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Cell migration and invasion involve the formation of cell
adhesion structures as well as the dynamic and spatial regu-
lation of the cytoskeleton. The adhesive structures known
as podosomes and invadopodia share a common role in cell
motility, adhesion, and invasion, and form when the plasma
membrane of motile cells undergoes highly regulated protru-
sions. Palladin, a molecular scaffold, co-localizes with actin-
rich structures where it plays a role in their assembly and
maintenance in a wide variety of cell lines. Palladin regulates
actin cytoskeleton organization as well as cell adhesion forma-
tion. Moreover, palladin contributes to the invasive nature of
cancer metastatic cells by regulating invadopodia formation.
Palladin seems to regulate podosome and invodopodia forma-
tion through Rho GTPases, which are known as key players in
coordinating the cellular responses required for cell migration
and metastasis.

Cell Motility and Metastasis

Cell migration is necessary in the normal development of
multicellular organisms, and is vital for physiological processes
such as embryogenesis, immune surveillance, tissue damage, and
regeneration.! However, abnormal regulation of cell migration
leads to the progression of several chronic human diseases, such
as cancer invasion and metastasis. Therefore, understanding the
fundamental mechanisms of cell migration is central for limiting
the progression of the disease.?

Cell migration is a multistep process that requires the dynam-
ics of disassembly, relocation, and reassembly of cytoskeletal
structures within the cell, as well as the rearrangement of cell-
substrate adhesions.> Metastasis is the spread of cancer cells to
distant sites in the body leading to the formation of secondary
tumors, which are the major cause of death in cancer patients,
rather the primary tumors themselves. Metastasis begins when
tumor cells detach from their primary lesion or neighboring
cells, acquire a motile phenotype, gain the ability to invade to
permit intravasation, enter the blood/lymphatic circulation, and
finally, extravasate and proliferate at a distant site.*” The ability
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of metastatic cells to migrate and invade through the surround-
ing extracellular matrix depends on the formation of protrusive
structures that differ by their morphological, structural, and
functional characteristics. These protrusive structures are known
as filopodia, lamellipodia, and invadopodia/podosomes."* Cell
migration and invasion is usually initiated in response to extra-
cellular cues or chemoattractants, which vary between diffusible
factors or signals from neighboring cells and extracellular matrix.
Upon binding to surface receptors, these cues stimulate intracel-
lular signaling pathways that regulate the dynamic organization
of specific types of actin arrays. Different regulators of the actin
cytoskeleton have been involved in the process of cell migration,
invasion, and metastasis, including Rho GTPases such as Rac,
Rho and Cdc42, Wiskote—Aldrich syndrome protein (WASP)
family proteins/Arp2/3 complex, cortactin, LASP-1, Mena,
Cofilin, AFAP-110, and profilin.">°

Palladin Isoforms and Relatives

Palladin, a recently discovered actin-associated protein, is
known to have an essential role in co-localizing with actin-rich
structures for their assembly and maintenance in a wide vari-
ety of cell lines."™" A 90-kDa palladin was found to be highly
expressed in vertebrates, and is the most abundant and ubiqui-
tous in both embryonic and adult mouse tissues.""'> The 90-kDa
palladin has three Ig-domains (Fig. 1), and therefore is consid-
ered as a new member of a family of cytoplasmic proteins with
these structural modules.”” The Ig-domains provide rigidity for
the proteins, function as a ruler separating structural components
at proper distance,”® and serve as sites for intermolecular interac-
tions."® Other isoforms of palladin were discovered, all resulting
from alternative splicing. In mice, the palladin gene expressed
three major isoforms, which are the 90, 140, and 200 kDa; how-
ever, several other isoforms could exist in specific tissue cells via
alternative splicing."*™ Their domain structures are illustrated
in Figure 1. The 90 and 140 kDa isoforms, along with other
isoforms, appeared to be highly expressed in embryonic develop-
ing mouse tissues and organs, whereas the 200-kDa isoform was
limited to only heart and bone.'? Expression levels were greatly
reduced in a number of adult tissues such as the heart, liver,
skeletal muscles, and kidney, supporting the idea that palladin
isoforms might be required in establishing the cytoskeletal orga-
nization of cells as they differentiate, thus contributing to cell

morphology in unique ways.'>!?
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Figure 1. Schematic representation of major palladin isoforms, palladin family members, and their domain organization.

There are two close relatives of palladin, known as myopal-
ladin and myotilin, all containing multiple copies of a distinc-
tive Ig-like domain (immunoglobulin-like domain) (Fig. 1).">'¢
Myopalladin, expressed only in heart and skeletal muscle, got
its name due to its surprising homology with the protein pal-
ladin. Myopalladin has two distinct regions within its COOH-
terminal 90-kD domain, known as the nebulin/nebulette and
the a-actinin-binding sites. These sites are highly homologous
with those found in palladin, suggesting that both palladin and
myopalladin might be members of the same gene family."” Since
palladin is known to co-localize with a-actinin in focal adhe-
sions, stress fibers, cell-cell junctions, and Z-lines," this raised
the possibility that myopalladin and palladin have common
regulatory roles in stress fiber and Z-line assembly.” Myotilin,
on the other hand, is limited only in skeletal and cardiac muscle
serves as a cytoskeleton-organizing protein where its expression
in adult tissues in restricted.'”"'® Comparison indicated that the
homology between palladin and myotilin is not only restricted
to the Ig-domains, but extended to the N-terminal sequence.'
Mpyotilin, due to its Ig domains, functions mainly in regulating
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actin organization and generating actin-based arrays by serving
as an F-actin-binding protein required for crosslinking F-actin
into bundles.”” This suggested that palladin might also func-
tion as an F-actin-binding protein, and indeed, the full-length
90-kDa palladin was shown to bind to F-actin and crosslinked
actin filaments into bundles.''®

There is more to palladin than serving as an actin-crosslink-
ing protein, as it also plays an important role as a cytoskeleton
scaffolding molecule by interacting with different actin bind-
ing proteins required for regulation of cytoskeleton organization
(Table 1)." Palladin isoforms contain one or two polyproline
stretches that act as binding sites for other regulatory proteins
important for the organization of actin filament arrays. For
instance, palladin binds to profilin, a key regulator of actin
dynamics, via its proline-rich region (PR2). Profilin, in turn, has
a large number of binding protein complexes, such as the actin-
related protein (ARP2/3 complex), WASP/WAVE/Scar, and
VASP, all crucial in modulating its localization and its role main-
tenance and organization of arrays of actin filaments.?>?' Other
than profilin, palladin also binds directly to VASP and a-actinin
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Table 1. Representing palladin partners

Palladin-binding partners Functions in
Profilin Maintenance and organization of arrays of actin filaments
a-actinin
Vas Co-localize to stress fibers and focal adhesion. Involved in cell motility and
P cell-cell adhesion
ArgBP2
Co-localize at focal adhesion sites in osteoblasts. Increase cell adhesion to and
Palladin FHL2 and B5 A : . X 1o
migration on matrix proteins, as well as enhance osteoblast differentiation
Eps8 Dorsal ruffles and podosome formation. Also enhances the progression and
P metastatic invasion of cancer cells
Lasp1 Actin polymerization and bundling of actin filaments
Ezrin Control the acto-myosin system. Also crucial for the metastatic capabilities of
various types of tumors
Src Actin-cytoskeleton rearrangements, and podosome formation

(known as actin-crosslinking proteins), and ArgBP2 (Abl/Arg
kinase adaptor protein), and it was shown to co-localize with
those proteins to stress fibers and focal adhesions.'*"?? Palladin
and filament A, known as actin-associated proteins, also interact
with FHL2 and avp35, where they are involved in linking av35 at
focal adhesion sites in osteoblasts enhancing their adhesion and
migration.? Palladin also binds to Eps8, and together these two
proteins function in the rapid and transient remodeling of the
actin cytoskeleton, promoting the formation of dorsal ruffles and
podosomes upon PDGF and phorbol ester treatment.?® Lasp-1, a
protein known to be associated with sites of cytoskeletal organiza-
tion, was also identified to bind to palladin. The co-localization
of these two proteins influenced the actin polymerization and the
bundling of actin filaments.’* Moreover, palladin binds to the
active form of ezrin through Ig-domains 2-3. The existence of
ezrin and palladin in an ezrin—palladin complex could unify two
crucial signaling pathways, which are the Rho-pathway and the
VASP-mediated control of the acto-myosin system.”® Ezrin has
been stated to play a significant role in the metastatic capabilities
of various types of human tumors, such as pancreatic tumors,
suggesting that palladin might also be involved in that process.”
In addition to the diversity of palladin binding proteins, palladin
binds to Src and, through this interaction, it regulates cytoskel-

etal actin rearrangements for the formation of podosomes.*®

Role of Palladin in Cell Motility

Previous experiments indicated that palladin has a special-
ized function in the organization of actin cytoskeleton needed
for cell migration and cellular contractility.''* Since cell motility
depends on the regulation of actin cytoskeleton, palladin appeared
to regulate cell motility by the formation of cell adhesions and
maintenance of cell structure in trophoblast and fibroblast cells.
This was observed as upon knockdown of palladin in fibroblasts,
it resulted in the loss of stress fibers and focal adhesions and in
cell rounding."! On the contrary, when palladin expression was
upregulated in COS-7 cells, it led to actin bundling, and the
overexpression of the 90-kDa and 140-kDa isoforms resulted in
the formation of robust actin cables and the assembly of star-like
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F-actin arrays, respectively.'? Previous studies suggested that pal-
ladin has a crucial role in the normal function and development
of the nervous system. Palladin was found to be expressed in the
excitatory terminals of a rat’s central nervous system, where in
adult rodents palladin was expressed in the brain and spinal cord,
especially in the olfactory bulb, cerebral and cerebellar cortex,
hippocampus, amygdala, superior colliculus, and superficial
laminae of the spinal dorsal horn.?” Also, palladin appeared to
be targeted to the developing axon but not the dendrites, where it
was strongly expressed in the axonal growth cone. It contributed
to neurite outgrowth in cortical neurons, as upon its knockdown
in both B35 neuroblastoma cell line and cultured primary corti-
cal neurons, cells failed to extend neuritis.”® Moreover, palladin
seemed to have a crucial role in embryogenesis, where its knock-
down led to neural tube closure defects and embryonic lethality.
Loss of palladin in murine embryonic fibroblast cells (MEFs)
disorganized actin cytoskeleton architecture, impaired the for-
mation of stress fibers, decreased bl-integrin protein expression,
decreased adhesion to fibronectin, and weakened cellECM
interaction.”* Also, a decrease in cell motility was observed in
paladin-null MEFs, which could be the result of damaged actin
cytoskeleton.?® Moreover, as previously said, palladin contrib-
uted to osteoblast migration and adhesion where palladin was
observed to interact with FHL2 and co-localize with avp5 at
focal adhesion sites in osteoblasts.??

Role of Podosomes and Invadopodia in Cell Motility

As previously said, actin cytoskeleton organization is impor-
tant for cell motility and adhesion. Cell motility and invasion
depend on the ability of the cell to form adhesion structures to
its substrate, which explains the reason why cells with reduced
cell adhesions migrate at a slower rate or do not move at all.??°
These surface structures are known as podosomes and invado-
podia, which form when the plasma membrane of motile cells
undergoes highly regulated protrusions and invaginations. The
concept of podosomes and invadopodia is somehow similar
since they are similar in appearance, and have common archi-
tectural features and functions. However, these transient surface
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membrane distortions are distinct, in that they differ in their way
of regulation, molecular components, and depend on the cell
types.”!

Podosomes are highly dynamic contact sites that were initially
observed in cells that were transformed by the Rous sarcoma
virus, and in monocyte-derived cells such as macrophages and
osteoclasts.”?* These initially named rosettes consist of dot-
shaped F-actin-rich close contacts formed of a central core of actin
filaments surrounded by a juxtamembrane ring that is enriched
in vinculin, talin, a-actinin, Src, and tyrosine-phosphorylated
proteins.®'#*3>3¢ They are accompanied by actin polymerization
regulatory proteins such as gelsolin, cortactin, dynamin, WASP/
NWASP, and Arp2/3.3%% A little is known about their function;
however, they act as focal adhesions and they contain metallopro-
teases, which might contribute to matrix degradation at their for-
mation sites.® The exact regulation of podosome initiation and
dynamics in response to the cell environmental factors has always
remained unclear. Soluble factors such as chemotactic or growth
factors acting through serpentine and receptor tyrosine kinases
were required for cell polarization and podosome initiation in
myeloid cells. Also, integrin ligands endorse the recruitment
and accumulation of podosomal components.”” Recent studies
showed that WASP and WIP are required for actin polymeriza-
tion and protrusion formation at the cell margin, arrangement
of podosome cores, and configuration and dynamics of integ-
rins and integrin-associated proteins.”** Moreover, WASPs not
only appear to regulate podosome formation, but also an open
conformation on WASP leads to podosome disassembly.?**% In
brief, podosomes are highly dynamic structures that not only are
involved in the adhesion of cells, but also contribute in tissue
invasion and matrix remodeling. Yet, molecular mechanisms and
coordination of signaling pathways triggered by environmental
factors leading to cell polarization and podosome formation has
yet to be determined.

Invadopodia are characterized by convolutions and extensions
at the ventral or lower surface of plasma membrane of invasive
cancer cells that appear morphologically similar to podosomes.
They were first observed and described as rosettes, much simi-
lar to podosomes, formed by Rous sarcoma virus-transformed
chicken embryonic fibroblasts.** Much like podosomes, inva-
dopodia formation is regulated by actin cytoskeleton regulatory
proteins, such as cortactin, cofilin, Mena, fascin, formin, Neural
Wiskott-Aldrich syndrome protein (N-WASP), and Arp2/3 com-
plex.®° The ability of cancer cells to form invadopodia is related
to their metastatic abilities, where they serve as cellular diges-
tion of underlying matrix promoting 3D invasion through ECM.
Membrane-Type-1 MMP was found to co-localize with invado-
podia and osteoclast podosomes where they play a crucial role in
cell invasion and cell migration.®! Various extracellular and intra-
cellular signals such as growth factor stimulation and integrin
activation regulate invadopodia formation.’** Moreover, onco-
genic growth factor receptors and signaling proteins, such as EGF
receptor, PDGF receptor, Met, Abl, Src, and phosphoinositide
3-kinase pl10alpha are involved in invadopodia formation.>*-7
So now, even though podosomes and invadopodia are similar
in appearance, localization, and composition, one should note
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that a major difference between invadopodia and podosomes is
their formation from different cell types. Unlike invadopodia,
which are formed by cancer invasive cells and in transformed
fibroblasts, podosomes are found in non-cancerous cells such as
immune-related cells (macrophages, monocytes), dendritic cells,

osteoclasts, endothelial cells, and smooth muscle.*>

Role of Palladin in Invasion Through Podosomes
and Invadopodia Formation

Since palladin plays a crucial role in regulating actin cytoskel-
eton organization, cell adhesion, and cell motility, this suggested
the possibility that palladin might also be contributing in the inva-
sive nature of cancer metastatic cells. Ryu et al. analyzed global
patterns of gene expression using SAGE in pancreatic cancer due
to its high invasive capabilities and other tumor types looking for
components of invasion and insights about its process. Not shock-
ingly, palladin appeared to be found in a cluster of invasion-spe-
cific genes in pancreatic and colorectal cancers.”” Few years after,
c¢DNA microarray analysis was done in Condeelis lab on a pop-
ulation of collected cells in order to identify the gene expression
profile of invasive carcinoma cells in primary mammary tumors.
Specific genes were identified to be upregulated in a population
of aggressively motile cells when compared with non-motile cells,
one of which was the human palladin gene, which was upregulated
by 3-folds” For instance, palladin expression levels were found
higher in malignant tissues than in normal breast samples in breast
cancer patients. It appeared that highly invasive breast cell lines
such as BT549, Hs 578, MDA-MB-231, and SUMI159 express
much higher levels of palladin than in non-invasive T49D, BT474,
ZR75.1, and MCF7 breast cancer cell lines.”” Previous microarrays
showed that the invasive motility seen in breast cancer cell lines
implanted in a mouse host is due to the overexpression of palla-
din, suggesting that palladin may be responsible for the migratory
and invasiveness of breast cancer cells.” Palladin appeared also to
enhance podosome formation and localize to podosomes in inva-
sive cancer cell lines, signifying the importance of palladin in their
invasiveness ability. In addition to that, to determine the role of
palladin in podosome formation, palladin knockdown led to a sig-
nificant decrease in podosome formation in invasive breast cancer
cell lines treated with PDBu.” Performing gene expression analy-
sis, palladin-binding protein Eps8 also plays a role in breast and
thyroid cancer progression and metastatic invasion, as it appeared

6061 Byrthermore,

to be overexpressed in breast and thyroid tumors.
palladin has been implicated in other highly invasive cancers, such
as pancreatic cancer. Pancreatic cancer is one of the most aggres-
sive malignancies found in humans and is lethal in 95-99% of the
cases due to the aggressive invasive motility of pancreatic cells.®?
Thus, possibly, the strongest support for the role of palladin in
invasive cancer came from a study of genes involved in pancreatic
cancer, where the human palladin gene was point mutated in a
form of pancreatic cancer and overexpressed in sporadic pancreatic
tumors shown by microarray analysis and immunohistochemical
staining of tumor sections."***** Eps8 palladin-binding-protein
was found to be upregulated in pancreatic tumors and metastatic

tumor-derived cell lines.®
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Cancer-associated fibroblasts, or myofibroblasts, are found
in the stromal compartment surrounding solid tumors. These
activated fibroblasts have contractile properties and an a-smooth
muscle actin (a-SMA) marker as a hallmark of these cells.®®%
Palladin was found to be overexpressed in cancer-associated
fibroblasts of different types of tumors such as pancreas, breast,
lung, kidney, and ovary, promoting their invasion and metasta-
sis. Moreover, paladin-expressing fibroblasts were found next to
cancer cells in lymph node and liver metastases."**7° In the early
stages of neoplastic progression in pancreatic tumorigenesis, pal-
ladin expression levels in stromal fibroblasts increased and co-
localized with a-SMA. The initiating event in pancreatic ductal
adenocarcinoma followed by increased palladin expression lev-
els in fibroblasts and their transformation into myofibroblasts,
appeared also to be triggered by co-culturing normal fibroblasts
with k-ras-expressing epithelial cells through k-ras mutation. In
fact, palladin was behind the upregulation of a-SMA and trans-
formation of fibroblasts into myofibroblasts. This overexpres-
sion enhanced the cellular migration and invasion of fibroblasts
through the extracellular matrix creating tunnels through which
cancer cells can easily follow and metastasize. This was done
through invadopodia filled with matrix-destroying enzymes.*
Recent studies showed that the exposure of cells to wounding
media enhances their migration, which was the case also in palla-
din-expressing fibroblasts.®’! Protein Kinase C (PKC) appeared
to regulate assembly of invadopodia in palladin-expressing CAFs,
as it was known to stimulate podosomes and invadopodia forma-
tion in several other cell lines.>”*”* Moreover, phorbol ester stim-
ulation enhanced PMA-induced invadopodia formation and its
co-localization with palladin in carcinoma associated fibroblasts
(CAFs), leading to matrix degradation and enhancing in vitro
and in vivo invasion of pancreatic cancer cells”’ These results
show that not only palladin plays a crucial role in regulating cell
adhesion and cell motility, but also contributes in invasive motil-
ity of invasion cancer cells.

Palladin and Rho GTPases

Rho GTPases are known to be involved in cytoskeletal
remodeling during cell migration and cell adhesion.? Few

studies demonstrated that palladin plays a crucial role in their
activation, suggesting that this link further contributes in
podosome and invadopodia formation. To start with, a previ-
ous study showed that palladin binds to Eps8-enhancing podo-
some formation in vascular smooth muscle cells. Knowing that
Eps8 has been reported to play a crucial role in regulating the
activity of Rac, it was tested whether palladin was involved in
this pathway too. As a result, paladin, through its interaction
with Eps8, appeared to play a critical role in Rac activation, as
the levels of active Rac decreased upon palladin knockdown
in HeLa cells.?* A recent study examined the role of palladin
overexpression in the invasive ability of activated fibrobalasts.
Palladin-expressing HDF-WT or HDEF-FX cells resulted in the
destruction and degradation of the gelatin surface far more
than what would be normally expected from invadopodia
alone. Thus, wondering whether palladin-induced myofibro-
blasts had enhanced contractility causing this high tear of the
matrix, RhoA levels were investigated in palladin-expressing
myofibroblasts. Results showed that RhoA levels were increased
by 2-folds compared with normal human dermal fibroblasts
(HDFs).* Furthermore, another more recent study specu-
lated whether Cdc42 is involved in PMA-induced invadopodia
assembly and whether palladin regulates the activity of Cdc42
in cancer-associated fibroblasts (CAFs). Knowing that Cdc42
was previously found in invadopodia in smooth muscle cells,
metastatic rat carcinoma mammary cells, and human mela-
noma cells, Cdc42 was tested for its role in invadopodia for-
mation in CAFs. Results showed that Cdc42-knockdown cells
treated with PMA were unable to form invadopodia, proving
that Cdc42 activation is crucial for invadopodia formation and
increase invasion. Also, checking whether palladin modulates
the activity of Cdc42, palladin expression was knocked down.
As a result, the activity of Cdc42 dropped significantly in the
absence of palladin expression. Thus, this concludes that palla-
din is required for Cdc42 activation, which in turn, is necessary
for invadopodia assembly and increase invasion.’
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