when the tumors
reached a diameter of ~2 cm, according to the Animal Care and Use Policy of Burnham Institute
of Medical Research. These experiments were repeated 3 times, using 4 to 8 mice per tumor
group. For the lung metastasis assay, cells were collected as described above and resuspended
at a final concentration of 5 × 106 cells/ml in PBS. Of this suspension, 100 µl was injected into
the tail veins of athymic nude mice. Mice were observed for signs of tumor burden such as loss
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of weight and a hunched back. After 17 days, the mice were sacrificed and the lungs were
dissected out. This experiment was repeated 3 times using 5 to 8 mice per group. In all
experiments, athymic mice were purchased from Harlan (Indianapolis, Indiana).

Tissue processing and immunohistochemistry
Prior to dissection of the subcutaneous tumors and lungs, mice were randomized for differential
tissue processing. One third of the tumors/lungs of each group was used, respectively, for
overnight fixation in 4% paraformaldehyde/PBS followed by paraffin embedding, one third
was immediately flash frozen in liquid N2 and one third was immediately embedded in OCT
on dry ice (TissueTek, Torrance, CA).

To determine tumor cell proliferation, 5 µm thick paraffin sections were cut and subsequently
stained with an antibody detecting proliferating cell nuclear antigen (PCNA) at 1:100 (BD
Biosciences, San Jose, CA) in antibody diluent. The primary antibody was biotinylated using
a biotinylation kit according to the manufacturer’s instructions and developed in DAB (all
reagents from Dako, San Jose, CA). This was followed by a counterstain using Methylgreen
(Vectorlabs, Burlingame, CA).

Frozen sections were cut at 7 to 10 µm thickness and stained for immunofluorescence using a
mouse monoclonal anti-Tks5 antibody at 1:10 (generated against the 4th SH3 domain by the
Courtneidge lab) followed by a secondary antibody, Alexafluor-594-conjugated anti-mouse
(Chemicon) at 1:200. Finally, sections were counter stained with Hoechst 33258 to identify
the nuclei (Sigma, St. Louis, MO) at 1:10,000 in PBS. All reagents were diluted in the
components provided by the MOM kit (Vectorlabs). To determine vessel morphology and
density, frozen sections were stained with mouse anti-CD31 (BD Biosciences) at 1:100. Next,
a secondary antibody, Alexafluor-594-conjugated anti-mouse (Chemicon) was applied at
1:100. The antibodies were diluted in diluent from Dako. To detect metastatic lesions, paraffin-
embedded lungs were serial-sectioned at 5 µm per section. Section number 25, which was
approximately at the middle of the lung (each lung appeared to consist of ~50 sections), was
subjected to standard hematoxylin and eosin (H&E) staining to determine the number and size
of lesions as described below. Photographs were taken with a 4× objective. To determine cell
death, apoptotic cells of both frozen and paraffin sections were detected using the ApopTaq
Flourescein Direct In Situ Apoptosis Detection Kit purchased from Chemicon according to the
manufacturer’s instructions. Nuclei were identified as described above.

Photographs of Tks5 immunofluorescence and apoptosis were taken at a magnification of 200×
on an Axioplan 2 fluorescence microscope and were analyzed with Axiovision 3.0 software
(Zeiss). Images of the PCNA and CD31 staining were taken at magnifications of 100× and
200×, respectively. The photographs of the H&E images were taken at a magnification of 40×.
All these images were taken with an inverted TE300 Nikon Fluorescence Microscope with a
CCD Spot RT Camera using Spot RT Acquisition and Processing Software (Diagnostic
Instruments Inc, Sterling Heights, MI).

Quantification of histological assays and statistical analysis
For the quantification of the proliferation rate, apoptotic rate, cellular density, vessel density
and dilation, ImagePro software was used (MediaCybernetics, Bethesda, MD). For each
analysis, tumors/lungs obtained from at least 2 to 3 different mice per group were used, and at
least 6 to 7 photographs were taken per tumor/lung. Images were calibrated for the correct
objective and the number of ‘dark objects’ (in the case of PCNA staining) or ‘bright objects’ (for
the apoptotic rate and vessel density) were normalized to the total number of nuclei (indicated
by Hoechst staining). Values were expressed as percentage per field. In the case of the lung
metastasis assay, the values were normalized to the total number of nuclei in the metastatic
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lesion, to ensure proper comparisons between lesions of different size. The average vessel
diameter was measured by tracking at least 30 vessels per image, after which the software
calculated the average width in µm. In the subcutaneous tumors, the values were expressed as
average vessel width per field, whereas in the lung they were normalized to the area of
metastatic lesion and expressed as width per mm2 tumor tissue (both ± SEM).

To determine the size and number of metastatic lesions, images of at least 4 lungs per tumor
groups were taken using Spot RT Acquisition and Processing Software. Images were calibrated
for the 4× objective, and the metastatic lesions (indicated by blue color) were tracked after
which the area in µm2 was calculated. The entire lung was examined for lesions, and the
metastatic size is expressed as total area of metastatic lesion per lung, whereas the density is
expressed as total number of metastatic lesions per lung.

In all scatter plots, values are represented as the mean ± SEM unless otherwise noted. For
statistical analysis, the Student’s t test was used and p values that were equal or less than 0.05
were considered statistically significant.

Results
Reduced expression of Tks5 in Src-transformed NIH-3T3 cells leads to a decrease in
subcutaneous tumor growth

For cancer cells to form a tumor, it is necessary to degrade the extracellular matrix. This not
only fulfills a spatial requirement for tumor growth, but also allows the tumor to attract various
cells from the microenvironment that provide favorable conditions for tumor growth, such as
endothelial cells, fibroblasts and macrophages (Bingle et al., 2002; Orimo and Weinberg,
2006). Previously it has been shown that various types of human cancer cells form invadopodia.
Furthermore, it was demonstrated that invadopodia possess proteolytic activity (reviewed in
(Gimona and Buccione, 2006; Weaver, 2006)).

Previously our lab identified a new Src substrate named Tks5 (Lock et al., 1998). It contains
an amino-terminal Phox-homology (PX) domain and five SH3 domains (Fig. 1A). Tks5 co-
localizes to podosomes/invadopodia in various human cancer cells and in Src-transformed
NIH-3T3 cells (indicated by white arrows in Fig. 1B top panel, and described by (Abram et
al., 2003; Seals et al., 2005)). Furthermore, podosomes mediate the degradation of FITC-gelatin
in vitro (arrows in Fig. 1B lower panels and as described by (Seals et al., 2005)). Earlier we
generated Src-transformed fibroblasts in which Tks5 was stably reduced by 70–80% using
short hairpin RNA (shRNA) technology (called Tks5 knockdown, or Tks5 KD cells).
Compared to the control cells, which express a control, non-targeting, shRNA sequence, both
podosome formation and gelatin degradation was decreased in the Tks5 KD cells (Seals et al.,
2005), even though proliferation was unaffected (Fig. 1C, D). These observations led us to
believe that podosomes might be required for tumor growth.

To test this hypothesis, the Tks5 KD cells and their controls were grown as subcutaneous
tumors in immunocompromised mice as described in Materials and methods. In the mice
implanted with the control cells (C1, C2), tumors were observed for the first time at 9 days
post injection (Fig. 2A, B), whereas in the Tks5 KD group (4.20, 4.24), tumors were first
observed 3 to 5 days later (Fig. 2 C, D). This delay in tumor growth was maintained until the
end point of the assay, which was at day 14. As depicted in Figure 2E and F, at day 14, the
tumors derived from clones 4.20 and 4.24 had a 2.5- to 7.4-fold reduction in volume compared
to those derived from C1 and C2 (p < 0.05 comparing the volume of each knockdown tumor
type with each of the controls by Student’s t test). To test whether the reduced tumor volume
correlated with a decreased expression of Tks5 in the KD tumors, cryo-sections were subjected
to immunofluorescence using an antibody directed against Tks5. As shown in Figure 3A, most
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KD tumor cells showed reduced Tks5 staining, with only a few expressing Tks5 at levels
comparable to those in the tumors derived from controls (compare cells showing intense red
staining in the KD and control tumors).

Under standard and growth factor-reduced tissue culture conditions, Tks5 knockdown did not
influence the proliferation rate of the Tks5 KD cells compared to controls ((Seals et al.,
2005) and see Fig. 1C, D). When grown in vivo however, a reduction in proteolytic activity
could hamper the ability of the Tks5 KD tumors to propagate and expand, possibly explaining
the reduced volume. To investigate whether this was the case, sections were examined for
proliferation rate and for the number of cells observed in a specific field. To determine the
proliferation rate, paraffin sections were stained with an antibody detecting PCNA, which is a
marker for cells undergoing mitosis. Values were normalized to the number of cells per field.
As shown in Figure 3B, a significant percentage of cells were mitotic in all tumors, with
proliferation rates ranging from 58.7 to 72.3%. In keeping with the in vitro findings, no
differences were observed between the proliferation rate of tumors derived from Tks5 KD and
control clones (Fig. 3C). To establish whether there were differences in the cellular density of
the tumors, cryo-sections were stained with Hoechst and photographs taken with a 100×
objective were analyzed for the number of nuclei as described in Materials and methods. As
shown in Figure 3D, no clear differences were observed between the tumors from Tks5 KD
and control clones. Only when 4.24 tumors were compared with C2 tumors did we detect a
reduction in the number of cells per field (~ 30%, which was significant by Student’s t test p
< 0.05). A reduced tumor volume can also be the result of an increase in cell death; therefore
sections were analyzed for the percentage of apoptotic cells. Even though the apoptotic rate
was low in all tumor types, as indicated by the small fraction of TUNEL-positive cells (means
ranging from 0.5 to 1.4%, Figure 3E), there was a trend towards increased apoptosis in the
Tks5 KD tumors compared to the controls (Fig. 3F).

Decreased angiogenesis in Tks5 KD tumors
During the dissection it appeared that compared to the controls, the Tks5 KD tumors were less
hemorrhagic (Fig. 2F) and had a firmer texture, containing less edema (data not shown). These
phenomena can be a result of reduced angiogenesis associated with an increased endothelial
cell proliferation, vessel permeability and dilation. To determine whether Tks5 might be
required for some aspect of angiogenesis, cryo-sections of knockdown and control tumors were
stained with an antibody directed against CD31, a marker expressed by endothelial cells (Blouw
et al., 2007). As shown in Figure 4A–C, the control tumors showed a more dense vessel network
and an increased vessel dilation compared to the Tks5 KD tumors (compare the vessels
indicated by white arrows of controls and Tks5 KD). The vessel density was determined from
6 to 8 fields per tumor type and two tumors per group. This analysis revealed that the Tks5 KD
tumors had a reduction in vessel density compared to the controls, ranging from 1.4- to 2.4-
fold (Fig. 4B). Next the average vessel diameter per tumor of at least 30 vessels per field, at 6
fields per tumor, and two tumors per group was examined. As shown in Figure 4C, the vessel
diameter in the Tks5 KD tumors was reduced ~1.6- to ~2.8-fold compared to the control tumors.
These data indicate that Tks5 might be involved in tumor angiogenesis.

Reduced expression of Tks5 decreases the size and vascularization of metastatic lesions
For cancer cells to disseminate from the tumor, and metastasize to and grow in a distant organ,
extracellular matrix degradation is thought to be required. We next hypothesized that Tks5
may mediate metastasis. To test this idea, we used tail vein injection of tumor cells as a model
of experimental metastasis. In this assay, tumor cells are tested for their ability to extravasate
from the vasculature to colonize the lung. We introduced the Tks5 KD and control clones into
the tail vein of immunocompromised mice and let lung metastases form for 17 days as described
in Materials and methods. Over a 17-day time period, the mice injected with the control cells
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showed an increased morbidity compared to the mice that received the Tks5 KD cells (data
not shown), indicating a decreased ability to form lung metastasis in the latter. Indeed, as
depicted in Figure 5A, upon dissection, the tumor lesions in the lung appeared more numerous
and larger in the control tumors compared to the Tks5 KD tumors (compare the size of encircled
tumor nodules). After processing the lungs for histological analysis, a more detailed
examination of the number and size of the metastatic lesions was carried out. Lungs were cut
in serial sections, followed by H&E staining which distinguishes the tumor nodules from the
normal lung parenchyma. The same section number of each lung was examined for the number
of lesions as well as the area of each lesion. As shown in Figure 5B, 4.24 seemed to be able to
generate more metastatic lesions compared to 4.20 and the control cells, but no significant
differences were observed between the different groups (Student’s t test). In contrast, the size
of the lesions was significantly reduced in all Tks5 KD tumors, ranging from 1.5- to 17-fold,
compared to C1 but not C2 controls (Fig. 5C).

To test whether these data correlated with a reduced expression of Tks5 in the lung tumor
nodules, sections were analyzed by immunofluorescence using an anti-Tks5 antibody. In
keeping with our findings on the subcutaneous tumors, the fraction of cells expressing high
levels of Tks5 appeared decreased in the Tks5 KD lung metastases compared to the controls
(Fig. 5D). Next, we investigated whether disparities in proliferation or apoptosis could explain
the difference in size of the metastatic lesions. Lung sections were analyzed for these factors
similarly as described for the subcutaneous tumors. However, the metastases generated by the
control cells were larger than those of the Tks5 KD cells (Fig. 5C). In order to adequately
compare data obtained from tumor nodules that were different in size, we normalized the
numbers obtained in analysis for the apoptotic and proliferation rate to the number of cells
present in the lesion as opposed to the number of cells detected in the entire image. As shown
in Figure 6A, cell death was strikingly low in all the metastatic lesions and the apoptotic rate
was not different between the tumor groups. Similar to the subcutaneous data, the proliferation
rate was high in all tumor groups and no clear differences were observed (Fig. 6B).

Next we asked whether the difference in metastatic size was associated with a decrease in
vascularization, as was earlier described for the subcutaneous tumors. Lung sections were
analyzed for both vessel density and dilation. For quantification of the vessel density, the total
number of vessels was normalized to the area of lung metastatic nodule as described in
Materials and methods. As shown in Figure 6C–E, the lung metastases generated by the Tks5
KD cells showed a trend towards reduced vascularization. The vessel density was decreased
2- to 6-fold in the Tks5 KD lesions compared to the controls (Fig. 6D). Furthermore, the vessel
dilation was reduced 1.4- to 1.7-fold in the Tks5 KD metastases compared to the controls (Fig.
6E).

These data suggest that maintaining Tks5 expression in Src-transformed NIH-3T3 cells is not
required for the cells to enter the lung from the bloodstream, as evidenced by the high number
of micro-metastases in the 4.24 tumor group. Nevertheless, independent of the
microenvironment, tumor growth was reduced in cells with a decreased expression of Tks5.
Clear differences in cell death, proliferation and cellular density of the Tks5 KD and controls
were not observed. However, the Tks5 knockdown tumors show a trend towards reduced tumor
vascularization.

Discussion
Podosomes (called invadopodia in human cancer cells) are actin-rich protrusions that are
located on the ventral side of the cellular membrane. They are found in a number of different
invasive human cancer cell lines, and also in Src-transformed NIH-3T3 cells (Gimona et al.,
2008). In the latter, the podosomes cluster to form rings or semi-circles that are called rosettes.
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Using in vitro assays, several groups have shown that podosomes/invadopodia mediate
degradation of the extracellular matrix (Seals et al., 2005; Artym et al., 2006; Clark et al.,
2007). Although it is generally thought that extracellular matrix degradation is essential for
tumor growth and metastasis, it is unclear whether podosomes/invadopodia mediate this
process in vivo (Weaver, 2006). We have demonstrated previously that the scaffold protein
Tks5 co-localizes to podosomes in Src-transformed fibroblasts. When the expression of Tks5
is reduced, podosome formation is decreased without affecting actin polymerization and the
integrity of the cytoskeleton (Seals et al., 2005). We therefore reasoned that analyzing the
growth of cells in which Tks5 is stably reduced as subcutaneous tumors and lung metastases
could help determine the role of podosome formation during tumor growth.

Our data suggest that a diminished ability to form podosomes and degrade extracellular matrix
in vitro, mediated by a decrease in Tks5 expression, correlates with impaired tumor growth of
Src-transformed NIH-3T3 cells. This is also correlated with a reduction in tumor
vascularization as revealed by a decreased vessel density and vessel dilation. Our observations
could not be fully explained by differences in proliferation or apoptosis. In keeping with this,
it was recently reported that invadopodia are not important for cell viability (Weaver, 2006;
Vishnubhotla et al., 2007). However, we only analyzed tumors that were isolated at the end
point of the assay, which may have masked differences in cell death and proliferation that
occurred at an earlier stage. This could be clarified by the examination of tumor samples
isolated at an earlier time point.

Tks5 knockdown does not seem to impair the ability of cells to metastasize to the lung, as
indicated by the high number of micro-metastases generated by the 4.24 Tks5 KD cells. In our
assay however, the cells were introduced through the tail vein. Once in the lung capillaries,
cells arrest, extravasate into the surrounding tissue and establish tumor growth. It is
incompletely understood how cells accomplish this process after being injected into the tail
vein, but they could employ different strategies. Once trapped, cancer cells might proliferate
within the lumen of the vessel, creating a small tumor that grows and obliterates the adjacent
vessel wall. Or, the tumor could push aside endothelial cells and eventually break through the
capillary basement membrane, after which the cancer cells invade the parenchyma (Vignjevic
and Montagnac, 2008). Alternatively, cancer cells may proceed immediately by squeezing
between gaps in the extracellular matrix through amoeboid movements (Sahai, 2005). Finally,
the arteries and alveoli of the lung are separated by a relatively thin layer consisting respectively
of endothelial cells, a basement membrane and the cuboidal epithelial cells of the alveoli
(Guazzi, 2003). Collectively, this may have allowed for podosome-independent invasion. The
use of an orthotopic mouse model of cancer in which metastasis is accomplished by cells
spreading from the primary tumor, may address which of these models is correct.

A significant percentage of cells in the Tks5 KD tumors expressed high levels of Tks5, implying
that the knockdown was not complete at the time of tumor dissection. It is possible that Tks5
expression may have been increasing over time while growing in the mouse (the shRNA vector
used does not allow continued selection in vivo). The observation that Tks5 KD subcutaneous
tumors eventually increased in volume at a rate similar to the controls could indicate that this
is the case. Creating a system in which the investigator can control the levels of Tks5 expression
in vivo, in order to maintain knockdown over extended time may overcome this obstacle.

Unexpectedly, and independently of the microenvironment, a reduction in Tks5 was associated
with a decreased tumor vascularization. These data may indicate a previously unrealized role
for tumor cell podosomes in angiogenesis. It is remains to be established however, whether the
differences we observed were related to the reduced size of the Tks5 KD tumors, since a small
tumor presumably does not need the same degree of vascularization as a large tumor. On the
other hand, restricted angiogenesis could reduce tumor growth. We have also compared the
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vessel density and dilation of similarly sized (small) control and Tks5 KD tumors. The
vascularization was still reduced in the latter (data not shown), implying that a reduced ability
to form podosomes decreases tumor angiogenesis.

In the subcutaneous tumors, reduced vascularization was correlated with a trend to a small
increase in apoptosis. It is not clear whether this may have caused the overall decrease in tumor
growth, as there was no obvious necrosis in the Tks5 KD tumors (data not shown). On the
other hand, a small but long-term increase in apoptosis can cause a sustained decrease in tumor
growth. A system in which the investigator is able to reduce Tks5 expression after a tumor has
reached a certain size may clarify how podosome formation in cancer cells may determine
tumor angiogenesis. One of the major growth factors that regulate tumor angiogenesis is the
vascular endothelial growth factor (VEGF) (Duda et al., 2007). Perhaps Tks5, and by
implication perhaps podosomes, contribute to the release of VEGF in the microenvironment,
thereby promoting angiogenesis to a greater extent in the control tumors compared to the Tks5
KD. However, we did not detect clear differences in VEGF expression between the Tks5 KD
and control tumors (data not shown), and we are currently investigating other factors that could
explain this phenomenon.

Taken together, our data suggest that a reduction in Tks5 decreases tumor growth in the primary
and metastatic site, possibly as a result of decreased podosome/invadopodia formation.
Surprisingly, this appeared to be correlated with decreased angiogenesis. These findings
support a broader investigation on the impact of Tks5 expression, and podosomes, on tumor
progression using different mouse models of cancer.
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Fig. 1. The scaffold protein Tks5 co-localizes to podosomes in Src-transformed fibroblasts and
mediates gelatin degradation
(A) The primary structure of Tks5, showing an amino-terminal phox homology (PX) domain
(blue box) and five SH3 domains (green boxes). Tks5 is tyrosine phosphorylated in Src-
transformed fibroblasts (the phosphorylation sites are indicated by an arrow) and has two
alternative splicing sites (squares). (B) Top panels: F-actin morphology of Src-transformed
fibroblasts (in blue, left panel) shows podosomes (indicated by white arrow). Tks5 co-localizes
to these structures as shown by a white arrow in the middle and right panel (overlay of F-actin
and Tks5). Lower panels: overlay of FITC gelatin with respectively F-actin, Tks5 and both F-
actin and Tks5. Bars: 100 µm. Insets: magnification of the regions within the dashed boxes,
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showing in detail respectively gelatin degradation at sites of podosomes (left panel) and co-
localization of Tks5 to these specific areas (middle and right panel). (C, D) Growth curves of
Src-transformed fibroblasts under respectively 10% and 1% serum conditions.
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Fig. 2. Decreased expression of Tks5 impairs subcutaneous tumor growth
(A – D) Two Tks5 KD clones 4.20 and 4.24 and two controls, C1 and C2 were grown over a
14-day time period, and every 2–3 days volumes were determined as described in Materials
and methods. N = 8 mice per tumor type. (E) Tumor volumes at the end point of the assay (day
14 post injection). Values were calculated of 3 independent experiments, * p < 0.05 and n =
12. Scatter plots indicate Mean ± SEM. (F) Photographs of 4 tumors per group at the day of
dissection. The image is representative of all experiments performed. Bar: 1 cm.
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Fig. 3. Tumor proliferation and apoptosis is not significantly altered by Tks5 knockdown
(A) Top panels: Tks5 expression was visualized by immunofluorescence (intense red). Note
the decreased fraction of 4.20 cells with similar intensity of Tks5 expression as the controls,
indicating an overall decreased expression of Tks5 in these tumors. Lower panel: overlay of
Tks5 and Hoechst. (B) Images of PCNA immunohistochemistry performed on sections of the
subcutaneous tumors. PCNA was developed in DAB (brown) followed by a counterstain with
methylgreen (blue-green). (C) Scatterplot showing the proliferation rate that was determined
based on the PCNA staining. (D) Scatterplot showing the cellular density of the SC tumors as
determined by the number of nuclei per 10× field, of at least 2–3 different tumors per group
and 6 to 7 fields per tumor. (E) Top panels: images of cell death in the SC tumors indicated by
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TUNEL staining. Lower panels: overlay of TUNEL with Hoechst. (F) Scatterplot of the
apoptotic rate that was calculated based on the TUNEL images. Quantification of the
proliferation and apoptotic rate was carried out using ImagePro software as described in
Materials and methods. Scatterplots indicate mean ± SEM. Bars: 100 µm, for all images and
the photographs are representative of all tumors per group.
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Fig. 4. Tks5 KD tumors show a reduced vascularization compared to controls
(A) Vessel morphology and density was visualized by a staining for CD31 on frozen sections
obtained from the tumors. The Tks5 KD tumors displayed reduced vessel dilation (compare
vessel width of those indicated by the white arrows in the 4.20 and 4.24 with those in the C1
and C2 tumors, top panels) and a less complex vessel network. Lower panels show overlay of
CD31 with Hoechst. Bars: 100 µm. (B) Scatterplot of the vessel density that was calculated
based on the CD31 immunofluorescence images. (C) Scatterplot of the vessel diameter.
Quantification of the vessel density and dilation was carried out as described in Materials and
methods, using ImagePro software, and the plots display the mean ± SEM,* is p < 0.05 and n
= 6 –10 (n being the number of tumors per group).
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Fig. 5. Reduction in Tks5 decreases the size of metastatic lesions
(A) Images of the right lung lobe of each tumor group. Metastatic lesions are indicated as
yellow-white nodules (some of which are circled) whereas the normal lung parenchyma is pink.
Each photograph is representative of the entire tumor group. (B) Scatterplot showing the
number of metastases per lung. (C) Scatterplot showing the size of metastasis per lung (4 lungs
per groups were analyzed). Values for the metastatic density and size were obtained and
calculated as described in Materials and methods. The plots indicate the mean ± SEM. * p <
0.05. (D) Top panels: Tks5 detection on frozen sections. Metastases (M) are distinguished by
dashed lines from the normal lung parenchyma (L). Lower panels: Tks5 immunofluorescence
overlay with Hoechst. Bars: 100 µm,
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Fig. 6. Angiogenesis, but not viability, is reduced in the Tks5 KD lung metastases
(A) Scatterplot showing the apoptotic rate which was calculated based on the TUNEL staining
of lung sections. Note that only 2 metastatic lesions were present in the lungs of the mouse
injected with the 4.24 cells. (B) Scatterplot showing the proliferation rate that was calculated
based on PCNA staining on lung sections. (C) Vessel morphology and density was visualized
by CD31 immunofluorescence. The Tks5 lung metastatic lesions showed reduced vessel
dilation, compare vessels indicated by the white arrowheads in the metastatic lesions (M) of
the 4.20 and 4.24 metastases to the controls. Top panels: CD31 immunofluorescence, lower
panels; overlay with Hoechst. Bars: 100 µm. (D) Scatterplot showing the vessel density
indicating a trend towards a reduced vessel density in the Tks5 KD metastases. p < 0.05 for
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4.20 and 4.24 compared to C2, n = 8 tumors per group. (E) Scatter plot of the vessel diameter
indicating a decrease in vessel dilation in the Tks5 KD lung lesions. p < 0.05. At least 30 vessels
per metastasis were analyzed, using 4 tumor types per group.
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