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Introduction
During metastasis, carcinoma cells acquire the ability to invade surrounding tissues and
intravasate through the endothelium to enter systemic circulation. Both the invasion and intravasation
processes require degradation of basement membrane and extracellular matrix (ECM). Although
proteolytic activity is associated with increased metastasis and poor clinical outcome, the molecular
triggers for matrix degradation in tumor cells are largely unknown.
Invadopodia are specialized actin-based membrane protrusions found in cancer cells that
degrade ECM via localization of proteases (Tarone et al., 1985; Chen, 1989). Their ability to mediate
focal ECM degradation suggests a critical role for invadopodia in tumor invasion and metastasis.
However, a definitive role for invadopodia in local invasion and metastasis in vivo has not yet been
clearly demonstrated. As actin-based structures, invadopodia contain a primarily branched
filamentous actin (F-actin) core and actin regulatory proteins, such as cortactin, Wiscott-Aldrich
Syndrome protein (WASp), and the actin-related protein 2/3 complex (Arp2/3 complex) (Linder,
2007). The SH3-domain-rich proteins tyrosine kinase substrate 4 (Tks4) (Buschman et al., 2009) and
Tks5 (Seals et al., 2005) function as essential adaptor proteins in clustering structural and enzymatic
components of invadopodia. The matrix degradation activity of invadopodia has been associated with
a large number of proteases, including membrane type 1 metalloproteases (MT1-MMP) (Linder
2007). Invadopodia formation requires tyrosine phosphorylation of several invadopodia components
including cortactin (Ayala et al., 2008), Tks4 (Buschmann et al., 2009), and Tks5 (Seals et al., 2005)
by Src family kinases.
Previous studies found that the Twist1 transcription factor, a key regulator of early embryonic
morphogenesis, was essential for the ability of tumor cells to metastasize from the mammary gland to
the lung in a mouse breast tumor model
and was highly expressed in invasive
human lobular breast cancer (Yang et
al., 2004). Since then, studies have also
associated Twist1 expression with many
aggressive human cancers, such as
melanomas, neuroblastomas, prostate
cancers, and gastric cancers (Peinado
et al., 2007). Twist1 can activate a latent
developmental program termed the
epithelial-mesenchymal
transition
(EMT), thus enabling carcinoma cells to
dissociate from each other and migrate.
The EMT program is a highly
conserved developmental program that
promotes epithelial cell dissociation and
migration to different sites during
embryogenesis. During EMT, cells lose
their epithelial characteristics, including
cell adhesion and polarity, and acquire a
mesenchymal morphology and the
ability
to
migrate
(Hay,
1995).
Biochemically,
cells
downregulate
epithelial markers such as adherens
junction proteins epithelial cadherin (Ecadherin) and catenins and express
mesenchymal
markers
including
vimentin and fibronectin (Boyer and
Thiery, 1993). In addition to Twist1, the
zinc-finger
transcription
factors,
including Snail, Slug, zinc finger E-box binding 1 (ZEB1), and ZEB2 (Peinado et al., 2007), can also
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activate the EMT program by directly binding the E-boxes of the E-cadherin promoter to suppress its
transcription. However, it is unclear how Twist1, as a basic helix-loop-helix (bHLH) transcription
factor, controls the EMT program. Over the course of this project, we investigated the role of two
proteins induced by Twist1 expression, platelet derived growth factor alpha (PDGFRα) and a
disintegrin and metalloprotease 12 (ADAM12,) in regulating invadopodia formation and metastasis.
In preliminary experiments, we
investigated the requirement for Twist1 in
invadopodia formation in 168FARN and
4T1 cells. Both of these cell lines express
high levels of Twist1 that can be effectively
silenced with shRNA constructs (Figure
1A). Upon knockdown of Twist 1, we
observed a dramatic reduction in
invadopodia formation, as visualized by
colocalization of the invadopodia markers
F-actin and cortactin, in both 168FARN
and 4T1 cells expressing the shTwist
constructs (Figure 1B and data not shown).
When quantified, there was a significant
reduction in invadopodia upon knockdown
of Twist1 (Figure 1C). Gelatin degradation
can be assayed in these cells be
performing a gelatin degradation assay in
which cells are plated on top of fluorescent
labeled gelatin; areas where invadopodia
degrade the gelatin become no longer
fluorescent. Relative gelatin degradation
can be easily assayed by quantifying the
area of degraded fluorescent gelatin and
normalizing it overall cell number.
Importantly, the decrease in invadopodia
formation was also associated with a significant reduction in the ability of 168FARN and 4T1 cells to
degrade fluorescently-labeled gelatin upon Twist1 knockdown (Figure 1D). 67NR cells, which express
very low levels of endogenous Twist1, failed to form invadopodia or degrade gelatin (Figure 1A, C-D).
In addition, when Twist1 was over expressed in normal human mammary epithelial cells (HMLE
cells), we observed a significant increase in invadopodia formation (Figure 2 A-B) as well as increase
in gelatin degradation (Figure 2C-D)
Our preliminary data suggested that Twist1 was both necessary and sufficient for invadopodia
formation in multiple cell lines. We therefore sought to determine the targets of Twist1 transcriptional
regulation that were responsible for the regulation of invadopodia formation and understanding the
potential role for this targets, and invadopodia, in regulating metastasis. For this project, we focus on
PDGFRs and ADAM12.
Body
Aim 1: Identify the transcriptional targets of Twist1 responsible for invadopodia formation.
Twist1-induced PDGFRs are necessary for invadopodia formation.
In identifying downstream targets of Twist1 involved in regulation of invadopodia formation, we
first focused on potential roles for the growth factor receptors PDGFRs. These were particularly
interesting targets as activation of PDGFRs is associated with a direct activation of Src kinase by the
intracellular domain of PDGFR (Kypta et al, 1990). Following overexpression of Twist1 in HMLE cells,
there was a strong induction of both PDGFRα and β at both the mRNA (data not shown) and protein
levels (Figure 3A). Interestingly, both PDGFRs were activated under normal culture conditions, as
5

evidence by the fact that they are phosphorylated at residues corresponding to receptor activation
(Figure 3A). To probe the potential roles of PDGFRs in Twist1-induced invadopodia we inhibited
PDGFR activation with a monoclonal blocking antibody directed against PDGFRα and generated two
knockdown constructs targeting PDGFRα. Treatment of HMLE-Twist1 cells (Twist1 overexpressing
HMLE cells) with either the monoclonal blocking antibody or expression of shRNAs targeting
PDGFRα led to a dramatic reduction in activation of PDGFRs, as measured by receptor
phosphorylation (Figure 3A). This gave us the tools to probe the potential roles of PDGFRs in
regulating invadopodia formation downstream of Twist1.
Treatment of HMLE-Twist1 cells with the monoclonal PDGFRα blocking antibody led to a
dramatic reduction in invadopodia formation, as assayed by immunofluorescence for the presence of
cortactin/F-actin positive puncta in the cells (Figure 3B). The reduction in invadopodia was significant
when quantified (Figure 3C). In addition, both treatment with the monoclonal antibody and knockdown
of PDGFRα led to a dramatic reduction in gelatin degradation associated with invadopodia formation
(Figure 3D). This data indicated that PDGFR-mediated signaling was required for invadopodia
formation. The signaling pathways regulated by PDGFR that induce invadopodia formation are
discussed further in the Aim 3 subsection, below.

Induction of ADAM12 is necessary for Twist1-induced invadopodia formation.
In addition to upregulation of PDGFRs, we also observed upregulation of ADAM12, an atypical
metalloprotease with cysteine-rich and disintegrin domains involved in the regulation of cellular
adhesion and integrin-mediated signaling (Kveiborg et al., 2008). Interestingly, ADAM12 has been
described as an integral invadopodia protein that directly interacts with the invadopodia-specific
scaffolding protein Tks5 (Abram et al, 2003). We were therefore very interested in characterizing the
role of this protein in Twist1-induced invadopodia formation.
ADAM12 is strongly induced at the protein level following expression of Twist1 in HMLE cells
(Figure 4A). In addition, we were able to effectively reduce ADAM12 protein levels with two different
knockdown constructs (Figure 4A). Importantly, when we knocked down ADAM12 in HMLE-Twist1
cells, we observed a dramatic reduction invadopodia formation, as assayed by immunofluorescence
for F-actin and cortactin colocalization in punctate invadopodia (Figure 4B). Quantification of both
invadopodia formation and gelatin degradation revealed that ADAM12 was necessary for both the
initial formation of invadopodia and the function of invadopodia in degrading extracellular matrix
6

components
(Figure
4C-D).
Experiments were carried out in
parallel in Hs578t cells, a human
breast cancer cell line that expresses
high levels of Twist1. There, we
found that ADAM12 was similarly
required for invadopodia formation
and function (data not shown).
Potential mechanisms and signaling
pathways regulated by ADAM12
expression are discussed more fully
under Aim 3, below.
Aim 2: Determine if invadopodia are
responsible for Twist1-induced
metastasis.
PDGFRα and invadopodia are
required for Twist1-induced
metastasis.
Although we had evidence
that PDGFRs and invadopodia were
required for in vitro models of
invasion
through
the
gelatin
degradation assays and Matrigel
invasion assays (data not shown),
we wanted to determine 1) if PDGFR
signaling was required for Twist1-induced metastasis; and 2) if invadopodia-mediated degradation
were required for Twist1-induced metastasis. To answer this questions, we used HMLE-Twist1 cells
expressing the PDGFR shRNA constructs to determine if PDGFR signaling was required for Twist1induced metastasis; to determine if invadopodia were actually necessary for this metastatic process,
we used HMLE-Twist1 cells expressing shRNA constructs targeting Tks5. These cells were labeled
with GFP and transformed with oncogenic Ras (V12G-Ras) and injected subcutaneously into the
flanks of nude mice at a
concentration of 1 million
cells per injection, mixed
with Matrigel. In this model,
HMLE-Twist1
cells
metastasize readily to the
lung with the rate of
metastasis
easily
quantifiable by investigation
of the GFP signal in the
lungs with fluorescence
microscopy (Yang et al.,
2004).
Importantly,
we
observed
no
major
differences in growth rate
between cells expressing
PDGFR or Tks5 specific
shRNA constructs and
those
cells
expressing
control shRNA constructs.
7

After allowing the tumors to reach 1.5 cm in diameter, the mice were sacrificed and the lungs
analyzed for GFP-positive metastases. In HMLE-Twist1 cells expressing the control shRNA
constructs, there was evidence of numerous micrometasases and some macrometastases
throughout the lung through fluorescence imaging (Figure 5A). Importantly, when the number of GFPpositive puncta were quantified to determine the extent of metastases, there was a significant
reduction in metastasis upon knockdown of both PDGFRα and Tks5 (Figure 5B-C). This data allowed
us to conclude that induction of invadopodia formation by Twist1, through upregulation of PDGFRs, is
essential for efficient lung metastasis in a mouse model of breast cancer.
ADAM12 is required for Twist1-induced metastasis to the lungs.
Due to the dramatic effect on invadopodia formation upon knockdown of ADAM12 in HMLETwist1 cells, we were curious if ADAM12 was also essential for Twist1-induced metastasis. To
investigate this question, we essentially performed experiments identical to those completed in the
above section to investigate the
requirement for invadopodia and
PDGFRs
in
Twist1-induced
metastasis. Briefly, HMLE-Twist1
cells
expressing
control
or
shADAM12
constructs
were
transformed with oncogenic Ras
and labeled with GFP and injected
subcutaneously into the flanks of
nude mice. After allowing the
tumors to reach 1.5 cm in diameter,
the mice were sacrificed and the
lungs analyzed for the presence of
GFP-positive metastases. Again,
we observed a dramatic reduction
in the number of GFP-positive
nodules and micrometastases in the
lungs of mice injected with cells
expressing shADAM12 constructs
compared to those mice injected
with cells expressing shControl constructs (Figure 6A). Importantly, when we quantified the number of
metastases by quantifying the number of GFP-positive puncta in the lungs of the mice, we observed a
significant decrease in lung metastasis upon knockdown of ADAM12 (Figure 6B). This data
suggested that ADAM12 also plays essential roles in regulating the metastatic process downstream
of Twist1, likely through invadopodia formation.
Aim 3: Characterize the pathways responsible for inducing and mediating the formation and stability
of Twist1-induced invadopodia.
Induction of Src activity downstream of PDGFRs is necessary for invadopodia formation.
Src activity is required for invadopodia formation and regulates the initial steps of invadopodia
formation (Chen 1989). Phosphorylation of Tks5 by Src leads to interaction with the adaptor protein
Nck, which leads to eventual induction of focal Arp2/3 mediated actin polymerization via an N-WASPdependent mechanism (Murphy et al., 2011). PDGFR signaling is directly upstream of activation of
Src kinase, so we therefore investigated the status of Src signaling in cells overexpressing Twist1.
Upon overexpressing Twist1 in HMLE cells, we observed a dramatic increase in Src activation (as
measured by immunoblotting for the active form of Src, phosphorylated on tyrosine-416) (Figure 7A).
In addition to the increase in Src activation, we also observed an increase in tyrosine phosphorylation
of the invadopodia component protein cortactin upon expression of Twist1 (Figure 7A). This strongly
implied that Twist1 could be regulating invadopodia formation by increasing Src activity, leading to
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phosphorylation of invadopodia component proteins and eventual invadopodia formation. We
therefore investigated if Src activity was required for invadopodia in our cells. Treatment of HMLETwist1 cells with either the Src kinase specific inhibitor SU6656, or expression of a dominant negative
Src construct led to a dramatic decrease in both gelatin degradation and invadopodia formation
(Figure 7B-C).

In Aim 1, we characterized an essential role for PDGFR in mediating Twist1-induced
invadopodia formation. We were therefore curious if knockdown or inhibition of PDGFR led to
changes in Src activation state in our system. When HMLE-Twist1 cells were treated with the
monoclonal PDGFRα blocking antibody or when PDGFRα was knocked down in HMLE-Twist1 cells,
we observed a significant decrease in both tyrosine phosphorylation of cortactin (Figure 7D). In
addition, both inhibition with the blocking antibody and expression of PDGFRα knockdown constructs
led to an attenuation of Src activation, as measured by immunoblotting of tyrosine-416 Src
phosphorylation (Figure 7D). Combined with our earlier data from Aim 1, in which we observed that
Twist1-induced invadopodia formation is dependent on PDGFR signaling, we concluded that Twist1
regulates invadopodia formation by upregulation of Src signaling through transcriptional regulation of
PDGFRs.
ADAM12 may regulate the balance between focal adhesions and invadopodia.
In addition to roles as a metalloprotease, ADAM12 can also regulate integrin-mediated
adhesions and focal adhesions through its disintegrin domain (Huang et al., 2005). We were therefore
curious to determine if ADAM12 effected the formation of focal adhesions in cells expressing
ADAM12 knockdown constructs. In HMLE-Twist1 cells expressing shADAM12 constructs, we
observed a dramatic increase in focal adhesion formation, as measured by colocalization of the focal
adhesion marker vinculin with F-actin on the cell periphery (Figure 8A). When quantified, a significant
increase in focal adhesion formation was observed (Figure 8B). When we probed for a marker of
focal adhesion activation, focal adhesion kinase (FAK) phosphorylation at tyrosine residue 396, we
observed a significant increase in this biochemical marker of focal adhesion formation (Figure 8C).
Similar experiments were also performed in Hs578t cells, with a similar increase in focal adhesion
formation observed upon knockdown of ADAM12 (data not shown). This was very interesting, as
previous reports have suggested that focal adhesions can inhibit invadopodia formation by
sequestering signaling molecules, such as Src, at focal adhesions (Chan et al., 2009).
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To more carefully probe the potential effects of ADAM12 in regulating invadopodia and focal
adhesions, we generated a panel of mutant ADAM12 constructs with which to rescue the shADAM12
defect. Briefly, mutants were created using PCR-mutagenesis which 1) lacked metalloprotease
activity; 2) had mutations in the disintegrin domain that inhibited interactions with beta integrins; and
3) had a cytoplasmic truncation to remove the cytoplasmic tail (Jacobsen et al., 2008). These mutants
allowed us to investigate the potential roles of the metalloprotease activity of ADAM12, the integrinmodulation abilities of ADAM12, and the possible effects of the cytoplasmic tail on invadopodia
formation and focal adhesion formation. Initial experiments investigating the effect of re-expression of
the mutant proteins in Hs578t cells expressing shADAM12 constructs determined that the disintegrin
domain of ADAM12 play roles in regulating invadopodia formation in these cells (Figure 9A). These
results suggest that ADAM12 may regulate invadopodia formation indirectly, rather than directly,
through inhibition of focal adhesions that may inhibit invadopodia formation (Chan et al., 2009).
Conversely, it may be the case that is an alteration in focal adhesion dynamics in shADAM12
knockdown cells that additionally negatively regulates invadopodia formation.

To additionally probe the signaling pathways regulated by ADAM12, particularly integrins and
focal adhesion, we performed addition experiments in the Hs578t cell lines expressing shADAM12
constructs. Treatment of these cells with either a FAK inhibitor or a β1 integrin inhibitory antibody
(AIIB2 antibody) led to a dramatic increase in invadopodia formation (Figure 9B). In fact, treatment
10

with these inhibitors led to an almost complete rescue of the invadopodia formation defect. This
strongly implies a potential role for ADAM12 in regulating invadopodia formation by indirectly
regulating focal adhesions. We hypothesize that ADAM12 may either directly reduce the number of
focal adhesions that form, or affect the overall lifetime of focal adhesions. Future experiments are
focused on characterization of the status of important downstream signaling molecules such as Src,
which is also regulated by focal adhesions. In addition, experiments are being performed to determine
if the rescue mutants have complementary effects on the formation of focal adhesions. Finally, livecell imaging of focal adhesion dynamics are in progress to determine if ADAM12 regulates focal
adhesion formation or focal adhesion lifetime using an mCherry-paxillin fusion protein and
fluorescence imaging.
Key Research Accomplishments
 Described an essential role of PDGFR signaling in regulating Src activity to promote
invadopodia formation downstream of Twist1 expression
 Characterized the role of ADAM12 in promoting invadopodia formation by disrupting focal
adhesion formation
 Determined both invadopodia formation and ADAM12/PDGFR upregulation by Twist1 are
essential for metastasis in mouse models of breast cancer
 Participated in weekly journal and data discussions with laboratory to discuss recent
publications and research within the lab
 Attended pharmacology research discussions to discuss ongoing research in the
pharmacology department
 Meetings with PI occurred on a weekly basis to discuss ongoing work and future directions of
research in the lab
 Experience preparing both primary and review literature
 Receiving mentoring experience through directing the work of undergraduate and rotating
graduate students under my supervision
Reportable Outcomes
2009
 N/a
2010
 Published paper describing central role of Twist1 in mediating breast cancer metastasis
through induction of invadopodia formation: Eckert MA, Lwin TM, Chang AT, Kim J, Danis E,
Ohno-Machado L, Yang J. Twist1-induced invadopodia formation promotes tumor metastasis.
Cancer Cell. 2011 19(3): 372-86. See attached file in appendix.
2011
 Attended 2011 DOD BCRP Era of Hope Conference, Orlando, FL
 Published invited perspective article: Eckert MA, Yang J. Targeting invadopodia to block breast
cancer metastasis. Oncotarget. 2011 Jul;2(7):562-8. See attached file in appendix.
 Manuscript in preparation: “ADAM12 promotes invadopodia formation by disrupting focal
adhesion formation.”

Conclusion
Combined, our data suggest important roles for invadopodia in mediating Twist1-induced
metastasis in breast cancer. We observed that Twist1 was both necessary and sufficient to promote
invadopodia formation and associated degradation of ECM components. Multiple components of
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invadopodia, including ADAM12 and PDGFRα and β were upregulated following Twist1 expression.
Upregulation of PDGFRs, particularly PDGFRα, appear to be key in regulating pathways such as Src
activation that are essential for efficient invadopodia formation. Inhibition of PDGFR or Src activity
through a combination of knockdown constructs or chemical inhibition led to a dramatic reduction in
invadopodia formation. Most importantly, however, we found that both PDGFRα-mediated signaling
and invadopodia themselves were necessary for efficient metastasis to the lung in a mouse model of
breast cancer. This provided firm data to conclude that invadopodia play important roles during the
EMT process in promoting metastasis. Although characterization of the role of ADAM12 in
invadopodia are ongoing, there is growing evidence that ADAM12 also modulates the formation of
invadopodia downstream of Twist1. Surprisingly, our data thus far suggests that ADAM12 may
regulate invadopodia indirectly through regulation of focal adhesions. We hypothesize that ADAM12
may either be necessary for the inhibition of focal adhesions, as focal adhesions may inherently
inhibit invadopodia formation, or that ADAM12 induces dynamic turnover of focal adhesions that is
required for efficient invadopodia formation (Chan et al., 2009). More experiments are clearly
necessary to more fully understand the contribution of ADAM12 to Twist1-induced invadopodia
formation and metastasis, although we do have evidence that ADAM12 is, in fact, required for Twist1induced metastasis in a mouse model of breast cancer. Experiments are in progress to better
understand the role of this interesting protease in invasion and metastasis. Better understanding the
functional roles of downstream targets of Twist1 in metastasis will allow for the identification of new
biomarkers as well as new therapeutic targets. Promisingly, both ADAM12 and PDGFRs are
extremely druggable targets with catalytically active domains to which small-molecule inhibitors can
be developed.
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