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Abstract Cell motility is defined as cell movement in the
three-dimensional space leading to repositioning of the cell.
Atypical protein kinase C (aPKC, including { and A/1) are a
subfamily of PKC. Different from classic PKC and novel
PKC, the activation of atypical PKC is not dependent on
diacylglycerol or calcium. PKC{ can be activated by lipid
components, such as phosphatidylinositols, phosphatidic
acid, arachidonic acid, and ceramide. Both phosphatidyl-
inositol (3.,4,5)-trisphosphate and PDK1 are necessary for
the complete and stable activation of PKC{. Atypical PKC
is involved in the regulation of cell polarization, directional
sensing, formation of filopodia, and cell motility. It is
essential for migration and invasion of multiple cancer cell
types. Particularly, atypical PKC has been found in the
regulation of the motility of hematopoietic cells. It also
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participates in the regulation of proteolytic activity of
podosomes and invadopodia. It has been found that atypical
PKC can work coordinately with other PKC subfamily
members and other signaling pathways. Research on the
roles of atypical PKC in cell motility may lead to new
therapeutic strategies for cancer and other diseases.

Keywords Cell migration - Cell invasion - Podosome -
Invadopodia - Lamellipodia - MMP

Introduction

Protein kinase C (PKC) is a family of protein serine/thre-
onine kinases. PKCs serve as the transducers and
modulators in many signaling networks in intracellular
signal transduction. PKCs are important regulators of a
variety of essential cellular functions, including cell
proliferation [1], gene expression, cell differentiation,
cytoskeleton organization, apoptosis [2], and cell migration
[3]. PKC family members are involved in the pathogenesis
of many disorders, such as Alzheimer disease [4], lung
diseases [5], platelet activation and thrombus formation
[6], cancer progression and metastasis [7, 8], diabetic
kidney diseases [9] and diabetic retinopathy and macular
edema [10]. PKCs play a vital role in cell migration and
invasion in various types of cells. PKCs are highly
involved in the formation and function of the newly
discovered cellular structures—podosomes and invadopo-
dia. Accumulating evidences show that atypical PKC is
important for cell migration and invasion. In this review,
we will briefly introduce the PKC family and the mecha-
nisms of atypical PKC activation, and focus on several
special features of atypical PKC in cell migration and
invasion.
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Fig. 1 Molecular structure of
PKCs. PKC is a family of
serine/threonine kinases with at
least 10 isoforms encoded by
nine different genes. PKCs are
grouped into three subfamilies:
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PKC family: structural-functional relationships

PKC is a family of serine/threonine kinases implicated in
the transduction of signals coupled to receptor-mediated
hydrolysis of membrane phospholipids [11]. According to
sequence homology and sensitivity to activators, at least 10
isoforms encoded by 9 different genes have been described
(Fig. 1) [12]. The various PKCs are grouped into three
subfamilies: (1) classic or conventional PKCs (a, I, SII and
7); (2) novel PKCs (9, ¢, 1 and 6); and (3) atypical PKCs
(¢ and /1) [13]. In addition, PKCu or PKDI1 is another
serine/threonine protein kinase, which has similar structure
and function as other PKCs. It contains two cysteine-rich
domains that bind diacylglycerol or phorbol esters, but it
lacks the Ca** binding domain found in cPKCs. PKC also
has a pleckstrin homology (PH) domain that regulates
its kinase activity, but does not harbor the typical PKC
autoinhibitory pseudosubstrate motif (Fig. 1) [14].

The general structure of the classic PKCs includes conserved
domains (C1-C4) separated by variable sequences (V1-V5)
(Fig. 1) [15]. C1-C2 represents the regulatory portion of each
enzyme to interact with specific activators, while C3—C4 form
the catalytic region responsible for both the substrate binding
and the kinase activity [15]. The catalytic domain is charac-
terized by a high degree of homology among the various
kinases [16]. Classic and novel PKC isoforms contain two
cysteine-rich C1 domains (Cla and C1b). The region encom-
passing these two C1 domains could be denoted as the Cl
region [15, 17]. These C1 domains represent the docking-sites
for phosphatidylserine [18], and the physiological activator
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Regulatory domain

Catalytic domain

DAG as well as its analogous phorbol esters [i.e. PMA (phorbol
12-myristate 13-acetate), PDBu (phorbol-12,13-dibutyrate)]
[19]. The C2 region in the conventional PKCs (cPKCs) contains
the Ca** binding site. The novel PKCs (nPKCs) are not
responsible to Ca>" because of the absence of the Ca®" binding
site in the C2-like domain; their recruitment to membrane is
dependent on a C1 region with higher affinity for phospholipids
[16,20,21]. C3 bears the ATP binding lobe, while the C4 kinase
domain contains the substrate docking sequence (Fig. 1) [15].
All known PKCs are characterized by a pseudosubstrate or
autoinhibitory region, adjacent to C1 at the N-terminus, which
keeps them in an inactive conformation (Fig. 1) [16, 22].

Individual PKC isoforms can translocate to subcellular
locations other than the plasma membrane, including
membrane vesicles, nuclear structures, and cytoskeletal
components. The subcellular location of a specific PKC
isoform may directly control its access to potential sub-
strates thus performing distinct functions [23]. Specific
PKC isoforms can associate with a range of cytoskeletal
proteins including intermediate filaments proteins, mem-
brane-cytoskeletal cross-linking proteins, and components
of the actin filaments and microtubules [23].

Atypical PKC activation and interaction with other
proteins

The atypical subclass of PKC family is comprised of two
isoforms: PKC{ and PKC/ in the mouse, and PKC{ and
PKC: in humans. The murine PKCA and human PKC: share
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98 % amino acid identify. PKC{ and PKCA/PKC1 share over
70 % amino acid identity [24]. They have four functional
domains: a unique PB1 domain at the N-terminus, a
pseudosubstrate sequence, a C1 domain consisting of a sin-
gle cysteine rich zinc-finger motif, and a kinase domain in the
C-terminus [25]. The C1 domain of aPKC isotypes is con-
sidered as atypical, due to the lack of specific amino acid
residues that constitute the phorbol ester-binding pocket.
Thus, aPKCs do not respond to DAG and phorbol esters [26].
PKC{ can be activated by lipid components, such as phos-
phatidylinositols [27], phosphatidic acid [28], arachidonic
acid, and ceramide [29]. Thr410 in the activation loop of
aPKCs is phosphorylated by pyruvate dehydrogenase
kinase 1 (PDK1) that binds to the hydrophobic motif [25].
The PKC{ directly interacts with PIP3, which releases
PS-dependent auto-inhibition [30, 31]. Both PIP3 and PDK1
are necessary for the complete and stable activation of PKC(.
In rat alveolar epithelial cells, hypoxia-induced activation of
AMP-activated protein kinase a1l (AMPK ol) binds and
directly phosphorylates PKC{ at Thr410 [32].

aPKC in cell polarization and directional migration

Directional sensing and polarization are crucial steps for
cell migration [33]. It is well known that the three Rho
GTPases, Rho, Rac, and Cdc42, play essential roles in
controlling the organization of the actin cytoskeleton in
different cell types [34]. There is growing evidence that
they can also influence the microtubule cytoskeleton,
which is essential for polarization and directional cell
migration. Scratching a confluent monolayer of primary rat
astrocytes leads to polarization of cells. Cells form
microtubule-dependent protrusions and a microtubule
organization center (MTOC) toward the wound (Fig. 2).
Cdc42 is required for initiating the formation of protrusions
and the MTOC, and Rac activity is essential for the
development of the protrusions [35]. In the nematode C.
elegans, Par (partitioning-defective) proteins and atypical
PKC-3 are essential for asymmetric cell division and
polarized growth [36, 37]. In mammalian cells, active
Cdc42 can associate with the PDZ domain of mammalian
Par6, and, through its N-terminal PB1 domain, interacts
with the PB1 domain of aPKC (Fig. 2) [38—40]. Wounding
induces strong activation of PKC( in rat astrocytes. Par6,
Cdc42, and PKC({ become associated with the plasma
membrane at the leading edge of migrating cells. Par6 and
PKC{ are required for the correct orientation of the pro-
trusion and the microtubule organization center [35].

Whnt signaling pathway is also known for its involve-
ment in cytoskeletal remodeling and cell motility.
Inhibition of Wnt5a, but not Wntl or Wnt3a, by siRNA-
blocked reorientation of fibroblasts after scratching

monolayers. Components of Wnt pathways interact with
aPKC family members to regulate cell migration by con-
trolling cell polarity [41]. Dishevelled (Dvl) is a scaffold
protein that transduces signals both in the canonical (f-
catenin-dependent) and the non-canonical (f-catenin-
independent) Wnt pathways. After scratching of cell
monolayers, Dvl2 and aPKC formed a complex, which was
dependent on both Wnt and Cdc42. Therefore, Wnt and
Dvl can cooperate with Cdc42/Par6/aPKC to promote cell
polarity for migration [42]. A recent study by Ishida-Tak-
agishi and colleagues further demonstrated that Daple
(Dishevelled-associating protein with a high frequency of
leucine residues) is an upstream protein of Dvl2. Daple
regulates Wnt5a-mediated activation of Rac and formation
of lamellipodia through its interaction with Dvl, and
increases the association of Dvl with aPKCA. Daple defi-
ciency impairs migration of fibroblasts and epithelial cells
in vivo in a skin wound-healing assay [43]. PKC{ has been
found as a positive modulator of canonical Wnt signaling
pathway in tumoral colon cell lines [44]. Obviously, further
studies on the cross-talk between Wnt and aPKC pathways
will be necessary, which may provide new mechanisms for
cell motility.

The interaction and co-localization of Rac, PKC{, and
Par-6 at the leading edge of migrating cells could be a
target for anti-cancer therapy. A synthetic anti-tumor
compound, triterpenoid 2-cyano-3,12-dioxooleana-1,9-
dien-28-oic acid (CDDO)-imidazolide (CDDO-Im), can
localize to the polarity complex at the leading edge of
migrating cells. It disrupts the localization of PKC{, Par-6,
and TGFp receptors from the leading edge of migrating
cells, and reduces TGFf-dependent cell migration [45]. In
non-small cell lung cancer (NSCLC) cells, PKC: activates
Racl by formation of a complex with Par-6a and Racl,
which drives anchorage-independent growth and invasion
through activation of MMP-10. Knockdown of PKCi,
Par-6a, or Racl with sShRNA inhibits NSCLC transforma-
tion and MMP-10 expression. The complex of PKCi/Par6a/
Racl is crucial for mediating these effects. Dominant-
negative PKC: inhibits tumorigenicity and MMP-10
expression in subcutaneous tumors formed by NSCLC cells
[46]. The discovery of the complex of aPKC/Par-6/Rho
family GTPases shows an essential regulatory mechanism
in cell migration and invasion.

Atypical PKCs in filopodia formation and cell motility

Cell motility is defined as cell movement in the three-
dimensional space leading to repositioning of the cell.
Components of motile behavior include cell spreading,
generation of filopodia, lamellipodia, and ruffles. Expres-
sion of water channel aquaporin-9 (AQP9) induces
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Fig. 2 Role of atypical PKC in directional sensing in cell migration.
Activation of Cdc42, by an external polarity cue, leads to binding of
GTP-bound Cdc42 with the PDZ domains of Par-6. Par-6 and atypical
PKC are linked through their PB1 domains (phox-bem domains). This

formation of numerous filopodia extensions in different
cell lines, associated with an increase in active Cdc42.
Mutation of the putative PKC-binding or PKC-phosphor-
ylation sites in AQP9, significantly reduced the number of
filopodia and active Cdc42. Furthermore, active PKC{
phosphorylates AQP9 and myristoylated PKC{ pseudo-
substrate inhibits the formation of filopodia in AQP9-
expressing cells [47]. Increased water influx through AQP9
and activation of Cdc42 and PKC{ are critically involved
in the formation of membrane protrusions of filopodia.

In certain cell types and conditions, aPKC isozymes
could be the key PKC isoform to determine the cell
motility. Laudanna and co-workers developed a motility
score to quantify cell motility based on time-lapse video
microscopy and digital image analysis. To determine the
role of PKC isozymes in mediating cell motility in human
pancreatic adenocarcinoma cells, they treated cells with
myristoylated peptides specific for classic («), novel (6 and
¢), and atypical ({) PKCs. Only myristoylated pseudosub-
strated peptide for PKC{ inhibited cell motility in a dose-
dependent manner. Scrambling the peptide sequence
abolished this inhibitory effect. In motile cells, PKC{ is
constitutively associated with the plasma membrane,
whereas, in non-motile cells, PKC{ is excluded from the
plasma membrane, suggesting the membrane-associated
intracellular distribution of PKC{ plays a critical role in
maintaining pancreatic cancer cell motility [48].

Thrombin induces migration of retinal pigment epithe-
lial cells through stimulation of release of chemokines,
MCP1 and GRO, and activation of related chemokine
receptors, CXCR-2 and CCR-2. Thrombin-induced MCP1
and GRO expression/secretion, and cell migration of retinal
pigment epithelial cells, can be completely prevented by
the inhibitory PKC{ pseudosubstrate [49].
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allows phosphorylation and activation of the atypical PKC. The active
complex can phosphorylate substrates to determine and maintain cell
polarity in directional migration

Atypical PKC in cancer cell migration and invasion

Atypical PKCs are involved in the regulation of cancer cell
migration and invasion. In human squamous carcino-
mas SASHI1 cells, PKC{-dependent phosphorylation of
RhoGDI-1, and subsequent activation of RhoGTPases, is
the mechanism that mediates superoxide-induced cell
migration. Although the protein levels of PKCa, f, 7, 0, &,
{, and p are found in these cells, only PKC{ formed a
complex with RhoGD1, which is further enhanced by
superoxide stimulation [50]. In human breast cancer MDA-
MB-231, MCF-7, and T47D cells, EGF induced PKC({
translocation from the cytosol to the plasma membrane and
activation of PKC{ probably via PI3 K. PKC{ is an
essential component of the EGF-stimulated chemotactic
signaling pathway in these human breast cancer cells. The
myristoylated PKC{ peusosubstrate peptide blocked the
chemotaxis. By contrast, inhibitors of classic and novel
PKC, such as G66976, G66850, or calphostin C, only
slightly impaired EGF-induced chemotaxis [51]. In astro-
cytoma cells, PTEN deficiency results in a marked increase
in cell invasiveness that can be suppressed by a PKC(-
specific pseudosubstrate peptide inhibitor [52].

On the other hand, PKC{ has shown inhibitory effects
on invasive and metastatic abilities in rat prostate cancer
cells. PKC{ mRNA levels were reduced markedly in
metastatic Dunning R-3327 rat prostate tumors relative to
the non-metastatic Dunning H tumor and normal rat pros-
tate [53]. In Dunning R-3327 MAT-LyLu rat prostate
tumor cells stably transfected with PKC{, 9 independent
clones of PKC{-expressing cells exhibited a lower ten-
dency to metastasize to lungs relative to vector-transfected
cell clones, and the ability of four PKC{ overexpressing
MAT-LyLu cell clones to invade through Matrigel in a
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Boyden chamber assay was greatly reduced [54]. These
results contradict the observations of the role of PKC( in
promoting cell motility in other cell types. Whether this is
specific to this type of prostate tumors in rats or PKC{ may
have different functions in cell migration/invasion needs to
be further investigated.

PKC{ and hematopoietic cell migration

Mobilization and recruitment of hematopoietic cells are
important mechanisms in inflammatory responses.
Recruitment of hematopoietic stem cells and progenitor
cells are also important for proper tissue repair and
regeneration. In comparison with cPKCs and nPKCs,
aPKCs, especially PKC{, appear to play a major role in
motility in hematopoietic cell linage, stem cells, and pro-
genitor cells (Table 1). Stromal cell-derived factor-1 (SDF-
1, also named CXCL12) is a powerful chemoattractant for
human CD34 + CD38(lo—/—) hematopoietic stem cells.
PKC{ is directly involved in the SDF-1 signaling in
immature human CD34+-enriched cells and in leukemic
pre-B acute lymphocytic leukemia G2 cells. SDF-1 trig-
gered PKC{ phosphorylation, translocation to the plasma
membrane, and kinase activation. Chemotaxis, cell polar-
ization, and adhesion of CD34+ cells to bone marrow
stromal cells are PKC{-dependent. PI3 K is an activator of
PKC{, and Pyk-2 and ERK1/2 are downstream targets of
SDF-1-induced PKC{ activation [55]. Moreover, in vivo
engraftment of human CD34+-enriched cells to the bone
marrow of NOD/SCID mice is PKC{-dependent [55].
Although SDF-1 and its receptor CXCR4 play the central
role in hematopoietic stem cell/hematopoietic progenitor
cell homing, additional co-regulators are required to pro-
vide the specificity of such cells to lodge and be retained in
particular niches. CD164 is an adhesion receptor that reg-
ulates the adhesion of CD344 cells to bone marrow
stromal and the recruitment of CD34+ CD38(lo/—) cells
into cycles, and associates with CXCR4. Blocking CD164
with monoclonal antibody, or knocking-down CD164 with
siRNA, significantly inhibits migration of CD133+
hematopoietic progenitor cells toward SDF-1- and reduced
SDF-1-induced phosphorylation of PKC{ and Akt [56].
PKC{ is required for migration of macrophages. PKC{
peudosubstrate peptide inhibitor or knockdown of PKC{ by
siRNA impaired CSF-1-induced chemotaxis of human acute
monocytic leukemia THP-1 cells and impaired migration of
mouse peritoneal macrophages. Chemoattractant-induced
actin polymerization, mediated by LIMK, is an important
mechanism for chemotaxis. LIMK regulates actin cyto-
skeleton by phosphorylating the actin depolymerizing
factor/cofilin. CSF-1 stimulation increases interaction
between PKC({ and LIMK. CSF-1-induced transient actin

polymerization and phosphorylation of LIMK and cofilin
are reduced by PKC{ siRNA pretreatment [57]. In human
peripheral monocytes and murine macrophage-like cell line
J774.1, PKC({ is essential for transducing the motility signal
induced by superoxide and a chemotactic peptide, fMLP.
PKC{ is activated to phosphorylate RhoGDI-1, which lib-
erates RhoGTPases, leading to their activation. These events
can be inhibited by myristoylated PKC{ pseudosubstrate
peptide [50] (Table 1).

Interaction between PKC{ other PKC family member
in cell migration

It has been noticed that, in many cases, aPKCs needs to
interact with other PKC family members in a coordinated
manner to control the cell migration and/or invasion. In
human pulmonary artery endothelial cells, sphingosine
1-phosphate (S1P) stimulation activates G(i). Overexpres-
sion of dominant negative (dn) PKCe or PKC{ (but not
PKCo or PKCJ) blocked S1P-induced cell migration.
Further studies have demonstrated that PKCe is an
upstream regulator of PKC(. It can activate phospholipase
D2 and then control the activity of PKC{. The major effect
of PKC{ on cell migration is to control Racl activation.
Either dnPKC{ or myristoylated PKC{ peptide inhibitor
blocked S1P-induced Rac activation [58].

In primary human mesangial cells, connective tissue
growth factor (CTGF)-stimulated cell migration is medi-
ated through a PKC{-GSK3f signaling axis. CTGF-
induced cell migration is associated with cytoskeletal
rearrangement, a loss of focal adhesions, tyrosine dephos-
phorylation of FAK and paxillin, increased activity of
protein tyrosine phosphatase SHP-2, decreased RhoA and
Racl activity, and increased Cdc42 activity. These changes
are associated with the phosphorylation and translocation
of PKC{ to the leading edge of migrating cells. Inhibition
of CTGF-induced PKC{ activity with a myristolated PKC{
pseudosubstrate peptide inhibitor or transient transfection
of human mesangial cells with a dnPKC{ leads to a
decrease in CTGF-induced cell migration [59]. This effect
can be impaired under diseased conditions. In high ambient
glucose culture to model the diabetic milieu, basal PKC{
and GSK3f phosphorylation levels are increased and
CTGF-stimulated PKC{ and GSK3p phosphorylation is
impaired [60]. Interestingly, inhibition of PKCp with
LY379196 and PKCf siRNA reduced basal PKC{ and
GSK3 phosphorylation in human mesangial cells exposed
to high glucose. Under these conditions, CTGF-induced
PKC{ phosphorylation and cell migration was recovered
[60]. The interaction between different PKC family mem-
bers determines the cellular responsiveness to high glucose
and CTGEF, and subsequently controls cell migration.
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Table 1 PKC{ and hematopoietic cell migration
Cell type Chemo-attractants Cellular activity Role of PKC Reference
Human CD34 + enriched cells, SDF-1 (CXCL12) Chemotaxis, cell polarization, PI3 K —» PKC{ [55]
Leukemic pre-B acute adhesion to bone marrow — Pyk2/ERK1/2
lymphocytic leukemia G2 cells stromal cells
Human CD34 + enriched cells SDF-1 (CXCL12) Engraftment to bone marrow [55]
of NOS/SCID mice in vivo
CD133 + hematopoietic SDF-1 (CXCL12) Migration [56]
progenitor cells
Human acute monocytic CSF-1 Chemotaxis PKC{/LIMK — actin [57]
leukemia THP-1 cells, polymerization,
Murine peritoneal cofilin phosphorylation
macrophages
Human peripheral monocytes, Superoxide, fMLP Motility PKC{ — RhoDGI-1 [50]

Murine macrophage-like
cell line J774.1

PKC{ and podosome and invadopodia

Podosomes are unique actin-rich structures, which protrude
into the extracellular matrix, resulting in localized remod-
eling activities associated with enhanced invasiveness
[61, 62]. Podosomes, can not only establish close contact to
the substratum but also degrade components of extracel-
lular matrix to assist motile cells to cross tissue boundaries;
thus, it has been called the foot and mouth of the cell [61].
Although podosomes in different cell types share similar
functions—promoting matrix degradation and cell inva-
sion—their morphologies appear to be diverse. Linder
summarized that podosomes are dot-like structures
attached to substrate, and containing actin regulators and
plaque proteins with the number of around 20-100 per cell
with the maximum size of 1 pm in diameter and 0.4 pum in
depth [63]. Podosomes function to degrade local extracel-
lular matrix and therefore promote invasion through
underlying tissue boundaries. Podosomes may also func-
tion to anchor a cell to the extracellular matrix, and to sense
substrate rigidity and transmit forces [64].

Invadopodia are actin-based outward protrusions at the
ventral surface of tumor cells and transformed cells which
mediate proteolysis of the extracellular matrix [65]. The
size of invadopodia varies from 1 to 8 pm in diameter and
may reach 2-3 um or more than 10 pm in length [66].
Invadopida usually assemble into clusters around mem-
brane invaginations proximal to the Golgi complex in the
cytoplasm [67]. Invadopodia show stability once formed,
and prolonged protease secretion to degrade the extracellular
matrix [68]. Usually a cell can form a few invadopodia.
Generally, invadopodia share similar molecular protein
components with podosomes. However, the same protein in
different structures may play a distinct role.

PKCs, as important cytoskeleton regulators and effect-
ers, can drive the formation of podosome and invadopodia,
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and regulate the appropriate functionality of these cellular
structures during the process of cell motility. Migration and
invasion of epithelial cells are important processes for
airway branching, lung growth and development, and
repair after damage of epithelium in the lung [69]. A
phorbol ester PKC activator, PDBu induced podosome
assembly in human bronchial epithelial cells with increased
cell invasion activity [70]. The formation of these podo-
somes is mainly mediated through the redistribution of
conventional PKCs, especially PKCo, from the cytosol to
the podosomes, while atypical PKC{ plays a dominant role
locally at the podosomes to regulate the proteolytic activity
through the recruitment, release, and activation of MMP-9.
The novel PKCs, especially PKCJ, is responsible for the
recruitment of PKC( to the podosomes [71] (Fig. 3). This
coordinated regulation of multiple PKC isozymes in the
assembly and activity of podosomes is very interesting.
Similar mechanisms may exist in other PKC-related cell
migration and invasion.

PI3 K/Akt- and Src-related signaling play roles in podo-
some formation and function [72-75]. In human bronchial
epithelial cells, they are involved in regulating PDBu-
induced podosome formation, whereas MEK/ERK and JNK
are involved in the podosome enzymatic activities. They are
downstream signals of PKC{ as their activation is determined
by the activity of PKC{. However, interestingly, the recruit-
ment of PKC{ and MMP-9 to podosomes requires MEK/ERK
and JNK activity [76]. The interdependent relationship
between PKC family members and other signal transduction
molecules in the regulation of podosome formation and
function suggest that cell migration and invasion are regulated
by a large array of signaling proteins as a network. Systems
biology-based methods should be considered to explore these
cellular processes.

In v-Src-transformed NIH 3T3 cells, both aPKC isoforms
(PKC{ and PKCA) are required for migration, invasion, and
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Fig. 3 Role of PKC{ and its interaction with other PKC family
members in PDBu-induced podosome formation and enzymatic
activity. In human bronchial epithelial cells, PDBu-induced translo-
cation/activation of classical PKC, especially PKCa, controls

polarization during cell migration, with PKCA playing a
more important role. This may be due to its relatively higher
expression in these cells, or may be due to intrinsic differ-
ences between these two isoforms. In these cells, the PKCA
isoform is also more important for podosome assembly and
extracellular matrix degradation [77].

Podosomes and invadopodia are recently discovered
transient cell surface structures essential for degradation of
extracellular matrix during cell migration and invasion.
Although PKC is highly involved in the regulation of
podosome formation and functionality, the roles of indi-
vidual PKC isoforms in podosome formation and function,
and their crosstalk and the underlining mechanisms, are
largely unknown. These need further study in the near
future.

Role of PKC{ in the regulation of MMPs

In terms of cell invasion, PKC{ mainly enhances cell
invasion into the underlying matrix through up-regulation
of MMPs. The stable overexpression of PKC{ in immor-
talized mammary epithelial NMuMG cells induced
phenotypic alterations associated with malignant transfor-
mation and tumor progression. PKC{ overexpression

podosome formation. Novel PKC, especially PKCJ, recruits atypical
PKC (PKC{), which further regulates MMP-9 recruitment, secretion,
and activation

markedly altered the adhesive, spreading, and migratory
abilities. Overexpression of PKC{ significantly increased
expression of urokinase-type plasminogen activator and
MMP-9 (but not MMP-2 and MMP-3) [78]. During glioma
cell invasion through the brain extracellular matrix,
secretion and activation of MMP-9 is one of the key pro-
cesses. In rat C6 glioma cells, PKC{ regulated transcription
of the MMP-9 gene induced by IL-1 and TNF-o via the
NF-kB signaling pathway. IL-1 and TNF-o activated
PKC{, and overexpressing PKC{, but not PKCe, up-regu-
lated MMP-9 activity and increased MMP-9 promoter
activity [79]. Ursolic acid (UA) is a triterpenoid compound
that has been shown to have antioxidant and anti-carcino-
genic properties. UA reduced IL-1f- or TNF-a-induced rat
C6 glioma cell invasion through suppressing the associa-
tion of PKC{ with the aPKC-interacting protein, ZIP/p62,
interrupting NF-xB signaling and subsequently down-reg-
ulating the MMP-9 expression and activity [80].

Conclusion and perspective
Although other PKC family members are also involved in

the regulation of cell motility, there are several features
that highlight the contributions of atypical PKCs in this
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important cellular function. The involvement of atypical
PKC:s in cell polarity, especially in directional sensing and
migration, is essential. The formation of a leading edge
complex, cellular protrusions, and a microtubule organi-
zation center are initiation steps that determined the
direction of cell migration. Through a literature review, we
also noticed that most reports on the regulation of hema-
topoietic cells and stem cells are on atypical PKCs. This
does not exclude the role of other PKC family members;
nonetheless, the current knowledge suggests that this could
be a unique or crucial role for this subfamily of PKCs. In
comparison with cell migration, cell invasion is less stud-
ied, due to the three-dimensional nature of this type of cell
motility. The discovery of podosomes and invadopodia,
and techniques developed for these studies, opens a new
area of research. The role of PKC{ on the regulation of
enzymatic activity of podosmes is also interesting.

This review also suggests that the interplays among
different PKC family members and interaction with other
signaling pathways are important. Individual PKC isoforms
may sometimes have opposing functions. Partly, this may
be due to so-called antagonistic actions of related PKC
isoforms. One challenge to the understanding of the spe-
cific role of individual PKC isoforms is the lack of specific
PKC inhibitors. The new generation of PKC inhibitors,
such as more selective catalytic inhibitors, peptide
(-mimetic) inhibitors, protein substrate site inhibitors,
effectors site-directed inhibitors, C2-directed and PBI1-
directed inhibitors, and antisense oligonucleotide inhibi-
tors, have shown more selectivity [81]. In addition, specific
tools, such as siRNA and genetic disruption of individual
PKC isoforms in mice, have allowed more detailed analysis
of the function of specific isoforms of this PKC large
family. With these new tools, it is necessary to study the
interaction among PKC isoforms.

In summary, it is obvious that atypical PKC is essential
for regulation of cell motility, and it is also crucial to
investigate the mechanisms of how PKC regulate cell
motility in vivo. These studies may lead to new therapeutic
strategies for cancer and other diseases.
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