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Abstract
A central and unresolved question in cancer is how deregulated signaling leads to acquisition of an
invasive cellular phenotype. Here, we modeled the invasive transition as a theoretical switch
between focal adhesions and extracellular matrix (ECM)-degrading invadopodia and built
molecular interaction network models of each structure. To identify upstream regulatory hubs, we
added first degree binding partners and applied graph theoretic analyses. Comparison of the results
to clustered reverse phase protein array signaling data from head and neck carcinomas led us to
choose phosphatidylinositol 3-kinase (PI3K) and protein kinase C alpha (PKCα) for further
analysis. Consistent with a previous report, PI3K activity promoted both the formation and activity
of invadopodia. Furthermore, PI3K induction of invadopodia was increased by overexpression of
SH2 domain-containing inositol 5′-phosphatase 2 (SHIP2), suggesting that a major part of the
mechanism is synthesis of PI(3,4,5)P3, a precursor for PI(3,4)P2, which promotes invadopodia
formation. Knockdown of PKCα led to divergent effects on invadopodia formation, depending on
the activation state of PI3K. Loss of PKCα inhibited invadopodia formation in cells with wild-
type PI3K pathway status. Conversely, in cells with either activating PI3K mutants or lacking the
endogenous opposing enzyme phosphatase and tensin homolog (PTEN), PKCα knockdown
increased invadopodia formation. Investigation of the mechanism revealed that a negative
feedback loop from PKCα dampened PI3K activity and invasive behavior in cells with genetic
overactivation of the PI3K pathway. These studies demonstrate the potential of network modeling
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as a discovery tool and identify PI3K and PKCα as critical interacting regulators of invasive
behavior.

Introduction
One of the hallmarks of cancer is the ability of cells to invade surrounding tissues and
metastasize (1). A key component of tissue invasion is the ability to degrade extracellular
matrix (ECM). At the cellular level, a switch to an ECM-degrading or invasive phenotype
can be characterized as a shift in the dynamics and assembly of two cytoskeletal structures:
focal contact-type adhesions and invadopodia, actin-rich cellular protrusions that serve as
secretory sites for extracellular matrix (ECM)-degrading proteinases. Thus, noninvasive
cancer cells tend to form more focal adhesions and do not form invadopodia, whereas
invasive cancer cells form few focal adhesions and contain many invadopodia (2, 3).
Invadopodia share various molecular components with focal adhesions; however, there are
some major distinctions. Although both are actin-rich structures, focal adhesions link to
unbranched actin-based stress fibers, require ongoing protein synthesis for their persistence,
and generally are not thought to degrade ECM to a substantial extent ((4, 5)(6). By contrast,
invadopodia are associated primarily with branched actin and components of the exocytic
membrane trafficking machinery, do not require active protein synthesis to form, and
aggressively degrade ECM (4, 5, 7). In normal cells that remodel tissue, similar structures to
invadopodia called podosomes are formed (4, 5, 7).

The number of proteins that are involved in the formation of invadopodia and focal
adhesions has expanded; however, little is known about the upstream signals that trigger
formation of invadopodia instead of focal adhesions. Although expression of constitutively
active Src can induce formation of invadopodia-like structures (often termed “invadosomes”
(8)), Src is rarely mutated in human cancer; instead it is usually activated downstream of
other signaling pathways (9, 10). Furthermore, active wild-type Src is typically associated
with focal adhesions (11, 12), suggesting that additional molecular changes must occur to
trigger assembly of invadopodia. Treatment of vascular smooth muscle cells with the
conventional PKC activator and tumor promoter phorbol myristate acetate induces the
formation of podosomes at sites of focal adhesion disassembly, suggesting a direct transition
between the two structures that is induced by deregulated signaling (13). Nonetheless, our
understanding of this invasive switch remains minimal due to the complexity of both
structures and the signal inputs.

Intracellular signaling is carried out by the action of interconnected molecular networks that
influence each other based on both network architecture and dynamic interactions between
molecules (14, 15). Thus, the structure of a signaling network (the topology of molecules
and their interactions) is an important determinant of information flow. Particular signaling
networks contain certain highly connected molecules known as “hubs” (16). The activity or
abundance (or both) of such hubs is potentially critical in determining whether upstream
signaling will reach all or a selected set of downstream targets (17). Indeed, many
oncogenes are network hubs (18). Thus, understanding the topology, composition and
connectedness of molecular signaling networks that control the transition between focal
adhesions and invadopodia could identify potential targets of therapeutic intervention to
limit the formation of invadopodia and reduce tumor invasiveness.

In this study, we used a network modeling approach to identify key molecules and signaling
states that drive the transition between focal adhesions and invadopodia. We built molecular
interaction networks for focal adhesions and invadopodia based on lists of molecules
derived from the literature and database-mining, and used a graph theoretic approach to
identify regulatory signaling hubs of each network (16). The p85 subunit of PI3K and PKCα
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were identified as hubs for both focal adhesion and invadopodia networks. These two
signaling molecules are deregulated in a wide variety of cancers (19, 20) and their role in the
regulation of invadopodia formation is just beginning to be examined (21). Bioinformatics
analysis of reverse phase protein array (RPPA) data from head and neck squamous cell
carcinoma (HNSCC) tumor lysates revealed a signaling cluster associated with tumor
recurrence that included both PI3K and PKCα-associated signaling pathway components.
Simultaneous manipulations of PI3K activity and PKCα abundance in HNSCC cells
revealed that PI3K promoted invadopodia formation and focal adhesion reorganization.
However, inhibition of PKCα led to opposite effects on invadopodia formation and invasion
through Transwell chambers depending on the PI3K activation status of the cancer cells,
with the PI3K-high/PKCα-low signaling state leading to the most invasive phenotype. Live
cell imaging studies revealed that loss of PKCα in PI3K mutant cells leads to increased
formation and stability of invadopodia. Analysis of the ratio of PI(3,4,5)P3 to PI(4,5)P2 ratio
in PI3K and PKCα-manipulated cells revealed a negative feedback loop from PKCα that
dampens PI3K enzymatic activity in cells with overly active PI3K. Furthermore, expression
of a non-phosphorylatable mutant of the p85 subunit of PI3K led to enhanced invadopodia
formation, similar to the effect of PKCα-knockdown. These data identify PI3K and PKCα
as major interacting regulators of the transition to an invasive phenotype, as characterized by
shifts from focal adhesions to invadopodia.

Results
Network modeling of the focal adhesion–to-invadopodia switch identifies putative
regulatory hubs

To understand signaling events that lead to invadopodia formation, we built two individual
molecular network models that represent molecules associated with either focal adhesions or
invadopodia. For the invadopodia network, we used GLAD4U software (http://
bioinfo.vanderbilt.edu/glad4u) and the query term “invadopodia” to search PubMed and
obtain a list of Entrez gene IDs associated with the retrieved publications. We then manually
curated the list by removing any molecules that had not been localized to invadopodia by
fluorescence imaging. The focal adhesion network list was obtained by manually curating a
previously published list of “adhesome” molecules (22) to remove obvious podosome
molecules that do not localize to conventional focal adhesions (for example, the Arp2/3
complex) (see Table S1 for both lists). Using Cytoscape (23) to mine the known protein-
protein interactions in the Human Protein Reference Database (HPRD) database and protein-
phosphatidylinositol lipid interactions from additional literature-derived lists (Table S2), we
then derived the following molecular interaction networks: “invadopodia” (53 molecules,
which are referred to as nodes in graph theory and 62 interactions), “focal adhesion” (150
nodes and 565 interactions), “focal adhesions and invadopodia” (any node in either list; 184
proteins and 663 interactions), and common nodes (only nodes present in both lists; 19
proteins and 27 interactions). Consistent with the previously identified importance of Src in
invadopodia biology (7), Src is the most central hub in the invadopodia network as measured
by degree centrality (number of interacting partners or degree = 15), followed by Nck1
(degree = 9), cortactin (CTTN) and neural Wiskott-Aldrich Syndrome protein (WASL)
(degree = 8), and paxillin (PXN), FAK (PTK2), p130Cas (BCAR1), and integrin β1
(ITGB1) (all degree = 7) (Fig 1). This network represents the core machinery of
invadopodia, because our criteria for inclusion in the network was that all molecules must be
physically identifiable within invadopodia. Furthermore, both Src and cortactin are integral
regulators of invadopodia: their removal leads to loss of invadopodia formation or activity
(or both) (5, 7).

To identify critical upstream signals that lead to invadopodia formation and potentially drive
the transition from focal adhesions to invadopodia, we expanded the core invadopodia and
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focal adhesion networks by adding HPRD-derived direct interacting partners of the nodes in
the core networks. This increased the size of the networks, as follows: invadopodia (959
nodes and 5278 interactions), focal adhesion (2127 nodes and 12767 interactions), focal
adhesions and invadopodia (2288 proteins and 13512 interactions), and common nodes (667
proteins and 3671 interactions). To identify potentially critical regulators of the expanded
networks, we searched for highly connected molecules (for example, hubs (24)) by
performing the following centrality analyses for all the networks: degree, betweenness,
stress, and sum of shortest paths (Fig. 2) (25, 26). These centrality analyses are based on
graph theory and utilize slightly different criteria to rank nodes in terms of connectedness to
other nodes in the defined network (25, 26). Degree is the number of direct interacting
partners of a given node. Betweenness is the proportion of all shortest paths between 2
nodes going through a given node. Stress is the number of all of the shortest paths within the
network going through a given node. Sum of shortest paths identifies nodes with the
smallest sum of the shortest paths initiated to all other nodes in the network. Regardless of
the networks analyzed, signaling nodes were overrepresented among the hubs, probably
because they are generally highly connected molecules. Various signaling molecules,
including SRC, EGFR, FYN, SHC1, GRB2, PIK3R1, PRKCA, and PRKCD, were in the top
ten list of at least one centrality measure (Fig. 2), suggesting that they may be critical
regulators of both focal adhesion and invadopodia and could mediate transition between the
two structures. In addition, these centrality analyses identified proteins that could be highly
central in one network, but not the other: CDC42, PTK2, and RAC1 for invadopodia and
PRKACA, MAPK1, VIM, AKT1, ESR1, and YWHAG for focal adhesions. To evaluate the
network-specific importance of each node to the focal adhesion or invadopodia networks,
we also performed a random walk with restart analysis, which takes into consideration the
global network structure by simulating a random walker’s behavior on a network (27, 28).
Thus, each node in the network was ranked by comparing its overall proximity to nodes
within the core focal adhesion or invadopodia networks to its proximity to randomly
selected nodes in the global HPRD network (Table S3). Although both PIK3R1 and PRKCA
were highly connected to focal adhesion and invadopodia networks, PIK3R1 was more
highly connected to the invadopodia network (local p = 0.02 for invadopodia and 0.06 for
focal adhesion) and PRKCA was more highly connected to the focal adhesion network
(local p = 0.42 for invadopodia and 0.0045 for focal adhesion) when the global network was
taken into account.

PI3K and PKCα analytes form part of a molecular signature for a “poor prognosis” HNSCC
subtype

To determine whether the hubs identified in our analysis were associated with aggressive
behavior in human tumors, we examined the abundance of signaling phosphoproteins in 15
HPV-negative oropharynx head and neck squamous cell carcinoma (HNSCC) primary
tumors using reverse phase protein lysate microarrays (RPPA; see Table S4 for the ~130
analytes examined and deidentified patient data) (29, 30). Patient samples were divided into
recurrent or nonrecurrent groups and a subset of 30 analytes was selected based on highest
correlation with tumor recurrence. Interestingly, among the 30 selected analytes were
several focal adhesion-invadopodia network hubs, including PKCα, PI3K pathway signaling
molecules (such as AKT and PTEN), and the active phosphorylated form of Src (pTyr416)
(Fig 3). Tumor samples and analytes were then allowed to cluster in an unsupervised manner
to identify groups of tumors that have similar signaling state relationships. In particular,
there was a cluster of three patients with recurrent tumors that exhibited reduced abundance
of AKT, PTEN and PKCα and increased abundance of active Src (pTyr416) and segregated
distinctly away from patients without recurrent tumors (Box and asterisks, Fig 3). These
results suggest that alterations in PKC, PI3K, and Src activity may be important modulators
of head and neck tumor recurrence. Furthermore, because PTEN directly antagonizes the
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effects of PI3K, the low PTEN abundance in combination with low PKCα abundance could
indicate a PI3K-high/PKCα-low signaling state. Although recurrence likely is a
consequence of many biological processes, local tissue invasion has been correlated with
tumor recurrence in several cancers (31, 32).

Src is a well-known organizer of invadopodia and podosome formation (5, 7, 33, 34) and
was the central hub of our invadopodia network (Fig 1). By contrast, PI3K has only recently
been implicated in invasion and activity of invadopodia and podosomes (21, 35) and there is
little understanding of how the switch in cytoskeletal structures is orchestrated. Likewise,
PKCα signaling is thought to promote podosome formation along with focal adhesion
disassembly (13, 36–38), but our RPPA data instead suggest that PKCα abundance or
activity might be suppressed in aggressive cancers (which we presume would make more
invadopodia). Therefore, the role of PKCα activity in invadopodia formation and associated
invasive activity is unclear. In addition PI3K and PKCα appeared to be coordinately
regulated in human tumors because they clustered together. We therefore set out to test
whether combinations of PI3K and PKCα activities might regulate invasive activity and
specifically affect focal adhesion-invadopodia transitions.

PI3K signaling promotes invadopodia formation
To test whether PI3K signaling could affect invadopodia formation and activity in HNSCC
cells, we carried out experiments in which we inhibited PI3K in HNSCC cells with the drug
LY294002. LY294002 treatment of SCC61 cells significantly reduced both invadopodia
numbers and invadopodia-associated ECM degradation (Fig 4). LY294002 treatment of a
second HNSCC cell line, SCC25, also reduced both invadopodia activity and numbers,
although the effect on invadopodia numbers was not statistically significant due to the low
basal number formed by this cell line (Fig S1). Inhibition of PI3K by LY294002 also
affected the organization of focal adhesion structures in SCC61 cells. Analysis of focal
adhesion number and size revealed a significant decrease in the number of central focal
adhesions in SCC61 cells treated with increasing concentrations of LY294002 (Fig 4).
Changes in peripheral focal adhesion number (Fig 4) or in focal adhesion size (Fig S2) were
more variable and minor and a statistically significant increase in focal adhesion number
was only observed with 12.5 μM LY294002. Although the E542K oncogenic mutant of
PIK3CA (the p110α catalytic subunit of PI3K) is present in SCC61 cells, SCC25 cells do
not have identifiable PI3K mutations (39). We therefore expressed the E545K and H1047R
mutant PIK3CA subunits (both are common hot spot mutations seen in cancers that are
activating) in SCC25 cells (Fig S3) to determine the impact of directly activating PI3K on
the focal adhesion-to-invadopodia transition. Consistent with the drug inhibition studies,
SCC25 cells expressing active PI3K mutant constructs showed increased invadopodia
numbers and activity, compared with controls (Fig 5). Expression of active PI3K mutants
also led to a significant decrease in the number of peripheral focal adhesions but not in the
number of of central focal adhesions (Fig 5). The sizes of both central and peripheral focal
adhesions were reduced in PI3K mutant-expressing cells (Fig S2). These results confirm that
PI3K affects the organization of both invadopodia and focal adhesions and are consistent
with PI3K as a driver of cellular focal adhesion-to-invadopodia transitions.

SHIP2 overexpression promotes invadopodia formation in a PI3K-dependent manner
Because of the high degree of connectedness of the p85 subunit (PI3KR1), various PI3K
binding partners and effectors could regulate focal adhesions to invadopodia transitions (Fig
2, Table S3). However, we hypothesized that the lipid products of PI3K themselves might
promote a switch in the cytoskeletal structures based on the importance of
phosphatidylinositol (PI) lipids in recruiting cytoskeletal proteins to cellular membranes
(40). In particular, PI(3,4)P2 is associated with formation of podosomes and can be
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synthesized from the precursor lipid PI(3,4,5)P3 which is formed by class IA PI3Ks (35, 41).
To test whether specific PI lipids are significantly associated with focal adhesion or
invadopodia network nodes as compared to association with the entire HPRD network, we
performed a Fisher’s exact statistical test on the focal adhesion or invadopodia and first
neighbors networks (Fig. 6, Tables S1 and S2). Although PI(4,5)P2, PI(3,4,5)P3, and
PI(3,4)P2 were each significantly associated with focal adhesion proteins (either directly or
through one other molecule, such as a 2-connection depth of interaction), only the
downstream PI3K products PI(3,4,5)P3 and PI(3,4)P2 were significantly associated with
invadopodia proteins (Fig 6A, B). In addition, the late endosomal lipid PI(3,5)P2 was also
significantly associated with the invadopodia and first neighbors network, which may reflect
the role of late endocytic trafficking in proteinase delivery to invadopodia (42–44).

PI(3,4)P2 is a good candidate for recruiting invadopodia-specific proteins to the plasma
membrane, such as Tks5 (45), and could thereby contribute to invadopodia formation. A
possible molecular mechanism for this switch is the activity of PI-5′-phosphatases that use
PI(3,4,5)P3 as their substrate, such as SYNJ2, SHIP1 or SHIP2 (41, 46, 47). Thus, sequential
conversion of PI(4,5)P2 to PI(3,4)P2 through the action of PI3K and a PI-5′-phosphatase
(Fig 6C), could force both focal adhesion turnover (by loss of PI(4,5)P2-binding proteins)
and invadopodia formation (through the acquisition of PI(3,4)P2 binding proteins). To test
whether enhanced formation of PI(3,4)P2 might indeed promote formation and activity of
invadopodia, we expressed SHIP2, a ubiquitously distributed 5′ lipid phosphatase that
shows increased abundance in a subset of breast cancers (48), in SCC61 cells. We found that
SHIP2 overexpression increased both the number and activity of invadopodia. There was
also a shift in the organization of focal adhesions, with an increase in number of central
focal adhesions and a decrease in the number of peripheral focal adhesions (Fig 6D–F).
Furthermore, preventing the accumulation of PI3K products (for example, PI(3,4,5)P3 and
PI(3,4)P2) with LY294002 treatment abolished the effect of SHIP2 overexpression on
invadopodia and central focal adhesions (Fig 6D–F). These data indicate that a shift in
phosphatidylinositol metabolism to produce PI(3,4)P2 promotes a shift in focal adhesion and
invadopodia organization.

PKCα has opposite effects on invadopodia, depending on the activation status of PI3K
In addition to PI3K, we identified PKCα in our network analyses as potentially important in
regulating focal adhesions and invadopodia. In addition, the RPPA analysis suggested that
tumors with both high PI3K and low PKCα activities might be more aggressive. Therefore,
we tested the effect of PKCα inhibition on the formation of focal adhesions and invadopodia
in HNSCC cells by specifically knocking down PKCα with 2 separate siRNA sequences.
Consistent with previous studies on podosomes (13, 36–38), decreased PKCα abundance in
either HNSCC (SCC25), breast cancer (MDA-MB-231), or melanoma (A375) cells with a
wild-type PI3K genotype (49, 50) caused decreased numbers and activity of invadopodia
(Fig 5 and Fig S4). However, in cells with activating PI3K mutations – such as SCC25 (Fig
5) and MDA-MB-231 (Fig S4) cells expressing E545K and H1047R PIK3CA mutations and
SCC61 cells which have an E542K mutation in endogenous PIK3CA (Fig S5) - expression
of PKCα siRNA led to the opposite phenotype with increased number of invadopodia per
cell and invadopodia activity. In addition, we found that loss of PKCα increased the ECM-
degrading ability of PTEN-null (51, 52) BT549 breast cancer cells (Fig S4). Because PTEN
enzymatically antagonizes PI3K by converting PI(3,4,5)P3 to PI(4,5)P2, these data suggest
that loss of PKCα enhances formation of invadopodia in cells with excess and unopposed
PI3K activity. Analysis of the adhesion phenotype revealed that PKCα-siRNA induced a
consistent increase in the number of central focal adhesions, regardless of the PI3K mutant
status or cell type. In addition, there was either new localization of adhesion proteins
directly to the invadopodia puncta of PKCα-inhibited cells (Fig S5) or increased
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organization of adhesion bands that encircled clusters of invadopodia (Fig 5), suggesting
that adhesion signaling is inhibited at both focal adhesions and invadopodia by PKCα. We
also assessed the ability of PI3K/PKCα-manipulated SCC25 cells to invade through
Matrigel Transwell chambers, an assay that requires both ECM degradation and motility.
Similar to the invadopodia data, loss of PKCα enhanced the invasion of SCC25 cells
expressing an activating PI3K mutation but reduced Transwell invasion in control SCC25
cells (Fig S6).

To understand the phenotypic switch induced in PI3K-high/PKCα-low cells, we performed
live imaging of invadopodia and focal adhesions, marked respectively by the actin marker
td-Tomato-F-Tractin, which is the actin binding domain of ITPKA (53) fused to tandem
Tomato fluorescent protein, and the focal adhesion scaffold protein zyxin (54) fused to
Venus fluorescent protein. To induce de novo invadopodia formation and focal adhesion
reorganization, SCC25 cells expressing the H1047R-PI3K-mutant with or without PKCα-
knockdown were serum- and growth-factor-starved and then stimulated with invadopodia
media (Fig 7A, Movies S1–S4). PKCα-knockdown cells frequently had a high basal number
of focal adhesions that upon growth factor stimulation were reorganized to surround newly
forming invadopodia in “adhesion belts” (Fig 7A, Movies S3 and S4). By contrast,
invadopodia formation was less robust and focal adhesions were not as organized around
invadopodia in control cells (Fig 7A, Movies S1 and S2). Quantitation of invadopodia
formation after stimulation revealed that PKCα-knockdown in the PI3K-mutant background
led to increased numbers of newly formed invadopodia, especially in the first 15 min after
stimulation (Fig 7B). To quantitate invadopodia stability, we performed live cell imaging
under basal conditions (cells were cultured in invadopodia medium without previous growth
factor starvation) (Movies S5 and S6). In this assay, PKCα-knockdown led to a decreased
number of short-lived invadopodia and an increased number of long-lived invadopodia (Fig
7C). Overall, knockdown of PKCα in the PI3K mutant background enhanced both the
formation and stability of invadopodia.

Overall, our data point to a strong relationship between PI3K and PKCα in promoting
invadopodia formation. We noticed that decreased PKCα protein abundance in cells with
overly active PI3K often appeared to further enhance the effects of PI3K, rather than
resulting in a distinct phenotype. For example, the reorganization of focal adhesions around
invadopodia in PI3K mutant/PKCα-knockdown cells also occurs in PI3K mutant control
cells but to a lesser extent (Figs 5,7). One possible mechanism that could explain these
findings is if PKCα provides negative feedback to PI3K. Indeed, PKCα can inhibit PI3K
either by direct phosphorylation of unknown sites within the p110α catalytic subunit of
PI3K (55) or by activating PKCδ which then phosphorylates the SH2 domains of the p85α
regulatory subunit to prevent binding to phosphotyrosine-containing binding partners (56).
To determine whether PI3K activity is enhanced by PKCα-knockdown, we visualized the
abundance of phosphoinositides in cells by using quantum dot-labeled PH domains of PLCδ
and GRP1 to respectively label PI(4,5)P2 and PI(3,4,5)P3 (57). In control cells expressing
the H1047R PI3K mutant, both PI(3,4,5)P3 and PI(4,5)P2 localized to the plasma membrane
(Fig 8A). Treatment with the PI3K inhibitor LY294002 led to decreased abundance of
PI(3,4,5)P3, as indicated by decreased binding of quantum dot-labeled PH-GRP1. In PKCα-
knockdown cells the abundance of PI(3,4,5)P3 increased and that of PI(4,5)P2
correspondingly decreased at the plasma membrane (Fig 8A,B). PI(4,5)P2 was also present
on intracellular vesicles in PKCα-knockdown cells. Quantitation of the ratio of PI(3,4,5)P3
to PI(4,5)P2 in individual cells indicated an overall whole cell median increase of 4.5- and 9-
fold in cells expressing distinct siRNAs against PKCα compared to control cells (Fig 8B).
Because PI(3,4,5)P3 is the direct lipid product of PI3K, these data indicate that PKCα
provides negative feedback to PI3K enzymatic activity. Consistent with this model, the
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phosphorylation of the downstream target Akt on Ser473 was higher in PKCα-knockdown
cells than in control cells (Fig 8C,D).

PKC targets two phorbol myristate acetate-sensitive serine phosphorylation sites, Ser361 and
Ser652, in the SH2 domains of the p85α PI3K catalytic subunit (56). These phosphorylation
events block in vitro binding to tyrosine-phosphorylated peptides (56), suggesting that they
likely affect the adapter function of p85α (20) and thus prevent access of PI3K to membrane
pools of PI(4,5)P2. Our centrality analyses also had identified p85α (gene name PIK3R1)
rather than p110α (gene name PIK3CA) as central to both focal adhesion and invadopodia
networks, likely due to interaction with binding partners (20). We therefore expressed
nonphosphorylatable mutant PIK3R1 in which both serines were mutated to alanines
(S361/652A) (56) in SCC25 H1047R cells and assessed invadopodia activity. Compared to
untransfected controls, expression of wild-type p85α actually dampened invadopodia
activity (Fig 8E,F). However, consistent with the model in which serine phosphorylation of
p85α leads to negative feedback of PI3K, expression of the nonphosphorylatable
S361/652A p85α mutant enhanced invadopodia-associated ECM degradation compared to
both untransfected and wild-type p85-expressing controls (Fig 8F).

Discussion
To identify key signals that promote the invasive transition during cancer, we used a
computational approach in which we built and mined literature-based molecular interaction
networks representing focal adhesions and invadopodia. We further combined initial hub
results from centralities and random walk analyses of the networks with experimental RPPA
results from human HNSCC tumors to identify potential signaling patterns associated with
tumor aggressiveness. By following up on a potential “PI3K high/PKCα-low” pattern
associated with bad prognosis, we discovered that the combination of increased PI3K with
low PKCα activity indeed promotes an “invasive state” characterized by enhanced
formation and activity of invadopodia along with changes in the organization of adhesions.
By contrast, in the absence of either PIK3CA activating mutations or loss of PTEN, PKCα
inhibition instead diminished invadopodia formation and activity. These results point to the
potential value of analyzing invasive signaling in a “network” approach and suggest that
combinations of PI3K and PKCα signaling may be useful as biomarkers for cancer
aggressiveness.

Molecular network models can be used for various purposes and are typically constructed
from either high-throughput datasets or from the literature (16, 24). Cancer is a particularly
appropriate application due to the deregulation of signaling networks and the large number
of genetic and epigenetic changes (58) that lead to diverse network configurations. Although
networks are typically constructed based on datasets, signaling pathways or statistical
relationships, we instead used networks to represent physical cytoskeletal structures (22) and
constrained the edges to represent only direct molecular binding interactions. Whereas use
of literature-derived networks such as ours can bias to “rediscovery”, addition of first-
neighbor binding partners and comparison of these networks to human tumor data allowed
us to generate and then subsequently test hypotheses about potential signaling hub
combinations that govern focal adhesion-invadopodia transitions. Indeed, the interaction
between PI3K pathway mutations and PKCα activity was unexpected and affected
invadopodia formation and activity. We expect that future use of these networks, in
combination with various biological datasets, will lead to additional insights into activation
of the invasive state. Our network approach may also be useful for modeling of other
subcellular structures.
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Our data indicate that the combination of PI3K activation and PKCα inhibition promotes
focal adhesion-invadopodia switching behavior and invasiveness, as assessed by Transwell
invasion assays. Consistent with our random walk analysis, PI3K activity was most closely
associated with invadopodia induction, whereas PKCα activity led to more organized focal
adhesions, including those surrounding invadopodia. Furthermore, network representations
show more binding interactions to invadopodia proteins from PI3K and its lipid products
than from PKCα (Fig S7). These data are consistent with our hypothesis that the invasive
transition involves both adhesion reorganization and acquisition of new properties that allow
formation of invadopodia, such as generation of PI(3,4)P2. These findings also suggest that
there may be other combinations of focal adhesion and invadopodia hub states that either
activate or shut down the invasive state.

In vascular smooth muscle and endothelial cells, the PKC-activating and tumor promoting
drug phorbol myristate acetate (PMA) is a potent promoter of both focal adhesion
disassembly and podosome formation (13, 36–38). Indeed, in cancer cells that did not harbor
PI3K or PTEN mutations, we found that inhibition of PKCα shut down invadopodia
formation, possibly due to prevention of focal adhesion turnover (13). We speculate that
deregulated PI3K activity in cells expressing PI3K mutants alters this dynamic by bypassing
the need for focal adhesion turnover in order to organize new invadopodia. Under that
circumstance, inhibition of PKCα could then promote invadopodia formation by preventing
negative feedback to PI3K (55, 56). This model is supported by our findings that
knockdown of PKCα in cells expressing the constitutively active H1047R PI3K mutant
leads to an increase in the cellular ratio of PI(3,4,5)P3 to PI(4,5)P2 and that expression of the
nonphosphorylatable S361/652A p85α mutant enhances invadopodia-associated ECM
degradation (Fig 8). Because the serine phosphorylation sites targeted by PKCs in the SH2
domains of p85α affect binding to phosphotyrosine-containing peptides (56), we speculate
that at least one mechanism whereby PKCα may limit PI3K activity in cells with mutations
in the PI3K pathway is by minimizing the binding time of PI3K to phosphotyrosine-
containing binding partners at the plasma membrane.

Both increased and decreased abundance of PKCα have been reported in various human
cancer types, including breast cancer (59–62). In HNSCC, increased abundance of PKCα
correlates with decreased survival; however the relationship with PI3K was not examined
(63, 64). Our finding that PKCα silencing has opposite effects depending on the activation
state of PI3K indicates that the overall network state is likely to be critical in accurately
predicting prognosis and treatment. We expect that appropriate biomarkers may be critical
for effective use of PKC inhibitors in the clinic (62). Because we used siRNA, our findings
are specific to PKCα. However, given that chemical inhibitors may potentially crossreact,
some consideration should probably also be given to the role of other PKC isoforms that we
have not addressed in this study, such as PKCβ, which shows increased abundance in colon
cancer and lymphoma and decreased abundance in melanoma (65).

In summary, we used a combination of molecular interaction network building and analysis
to discover signaling states that promote a specific invasive phenotype: focal adhesion
reorganization and invadopodia formation. We found that the combination of high,
deregulated PI3K activity with low PKCα activity optimally promotes invadopodia
formation in combination with adhesion reorganization. Interesting questions for the future
include: (i) whether additional aggressive cancer cell phenotypes such as cell survival are
augmented by the PI3K high/PKCα low signaling combination; (ii) whether other tumor
types coregulate PI3K and PKCα activities; and (iii) whether we can use our subcellular
network approach to identify additional signaling states that are associated with a specific
phenotype.
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Materials and Methods
Network construction and centrality measurements

Lists of molecules that constitute each network were obtained by mining the literature, as
described in the results, and represent the state of the literature in January 2010. Molecular
interaction networks were assembled by downloading and importing the HPRD database
(build 070609) (66) into Cytoscape and differentially highlighting the nodes from our focal
adhesion and invadopodia lists, respectively. All self-loops (edges that connect the same
node) were removed to avoid centrality bias. Various centrality measurements were used to
quantify the network. Centiscape 1.1, a Cytoscape 2.7.0 plugin, was used to calculate
degree, betweenness, and stress. To calculate the sum of shortest paths, the network was
exported to R 2.11.1 (64 bit). Using the iGraph package in R, the shortest path function
created a matrix displaying whether a certain node was found in the shortest path from
another node. The sum of shortest paths for each node was found by summing each row
within the matrix.

Random Walk Analysis
The random walk with restart analysis was performed using the NetWalker algorithm as
previously described (28). Given a network and start probabilities for each node representing
prior information on their relative importance, the algorithm calculates a final priority score
for each node based on the steady state probabilities. In this study, we gave equal start
probability to each node in the predefined subnetwork of interest. To assess the statistical
significance of the final priority scores for each node, we constructed 10,000 sets of
randomly selected nodes of the same size as the predefined subnetwork and generated
10,000 sets of random scores. For each node in the network, a local p value was estimated
by comparing the real score to random scores from the same node, and a global p value was
estimated by comparing the real score to random scores from all nodes. Genes that are
highlighted in Table S3 have both local p<0.05 and global p<0.05.

RPPA analysis of primary HNSCC tumor samples
Deidentified primary oropharynx HNSCC tumor samples were obtained prospectively
before treatment (Vanderbilt IRB #030062) between 2003 and 2009 and snap-frozen within
30 min after removal. Patients that were alive at the time of analysis had an average follow-
up time of 45.2 months with a minimum of 13 months follow-up. Tumor lysates were
subjected to RPPA analysis, as previously described (29, 30) for the signaling analytes listed
in Table S4. Tumors were tested for the presence of human papillomavirus by PCR and
included in the analysis if the results were negative. Including duplicate measurements, the
original analyte list contained 149 measurements per sample. To identify potential signaling
components associated with invasive state outcome, stroma-specific analytes and analytes
with duplicate values were manually excluded, resulting in a data set of 132 measurements
for each tumor. Values were median centered and scaled to the standard deviation for each
analyte. Analytes with the most predictive power for recurrence were selected based on the
results of supervised clustering of the patient samples into two groups (recurrent and non-
recurrent (with a followup time ≥ 24 months) tumors) using a greedy forward strategy to
find an optimal solution at each step and optimized combination of the Wilcoxon and
Margin statistics (Wilma clustering algorithm (67)) for finding the clusters using the
Supclust package (68) in R (69). To show directionality of signaling and differences
between the samples and to generate the heatmap in Fig 3, unsupervised clustering was then
performed using the 30 highest ranking analytes associated with outcome. The two-tailed p-
value of Fisher’s exact test comparing the number of recurrent tumors in each of the two
groups is 0.0123.
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Lipid computational analysis
To test whether specific PI lipids are significantly associated with the focal adhesions and
invadopodia networks, we built a 2×2 contingency table with the following two
classifications: whether the nodes interaction with the lipid is direct and whether the nodes
are in our original list. Such tables were drawn for each lipid and list combination, and they
were analyzed in R using the Fisher’s exact test.

Cell lines
SCC25 cells were cultured in DMEM/F12 supplemented with 20% FBS. SCC61 cells were
cultured in DMEM supplemented with 20% FBS and 0.4ug/ml hydrocortisone. A375,
MDA-MB-231, and BT-549 cells were cultured in DMEM+10%FBS.

Plasmids and siRNA
tdTomato-F-tractin was a gift of Dr. Robert Fischer at NHLBI and was created by cloning
the 9–52 stretch of the F-actin binding protein ITPKA (53) into pCMV-tdTomato (Clontech)
and then subsequently PCR-cloned into pENTR and recombined into pLenti6/V5
(Invitrogen). SHIP2-FLAG (70) was cloned into pBABE-puro using the EcoR1 site.
PIK3CA mutant genes H1047R and E545K (71) were previously described and were PCR-
cloned into pENTR and recombined into pLenti6/V5. m1Venus-Zyxin-pLenti6 was
previously described (72). p85-WT-FLAG and p85-S361/652A-FLAG (56) were a kind gift
of Dr. Lew Cantley (Harvard University) and were cloned into pLenti6/V5 (Invitrogen).
GST-6Cys-PLCδ1-PH and GST-6Cys-GRP1-PH (57) were a kind gift from Dr. Tadaomi
Takenawa (Kobe University).

Control (non-targeting siRNA #1) and 2 siRNAs for PKCα (5 ′-
GGAUUGUUCUUUCUUCAUA-3′), (5′-GAAGGGUUCUCGUAUGUCA-3′) were
obtained from Thermo Fisher. Cells were seeded and transfected with 10 nM siRNA using
Lipofectamine RNAi max, according to the manufacturer’s instructions.

Invadopodia Assay
35mm glass -bottom PDL-coated dishes (MatTek) were coated with 2.5 % bovine gelatin.
The gelatin was crosslinked with a 0.5% glutaraldehyde solution, followed by quenching
with 1 mg/ml sodium borohydride and incubation with DyLight633-labeled fibronectin for 1
hour. 7×104 HNSCC cells were seeded to each plate containing 2 ml invadopodia medium
(DMEM, 5% Nu serum, 10% FBS, 100 ng/ml of EGF). After 18 h, cells were fixed with 4%
PFA, permeabilized with 0.1 % Triton-X-100, blocked with 5% BSA and probed for
vinculin (Sigma, cat# V4505 mAb) and F-actin (Rhodamine phalloidin, Invitrogen).

Microscopy and Image Analysis
Cells were imaged using a Zeiss LSM 510 and LSM5 EXCITOR confocal microscope (both
63X Plan Apo objectives) and Nikon A1 confocal microscope (for live imaging, 60X Plan
Apo objective). Image analysis was performed using Image J and Metamorph. Cell areas
were obtained from manual traces. Invadopodia were manually counted as actin-positive
puncta associated with degradation. Focal adhesion size and number quantification was
performed using image J on central or peripheral regions of the cell as shown in Fig 4A,
using the “analyze particles” function on objects from 5 to infinity pixels squared. Focal
adhesion area was calculated by converting pixels to μm from a known calibration. Matrix
degradation was quantitated from the fluorescent fibronectin images in Metamorph software
using the threshold tool to obtain an inclusive threshold of the dark holes in the matrix,
followed by analysis of the Threshold Area with the “Region Measurements” tool.
Degradation area/cell area was plotted.
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Live cell imaging analysis
For invadopodia lifetime analysis (basal condition), SCC25-H1047R cells stably expressing
tdTomato-F-tractin were transfected with control or PKCα siRNA and cultured on gelatin-
fibronectin coated Mat-Tek dishes. After 48 hrs, images were captured every 90sec for
90min. For stimulation analysis, SCC25-H1047R cells stably expressing m1Venus Zyxin
were transfected with control or PKCα siRNA. After 24 hrs, they were replated on gelatin-
fibronectin coated Mat-Tek dishes. After 4 hrs, cells were transfected with tdTomato-F-
ractin and incubated for 20 hrs. The media were then replaced with serum free medium for
24 hrs, before stimulation with invadopodia medium and capturing images every 90 sec for
90min.

Statistical Analyses of Invadopodia and Focal adhesion data
SPSS PASW Statistics 18 software was used for statistical analyses. First, data were
analyzed for normality using the Kolmogorov-Smirnov test. Non-parametric data (>0.05 in
K-S) were analyzed using the Kruskal-Wallis one-way ANOVA, followed by a Tamhane
post-hoc test. Parametric data were analyzed by the one-way ANOVA with the Bonferroni
correction as a post-hoc test. Unless otherwise indicated in the legend, data were graphically
represented using GraphPad Prism version 5.04 with box-and-whiskers plots where the
median is represented with a line, the box represents the 25–75 percentile, and the error bars
show the 5–95 percentile.

Transwell Invasion Assays
Transwell chambers with 8 μm pore size filters (Corning) were coated with Matrigel (BD
Biosciences) according to the manufacturer’s instructions. Invadopodia buffer (10%FBS,
5% Nu Serum, 100ug/ml EGF) was added to the lower chamber, and 100 μl of a cell
suspension (2.5 × 104 cells for SCC25 -H1047R and 1 × 105 cells for SCC25 control cells)
was placed in the upper chamber and the plates were incubated at 37 °C in 5% CO2 for 24 h
(SCC25-H1047R) or 48h (SCC25). Cells in the lower chamber were then stained with
Giemsa solution and counted.

Lipid probe experiments
GST-6Cys-PH fusion proteins were purified from E. coli BL21 with glutathione sepharose
(GE) followed by GST tag removal with PreScission protease (GE) and labeling with Q-dot
antibody conjugation kit (Invitrogen), as described previously (57). Cells were fixed and
permeabilized at 37°C for 1h with 4% PFA, 0.1% glutaraldehyde and 1.5 mg/ml saponin in
cytoskeleton buffer, as described (57). Cells were stained with Qdot-6Cys-GRP1-PH and
Qdot-6Cys-PLCδ1-PH domains in 1%BSA at 4 °C overnight and imaged by confocal
microscopy. The ratios of whole cell fluorescent intensities for individual cells were
quantitated. Visualization of ratiometric images was performed by Nice Elements Nikon
software.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Src is the central hub of the invadopodia network
Protein components were included in the literature-based invadopodia network if they have
been detected in invadopodia puncta by immunofluorescence. Node coloration indicates
degree of connectedness to other nodes with red indicating the highest degree of
connectedness and blue indicating the lowest degree of connectedness.
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Fig 2. Centralities analysis of expanded networks
Using the Centiscape plugin for Cytoscape and R, the top ten proteins were ranked
according to centrality measurements: degree (the number of binding partners), betweenness
(the proportion of all shortest paths between 2 nodes going through a given node), stress (the
number of all of the shortest paths within the network going through a given node), and sum
of shortest paths (SoSP, node with the smallest sum of the shortest paths initiated to all other
nodes in the network).
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Fig 3. PI3K and PKCα analytes are included in a cluster of HPV-negative HNSCC associated
with tumor recurrence
Heatmap of analytes selected for correlation with “recurred” or “nonrecurred” status were
subjected to unsupervised clustering. Red color indicates high and blue coloring indicates
low abundance in comparison to the median for that analyte. A large box outlines the
“recurrence cluster” and asterisks mark potential invadopodia-associated analytes.

Hoshino et al. Page 19

Sci Signal. Author manuscript; available in PMC 2013 March 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig 4. Inhibition of PI3K leads to a decrease in invadopodia and central focal adhesion number
A. Images of SCC61 HNSCC cells treated with diluent control (“DMSO”) or 25 μM
LY294002. Arrowheads point to example invadopodia. B. Quantitation of invadopodia-
mediated ECM degradation area/cell area, number of invadopodia per cell, and numbers of
central or peripheral focal adhesion per cell. n≥110 cells per cell line from 3 independent
experiments. Scale bar = 20 μm. *p<0.05; **p<0.01; ***p<0.001.
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Fig 5. PKCα inhibition leads to divergent invadopodia phenotypes, depending on PI3K mutant
status
A. Merged images of invadopodia (red; actin) and focal adhesions (green; vinculin) from
SCC25 cells expressing empty vector (Control), or PI3K mutants (E545K, H1047R) with or
without knockdown of PKCα (PKCα siRNA). Arrows point to focal adhesion belts
surrounding invadopodia clusters. Matching fibronectin images are in Fig S3. B. Analyses of
invadopodia and focal adhesion. n≥50 cells per cell line from 3 independent experiments.
Scale bar = 20 μm. *p<0.05; **p<0.01; ***p<0.001.
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Fig 6. PI metabolism promotes switching between cytoskeletal structures
A. Pie chart diagram of network analysis indicating the interaction of focal adhesion (green),
or invadopodia (blue) molecules with selected phosphatidylinositol species (PIs). B. Fisher’s
exact test of node enrichment in the neighborhood of PI species indicates that PI(3,4,5)P3,
and PI(3,4)P2 are significantly associated with both invadopodia and focal adhesion
molecules, whereas the precursor PI(4,5)P2 is associated only with focal adhesions.
PI(3,5)P2 is significantly associated with invadopodia. Depth of connections = 2 for analysis
shown (PI binding partners and first neighbors). C. Schematic of conversion between key PI
species. Red indicates enzymes likely to promote PI(3,4)P2 formation in epithelial cells that
we tested. D. Images of SCC61 cells expressing vector only (control) or SHIP2-FLAG
(SHIP2), or SHIP2-FLAG cells treated with 12.5 or 25 μM LY294002 (SHIP2+LY12.5 or
LY25). E. Western blot of control and SHIP2-FLAG-expressing cells probed with an anti-
Flag antibody. * indicates non-specific band detected by anti-FLAG antibody. Tubulin is the
loading control. F. Invadopodia and focal adhesion analyses. n≥70 cells per cell line from 3
independent experiments. Scale bar = 20 μm. *p<0.05; **p<0.01; ***p<0.001.
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Fig 7. PKCα negatively regulates both invadopodia formation and stability in PI3K mutant-
expressing cells
A,B. SCC25 cells stably expressing H1047R PI3K and m1Venus-zyxin were transfected
with tdTomato-F-tractin and control or PKCα siRNA. They were replated on FN-coated
gelatin plates and serum- and growth factor-starved before stimulation with invadopodia
media and live imaging. Frames were captured every 90 sec for 90 min. A. Images from
example movies. Scale bars = 10 μm. B. Quantitation of the number of new invadopodia
formed per cell binned by time after stimulation. n≥23 cells per cell line from 5 independent
experiments. ***p<0.001 compared with control. C. SCC25 cells stably expressing
tdTomato-F-ractin were cultured in invadopodia media without previous starvation and live
movies were obtained. Invadopodia lifetime was quantitated as the length of time an
invadopodia persisted after its formation. n≥21 cells per cell line from 4 independent
experiments.
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Fig 8. PKCα inhibits cellular PI3K activity
A. SCC25 cells stably expressing H1047R PI3K were transfected with control or PKCα-
targeting siRNA (siPKCα #1 and #2). Control + LY, control cells treated with the PI3K
inhibitor LY294002. Cells were fixed and stained with probes for PI(3,4,5)P3 (red in Merge)
and PI(4,5)P2 (green in Merge). Images on right (“Ratio”) have been color converted to
show the ratio of PI(3,4,5)P3 to PI(4,5)P2 and have a corresponding ratiometric color scale
bar. B. Quantification of (PI(3,4,5)P3/PI(4,5)P2) fluorescence intensity ratios in individual
cells from images. n≥15 cells per condition from 3 independent experiments. C.
Representative Western blots showing abundance of PKCα; tubulin loading control;
pSer473-Akt (pAkt) and total Akt (Akt) in H1047R control and PKCα-siRNA cells. D.
Quantification of Active-Akt (pAkt/Total Akt) from n=3 Western blots. Mean+/− standard
error plotted. E. Western blot of control, p85 wild type-FLAG-(p85 -WT), and p85
S361/652A-FLAG (p85-SA)-expressing SCC25-H1047R cells probed with an anti-Flag
antibody. Tubulin loading control. F. Invadopodia-associated ECM degradation in p85-
overexpressing cells. n≥62 cells per cell line from 3 independent experiments. Scale bar =
20 μm. * p<0.05, *** p<0.001.
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