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Cellular Protrusions - Lamellipodia, Filopodia, Invadopodia
and Podosomes - and their Roles in Progression of Orofacial
Tumours: Current Understanding
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Abstract

Background: Protrusive structures formed by migrating and invading cells are termed lamellipodia, filopodia,
invadopodia and podosomes. Lamellipodia and filopodia appear on the leading edges of migrating cells and
function to command the direction of the migrating cells. Invadopodia and podosomes are special F-actin-rich
matrix-degrading structures that arise on the ventral surface of the cell membrane. Invadopodia are found in a
variety of carcinomatous cells including squamous cell carcinoma of head and neck region whereas podosomes
are found in normal highly motile cells of mesenchymal and myelomonocytic lineage. Invadopodia-associated
protein markers consisted of 129 proteins belonging to different functional classes including WASP, NWASP,
cortactin, Src Kinase, Arp 2/3 complex, MT1-MMP and F-actin. To date, our current understanding on the
role(s) of these regulators of actin dynamics in tumors of the orofacial region indicates that upregulation of
these proteins promotes invasion and metastasis in oral squamous cell carcinoma, is associated with poor/worst
prognostic outcome in laryngeal cancers, contributes to the persistent growth and metastasis characteristics
of salivary gland adenoid cystic carcinoma, is a significant predictor of increased cancer risk in oral mucosal

premalignant lesions and enhances local invasiveness in jawbone ameloblastomas.
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Introduction

The purpose of this review is to present the current
understanding of cellular protrusions that promote
diverse processes of tumor cell migration and invasion
specifically in the orofacial region. The rationale was to
provide some insights into their biology, regulation and
in vivo relevance. This review also examined how these
cellular protrusions vary in their names as well as in their
microstructural compositions and precise function(s) in
tumor cells, starting from their positions in the tumor cells
to their roles in the invasion process. Four main types of
these cellular structures would be discussed. They are
filopodia, lamellipodia, invadopodia and podosomes.
Podosomes and invadopodia are collectively known as
invadosomes (Génot and Gligorijevic, 2014). They are
regarded as the founding members of the invadosome
family (Saltel et al., 2011). The formation and regulatory
activities of these cellular ‘feet’ are governed by a variety
of molecules that have specific roles in these structures.
Among these regulators of actin dynamics are WASP,
NWASP, cortactin, Src kinase, Arp 2/3, MT1-MMP and
F-actin. In the ensuing review, accumulating evidence on
the putative role(s) for each of these cellular structures
in orofacial neoplasms and how each of these regulatory

proteins modulate the actin assembly/disassembly in these
structures during oral tumorigenesis and tumor invasion
processes are presented.

Cellular Protrusions: General Understanding

Cell migration is a tightly coordinated multistep
mechanism essential in many physiological processes such
as embryogenic morphogenesis, immune surveillance,
tissue repair and regeneration, while its aberrant
regulation drives disease progression such as cancer
invasion and metastasis (Condeelis and Segall, 2003).
Protrusive structures formed by migrating and invading
cells are termed filopodia, lamellipodia, podosomes and
invadopodia based on their morphological, structural, and
functional characteristics. Formation of these structures
is driven by spatially- and temporally-regulated actin
polymerization at the leading edge of these migratory
cells (Yamaguchi and Condeelis, 2007)

Lamellipodia

Lamellipodia are defined as flat broad membranous
protrusions located at the leading edge of the migrating
cells. These protrusions purportedly are responsible for
driving the migrating cells, by attaching and pulling the
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cell body (Yamaguchi and Condeelis, 2007). Lamellipodia
determine the cell movement direction by protrusive
force that arises from the actin network. This network is
formed as a result of actin filament polymerization against
the plasma membrane (Bryce et al., 2005). The complex
organization within the lamellipodia consists of orthogonal
arrays of actin filaments with branched actin filaments near
the leading edge (Sureneni et al., 2012).

Filopodia

Filopodia are thin, finger-like projections formed
by parallel bunches of actin filaments (Sureneni et al.,
2012). As with lamellipodia, filopodia appear as spike-
like processes at the leading edge of the migrating cells.
Similar to lamellipodia, filopodia function to command the
direction of the migrating cells and contribute to cancer
cell invasion (Bryce et al., 2005; Stevenson et al., 2012).

Podosomes

Podosomes were first discovered in the 1980s and
were initially described as adhesive structures in Rous
sarcoma virus-transformed fibroblasts (David-Pfeuty
and Singer, 1980) but were later found spontaneously in
normal highly motile cells of myelomonocytic lineage
(Sibony-Benyamini and Gil-Henn, 2012). Current
views suggest podosomes are structures found in both
normal and pathologic cells. Podosomes have also been
demonstrated in a variety of cell types that were subjected
to stimulation under cell stress or matrix receptor (Saltel
et al., 2011). They are small protrusions measuring only
0.4 um in length and 1 um in diameter (Sibony-Benyamini
and Gil-Henn, 2012). These cellular processes are specific
F-actin rich protrusions created on the inner cell membrane
of the migrating cells at points of cell-extracellular matrix
(ECM) contacts. They consist of columnar arrays of actin
filaments surrounding a narrow tubular invagination of
plasmalemma roughly perpendicular to the substratum
(Spinardi et al., 2004). These adhesive structures endow
the cells with invasive capabilities (Spinardi et al., 2004;
Linder, 2007; Génot and Gligorijevic, 2014). Under
pathologic circumstances, podosomes in normal cells are
suspected to facilitate the tumour cell invasion process
(Stylli et al., 2008).

Invadopodia

Invadopodia are a special F-actin protrusions that
arise on the internal surface of cell membrane and are
closely located to the ECM (Sibony-Benyamini and
Gil-Henn, 2012). They are finger-like ventral membrane
protrusions form by cancer cells during migration
(Buccione et al., 2004; Destaing et al., 2011). The
length of the invadopodium may extend up to 2 um or
more, whilst the diameter may vary from 0.1 pm to 0.8
pm. These protrusions are matrix-degrading structures
involved in ECM proteolysis (Artym et al., 2006). This
fact is considered an important discovery in molecular
and cellular basis of tumour invasion (Stylli et al., 2008).
These microstructural processes are composed of a group
of protein-like adhesive molecules, membrane signaling
and remodeling proteins, actin and actin regulatory
proteins and matrix degradation enzymes (Yamaguchi
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and Condeelis, 2007 ;Destaing et al.,2011). Invadopodia-
associated protein markers consisted of 129 proteins
belonging to different functional classes, including
aerobic glycolysis and other metabolic pathways,
protein synthesis, degradation and folding, cytoskeleton
components and membrane-associated protein (Ayala et
al., 2008). These markers are proteins are responsible
for tumour metastases, inflammation and development.
Each tumour invasion stage is executed by a group of
proteins including proteases, integrins, GTpases, kinases
and cytoskeleton interacting proteins. These proteins
are involved in actin polymerization, cell signalling,
membrane trafficking, ECM adhesion, and ECM
degradation (Sibony-Benyamini and Gil-Henn, 2012).
Among them, cortactin, NWASP and WIP are essential
components that constitute core structure of invadopodia
and these proteins are upregulated in cells with a migratory
phenotype (Destaing et al., 2011).

Cellular Protrusions: Regulatory Molecules
and Biomarkers

F-actin

Actin is one of the most abundant proteins and
forms the essential building blocks of the cytoskeleton
in mammalian cells (Stevenson et al., 2012). The actin
filaments are assembled to form complex networks by
more than 100 different types of actin-binding proteins,
and these superstructures undergo constant remodelling.
The role of actin cytoskeleton in various physiologic as
well as pathologic processes is significant. It maintains cell
shape and creates a physical force for cell division and
migration. F-actin in many structures modulates important
roles including formation of cell-cell junction in epithelial
and endothelial cells, and in cell shape preservation.
It acts with junctional actin in epithelial cells polarity
development (Gagat et al., 2013).

There are some actin binding proteins which control
the action of F-actin that are important for cell function
and movement. One of these proteins is cofilin, which
bind F-actin to form a more tilted F-actin to increase its
flexibility (Aihara and Oda, 2013). The F-actin and cofilin
bind to form a new actin filament at the leading edge of
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Figure 1.Schematic Diagram Showing the Various Types
of Cellular Protrusions (Filopodia, Lamellipodium,
Invadopodium and Podosome) and the Proteins
(Cortactin, NWASP and Src-kinase) Involve in
Regulating the Actin Network within the Tumor Cell
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the migrating cells to initiate the formation of membrane
protrusions and promote the cell migration direction.
This eventually results in the formation of podosome/
invadopodium and lamellipodium (Yamaguchi and
Condeelis, 2007).

Cortactin

Cortactin is an F-actin binding protein. It is a major
multidomain protein, implicated in actin polymerization
(Webb et al., 2006; Shvetsov et al., 2009). Cortactin
concentrated at cytosolic dynamic actin where it binds
Arp 2/3 complex, F-actin and some signalling molecules
such as src kinases, polyproline containing proteins as
WIP, N-WASP and dynamine and contact the cells via
its actin active sites like in lamellipodia, podosomes, and
invadopodia ( Weaver et al., 2002; Bryce et al ., 2005).
It functions as a scaffold to regulate Arp 2/3-mediated
actin polymerization in invadopodia formation, thereby
aiding cell migration and endocytosis of many different
cell types (Shvetsov et al., 2009). Cortactin is enriched
in invadopodia in a complex with paxillin and protein
kinase, and is therefore considered as an early marker
for invadopodia. It is overexpressed in various types of
cancers and enhances cell motility (Buday and Downward,
2007).

The principal function of cortactin is to mediate the
branching of actin by localization of actin assembly
sites (Bryce et al., 2005). Cortactin contributes to
invadopodia initiation via degradation of the underlying
matrix substrate. It is also essential for trafficking of key
proteases such as matrix metalloproteinases (MMP)-2 and
-9 in head and neck squamous cell carcinomas (Weaver,
2008). Generally, cortactin has a relation with tumour
invasiveness as exemplified in breast cancer and head and
neck tumours (Stylli et al., 2008).

WASP

WASP (Wiskott-Aldrich syndrome protein)
and N-WASP (neural WASP). These proteins are a
nucleation control factors and share in actin cytoskeleton
rearrangement process. Both WASP and N-WASP have
an important effect in cell morphology and podosomes
formation. N-WASP was shown in macrophages and could
replace the deficiency of WASP in some circumstances,
as in podosome matrix degradation (Isaac et al., 2010).

The role of WASP family in actin polymerization acts
through the Arp2/3 complex and they in turn are regulated
by Src family kinases. WASP acts as an activator for
nucleation and branching of actin filament. It also has a
role in cell protrusion, migration and invasion (Weaver
et al., 2002; Yamaguchi and Condeelis, 2007). N-WASP
specifically, is necessary for epithelial cell invasion.
Thus, it is engaged in invasive membrane protrusions
formation. Generally, both WASP and N-WASP are
involved in matrix degrading structures in invadopodia
and podosomes (Yamaguchi and Condeelis, 2007).

Src kinase

Src kinase is one of a non-receptor tyrosine kinase
and a member of SFKs family (src family kinase).
Studies have shown that src-kinase plays a major role

Asian Pacific Journal of Cancer Prevention, Vol 16, 2015

in multiple intracellular signal transduction pathways
essential for various cellular processes such as cell growth,
differentiation, cell adhesion and motility and has been
engaged in regulation of cell survival and proliferation
(Elsberger, 2013). In normal cells src-family tyrosine
kinases remain inactive by tyrosine phosphorylation
while in cancer cells, sfks are considered as oncogenic
enzymes that have a significant role in the initiation and
progression of some tumours (Baldwin et al., 2014). Src
has been shown to interact with adhesion molecules as
well as the regulatory molecules important for regulation
of cytoskeleton remodeling. The inhibition of src activity
leads to inhibition of tumour progression and metastasis.
Members of the src family of non-receptor tyrosine
kinases play a key role in regulation of invadopodia
assembly (Hauck et al.,2002). It is known that src tyrosine
kinase stimulates invadopodia formation in fibroblasts.
It is involved in differentiation of T cells, myoblasts,
osteoclasts and chondrocytes (Stylli et al., 2008; Seltana
et al.,2013).

C-Src-kinase is a non-receptor tyrosine kinase
(Hauck et al., 2002). It has been demonstrated that c-src
is overexpressed or constitutively active in a variety of
human tumours. Also it is associated with the invasive
phonotype in both early and advanced solid tumours.

MTI1-MMP

Membrane type 1-matrix metalloproteinase (MT1-
MMP) is one of proteins that control invadopodia
formation and function in tumours (Shields et al., 2012).
Studies have shown that MT1-MMP has a pronounced
role in human cancers and show correlation with tumour
stages, invasion and metastases and reduced overall
survival of patients. The membrane associated MMP,
MT1-MMP, plays a pivotal role in pericellular proteolysis
of ECM substrates including type I, IT and III collagens,
fibrin and laminin. MT1-MMP also initiate proteolytic
cascades by activating other MMPs such as pro-MMP-2,
-8 and -13. Thus it modulates cell migration, and tumour
growth and dissemination.

Cellular Protrusions and Orofacial Tumours

In recent years, considerable research effort has
been directed towards identifying novel and accurate
biomarkers primarily for purposes of prognostication and
as predictive parameters. The regulatory molecules driving
invadopodia-mediated cellular migration and invasion
represent one such area of rigorous research activity. The
potential roles of these proteins in influencing the growth
and metastasis characteristics of cancers from other sites
such as the breast (Eckert and Yang, 2011; Hong et al.,
2013), pancreas (Shields et al., 2012), lungs (Noh et
al., 2013), and prostate (Nakane et al., 2012) have been
well-investigated. In contrast, much less is known about
the role of these mediators of actin dynamics regulating
the development and progression of orofacial neoplasms.

Hwang et al. (2012) investigated the precise part of
invadopodia and some of their protein markers in one of
most common oral tumoures, sequamous cell carcinoma
(SCC). They reported that F-actin and MMP have a
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function in ECM degradation during SCC formation
and invasion. Other reports stated that suppression of
invadopodia formation by microRNA-375 can reduce head
and neck squamous cell carcinoma invasion (Jimenez et
al., 2014). In addition, it has been shown that cortactin
overexpression is a significant predictor of increased
cancer risk in oral mucosal premalignant lesions (De
Vicente et al., 2012).

In salivary gland tumors, researchers have found
that invadopodia identified by their positive protein
expressions for actin, cortactin, MT1-MMP and MMP-9
have an influence on adenoid cystic carcinoma formation
(Nascimento et al., 2010). Furthermore, in adenoid cystic
carcinoma which is well-recognized for its aggressive and
relentless growth characteristics, cortactin overexpression
may contribute to its invasion and metastasis abilities
(Greer et al., 2007).

A study on the role of invadopodia in ameloblastoma
documented that cortactin and MMP1 expressions are
enhanced in the tumor epithelium of ameloblastoma
compared to the stroma, suggesting a contribution to
local invasiveness of this neoplasm (Pinheiro et al, 2011).

Conclusions and Perspectives

In the present paper, we documented recent progress
in our understanding on the process of cellular protrusion
formation focussing on protein molecules that promote
these processes mediating cellular invasion in orofacial
tumors. Although tremendous strides have been made
in this area, many key questions remain (Murphy
and Courtneidge, 2011). The fundamental/molecular
differences between the various cellular protrusions are
not fully known. It is unclear how a cell type in the normal
and diseased state(s) switches from one type of cellular
protrusion to another type. The exact mechanism(s)
whereby these cellular protrusions promote tumour
invasion and metastasis is also unknown.

In conclusion, although the fine mechanisms
that modulate the assembly/disassembly of the actin
cytoskeletal network is not fully understood, the formation
of these actin-rich microstructural processes underpins
metastasis which is the leading cause of death in cancer
patients. Therefore an understanding of the mechanism
that governs invadopodia formation and function is an
essential step in the prevention of cancer spread. In this
paper, we presented an overview on the four main cellular
protrusions formed by normal and cancerous cells, the
proteins that regulate the formation of these processes
and their clinical relevance specifically in relation to
invasion, metastasis and prognosis of orofacial neoplasms.
Accumulating data indicate that silencing/inhibition of
protein molecules regulating these cellular protrusions
could represent a promising strategy to control invasion
and metastasis characteristics of these cancers.
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