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Cell adhesion can be divided into cell-cell adhesion medi-
ated by three major structures, tight junctions, adherens
junctions, desmosomes, and cell-matrix adhesion, which
is for the most part integrin-based. Cell-cell interactions
play an important role in the maintenance and integrity
of tissues and organs but similar to cell-matrix complexes
may also transduce cell signaling. While this is the basics for
understanding cell adhesion and its function, the role of cell
adhesion proteins in disease, especially tumorigenesis, is far
more diverse. A summary is given in the paper presented
by Dr. Andl in this issue where she also focuses on recently
discovered cell adhesion components and the regulation of
cell adhesion molecules by miRNAs. In cancer, cell adhesion
molecules are generally thought to be deactivated in order
to aid in cancer cell dissemination and dispersal. However,
aside from the loss of function, various gain-of-function
events occur during induction and progression of cancer
that can be mediated by cell adhesion molecules. Many
of the molecules involved in these processes, such as the
components of desmosomes, were initially identified as
targets of autoimmune diseases. This special issue outlines
the latest findings in research and review articles.

Tight junctions mediate apical cell-cell adhesion and
regulate epithelial cell polarity. Members of the claudin
family are involved in a number of diseases including cancer;

however, little is known regarding the mechanisms behind
their pathophysiological function. Drs. Singh, Sharma, and
Dhawan give an overview of the current state of knowledge
in this issue. To identify cell transformation mechanisms
other than previously described, Lynch et al. investigated
the effect of MMP-7 mediated cleavage of E-cadherin.
They demonstrate that loss of cell-cell adhesion is induced
following E-cadherin processing, which results in increased
cell migration, loss of polarization, and activation of RhoA.

Interactions of cell adhesion molecules with their envi-
ronment are central to their regulation and to cell migration
and invasion. In the tumor context, the array of integrin
receptors expressed causes the cells to differentially respond
to external signals, resist the effects of cytotoxic drugs, and
facilitate growth and invasion through a range of different
tissue environments encountered by invasive cancer cells.
In particular, the regulation of integrin receptor interaction
with the extracellular matrix is thought to be critical for those
cancers that invade and metastasize using a mesenchymal
mode of migration. Jossen et al. show a novel prostate
cancer bone metastatic model to assay drug sensitivity in
three-dimensional cultures that mimic the preclinical or
clinical setting more accurately. In here, they show that
prostate cells revert to more epithelial cells, mesenchymal-
epithelial transition (MET) in the presence of bone stroma
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modeling later stages of metastatic colonization, and are
sensitized to radiation treatment when blocking E-cadherin
or α-integrin. Mesenchymal migration as a therapeutic
target for glioblastoma is discussed by Zhong et al. Another
potential therapeutic agent, a Src inhibitor, is described by
Yaseem et al. Comparison of SKI-606 and Iressa effects,
Src/Abl and EGFR inhibitors, respectively, on cervical cancer
cell lines shows inhibition of cell proliferation. Additionally,
SKI-606 decreases cell migration and invasion through MET
accompanied by the re-expression of E-cadherin and the
recruitment of β-catenin to the cell membrane. Hironobu
Yamashita et al. demonstrate that lysophosphatidic acid,
a phospholipid growth factor, induces the stimulation of
lamellipodia formation and enhanced cell migration through
the upregulation of the TGFβ1 target gene Laminin-322.
The role of focal adhesion kinase (FAK) phosphorylation
in the dynamic regulation of integrin-based adhesions and
cellular migration is shown in a paper by Hamadi et al.
Upon pervanadate-induced phosphorylation, FAK delocal-
izes from focal adhesions to newly formed membrane ruffles
in a src-dependent event. Finally, advances in nanotech-
nology that allow the study of cellular transformation in
engineered cellular environments are introduced by Siti
Hawa Ngalmi et al. Such cross-disciplinary approaches have
begun to advance our knowledge of how adhesion signaling
is organized and how cells relay information regarding
the composition and structure of the external environment
into biological activity. In particular, these advances are
being driven by novel microscopy technologies and the
continuing development of new techniques that allow us
to visualize the intricate workings of adhesion-dependent
signaling processes.

This synopsis gives a glimpse at the current leading
edge science published in this special issue of the Journal
of Oncology. We hope that these papers inspire interest in
multidisciplinary approaches as well as in the identification
of novel therapeutics.

Claudia D. Andl
Ala-Eddin Al Moustafa
Therese B. Deramaudt

Geraldine M. O’Neill
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Cell adhesion complexes facilitate attachment between cells or the binding of cells to the extracellular matrix. The regulation
of cell adhesion is an important step in embryonic development and contributes to tissue homeostasis allowing processes such
as differentiation and cell migration. Many mechanisms of cancer progression are reminiscent of embryonic development, for
example, epithelial-mesenchymal transition, and involve the disruption of cell adhesion and expression changes in components
of cell adhesion structures. Tight junctions, adherens junctions, desmosomes, and focal adhesion besides their roles in cell-cell or
cell-matrix interaction also possess cell signaling function. Perturbations of such signaling pathways can lead to cancer. This article
gives an overview of the common structures of cell adhesion and summarizes the impact of their loss on cancer development and
progression with articles highlighted from the present issue.

1. Tight Junctions

Tight junctions are regulators of the epithelial microenviron-
ment as they are responsible for the formation of paracellular
barriers (see Figure 1), [1, 2]. Claudin-based tight junc-
tions and their functions have been analyzed in numerous
knockout mouse studies. The loss of claudin-1 or -5
is embryonically lethal due to loss of the barrier function of
the skin and loss of the blood-brain barrier [3, 4]. In cancer,
claudins can be found to be up- or downregulated depending
on the cancer type. Claudin-1 and -7 are downregulated in
esophageal cancer [5], but upregulated in others [6, 7]. While
the mislocalization of claudin-7 in esophageal squamous cell
carcinoma leads to the loss of E-cadherin expression, N-
glycosylation of E-cadherin has been shown to stabilize tight
junctions [8]. An in-depth review of claudins and cancer can
be found in this special issue of the Journal of Oncology
(Singh et al., [9]).

2. Desmosomes

Desmosomes are adhesion complexes tethered to the inter-
mediate filament, (see Figure 1), [10]. Desmosomal cad-
herins, the desmogleins,establish the contact to the neigh-

boring cells [11]. Plakoglobin is homologous to β-catenin
and binds to the same region of the cadherin tail [12, 13].
While Plakoglobin is highly enriched in desmosomes, it
can also be localized to adherens junctions in cells that do
not have desmosomes, such as endothelial cells [14, 15].
There is evidence that plakoglobin can participate in Wnt
signaling as the transcription factor T-cell factor/lymphoid-
enhancer factor, TCF-4, contains binding sites for β-catenin
and plakoglobin [16], and that binding of plakoglobin could
hinder transcriptional activity. However, Plakoglobin has
been shown to have TCF/LEF-dependent transcriptional
activity in β-catenin-deficient cell lines [17].

Desmoplakin connects desmosomes through binding of
plakoglobin to the intermediate filament. It is downregulated
in oropharyngeal cancer [18] and a target of EGF and
progesterone in breast cancer [19]. Interestingly, aside from
its obvious function in cell adhesion, desmoplakin has
been described to regulate microvascular tube formation
[20]. Therefore, desmoplakin may be a novel target for the
inhibition of tumor angiogenesis.

The desmosomal cadherins, desmoglein 1, and 3, are
targets in two autoimmune diseases, Pemphigus foliaceus
and Pemphigus vulgaris, respectively [21]. Binding of
autoantibodies to desmoglein induces cell dissociation and
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Figure 1: Schematic diagram of tight junctions (a), adherens junctions (b), desmosomes (c) and focal adhesions (d). This is an overview of
the interactions of the major components of cell adhesion complexes.

inhibition of RhoA in a p38 MAPK-dependent pathway
causing the hallmark blistering [22]. The implications of
desmosomal component loss have been shown in mouse
models targeting desmoglein 2 [23] and desmoglein 3 [24,
25], plakoglobin [26] and desmoplakin [27]. Desmoglein 2
knockout mice proved to be embryonically lethal, despite
unaffected E-cadherin and β-catenin expression [23]. Mice
with loss of desmoglein 3 presented the same blistering
phenotype as Pemphigus patients [24]. Interestingly, targeted
loss of desmoplakin in the epidermis allowed the formation
of desmosome-like structures, but epithelial sheet formation
was impaired in the face of mechanical stress [27].

Effects of desmosomal perturbations on tumorigenesis
rarely share the lime light with the well-known consequences
of adherens junction loss. However, loss of desmoglein 1
has been associated with poor prognosis in head-and-neck
cancer patients [28]. Contrary, Desmoglein 2 upregulation
is associated with malignant skin carcinoma including basal
cell carcinoma and SCCs in a tissue-microarray-based study
[29].

Plakophilins, which are armadillo family members like
plakoglobin and β-catenin, are structural components of
the desmosomal plaque and regulate the strength and
integrity of cell contacts by facilitating the interaction with
the intermediate filament [30]. Decreased expression of
plakophilin 1 promotes cell invasion due to desmosome
instability [31]. Furthermore, the inverse correlation of
plakophilin expression with tumor grade in head-and-neck
SCCs has been documented [32]. Similarly, RNAi (small

interference RNA) suppression of plakophilin 3 results in
transformation of epithelial cells and accelerated tumor for-
mation as well as lung metastasis in mouse tumor xenografts
[33].

In addition, other junction types have been identified
that use desmosomal components without being desmo-
somes. A recent review by Pieperhoff et al. [34, 35]
highlights composite junctions that connect cardiomyocytes,
plakophilin-2-positive junctions in sarcomas as well as
the expression of Desmoglein 2 in melanoma. These data
together with molecules discussed in the last paragraph of
this paper demonstrate that we may not have discovered all
types of cell adhesion yet.

3. Adherens Junctions

Early on, experiments targeting E-cadherin and β-catenin
have shown that adherens junction components are essential
for normal development. E-cadherin- and β-catenin-null
embryos display lethality due to primary defects in mor-
phogenetic events such as trophectoderm development and
ectoderm formation [36, 37]. Deletion of N-cadherin, VE-
cadherin or plakoglobin also leads to embryonic lethality,
however at later stages of development [26, 38, 39]. As for α-
catenin, loss of this gene results in death shortly after birth
[40]. Interestingly, lack of E-cadherin in thyroid develop-
ment or adult tissues can be overcome by upregulation of
other cadherins as a mechanism of compensation [41, 42].
In cancer, however, loss of E-cadherin is associated with
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tumor progression, even if other cell adhesion complexes
remain intact. This has been attributed not only to the
detrimental effects E-cadherin loss has on the tissue integrity
and dissemination of cells “on the loose”, but also to the
signaling pathways activated in the absence of E-cadherin
[43–45]. Alterations of the cadherin-catenin cell adhesion
system and how they relate to cancer have been focus
of multiple symposia and meetings resulting in numer-
ous review articles [46] to this date, and where already
discussed at the Princess Takamatsu Symposium in 1994
[47–49].

Cadherins interact through their intracellular domain
with cytoplasmic proteins, the catenins (see Figure 1), [50,
51]. β-catenin mediates the anchoring of adherens junctions
to α-catenin and other actin-binding proteins, and thereby
to the cytoskeleton [52]. The relative amount of cadherin-
bound β-catenin and free β-catenin can tip the balance to
induce Wnt signaling [44, 53]. This occurs if free β-catenin
is not degraded by the ubiquitin-proteasome pathway,
but translocated to the nucleus instead to regulate target
gene expression in conjunction with members of the T-
cell factor/lymphoid-enhancer factor (TCF/LEF) family of
transcription factors [54]. Activation of cells with Wnt-
molecules can inhibit β-catenin degradation and allows its
accumulation in the cytosol and translocation to the nucleus
leading to the activation of genes such as cyclin D1, c-
myc, CD44, and others [55, 56]. Constitutive active Wnt
signaling either through mutations of β-catenin or loss of
adenomatous polyposis coli (APC) function frequently leads
to cancer [57], as particularly well understood for colon
cancer [58].

p120ctn binds cadherins at the juxtamembrane domain
of the cytoplasmic tail and prevents their internalization
and degradation [51, 58]. Similarly to β-catenin, unbound
p120ctn can translocate to the nucleus where it binds Kaiso,
a zinc finger transcription factor that acts as a transcriptional
repressor and tumor suppressor. Once bound to Kaiso,
p120ctn relieves the repressor activity of Kaiso by dissoci-
ating it from its sequence-specific binding sites [59]. Wnt
signaling stabilizes p120ctn and results in Kaiso withdrawal
from the nucleus [60–62]. p120ctn also functions as a regula-
tor of cell motility by modulating the activity of Rho GTPases
[63] and has been shown to coordinate Rho inhibition
through Rac [64]. In this context, a p120ctn isoform has
been shown to fail to inhibit RhoA and to promote invasion
[65]. In another model, overexpression of P-cadherin has
been linked to the activation of the RhoGTPases, Rac1, and
Cdc42, through accumulation of p120ctn in the cytoplasm
during cell invasion [66]. Furthermore, overexpression of the
p120ctn isoform 3A demonstrated cytoplasmic accumula-
tion. This isoform is also associated with cyclin E- and cyclin-
dependent kinase 2-colocalization at the site of centrosomes
during mitosis [67]. Ablation of p120ctn in the skin also
results in mitotic defects and, additionally, a chronic inflam-
matory response [68]. Conditional knockout in the small
intestine and colon disrupts normal barrier function and
epithelial homeostasis resulting in phenotypic and morpho-
logical changes associated with inflammatory bowel disease
[69].

4. Cadherins and Cancer Cell Signaling

Cadherins can signal in different ways: they can bind to
growth factor receptors and modulate their internalization
and downstream pathways. They also activate signaling
mediators, such as phosphatidylinositol 3-kinase (PI3K) or
small GTPases. Alternatively, they can recruit transcriptional
cofactors, such as β-catenin or p120ctn, at the cell membrane
and thereby negatively control their nuclear translocation.

A number of cadherins has been implicated in cell
signaling via interaction with receptor tyrosine kinases:
both E-cadherin and N-cadherin interact with FGFR-1. To
prevent constitutive or prolonged signaling by FGFR-1, it is
sequestered by E-cadherin and internalized [70]. Contrary,
complex formation of N-cadherin with FGFR-1 prevents
internalization and circumvents degradation. This is known
to be one of the mechanisms by which N-cadherin con-
tributes to tumor cell invasion. The switch from E-cadherin
to N-cadherin expression occurs during normal develop-
mental processes and is recapitulated in cancer [71, 72].

E-cadherin can also interact with epidermal growth
factor receptor (EGFR) [73]. EGFR overexpression is a
frequent event in epithelial cancers. EGFR promotes cell
motility by phosphorylation of β-catenin and plakoglobin
leading to the disruption of cell adhesion [74]. At the same
time, E-cadherin-mediated inhibition of EGFR activity is
an important aspect in tumorigenesis. Somatic mutations
of E-cadherin have been linked to increased EGFR activa-
tion resulting in activation of Ras [75, 76]. Other studies
have found that E-cadherin can cluster EGFR at the cell
membrane thereby inhibiting EGFR-mediated signaling [77,
78]. Similarly, desmoglein 1 can suppress EGFR signaling
resulting in epidermal differentiation [79].

VE-cadherin is an endothelial specific transmembrane
protein concentrated at adherens junctions. Similar to E-
cadherin it engages in homophilic cell-cell adhesion. A
link to the cytoskeleton is established through the same
intercellular partners, β-catenin, p120 and plakoglobin [80].
Upon VEGF stimulation, VE-cadherin binds to VEGFR-2
preventing vascular endothelial growth factor 2, VEGFR-
2, phosphorylation. This clustering of VE-cadherin with
VEGFR-2 blocks cell proliferation by inhibition of MAPK
activation [81]. Furthermore, VE-cadherin is required for
TGFβ receptor-mediated TGFβ signaling. This has been
demonstrated through knockdown of VE-cadherin [82], but
also as β-catenin null-endothelial cells are unable to respond
to TGFβ stimulation [83].

Another interesting aspect is that tumor-inducing
viruses alter cell adhesion. In the case of Kaposi-sarcoma-
associated herpesvirus, VE-cadherin is targeted inducing
endothelial permeability and contributing to the progression
and malignancy of this disease [84]. While Kaposi sarcoma-
associated herpesvirus induces VE-cadherin degradation,
hepatitis B virus HBx-protein disrupts adhesion junctions
in asrc-dependent manner [85]. Epstein Barr Virus “attacks”
cell adhesion complexes through another mechanism:
virus-induced gene silencing [86]. E7 protein of Human
Papillomavirus 16 (HPV), for example, augments DNA
methyltransferase I activity associated with the silencing of
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E-cadherin gene expression [87]. Simultaneously, N-
cadherin expression is increased [88]. Augmented cell
invasion in HPV-infected cells can be suppressed through
restoration of E-cadherin and subsequent downregulation of
EGFR [89] or ErbB2 [90]. The mechanism on how Src/ABL
regulates cell differentiation and invasion in E6/E7-positive
cervical cancer is described in this issue by Yasmeen et al.,
[91]. Another virus-associated protein, Epstein Barr Virus-
latent membrane protein 1, also affects the cadherin switch
[92].

5. Epithelial Mesenchymal Transition (EMT)

Similar to the cadherin switch, epithelial-mesenchymal
transition is an important process of development, but is
“hijacked” as a mechanism of malignant transformation
resulting in mesenchymal-like high motility cells. The spot-
light on EMT is warranted by the many signaling pathways
(peptide growth factors, Src, Ras, Ets, integrins, Wnt/β-
catenin, and Notch) involved in the regulation of this process.
However, a central node is the downregulation of E-cadherin
[93, 94]. Activation of PI3K/Akt is another feature of EMT
[95]. Despite its role as a tumor suppressor, TGFβ1 signaling
is often increased in tumor cells and induces EMT, thereby
leading to tumor cell invasion [96]. This morphological
transition is characterized by extensive changes in the
expression of cell adhesion molecules and by a switch
from a cytokeratin-rich cytoskeleton to one comprising a
mesenchymal cell phenotype, for example, the expression
of vimentin and S-100 [97]. The ability of epithelial or
carcinoma cells to undergo EMT in culture correlates with
cell changes that facilitate invasion and metastasis in vivo
[98–100]. Increased cell motility and scattering are caused by
a downregulation of E-cadherin, mainly through the TGFβ-
induced upregulation of transcriptional repressors such as
ZEB1, ZEB2, and Snail. This is accompanied by the decreased
expression of ZO-1 and keratins [97, 101, 102].

Focal adhesion kinase (FAK) can also mediate TGFβ-
induced EMT [103]. The induction of mesenchymal migra-
tion through FAK signaling and its importance in glioblas-
toma is discussed by Zhong et al. [104] in this issue
of the Journal of Oncology. As EMT results in increased
cell invasion, it is accompanied by the digestion of the
extracellular matrix and changes in matrix metalloproteinase
(MMP) expression. Overall, E-cadherin has been shown to
induce the suppression of MMP expression. When restored
in motile prostate cancer cells, E-cadherin not only reverted
EMT and induced an epithelial phenotype, but also reduced
MMP-2 expression levels resulting in decreased cell invasion
[96, 105]. Lynch et al. [106] describe in this issue how
cleavage of E-cadherin by MMP-7 promotes cell proliferation
through activation of RhoA.

The microenvironment is a prominent modulator of
tumorigenesis and some of these aspects are covered in this
special issue: the modeling of microenvironments in vitro
(by Ngalim et al. [107]), the tumor-stromal interactions in
prostate cancer (by Josson et al. [108]) and the upregulation
of laminin-322 by lysophosphatic acid and its effects on
colony dispersal (by Yamashita et al. [109]).

More recently, with the advent of microRNAs, small non-
coding RNAs (miRNAs) regulating gene expression, an addi-
tional level ofprotein translation regulation has been added.
A number of miRNAs that inhibit tumor suppressor genes
have been identified as well as miRNAs, which negatively
affect the translation of oncogenes. Cadherin scan be targets
of miRNAs directly or indirectly through the modulation of
transcriptional repressors that target cadherins. Ma et al.,
identified E-cadherin as a direct target of miR-9 [110] leading
to activation of β-catenin and increased invasion as well as
increased tumor angiogenesis via VEGF upregulation. miR-
145 is an example of a tumor suppressor miRNA, which
silences MUC-1, thereby reducing β-catenin and oncogenic
cadherin-11 [111]. The miR-200 family gained a lot of
attention as it participates in a signaling network with the
E-cadherin repressors, ZEB1 and 2 and TGFβ1, therefore
placing it at the center for the regulation of the epithelial
phenotype. Another central regulator of cell invasion and
metastasis that is upregulated in the absence of E-cadherinis
Twist [43]. Twist, as well as ZEB1 and other transcription
factors, is thought to induce EMT by suppression of E-
cadherin. The data by Onder et al. [43], however, suggest
Twist to be downstream of E-cadherin and sufficient to
mediate cell invasion and metastasis as well as to prevent
anoikis. The authors demonstrated that, while the loss of cell-
cell contacts can induce changes in gene expression leading
to increased cell invasion, the induction of EMT and its
associated gene expression changes only occurs if β-catenin
is released from the E-cadherin cytoplasmic tail.

6. Focal Adhesions

FAK, focal adhesion kinase, is a crucial mediator of integrin
and growth factor signaling. FAK resides within focal adhe-
sion complexes, large integrin clusters that mediate crosstalk
between the extracellular matrix and the cytoskeleton,
where it regulates outside-in signaling (see Figure 1). High
levels of FAK in a variety of human cancers have been
reported [112, 113], including a study in head and neck
squamous cell carcinoma (HNSCC) that shows enhanced
FAK signaling at the onset and progression of HNSCC
[114]. The increased expression of FAK has been linked to
cancer cell migration, proliferation, and survival [115, 116].
Motility defects in FAK-null ES cells [117] can be restored
with wild-type FAK, but not with a mutant of FAK lacking
the Tyr397-phosphorylation site, which is responsible for
Src recruitment [118]. Actin rearrangements are responsible
for the formation of adhesion complexes that stabilize the
leading edge. Leading edge formation and membrane ruffles
are regulated by Rho GTPases such as Rac 1 and RhoA
[119]. This issue of Journal of Oncology also features paper
focusing on the effects of hyperphosphorylated FAK on its
localization to focal adhesions (see Hamadi et al. [120]). Two
FAK-binding scaffold proteins that mediate Rac1 activity are
CAS (p130cas) and paxillin. Paxillin regulates the localiza-
tion of FAK [121] and possibly regulates Rac1. Interestingly,
in the study by Yano et al. [121] the suppression of FAK and
paxillin resulted in increased cell migration, presenting FAK
as a negative regulator of cell motility in contrast to other
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reports. Furthermore, the impaired FAK/paxillin signaling
cascade prevented N-cadherin-based cell-cell contacts. While
E-cadherin has been described to stimulate Rac1 activity
[122], N-cadherin is thought to suppress Rac1 activation
[123]. The important role of FAK in cancer is supported
by the intersection of the FAK and p53 signaling pathways.
Not only has the FAK-promoter p53 binding sites, there is
also a high correlation between FAK upregulation and p53
mutations [124]. These data demonstrate the regulation of
FAK by p53.

7. Summary

While the main components of cell adhesion structures are
well defined, recently new players such as the nectins have
been identified [125]. Similar to cadherins, nectins bind
the cytoplasmic protein afadin and are linked to the actin
cytoskeleton [126]. However, nectins can participate in cell
adhesion through interaction with cadherins in adherens
junctions, ZO-1 or claudins in tight junctions as well as
independently [127–129]. Additionally, nectins have been
shown to regulate E-cadherin endocytosis [130–132] and
to function in migration and polarization [133]. Others
include abLIM3, a novel component of adherens junctions
[134], and protocadherins, which have multiple functions
including neuronal specificity [135, 136] and are therefore
not discussed in this issue. Differences in the function and
tissue-specific expression patterns of all the cell adhesion
molecule family members involved in the pathogenesis of
cell transformation make therapeutics challenging. However,
knowledge of the crosstalk between signaling pathways and
common themes such as the interaction of cell adhesion
molecules with growth factor receptors allow new scientific
advances. Taken together, new mechanisms of the regulation
of cell adhesion structures and their signaling function
demonstrate the importance of understanding cell adhesion
and its impact on disease (see Cell Junctions, edited by
LaFlamme [137]) and tumorigenesis [138].
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Tight junctions are the apical cell-cell adhesion that regulate paracellular permeability and are critical for epithelial cell polarity.
Molecular architecture of tight junction has been studied extensively, which has confirmed that claudin family of proteins is integral
component of tight junction. Loss of cell-cell adhesion is central to the cellular transformation and acquisition of metastatic
potential; however, the role of claudin family of proteins play in a series of pathophysiological events, including human carcinoma
development, is only now beginning to be understood. Several claudin mouse knockout models have been generated and the
diversity of phenotypes observed clearly demonstrates their important roles in the maintenance of tissue integrity in various organs
and suggest that claudins also participate in cellular contexts other than tight junctions. The mechanisms of claudin regulation and
their exact roles in normal physiology and disease are being elucidated, but much work remains to be done. In this review, we have
discussed the conceptual framework concerning claudins and their potential implication in cancer. We predict that next several
years will likely witness a boom in our understanding of the potential role of claudins in the regulation of tumorigenesis, which
may, in turn, provide new approaches for the targeted therapy.

1. Introduction

Genetic alterations in various genes responsible for the
maintenance of the normal epithelial phenotype has come
forward as a major cause for the deregulation of normal
epithelial physiology however, it is well established that
genetic mutations are correlated with various environmental
stimuli. In addition, direct exposure to various environ-
mental carcinogens is considered one of the most plausible
sources of inducing neoplasia. In general, mammalian body
is very selective in its absorptive behavior which is regulated
by size as well as charge of the molecules which body is
being exposed. Tight junctions, the most apical cell-cell
adhesion, owing to their cellular location are responsible for
this selection and any qualitative or quantitative deregulation
of the TJ characteristics could potentially change the nor-
mal equilibrium maintained, resulting in abnormal cellular
physiology. Also, the normal regulation of growth factor
receptor activation due to differential distribution of the
receptor and the respective ligands can be compromised due
to irregular tight junctions [1]. Disruption of tight junction
barrier function and changes in permeability properties have

been shown to be associated with a number of pathologic
conditions such as kidney disorders, inflammatory bowel
disease, pulmonary edema, diarrhea, and jaundice [2–5].
Proper cell-cell and cell-extracellular matrix interactions
are essential for normal functioning of an epithelial cell
and it is known that various cell adhesion proteins such
as E-cadherin, β-catenin, or β1-inetgrin perform functions
different than their normal cell adhesion function upon loss
of normal cell-cell or cell-ECM adhesions [6]. A similar
hypothesis could be postulated for the proteins forming the
tight junctions, which could probably play a central role in
the neoplastic process via coupling of the extracellular milieu
to intracellular signaling pathways and the cytoskeleton. In
this regard, ZO-1, a tight junction protein, binds with the
Y-box transcription factor ZONAB that has been shown to
increase cell proliferation and decrease differentiation [7].
Recently, Symplekin, yet another transcription factor, was
shown to increase tumorigenicity of the colon cancer cells
through the upregulation of claudin-2 and ZONAB [8].
Importantly, ZO-1 and ZONAB are localized at the tight
junction in differentiated and polarized epithelial cells while
translocate to the cell cytoplasm/nucleus in proliferative or
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dedifferentiated cells [9]. In this paper, we will summarize
the current knowledge regarding the role of tight junction
with specific emphasis upon the claudin family of proteins in
cancer and potential cause and effect association between the
expression of specific claudin family members with tumor
growth and progression.

2. Tight Junction and Tumorigenesis

Tight junctions (TJs) are the most apical intercellular
junctions in epithelial and endothelial cells. The two major
functions defined for tight junctions are the regulation of
paracellular permeability through its barrier function and
maintenance of the cell polarity through the fence function
[10, 11]. These considerations of polarity, compartmen-
tation, and barrier function are the underpinnings of a
fascinating development in biomedicine. The fence function
of tight junction helps in maintaining cell polarity, thus
preventing intermixing of molecules in the apical membrane
with those in the lateral membrane. There are certain
times in any area of scientific research where one can
witness a new concept taking shape and gaining acceptance.
The involvement of epithelial barrier breakdown in the
development of epithelial neoplasia is such a concept at
present that is gaining acceptance and importance, although
it is important to mention that the “roots” of this concept
go back many years. The function of tight junction that is
deeply involved in cancer cell biology is epithelial paracellular
permeability and the loss of cell polarity [12, 13].

The concept of epithelial barrier breakdown involves
the three mutually interrelated elements that have key
consideration in neoplastic growth and development: (i) as
a result of cell polarity, functional growth factor receptors
are normally situated on the basal-lateral cell surface facing
interstitial fluid and the bloodstream; (ii) growth factor
proteins (the ligands for these receptors) are frequently
compartmentalized at very high concentrations in luminal
fluids within epithelial tissues; and (iii) early in the process
of neoplasia, “distortions” occur in TJs such that relatively
large solutes may pass across epithelial barriers that normally
restrict their movement, a phenomenon one might call
“lesional leak.” For example, in colorectal cancer, expression
of claudin-2 that has been correlated with epithelial perme-
ability increases while expression of claudin-1 or 7 that are
correlated with increased TER is either mislocalized or is
decreased [14, 15]. Thus, the concept has developed that TJ
disruption in premalignant neoplastic tissue can increase the
likelihood that it will develop into a frank carcinoma because
of the continuous stimulation of cell division of initiated
(premalignant) cells that follows breakdown of the natural
barrier between growth factors and their receptors.

Studies have shown that the epithelial tight junctions
are dynamic structures and are subject to modulation
during epithelial tissue remodeling [16], wound repair [17],
inflammation [18], and transformation into tumors [19].
The association of abnormal TJ function and epithelial
tumor development has been suggested by earlier studies
showing alterations in the TJ structures of epithelial cancers
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Figure 1: Schematic presentation of tight junction location
between the epithelial cells and paracellular transport. Lower part
represents tight junction strands and interaction of their major
components.

[20]. In vitro studies using epithelial cell lines demonstrated
that monolayers can be transformed into multilayered polyp
like structures by oncogenes, such as K-ras [21], or by
phorbol ester tumor promoters [22]. Epithelial multilayering
was associated with increased TJ permeability [22, 23],
activation of protein kinase C-α [24] and phosphorylation
of TJ proteins [25].

3. Claudins: Tight Junction Integral proteins

Tight junctions are complex cellular entities and have always
been understudied especially because of the lack of the
precise knowledge of the proteins constituting them and also
due to the difficulties associated with establishing in vivo
or in vitro models to determine the true functional charac-
teristics associated with these proteins. Although multiple
proteins with diverse biological functions including tumor
suppressors such as APC, PTEN, or cell polarity proteins
such as Par-3, aPKCλ are localized at the tight junction
location, it was only in the late 1980s that biochemical and
immunolocalization studies identified the 225 kDa protein
zonula occludens-1 (Z0-1) as the first polypeptide exclusively
associated with the TJ [26]. ZO-2 and ZO-3, which are highly
related to ZO-1, were identified later [27–29]. However,
genetic manipulation studies suggested that the ZO-family
of proteins, although associated with TJ are not the TJ
integral proteins. Immunolocalization by both light and
electron microscopy further revealed that all three known
ZOs (ZO-1, ZO-2, and ZO-3) are located exclusively at the
cytoplasmic surface of TJs in the immediate vicinity of the
plasma membrane and not in the plasma membrane. Since
then, a number of integral membrane proteins associated
with the TJ have been identified during recent years including
occludin [30], junctional adhesion molecule (JAM) [31], and
the claudin family of proteins, which consists of at least 24
members [32] (Figure 1). The JAMs are immunoglobulin
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(Ig)-like single-span transmembrane molecules and mediate
Ca2+-independent adhesion. They are concentrated at TJs as
well as AJs, not only in polarized epithelial and endothelial
cells but also in hematopoietic cells of all lineages [33]. These
proteins can form homodimers or heterodimers to produce
paired strands between adjacent cells, thereby determining
the characteristic permeability properties of different epithe-
lial tissues [34]. Occludin with four transmembrane domains
was identified as the first TJ-specific integral membrane
protein. However, occludin-deficient visceral endoderm cells
still bore a well-developed network of TJ strands, pointing
to the existence of as-yet-unidentified TJ-specific integral
membrane proteins [35].

Using the same liver fraction employed to identify
occludin, and by means of a sucrose step gradient, a
single 22 kDa band was discovered as a putative novel TJ
integral protein. Peptide sequencing revealed two proteins
in this band that were subsequently named claudin 1 and
2 [32]. The name claudin derives from the Latin word
“claudere” which means to close. Now, outcome of multiple
studies since the initial discovery of claudin-1 and -2, has
established that the claudin family of proteins are the major
integral membrane proteins forming the backbone of tight
junctions [32, 36, 37]. The claudin family consists of 24
known transmembrane proteins exhibiting distinct tissue-
and development-specific distribution patterns [37, 38].
They are detected in both epithelial and endothelial cells
and form a complex with occludin and/or JAMs [32, 39].
Claudins encode 20–27 kDa proteins with four transmem-
brane domains, two extracellular loops where the first one
is significantly longer than the second one, and a short
carboxyl intracellular tail (Figure 2). The last amino acids of

this tail are highly conserved within the family and constitute
PDZ binding motifs: claudins 1–9 and 17 S/TYV, claudins
10 and 15 AYV, claudin 11 AHV, claudin 12 HTT, claudin
13 LDV, claudins 14, 18 and 20 DYV, claudin 16 TRV, and
claudin 19 DRV. Through these motifs, claudins are linked
to the TJ PDZ containing proteins ZO-1, ZO-2, ZO-3 [40],
PATJ [41] and MUPP1 [42]. A number of other cytosolic
and nuclear proteins which includes regulatory proteins
Rab3b, Rab13, tumor suppressors like PTEN, transcription
factors like ZONAB, and HuASH1 have also been shown to
interact directly or indirectly with tight junction complex
[9, 43–45]. These interactions suggest that tight junctions,
in addition to acting as barriers to paracellular flow of
solutes, may play an important role in regulating other
cell functions, such as proliferation and tumor suppression.
For example, mutation in CLDN14 leads to nonsyndromic
recessive deafness [46] and the mutated CLDN16 gene has
been associated with hereditary hypomagnesemia [47]. Mice
lacking claudin11 (also known as Occludin Sertoli Protein)
have demonstrated the absence of TJ strands in myelin
sheets of oligodendrocytes and Sertoli cells in the testis
[48]. They show male sterility as well as delayed axonal
conduction rates in the central nervous system. However,
emerging details from a boom of studies related with the
claudins in cancer have implicated claudin family members
in a wide range of human cancer and in a tissue specific
manner.

4. Claudins and Cancer

Since their discovery, literature regarding the status of clau-
dins in various cancers is constantly expanding, and in
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contrast to the general thought that claudins expression
would decrease during tumorigenesis as tight junctions
are lost during cellular transformation, claudins expression
seems to change in a tissue specific manner. Tan et al. [49]
have shown that the expression and distribution of claudin-
1 is associated with cell dissociation status in pancreatic
cancer cells through mitogen-activated protein kinase 2
activation. By contrast, claudin-7 has been found to be
decreased in invasive ductal carcinomas [50], head and
neck cancer [51] and metastatic breast cancer [52]. On the
other hand, Claudin-3 and -4 are frequently elevated in
various cancers including pancreatic ductal adenocarcinoma,
prostate, uterine, ovarian cancer [53] and breast cancer [54]
while hepatocellular and renal carcinomas expressed lower
levels of claudins-4 and -5 [55]. While, lower expression of
claudin-2 was also seen in breast and prostatic carcinomas,
expressions of claudin-1 and claudin-7 that were unde-
tectable in normal cervical squamous epithelium increased
in the cervical neoplasia [55, 56]. Intriguingly, recent studies

have shown that expression of certain claudins especially
claudin-1 and claudin-4 increases during metastasis and
genetic inhibition of their expression has profound effect
on the metastatic abilities of cancer cells though in a tissue
specific fashion [57–59]. In Table 1, we have summarized
the status of the expression of claudin family members in
different cancer types. Intuitively, the mechanism by which
decreased claudin expression might lead to the compromised
TJ function and, thus, neoplasia is easy to comprehend, but
how increased claudin expression contributes to neoplastic
progression, as described here and by others, is less clear. One
plausible mechanism is that upregulation or aberrant tissue
expression of certain claudins may contribute to neoplasia
by directly altering TJ structure and function. Furthermore,
it is postulated that claudins may also affect cell signaling
pathways. Claudin proteins are likely involved in signaling
pathways via binding domains to ZO-1 at their carboxyl
terminus [40]. Cell-cell adhesion proteins are known to play
important role in cellular transformation when displaced
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from their normal membrane localization and could serve
as oncogenic molecule. The best studied molecules is β-
catenin, which although serve as cell-cell adhesion molecules
when expressed in its normal cellular localization, β-catenin
becomes oncogenic [60]. A similar functional heterogeneity
could be postulated for claudins however further studies are
needed to support such a notion.

In this regard, we have recently demonstrated biological
significance of altered claudin-1 expression in colon cancer
cells. An increase in claudin-1 expression was observed in
human primary colon carcinoma and metastasis samples
and in the cell lines derived from primary and metastatic
tumors as compared to their normal counterparts [59]. An
important finding of our study was the nuclear localization
of claudin-1 in a significant subset of colon cancer samples,
particularly among the subset of liver metastatic lesions.
Nuclear localization of several cell junction proteins (β-
catenin, ZO-1, ZO-2) is known to be correlated with
oncogenic transformation and cell proliferation [61, 62].
As mentioned above, β-Catenin plays a well-characterized
dual role in cell adhesion (membrane localized) and in
signal transduction (cytoplasmic and nuclear) leading to the
epithelial cell transformation. Further, mutants of the TJ
protein ZO-1 that no longer localize at the plasma mem-
brane induce a dramatic epithelial-mesenchymal transition
(EMT) of Madin-Darby canine kidney I cells [63]. Similarly,
genetic manipulations of claudin-1 expression in colon
cancer cell lines induced changes in cellular phenotype, with
structural and functional changes in markers of epithelial-
mesenchymal transition (EMT) and had significant effects
upon the growth of xenografted tumors and metastasis in
athymic mice. Notably, regulation of E-cadherin expression
and β-catenin/Tcf signaling emerged as one of the poten-
tial mechanism underlying claudin-1– dependent changes
and thereby suggested complex interplay between different
cell-cell adhesion molecules [59]. There is accumulating
evidence that the regulation of gene expression of tight
junction proteins by the Wnt signaling pathway is part of a
mechanism essential for the differentiation of epithelial cells,
which is imbalanced in oncogenic transformation. Moreover,
Wnt dependent signal transduction may be one way to
influence barrier function which is essentially determined
by the epithelial tight junctions. During recent years, a
number of components found in junctional complexes of
polarized epithelial cells have been shown to have signaling
functions involved in cell growth and differentiation [64].
Activation of the Wnt pathway leads to the stabilization
of β-catenin, which subsequently translocates into the cell
nucleus and regulates gene expression in association with
the lymphoid enhancer factor (LEF)/T-cell factor (TCF)
family of transcription factors [65]. LEF/TCF are nuclear
effectors of the Wingless (Wg)/Wnt signaling pathway, which
is involved in the regulation of cell fate, differentiation,
and polarization [66, 67]. Mutations in the gene for the
adenomatous polyposis coli (APC) tumor suppressor protein
stabilizes β-catenin and are supposed to be crucial events in
oncogenic transformation of intestinal epithelial cells, which
may develop into adenomas and carcinomas [68]. Expression
of specific claudin family members can be regulated by Wnt

signaling pathway. Claudin-1 and claudin-2 are shown to
be target genes regulated by β-catenin signaling [69, 70].
Not only did expression of claudin-1 decreased significantly
in response to the reduction of intracellular β-catenin by
adenovirus mediated transfer of wild-type APC into the
APC-deficient colon cancer cells, but also two putative Tcf4
binding elements in the 5’ flanking region of claudin-1 were
confirmed to be responsible for activating its transcription
[69]. Further, nuclear effectors of the Wnt signaling pathway
bind directly to the claudin-2 promoter region and thereby
enhance claudin-2 promoter activity. They further demon-
strated a crosstalk between the Wnt signaling pathway and
Cdx related transcriptional activation with regard to claudin-
2 promoter-mediated gene expression [70]. This suggests
that Wnt signaling directly regulates the claudin-2 promoter
via the LEF-1/β-catenin complex and indirectly enhances
claudin-2 gene expression by transcription activation of
Cdx1. Importantly, gene expression of another component
of the tight junction complex, ZO-1, was suppressed after
transient expression of β-catenin into human colonic cancer
cell lines with low endogenous β-catenin, which is suggested
to contribute to a loss of epithelial polarization in neoplastic
cells [70]. Further, mutation of the APC gene (thus, β-catenin
activation and nuclear translocation) is present in majority
of the human colorectal carcinomas [71]. It is further
interesting that colon cancer cells that expressed claudin-1
(HT29, SW480, and SW620) all harbor mutations in APC
and have activated β-catenin/Tcf signaling. By contrast, RIE
and HCT116 cells express wild-type APC [72], and neither
cell line expresses detectable levels of claudin-1, and thus
indicated that APC protein can regulate claudin-1 expression
in β-catenin/Tcf dependent/independent manner. Similar
dependence of claudin-1 expression in colon cancer cells
upon APC and β-catenin signaling was also shown by others
[69]. Metastasis is a complex phenomenon that requires
a number of specific steps such as decreased adhesion,
increased motility and invasion, proteolysis, and resistance
to apoptosis [73]. Claudins expression increase the migra-
tion/motility as shown by both Boyden chamber and wound-
healing assays [59, 74]. Claudin-5 promotes processing of
pro-MMP-2 by MT1-MMP. Expression of claudin-5 not only
replaced TIMP-2 in pro-MMP-2 activation by MT1-MMP
but also promoted activation of pro-MMP-2 mediated by
all MT-MMPs and MT1-MMP mutants lacking the trans-
membrane domain (DeltaMT1-MMP) [75]. Stimulation of
MT-MMP-mediated proMMP-2 activation is also reported
with other claudin family members including claudin-1, -
2, and -3 [59, 75]. Amino acid substitutions or deletions
in the ectodomain of claudin-1 abolished this stimulatory
effect and direct interaction of claudin-1 with MT1-MMP
and MMP-2 was demonstrated using immunoprecipitation.
MT1-MMP was colocalized with claudin-1 not only at
cell-cell borders, but also at other parts of the cell [75].
Thus it appears that interaction of MMP with claudins
might play an important role in tumorigenesis, invasion
and metastasis mediated by claudin expression. In our
studies, we observed that overexpression of claudin-1 in
colon cancer cells increased activity of both MMP-2 and
MMP-9 while inhibition of claudin-1 resulted in a significant
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Table 1: Expression of Claudins in Cancer.

Type of Malignancy Claudin gene Expression

Breast Carcinoma

CLDN1 Down

CLDN3 Up

CLDN4 Up

CLDN7 Down

Biliary tract Carcinoma CLDN4 Up

Colorectal Carcinoma
CLDN1 Up

CLDN8 Down

CLDN12 Up

Endometrial endometrioid Carcinoma
CLDN1 Down

CLDN2 Up

Endometrial seropapillary Carcinoma
CLDN1 Up

CLDN2 Down

Gastric adenocarcinoma

CLDN1 Up

CLDN3 Up

CLDN4 Up

CLDN5 Up

Hepatocellular carcinoma
CLDN4 Down

CLDN7 Up

Hepatoblastoma (Fetal)

CLDN1 Up

CLDN2 Up

CLDN3 Down

CLDN4 Down

CLDN7 Down

Head & Neck (SCC) CLDN7 Down

Lung cancer (Adenocarcinoma)
CLDN1 Down

CLDN5 Up

Lung cancer (SCC)
CLDN1 Up

CLDN5 Down

Meningioma CLDN1 Up

Mesothelioma
CLDN4 Down

CLDN5 Down

Metastatic Melanoma CLDN1 Down

Oncocytoma
CLDN7 Down

CLDN8 Up

Ovarian epithelial Carcinoma

CLDN1 Up

CLDN3 Up

CLDN4 Up

CLDN5 Up

CLDN7 Up

Ovarian sex cord stromal Tumors

CLDN1 Down

CLDN3 Down

CLDN4 Down

CLDN5 Down

Pancreatic Carcinoma
CLDN1 Up

CLDN4 Up

Pleura (metastatic adenocarcinoma)
CLDN3 UP

CLDN4 UP

Prostate Carcinoma

CLDN1 Up

CLDN2 Down

CLDN3 Up

CLDN4 Up
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Table 1: Continued.

Type of Malignancy Claudin gene Expression

CLDN5 Down

CLDN7 Up

Renal cell Carcinoma
CLDN1 Up

CLDN3 Up

CLDN4 Up

Renal cell Carcinoma (Chromobhobe) CLDN7 Up

Tongue (SCC)
CLDN1 Up

CLDN4 Up

CLDN7 Up

Thyroid Carcinomas
CLDN1 Up

CLDN4 Up

CLDN7 Up

Undifferentiated Thyroid Carcinoma CLDN1 Down

decrease in MMP-9 activity [59]. Similarly, overexpression
of claudin-3 or 4 in ovarian epithelial cells increased matrix
metalloproteinase-2 (MMP-2) activity [57].

Claudin expression and functions are regulated at multi-
ple levels and by diverse mechanisms [64, 76]. Delocalization
of claudins from membrane appears to be common among
the transformed cells [59, 77]. Constitutive activation of Ras
or Ras-mediated signaling pathway/s is one of the initial
steps during tumorigenesis that is causatively associated
with neoplastic transformation. In Ha-Ras overexpressing
MDCK cells, tight junction proteins claudin-1, occluding,
and ZO-1 were absent from the cell-cell contact sites but
were present in the cytoplasm [78]. Inhibition of MEK1
activity recruited all three proteins to the cell membrane
leading to a restoration of the tight junction barrier function
in MDCK cells [78]. However, in yet another study though
using breast cancer cells, MEK1 inhibition neither affected
the mRNA or protein levels of claudin-1, occludin and/or
ZO-1 nor altered the subcellular cytoplasmic distribution
of claudin-1 to be more membrane specific [79]. Further,
studies have implicated protein kinase C in the regulation
of TJs through phorbol ester stimulation [80, 81]. Also,
PKA-dependent regulation of TJs was recently demonstrated.
Claudin-3 and -4 can be phosphorylated in ovarian cancer
cells by PKA, a kinase frequently activated in ovarian cancer
[82] (Figure 3). Furthermore, modulation of MAP Kinase
signaling specifically ERK 1/2 and P-P38 as well as PI-3
Kinase have profound effect upon tight junction sealing and
claudin expression [83]. Similarly, lysine deficient protein
kinase 4 (WNK4) can phosphorylate multiple claudins and
increase paracellular permeability [84]. Most claudin pro-
teins have putative serine and/or threonine phosphorylation
sites in their cytoplasmic carboxy-terminal domains. The
consequences of the differential modulation brought about
by these kinases on these claudins remain to be determined
but may contribute to ovarian tumorigenesis.

Growth Factor receptors that are important in the regu-
lation of cell proliferation and survival including EGF, HGF
and IGF receptors regulate claudin expression and cellular
distribution though once again in cell/tissue specific manner

[85–88]. In addition, recent studies related to intestinal
inflammation have suggested roles of cytokines including
TNF-α, INF-γ, IL-13 in the regulation of claudins expression
[89].

Endocytic recycling of claudin proteins is also a potential
mechanism of claudin regulation [90], and palmitoylation
[91] of these proteins has also been found to influence
claudin protein stability. At the transcriptional level, tran-
scription factors such as Snail [92], Cdx-2, HNF-α, and
GATA-4 [93, 94] can bind to the promoter regions of various
claudin genes and affect their expression. Furthermore, we
have shown that colonic claudin-1 transcripts are regulated
by Smad-4, a known tumor suppressor as well as HDAC
inhibitors and thus support a complex regulation at multiple
levels [95, 96].

5. Conclusion

Irrespective of the diverse source of cancer growth and/or
heterogeneity among cancer patients regarding the cancer
originated from the same tissue source, it is well accepted
that Epithelial to Mesenchymal Transition (EMT) is a
cellular event central to the initiation and progression of
tumorigenesis. This raises the question: what these diverse
cancers have in common? Importantly, majority of cancer-
related deaths result from the cancers of epithelial origin
and include cancers of the colon, prostate, bladder, lung,
esophagus, breast, pancreas, ovary, and liver. Although their
differentiated properties vary, they are all composed prin-
cipally of epithelial cells which share similar basic features
including polarity and barrier function. So, the question
arises: what underlie the differential properties and/or
response to the cancer therapy between cancers originated
from different epithelial organs irrespective of the similarities
among their basic building units and their properties? Cell-
cell adhesion weakens or is lost during the process of EMT
or as dedifferentiation of epithelial cells. A critical role of
E-cadherin, principal constituent of adherens junction, in
the regulation of EMT is known, however it does not help
understand the diversity/heterogeneity among the cancers
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of epithelial origin. Importantly, claudins are expressed in
the epithelial cells and in a tissue-specific manner and
changes among claudin family members in cancer follow
tissue-specific and sometimes contrasting pattern. Thus,
claudin family of proteins may hold the potential cue to
the heterogeneity among the tumors of epithelial origin
and beyond being useful markers may also help provide
therapeutic opportunities suited for specific cancer type.
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Perturbations in cell-cell contact machinery occur frequently in epithelial cancers and result in increased cancer cell migration and
invasion. Previously, we demonstrated that MMP-7, a protease implicated in mammary and intestinal tumor growth, can process
the adherens junction component E-cadherin. This observation leads us to test whether MMP-7 processing of E-cadherin could
directly impact cell proliferation in nontransformed epithelial cell lines (MDCK and C57MG). Our goal was to investigate the
possibility that MMP-7 produced by cancer cells may have effects on adjacent normal epithelium. Here, we show that MMP-7
processing of E-cadherin mediates, (1) loss of cell-cell contact, (2) increased cell migration, (3) a loss of epithelial cell polarization
and (4) increased cell proliferation via RhoA activation. These data demonstrate that MMP-7 promotes epithelial cell proliferation
via the processing of E-cadherin and provide insights into the molecular mechanisms that govern epithelial cell growth.

1. Introduction

The matrix metalloproteinase (MMP) family of zinc-de-
pendent enzymes comprises 23 members in man [1].
Although MMPs are typically thought of as degradative
enzymes with the ability to cleave extracellular matrix
proteins such as collagen and fibronectin, recent literature
suggests that their dominant role is actually as signal-altering
molecules [2]. MMP-7, in particular, has several in vivo-
verified substrates, none of which are typical extracellular
matrix proteins [3]. These nonmatrix-degrading functions of
MMPs vastly expand the ways in which they can contribute
to various pathologies, including tumor progression. In
previous studies we have identified several growth and death
factors as substrates for MMP-7 that affect tumor behavior
[4–7]. In addition, we identified the adhesion molecule E-
cadherin as an MMP-7 substrate and showed that one of
the products of E-cadherin cleavage, the 80 kDa ectodomain,
could promote invasive activity in a paracrine fashion [8].

These previous studies were all performed in transformed
cells. This led us to question whether the functions of MMP-7
are similar in nontransformed cells. This is an important
question since MMP-7 is a secreted proteinase, and it is likely
that its release from cancer cells could affect adjacent normal
tissue.

E-cadherin is the prototypical epithelial adhesion
molecule [9, 10]. One of its functions is to sense cell:cell con-
tact and thus limit density. E-cadherin can be modulated in
many ways, including methylation of the promoter resulting
in downregulation [11], gene mutation as seen in familial
gastric carcinoma [12], downregulation of expression by
binding of transcription factors such as Snail and Slug
to the promoter [13], and extracellular proteolysis [14].
This last process results in the production of the afore-
mentioned 80 kDa ectodomain fragment that is detectable
in the serum and urine of cancer patients and has been
proposed as a biomarker [15]. Several proteinases are known
to cleave E-cadherin including MMPs-3 and -7 [8, 16],
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ADAMs-10 [17] and -15 [18], cathepsins B, L, and S [19],
and the serine proteinases plasmin [20] and kallikreins-6
[21] and -7 [22]. It is typically thought that such E-cadherin
processing results in cells with enhanced migratory potential;
however functions of E-cadherin other than adhesion are
also affected by proteolytic events. Previous studies have
suggested that downregulation of E-cadherin in tumor cells
leads to a reduction in levels of the cyclin-dependent kinase
inhibitor p27kip1 and ultimately enhanced proliferation [23].
Here we use nontransformed epithelial cell lines to test
whether proliferation is altered when E-cadherin is processed
by MMP-7. We demonstrate that E-cadherin cleavage by
MMP-7 initiates an alternative proliferative pathway that
bypasses p27 but results in enhanced RhoA activity and
increased cyclin D1 levels. Thus, in addition to enhanced
migratory ability, a predominant result of MMP-7-mediated
E-cadherin cleavage is loss of contact inhibition and an
increase in proliferation indicating that MMP-7 cleavage of
E-cadherin can regulate growth potential of nontransformed
cells.

2. Materials and Methods

2.1. Cell Lines and Culture Conditions. Madin Darby Canine
Kidney (MDCK) and the mammary gland cell line derived
from a C57BL/6 mouse (C57MG) cells have been described
[24, 25]. Retroviral transduction was used to generate clones
of C57MG cells stably expressing MMP-7 as previously
described [4]. All cells were maintained in DMEM con-
taining 10% fetal calf serum at 37◦C, with a 5% CO2-
humidified atmosphere. For experiments where serum-free
conditions were required, the growth medium was removed,
and cells were rinsed with PBS and then refed with OPTI-
MEM medium (Invitrogen, Carlsbad, CA) containing no
serum. To generate polarized monolayers of MDCK and
C57MG cells, 2 × 106 cells were plated on the upper surface
of 0.4 μm Transwell filters (Corning, Lowell, MA) in 6-well
plates. The resistance of the cultures was measured daily
using an epithelial volt ohmmeter (World Precision Instru-
ments, Sarasota, FL). The MDCK cell layer was considered
polarized when the trans-epithelial resistance was greater
than 200Ω · cm2. For all experiments where recombinant
MMP-7 (Calbiochem/EMD Chemicals, Gibbstown, NJ) was
added to cultures, a concentration of 100 ng/mL was used.

2.2. Cell Growth and Proliferation Assays. Growth rates of
the C57MG clones were determined by plating 104 cells in
6-well plates (for low density) or 5 × 104 cells in 12-well
plates (for high density), and viable cells were counted using
a hemocytometer every two days for 10 days. Further analysis
of the C57MG clones was performed using the Cell Titer 96
Aqueous Nonradioactive cell proliferation assay (Promega,
Madison, WI), according to the instructions provided by the
manufacturer. For these assays, 5 × 103 cells were seeded
per well in 96-well plates. The matrix metalloproteinase
inhibitor BB-94 (a gift from Dr Peter Brown, British Biotech
plc, Oxford, UK) was added at time of seeding to replicate
wells at either 2.5 or 5 μM to determine the contribution
of matrix metalloproteinase activity to proliferation. Control

wells received equivalent volumes of the vehicle, dimethyl-
sulfoxide. To test the contribution of E-cadherin, an E-
cadherin blocking antibody (Decma-1, Sigma, St Louis, MO)
or control rat IgG (Sigma) was added to replicate wells at a
concentration of 40 mg/mL. Prior to adding the antibodies,
cells had been serum-starved for 24 hours, then incubated
with 5 mM EGTA (Sigma) for 30 mins to disrupt adherens
junctions. Thymidine incorporation assays were used as an
indicator of proliferation rate of polarized MDCK cells. Once
polarization had been confirmed, MDCK cells were serum-
starved for 24 hrs, then treated with 100 ng/mL recombinant
active human MMP-7 (EMD Chemicals, Gibbstown, NJ)
added to either the apical or basal compartment. A second
addition of MMP-7 occurred after 18 hrs. Four hours later,
the transepithelial resistances were measured, and 1.0 mCi of
methyl-3H-thymidine (Perkin-Elmer/NEN, Waltham, MA)
was then added to the basal surface of all cells. After 3 hours,
the filters were washed in ice-cold 10% trichloroacetic acid
(Sigma), dried and then incubated overnight in 0.2 N sodium
hydroxide. Aliquots of the supernatant were then removed
for scintillation counting.

2.3. Migration Assay. C57MG cells were removed from tissue
culture flasks with 5mM EDTA. After washing with PBS,
the cells were resuspended in serum-free medium and
1.5 × 104 cells were placed on the upper surface of 8.0 μm
Transwell filters in 24-well plates (Corning). In the lower
chamber, 1 mL of DMEM containing 10% FBS was used
as a chemoattractant. The cells were then incubated for 6
hours at 37◦C in a 5% CO2 humidified incubator. After
incubation, the cells on the upper surface of the membrane
were removed with a cotton-tipped swab. The membranes
were cut out of the chamber, and the cells on the lower
surface were fixed in 100% methanol at −20◦C for 7 minutes
and stained with hematoxylin and eosin. The membranes
were then dehydrated through a series of ethanol solutions
and mounted on slides using an aqueous mounting medium.
Migrating cells were then viewed under the microscope at
10x magnification, and the number of migrating cells per
filter was determined.

2.4. Western Blotting and Immunoprecipitation. For analysis
of E-cadherin, cyclinD1, and p27kip1 expression, confluent
cultures of MDCK cells treated with or without recombi-
nant human MMP-7 were lysed in lysis buffer (0.5% NP-
40, 100 mM NaCl, 50 mM Tris-HCL, pH 7.5, containing
a protease inhibitor cocktail (Roche, Indianapolis, IN)),
and 30 μg of total protein was electrophoresed through
SDS-polyacrylamide gels. For the C57MG clones, 104 cells
were inoculated into 6-well plates and after 8 days (the
time point identified at which the clones were confluent
(Figure 3(c)) cell lysates were harvested in a similar manner
to those described for MDCK. Proteins were transferred to
PVDF membranes for detection. Anti-p27kip was used at a
1 : 2,500 dilution (clone 57, BD-Transduction, San Diego,
CA), anticyclin D1 (Santa Cruz Biotechnology, Santa Cruz,
CA) was used at 1 : 1000, while anti-E-cadherin was used at
1 : 500 (Decma-1, Sigma).
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Figure 1: MMP-7 expression disrupts adherens junctions. (a) Representative photomicrograph (400x) of β-catenin immunofluorescent
staining in MDCK cells in the absence or presence of exogenous MMP-7 (100 ng/mL). Arrows indicate junctional β-catenin. (b) Immunoblot
analysis of MMP-7 (27 kDa) expression (upper panel) in empty vector control (L2 and L4) and MMP-7 (M14 and M37) transduced C57MG
cell lines. Zymography (lower panel) was used to examine the expression of MMP-2 (72 kDa) and MMP-9 (92 kDa). (c) Representative
photomicrographs (400x) of E-cadherin (green) and β-catenin (red) immunofluorescent staining (arrows) in the vector control (L2/L4)
and MMP-7 (M14/37) expressing cells. Arrows indicate junctional E-cadherin and β-catenin. (d) The impact of MMP-7 expression on cell
migration through 8 μm pore membranes (arrow heads) towards 10% serum-containing media was determined. ∗P < .05, as determined
by ANOVA followed by Tukey’s post hoc test.

For detection of soluble E-cadherin in conditioned
medium from C57MG clones, E-cadherin was immunopre-
cipitated from 3 mls of medium that had been conditioned
for 48 hours. To reduce background, samples were incu-
bated with 100 μL of protein A-sepharose (25 mg/mL stock,
Amersham/GE Healthcare, Piscataway, NJ) in immunopre-
cipitation (IP) buffer (50 mM Tris pH 7.5, 100 mM NaCl,
0.5% NP-40) at 4◦C for 1 hour. Precleared lysates were
then incubated with 1μg of anti-E-cadherin (Decma-1) for
1 hour. After this step, 200 μL of protein A-sepharose beads
was added, and the samples were incubated overnight at 4◦C.
The immunoprecipitates were analyzed by Western blotting
using the anti-E-cadherin antibody (Decma-1) as described
above.

2.5. Immunofluorescence. All cell lines were plated at conflu-
ent densities (5× 103 cells/well) in an 8-well plastic chamber
slide (LabTek, Thermo Fisher Scientific, Pittsburgh, PA).
After 24 hours, the cells were examined for E-cadherin or

β-catenin localization using immunofluorescence. The cells
were rinsed once in PBS and were fixed for 7 minutes at
−20◦C in 100% methanol. The methanol was removed and
the cells were washed twice in PBS for 5 minutes with
shaking at room temperature. All subsequent washes were
performed with shaking. The cells were then incubated
for 30 minutes at room temperature using a 3% blocking
solution (3% milk in PBS). The cells were then washed four
times for 5 minutes with PBS. After washing, the cells were
incubated with the primary antibodies (β-catenin: 1 : 250
dilution, BD-Transduction; E-cadherin 1 : 100, Sigma) for
1 hour at room temperature. The cells were then washed
four times for 5 minutes in PBS. A Cy3-labeled antimouse
secondary antibody (Invitrogen) was added at a dilution
of 1 : 1000 for 30 minutes at room temperature. The slides
were then washed four times for 10 minutes in PBS with
shaking. After the final wash, the slides were covered with an
aqueous mountant (Gel/Mount, Biomeda, Burlingame, CA),
coverslipped and viewed with a fluorescent microscope.
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Figure 2: Epithelial polarization is negatively impacted by MMP-7. (a) Analysis of MDCK polarization in response to the addition of
basolateral or apical exogenous MMP-7 (100 ng/mL) to the lower or upper compartment of the transwell chamber, ∗P < .05 as determined
by ANOVA followed by Bonferroni’s post hoc test. Dashed line represents the resistance level at which MDCKs are polarized [7]. (b) Analysis
of C57MG cell line transepithelial resistance in response to the expression of MMP-7. Confluent (day 8) MMP-7 expressing clones (M14 and
M37) growing on a 0.4μm transwell membrane never reached a resistance that was comparable to that of the empty vector control C57MG
clones.

2.6. RhoA Activity Assays. To assess changes in the activation
status of RhoA, rhotekin pull-down assays were used as
described [26]. Briefly, 10 cm plates of C57MG clones
under preconfluent or confluent conditions, or MDCK
cells exposed to 100 ng/mL recombinant active MMP-7 for
different periods of time, were lysed in 1% NP-40, 50 mM
Tris, pH 7.4, 10% glycerol, 100 mM NaCl, and 10 mM
MgCl2. A rhotekin binding domain-glutathione S transferase
(RBD-GST) fusion protein (vector kindly supplied by Dr
Neil Bhowmick, Vanderbilt University) was precoupled to
agarose-glutathione beads (Sigma) and used to adsorb the
GTP-bound (active) form of RhoA from the lysates. Total
RhoA levels from nonadsorbed lysates as well as the bead-
adsorbed active RhoA was detected by immunoblotting
using a RhoA antibody from Santa Cruz Biotechnology.
As a positive control for these assays, cells were treated
with lysophosphatidic acid (LPA), known to simulate Rho A
activation [26], for 5 mins.

2.7. Statistical Analysis. All analysis was performed, and
graphs generated using Prism 5 software (Graphpad soft-
ware, San Diego, CA). Significance was defined at the 95%
level of confidence. For all experiments, a minimum of
3 replicates per condition was used. Each experiment was
repeated at least twice. For comparisons between 2 groups,
Student’s t-test was used. Nonparametric data were com-
pared using the Mann-Whitney test. One-way ANOVA with
Bonferroni or Tukey post hoc test (indicated in appropriate
Figure Legends) was used for analyzing data from multiple
groups. Data are shown as mean ± standard deviation.

3. Results

3.1. MMP-7 Disrupts Epithelial Adherens Junctions and
Promotes a Migratory Phenotype. The MDCK cell line is
a nontransformed, nontumorigenic canine kidney cell line

that does not express MMP-7 endogenously and has been
extensively utilized as an in vitro model to study adherens
junction biology [7, 24]. Using confluent MDCK cells,
we observed by immunofluorescence that the addition of
exogenous MMP-7 resulted in a loss of cell-cell contact
as assessed by immunofluorescent localization of β-catenin
(Figure 1(a)). To ensure that this effect was not specific
to the MDCK cell line, we employed another nontrans-
formed, nontumorigenic mammary gland epithelial cell line,
C57MG, that does not endogenously express MMP-7 [4]. To
more accurately reflect the in vivo scenario of endogenous
MMP-7 expression, we generated C57MG clonal cell lines
that were either negative (L2, L4) or positive (M14, M37) for
MMP-7 expression (Figure 1(b)). Importantly, we observed
that the endogenous expression of MMP-7 in the C57MG
cell line did not impact the expression of other MMPs such
as MMP-2 and MMP-9. Concomitant with our observations
in the MDCK cell line, the endogenous expression of
MMP-7 resulted in a loss of adherens junction formation
as assessed by E-cadherin and β-catenin immunofluorescent
localization in the MMP-7 expressing clones (Figure 1(c)).
Analysis of the migratory phenotype of the C57MG cell
lines also demonstrated that MMP-7 expression significantly
promoted migration toward serum containing media (L2;
81.3 ± 8.50, L4; 96 ± 28.0 versus M14; 239 ± 56.0, M37;
217.3 ± 55 migrating cells per filter, Figure 1(d)). These
data identify that the addition of exogenous recombinant
active MMP-7, or the forced expression of MMP-7, results
in a disruption of the adherens junction and an increase in
cellular migration in nontransformed epithelial cell lines.

3.2. Epithelial Cell Polarization Is Compromised in the Presence
of MMP-7. Epithelial polarization is critical for the proper
cell function and the formation of tight adherens junctions
are key for this process. Therefore, given that MMP-7
appeared to be mediating the disruption of the adherens
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Figure 3: MMP-7 enhances the proliferation of nontransformed epithelial cells. (a) Analysis of proliferation using [3H]-thymidine of
confluent MDCK (grown on 0.4 μm transwell membrane) upon addition of exogenous MMP-7 (100 ng/mL) to the basolateral (lower
chamber) or apical surface (upper chamber). ∗P < .05 as determined by one-way ANOVA with Bonferroni post hoc test. The values
represent scintillation counts corrected for amount of protein present. (b) Representative photomicrographs of vector control (L2/L4) and
MMP-7 expressing (M14/37) C57MG cells under subconfluent and confluent conditions (200x). (c) The average cell counts of vector control
(L2 and L4) and MMP-7 (M14 and M37) expressing C57MG cell lines over time. ANOVA analysis followed by Bonferroni’s post hoc analysis
of the numbers of cells in each group at the day 10 time point revealed that the M14 and M37 cell lines reached significantly higher numbers
of cells (P < .05).

junction, we examined whether addition or expression of
MMP-7 impacted the ability of nontransformed epithelial
cell lines to polarize. Our results show that the addition of
MMP-7 to the basolateral compartment (lower chamber)
of confluent MDCK cells grown on a 0.4μm membrane
resulted in a loss of polarization compared to the control
cells or to the addition of MMP-7 to the apical surface
(Control; 284 ± 48.1 versus MMP-7-Basolateral; 200 ± 39.9
versus MMP-7-Apical; 256.0 ± 26.5Ω · cm2, Figure 2(a)).
In addition, we observed that MMP-7 expression by the
C57MG clones, M14, and M37 also impacted the tightness
of the monolayer formed by confluent C57MG cell lines
as determined by epithelial resistance measurements (L2;
152 ± 6.48, L4; 155 ± 5.430 versus M14; 104 ± 9.67, M37;
109 ± 4.99Ω · cm2, P < .05, Figure 2(b)). These data are in

agreement with our observations examining the disruption
of the adherens junctions by the addition or expression of
MMP-7 and further perturbation of the adherens junctions
negatively impacts the ability of nontransformed epithelial
cells to form tight cell: cell junctions necessary for polariza-
tion.

3.3. MMP-7 Promotes Epithelial Proliferation In Vitro. Cell-
cell contact is a negative regulator of proliferation [27].
Since MMP-7 perturbed the ability of epithelial cells to form
stable adherens junctions and polarize, we tested whether the
exogenous addition or expression of MMP-7 enhanced the
proliferation of MDCK and C57MG cells. Using a transwell
system, MDCK cells were grown to confluence, that is,
contact inhibition, and we observed that the addition of
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Figure 4: MMP-7 promotes E-cadherin processing. (a) Detection of the ectodomain of E-cadherin (80 kDa, open arrow head) in the
conditioned media of MDCK cells in the presence (+) or absence (−) of exogenous MMP-7 (100 ng/mL). (b) Analysis of E-cadherin
processing in the empty vector control (L2 and L4) and MMP-7 (M14 and M37) expressing cell lines. Open arrow head indicates the
ectodomain of E-cadherin (80 kDa) in conditioned media, while arrow and arrow head indicate full length E-cadherin (120 kDa) and
intracellular fragment of E-cadherin (40 kDa), respectively, in C57MG cell line lysates.

MMP-7 to the basolateral surface promoted the proliferation
of the MDCK cells compared to the addition of MMP-7 to
the apical surface or control conditions as assessed by [3H]-
thymidine corporation (Control; 350 ± 28.0 versus MMP-
7-Basolateral; 533 ± 93.0 versus MMP-7-Apical; 353.3 ±
42.7 counts per minute/mg total protein as measured in
scintillation counter, Figure 3(a)). These data suggest that
disruption of cell:cell adhesion is sufficient to facilitate the
proliferation of contact-inhibited MDCK cells.

The effect of MMP-7 expression on the proliferation
of the C57MG cell line was also determined. Interestingly,
preconfluent analysis showed no morphological differences
between the empty vector control and MMP-7 expressing
C57MG clones, but it appeared that MMP-7 expression
conferred the C57MG cells with an ability to grow to a
much higher cell saturation density (Figure 3(b)). Analysis
of the logarithmic growth of the cells over time using trypan
blue exclusion assays revealed that the average doubling time
for each of the cell lines was L2; 34.8 ± 1.00, L4; 28.1 ±
1.50 versus M14; 25.6 ± 0.50, M37; 24.1 ± 1.00 hours.
Statistical analysis revealed that the MMP-7 expressing cell
lines had a significantly faster doubling time (P = .002)
and grew to significantly higher cell densities compared to
the empty vector control cell lines (Figure 3(c)). These data
demonstrate that the MMP-7 can promote the proliferation
of nontransformed epithelial cells.

3.4. E-Cadherin Is Processed by MMP-7 in Nontransformed
Epithelial Cell Lines. The adherens junction in epithelial cells
contains numerous complexes that allow the formation of
tight cell-cell contacts. Previously, we identified that MMP-7

was capable of processing E-cadherin in transformed cells,
at the juxtamembrane region, resulting in the generation
of 80 kDa ectodomain and 40 kDa intracellular domain
fragments [8]. Therefore, we next tested whether MMP-7
was responsible for E-cadherin processing in the MDCK
and C57MG cells. We observed by immunoprecipitation that
the addition of exogenous MMP-7 to confluent MDCK cells
resulted in the shedding of the E-cadherin ectodomain into
the conditioned media (Figure 4(a)). In confluent MMP-7
expressing C57MG cell lines, we also identified significantly
higher levels of the E-cadherin ectodomain in conditioned
media compared to the empty vector control cell lines
(Figure 4(b)). In agreement with enhanced shedding of the
ectodomain, we identified higher levels of the 40 kDa intra-
cellular domain in the MMP-7 expressing cell lines compared
to the control (Figure 4(b)). These data demonstrate that
MMP-7 mediates E-cadherin processing in nontransformed
epithelial cell lines.

3.5. Epithelial Cell Proliferation Is Potentiated by MMP-7
and E-Cadherin. Collectively, our data demonstrate that
MMP-7 promotes disruption of the adherens junction that
in turn results in a loss of epithelial polarization and
increased proliferation. Given that MMP-7 can mediate E-
cadherin processing, we next examined whether the effects
on epithelial cell proliferation were related to the E-cadherin
cleavage. We first confirmed that the proliferation phenotype
directly resulted from metalloproteinase activity. To this end,
the empty vector and MMP-7 expressing C57MG clones were
incubated in the presence or absence of the metalloproteinase
inhibitor, BB-94. Over 24 hours, we identified that treatment
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Figure 5: Epithelial proliferation is mediated by MMP-7 processing of E-cadherin. (a) Growth of the C57MG cell lines in the presence or
absence of the broad spectrum metalloproteinase inhibitor (BB-94) over a 24-hour period was determined by MTT assay. Asterisk denotes
that the proliferation of the MMP-7 expressing cell lines (M14/M37) is significantly higher than the empty vector controls (L2/L4), P < .05
while double asterisks denote that proliferation is significantly inhibited in the presence of BB-94 compared to the control conditions,
P < .05. Significance was determined using ANOVA followed by Tukey’s post hoc test. (b) The effect of E-cadherin on cell growth in the
absence (IgG) or presence of an E-cadherin blocking antibody (α-E-cad) was measured using an MTT assay. Asterisk denotes significantly
higher growth in the presence of the E-cadherin blocking antibody in comparison to the IgG treated controls, P < .05. Significance was
determined using ANOVA followed by Tukey’s post hoc test.

with BB-94 (5 μM) reduced the proliferation of the MMP-7
expressing cell lines to the level of the control empty vector
cell lines suggesting that metalloproteinases could promote
the proliferation of nontransformed mammary epithelial
cells directly as assessed by MTT assay (L2 Control: 1.74 ±
0.25 versus L2 BB-94 5μM: 1.8 ± 0.15, L4 Control: 2.04 ±
0.13 versus L4 BB-94 5μM: 2.01 ± 0.15, M14 Control:
2.51 ± 0.27 versus M14 BB-94 5μM: 1.993 ± 0.06, M37
Control 2.75 ± 0.21 versus M37 BB-94 5μM: 2.237 ±
0.10 ABS at 490 nm, Figure 5(a)). Of note, BB-94 did not
impact the proliferative ability of the empty vector control
cell lines (Figure 5(a)), thus suggesting that MMP-7 is the
metalloproteinase promoting the proliferative phenotype in
these cells.

To then test whether perturbation of E-cadherin could
directly mediate cell proliferation in the C57MG clones,
confluent cultures were pretreated with EGTA in order
to disrupt the homotypic E-cadherin binding and then
returned to normal culture conditions in the presence or
absence of an E-cadherin blocking antibody that prevented
E-cadherin binding between cells. The results demonstrate
that the blocking of E-cadherin significantly promoted the
growth of confluent empty vector control C57MG cell lines
but had no impact on the growth of the MMP-7 expressing
clones compared to respective controls incubated with
control antibody (L2 IgG: 0.79 ± 0.06 versus L2 α-E-cad:
1.25 ± 0.07, L4 IgG: 1.08 ± 0.03 versus L4 α-E-cad: 1.415 ±
0.02, M14 IgG: 1.30 ± 0.03 versus M14 α-E-cad: 1.48 ± 0.02,
M37 IgG 1.2 ± 0.07 versus M37 α-E-cad: 1.45 ± 0.10 ABS
at 490 nm, Figure 5(b)). Thus, MMP-7 expression rendered
the E-cadherin blocking antibody impotent, indicating that
E-cadherin is downstream of MMP-7.

Overall, these data demonstrate that MMP-7 can pro-
mote cell proliferation and that the molecular mechanism

underlying this observation is due, in part, to the perturba-
tion of E-cadherin mediated cell-cell contact.

3.6. E-Cadherin Mediates Epithelial Cell Proliferation in a
RhoA Dependent Manner. Our data suggest that MMP-7
processing of E-cadherin mediated the proliferation of non-
transformed epithelial cells. Next, we examined the precise
molecular mechanism through which E-cadherin mediated
this effect. Previous reports have identified that E-cadherin
can regulate cell cycle progression via negative regulation
of the cell cycle inhibitor, p27kip1 [28]. However, analysis of
lysates derived from control and MMP-7-treated MDCK cells
and from the empty vector control and MMP-7 expressing
mammary epithelial cells revealed no major differences in
the levels of p27kip1 (Figure 6(a)). In separate experiments,
no changes in cytosolic versus nuclear p27kip-1 were observed
(data not shown). Several studies have tied RhoA activity
status to E-cadherin function [29–35], which prompted us
to analyze the activity of RhoA in both the MDCK cells
after treatment with exogenous MMP-7, and in the C57MG
control and MMP-7-expressing clones. We detected height-
ened RhoA activity (normalized to total RhoA) compared
to controls in both cases (Figure 6(b)). We then used the
C57MG clones to test whether the enhanced RhoA activity
was downstream of E-cadherin. In the C57MG empty vector
control cell line, blocking E-cadherin homotypic binding via
the addition of blocking E-cadherin antibodies significantly
enhanced RhoA activation in comparison to IgG-treated
controls (Figure 6(c)). An identical result was achieved when
control cells were treated with recombinant active MMP-
7. As expected, in cells already expressing MMP-7 in which
E-cadherin is already perturbed, neither blocking antibody
nor addition of exogenous MMP-7 had any effect on RhoA
activity (Figure 6(c)). Thus, perturbation of E-cadherin by



8 Journal of Oncology

L4L2 M14 M37

8 h4 h 16 h 28 h
− +− + − + − + MMP-7

M
D

C
K

C
57

M
G

p27kip1

p27kip1

(a)

L4L2 M14 M37

Time (min)

600 30 120 180 LPA

M
D

C
K

C
57

M
G

Active RhoA

Total RhoA

Active RhoA

Total RhoA

(b)

L2
Ig

G

L2
α

-E
-c

ad
.

L2
+

M
M

P-
7

M
14

Ig
G

M
14

α
-E

-c
ad

.

M
14

+
M

M
P-

7

C
57

M
G

Active RhoA

Total RhoA

Actin

(c)

M14L2 L4 M37 M14L2 L4 M37
C

57
M

G Cyclin D1

Actin

Pre-confluent Confluent

(d)

Figure 6: MMP-7 cleavage of E-cadherin does not affect p27kip-1 levels but enhances RhoA activity. (a) Change in p27kip-1 levels in polarized
MDCK cells over time (hours, h) in the absence (−) or presence (+) of exogenous MMP-7 (100 ng/mL) was assessed by immunoblot
analysis of the cell lysates (upper panel). p27kip-1 levels (arrow) in cell extracts of confluent vector control and MMP-7 expressing cell lines
were also examined (lower panel). (b) Change in confluent-polarized MDCK RhoA activity in response to the addition of exogenous MMP-7
(100 ng/mL) over time (minutes, min) was examined using a Rhotekin pull down assay as described in the materials and methods followed
by immunoblot analysis for active RhoA. Direct immunoblot analysis for total RhoA served as a control for loading. Arrow and arrowhead
indicate active and total RhoA, respectively. LPA was used as a positive control for RhoA activity. The level of active RhoA in confluent vector
control and MMP-7 expressing cell lines was also determined. (c) RhoA activity (arrow) in lysates obtained from confluent empty vector
control and MMP-7 expressing cell lines treated either with IgG control or with E-cadherin blocking (α-E-cad) antibodies in addition to
exogenous MMP-7 (100 ng/mL) for 1 hour was examined using the rhotekin pull down assay followed by immunoblot analysis of RhoA
(upper panel). Total RhoA (arrowhead) and actin (open arrow head) levels were examined by direct immunoblot analysis of the cell lysates
and served as a loading control. (d) Analysis of cyclin D1 (arrowhead) levels in whole cell lysates derived from preconfluent and confluent
empty vector control and MMP-7 expressing cell lines. Actin was used as a loading control (open arrowhead).

either antibody blockade or MMP-7-mediated processing
results in the activation of RhoA.

RhoA activity has long been implicated in regulation
of cell cycle progression by multiple pathways including
increased levels of cyclin D1 [36]. Since p27kip1 levels were
unchanged, we therefore examined the levels of cyclin D1
in the C57MG control and MMP-7-expressing clones. Our
data demonstrate that in both preconfluent and confluent
C57MG cell lines, MMP-7 expression is associated with
enhanced levels of cyclin D1 (Figure 6(d)). Collectively,
these data suggest that MMP-7 processing of E-cadherin
in nontransformed cells leads to the perturbation of the
adherens junction, increased RhoA activity, and higher levels
of cyclin D1 expression that in turn result in enhanced
proliferation.

4. Discussion

Unchecked cell proliferation is a hallmark of epithelial
tumorigenicity and tumor progression. Identification of the
mechanisms that regulate how epithelial cells proliferate and
grow is key to understanding the epigenetic changes that
drive cancer. The formation of tight adherens junctions
between epithelial cells is essential for proper function of
the epithelium. Studies have identified that disruption of
the adherens junction by proteinases in epithelial cells can
lead to a more migratory function but it is unclear if the
perturbation of the cell-cell contact machinery can also lead
to proliferation in nontransformed epithelial cells [8, 16, 17].
In the current study we have shown that inhibition of the
function of a critical component of the adherens junction,
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E-cadherin, via proteolytic processing by MMP-7 promotes
epithelial cell proliferation via enhanced RhoA activity and
cyclinD1 expression.

In addition to its well-understood adhesive function, E-
cadherin is an important regulator of cell signaling [37, 38].
Catenins, the other main components of adherens junctions,
are important signaling molecules whose activity is modu-
lated by their interaction with E-cadherin. For example, β-
catenin when not bound by E-cadherin can participate in
Wnt signaling [38], and p120-catenin is a critical regulator
of Rho and Rac-GTPases [39]. Notably, E-cadherin blockade
by neutralizing antibody does not lead to dissociation of β-
catenin from the adherens junctions [23]. We also saw no
significant changes in β-catenin by western blot analysis after
exposing our cells to MMP-7 (data not shown). A likely
explanation is that in these nontransformed cells, without a
Wnt signal, any β-catenin released from the junctions will
be ubiquitinated and degraded. Recent evidence suggests
that both intra- and extracellular fragments of E-cadherin
itself participate in signaling directly through activation of
ErbB receptors [18] and nuclear activity of the p120/kaiso
complex [40], respectively. A well-studied consequence of
E-cadherin-regulated signaling is proliferation. One method
by which this occurs is via upregulation of the cell cycle
inhibitor p27kip1, which has been described as a major
mechanism of contact inhibition [23]. However, it is clear
that the same pathways are not operational in all cells.
Indeed, a recent report suggests that E-cadherin and p27kip1

actually have an inverse relationship in renal and other
cancer cells, so that increased E-cadherin is associated with
reduced p27kip1 [41]. In the two cell lines used in this report,
renal MDCK cells and mammary C57MG cells, there was
no apparent change in p27kip1 levels following E-cadherin
cleavage. Instead, RhoA activation was seen as a direct result
of E-cadherin perturbation either by blocking antibodies
or MMP-7 cleavage. Changes in Rho-GTPase activity have
previously been associated with loss of E-cadherin adhesive
function [29–31, 33]. Unsurprisingly, the activation of RhoA
can contribute to the migratory phenotype via control of
the actin cytoskeleton [9, 31]. However, RhoA activation
has also long been known to influence cell cycle progression
[36]. This can occur via promotion of the degradation of
cell cycle inhibitors such as p21 and p27kip1 or via increased
gene expression of cell cycle promoters such as cyclin D1
[36, 42–44]. In our cell lines, increased cyclinD1 seems to be
the major result of the MMP-7-initiated E-cadherin/Rho A
activation pathway.

Our data identify that MMP-7 mediates cell proliferation
via the processing of E-cadherin in nontransformed epithe-
lial cells, a conclusion that is supported by our data using
E-cadherin blocking antibodies (Figure 5). However, the
possibility that MMP-7 can promote proliferation via other
mechanisms is also likely given that the proteinase has a wide
variety of substrates [2]. In fact we have recently shown that
under three-dimensional (3D) culture conditions, MMP-7
processing of heparin bound epidermal growth factor in the
C57MG cells is responsible for promoting cell proliferation
via the ErbB4 receptor [4]. Intriguingly, this effect is not
apparent under 2D conditions. Therefore, in vivo it is

plausible that MMP-7 expression results in the initiation
of a cellular program that cumulatively is responsible for
the initiation of proliferation in normal epithelial cells.
This supposition of MMP-7 as an effector of this program
is further supported by studies demonstrating how E-
cadherin and ErbB receptors work in concert to orchestrate
proliferation [45, 46].

In previous studies, we identified that MMP-7 processing
of E-cadherin leads to enhanced cell migration [8]. Fur-
thermore, we observed that the ectodomain of E-cadherin
was responsible for promoting the migratory phenotype
since the immunodepletion of the soluble ectodomain of E-
cadherin reestablished E-cadherin function. The results of
the current study using a nontransformed mammary gland
epithelial cell line are in agreement with the concept that
MMP processing of E-cadherin leads to the disruption of
the adherens junction and the induction of cell migration.
However, it is possible that the soluble ectodomain of E-
cadherin may mediate other cellular effects. For exam-
ple, the ectomain fragment released by a disintegrin and
metalloproteinase-15 (ADAM-15) processing of E-cadherin
can bind to the ErbB receptors, ErbB2 and ErbB3, and
stimulate proliferation. The approximate molecular weights
of the E-cadherin ectodomains generated by MMP-7 and
ADAM-15 are similar in size; however it is possible that
variations in the precise amino acid sequence at the cleavage
site may dictate the biological effects of the generated E-
cadherin ectodomain [18]. Furthermore, we and others
have also shown that E-cadherin is susceptible to pro-
cessing by MMP-3 while others have shown that ADAM-
10, cathepsins, and serine proteases can also promote E-
cadherin processing [8, 16, 17, 19–22]. Therefore, whether
the processing of E-cadherin by proteinases is a means
of regulating specific E-cadherin functions or represents
a substrate overlap between proteinases requires further
investigation. Nevertheless, our studies and others linking E-
cadherin processing to migration and proliferation support
the role of MMP-7 in initiating a cell proliferation program
in nontransformed epithelial cell lines.

Interestingly, our data identify that the addition of exoge-
nous MMP-7 to the basolateral rather than the apical surface
of the MDCK cells results in the processing of E-cadherin and
subsequent increased proliferation. This observation appears
contrary to our earlier studies in the MDCK cell line that
indicated overexpression of MMP-7 promoted proliferation
via an apical but not basolateral pathway [7]. In that study
however, the overexpressed MMP-7 was in the pro- or latent
form. Conversion to the active enzyme was only evident
at the apical surface which would explain why no effects
were seen at the basal surface. However, our observation
here that when active MMP-7 interacts with proteins on
the basolateral surfaces, a proliferative effect can be seen
suggests that the expression of MMP-7 by stromal cells may
impact the behavior of the normal epithelium. While MMP-
7 is often expressed by glandular epithelium, it has also
been shown to be highly expressed by macrophages and
osteoclasts [47–49]. In addition, we have previously reported
that basement membrane integrity is disrupted in transgenic
mice overexpressing MMP-7 in the mammary epithelium
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suggesting that this MMP can also impact the integrity of
the basolateral compartment [6]. Therefore, it is possible
that in the context of inflammation or infection, MMP-7
secreted from other cellular sources may reach the basolateral
compartment of the epithelium and promote epithelial cell
migration and proliferation.

In addition to identifying roles for E-cadherin in the
proliferation of nontransformed epithelial cells, the findings
of the current study also have implications for pathological
disease. For example, MMP-7 is often expressed by glandular
epithelium including those of the breast and colon [49],
and we have previously identified that MMP-7 can promote
mammary gland and colon tumorigenesis [50, 51]. There-
fore, given the findings of the current study, it is plausible
that the aberrant expression of MMP-7 could result in the
initiation of a cellular program that promotes epithelial
proliferation and migration, and that MMP-7 processing of
E-cadherin is a molecular effector of this program.
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HS-27a human bone stromal cells, in 2D or 3D coultures, induced cellular plasticity in human prostate cancer ARCaPE and
ARCaPM cells in an EMT model. Cocultured ARCaPE or ARCaPM cells with HS-27a, developed increased colony forming capacity
and growth advantage, with ARCaPE exhibiting the most significant increases in presence of bone or prostate stroma cells. Prostate
(Pt-N or Pt-C) or bone (HS-27a) stromal cells induced significant resistance to radiation treatment in ARCaPE cells compared
to ARCaPM cells. However pretreatment with anti-E-cadherin antibody (SHEP8-7) or anti-alpha v integrin blocking antibody
(CNT095) significantly decreased stromal cell-induced radiation resistance in both ARCaPE- and ARCaPM-cocultured cells. Taken
together the data suggest that mesenchymal-like cancer cells reverting to epithelial-like cells in the bone microenvironment through
interaction with bone marrow stromal cells and reexpress E-cadherin. These cell adhesion molecules such as E-cadherin and
integrin alpha v in cancer cells induce cell survival signals and mediate resistance to cancer treatments such as radiation.

1. Introduction

Prostate cancer is the most frequent tumor in men, afflicting
African American males to a greater degree than Caucasians.
Morbidity and mortality are mainly attributable to metas-
tasis; yet the mechanisms associated with progression are
largely unknown. Localized carcinomas are readily removed
surgically, but once a tumor has established metastases,
current therapies are not curative and prolong survival by
only a few years. Metastasis occurs through a multistep
process, where metastatic cells must intravasate local tissues
and enter into and survive in the blood stream. These
cells then extravasate into the secondary tissue and initiate
and maintain micrometastases at distant sites, with the
end result being the development of a metastatic tumor
[1, 2]. During each step of this process, cancer cells exhibit
transdifferentiation properties that allow both the spatial

and temporal expression of epithelial and mesenchymal
properties in response to microenvironment signals and
its own basic survival needs (e.g., motility and invasion
versus proliferation). Thus, a model of cellular transitions, as
opposed to a continual progression to permanent differen-
tiation state, is emerging as a significant mechanism during
metastasis. A greater understanding of these mechanisms will
result in clinical improvements and a better control of the
metastasis process.

Epithelial-mesenhymal transition (EMT) was first de-
scribed during development [3, 4]; however an EMT-like
phenotypic change has been observed in a number of solid
tumors [5–7]. This transition is typically characterized by
a loss in E-cadherin and cytokeratin expression. EMT in
cancer, as in development, is associated with an increase
in cell proliferation [8, 9] and the acquisition of a mes-
enchymal phenotype that includes vimentin, N-cadherin,
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and osteopontin expression. In both normal development
EMT and cancer-associated EMT, the loss of E-cadherin
is critical to the differentiation and maintenance of the
epithelial phenotype and provides a structural link between
adjacent cellular cytoskeletons, which is important for tissue
architecture. Cells that have undergone EMT (E-cadherin
negative mesenchymal cells) subsequently become more
migratory and invasive and proceed to traverse underlying
basement membranes, with an acquired ability to intravaste
the surrounding local tissue and gain access to vascular
conduits. As such, the loss of E-cadherin is rate limiting for
EMT [10, 11]. Recent reports from this laboratory and others
have described a mesenchymal to epithelial reverting tran-
sition (MErT) to occur, where mesenchymal-like prostate
cancer cell lines reexpress E-cadherin to become epithelial-
like, and reestablish cellular adhesion during colonization
within the liver tumor microenvironment [12, 13]. These
findings are shared in clinical metastases of various cancer
origins including breast, colon, and bladder, where robust
membrane expression of E-cadherin was observed, and the
paired more differentiated primary tumors were E-cadherin
negative [6, 14]. Thus, a reversion of the mesenchymal
phenotype appears to be important in latter stages of
metastasis.

Numerous studies have shown that the underlying influ-
ence of these cellular transitions is a consequence of tumor-
stromal interactions [15, 16]. Coculture studies have found
that the survival and proliferation of cancer cells are inti-
mately linked to the soluble factors in the microenvironment,
such as EGF, TGF-β, IGF-l that contribute to survival and the
subsequent formation of macrometastasis [17–20]. However,
these factors are not likely to have a direct effect during
initial metastatic colonization, and thus heterotypic and
homotypic cellular adhesion has been proposed to provide
the necessary survival signals for successful colonization [21,
22]. Current state-of-the-art technology does not provide
the necessary resolution to determine at the single cell
level in patients or experimental in vivo systems, individual
cells that have successfully colonized the secondary site.
However, numerous reports have firmly established that
cancer-stromal interactions in vitro or in three-dimensional
(3D) assays accurately mimic the drug sensitivity/resistance
behavior of those cells found within solid tumors in vivo in a
preclinical or clinical setting [23]. Thus, we employed a novel
coculture assay to determine the cellular plasticity of cancer
cells promoted by the bone stroma and the effect of tumor-
stromal interactions on irradiation therapy in prostate
cancer.

The ARCaP model is the only robust prostate cancer
bone metastatic model which demonstrates epithelial to
mesenchymal transition(EMT). The ARCaP progression
model consists of ARCaPE (epithelial) and ARCaPM (mes-
enchymal), where the ARCaPE cells have a bone metastatic
potential of 12.5% and the ARCaPM cells have a bone
metastatic potential of 100%. The ARCaPE and ARCaPM

cells express the classical markers of EMT [24, 25]. Herein
we present findings that ARCaPM cells undergo MErT when
cocultured within the bone microenvironment in 3D and
2D cultures. Additionally, ARCaPE cells that retained an

epithelial phenotype exhibited a measurable growth advan-
tage and retained ability to form colonies, however only
under coculture conditions with bone stroma. Furthermore,
blocking the ability of ARCaPE or ARCaPM cells from E-
cadherin-mediated cell-cell adhesion or integrin alpha v
beta-associated adhesion significantly affected ARCaP cell
survival within bone stroma and sensitized these cells to
radiation treatment.

2. Methods

2.1. Cell Culture. The human prostate cancer cell lines,
ARCAPE, ARCaPM, the HS-27a bone stromal cells (ATCC,
Manasss, VA) and the Pt-N or Pt-C human prostate stromal
cell. Isolation and characterization of the human prostate
cancer RFP-ARCaP cell lines has been reported [26]. Red
Fluorescent Protein- (RFP-) transfected cells were main-
tained in G418 (350 mg/mL) prior to experimentation. All
cell lines were grown in a 5% CO2 incubator at 37◦C in
media consisting of T-medium (Invitrogen, Carlsbad, CA)
supplemented with 5% (v/v) fetal bovine serum and 1%
Penicillin-Streptomycin.

2.2. Cocultures. Initial cocultures were performed as previ-
ously described [12, 13] with modifications. Cocultures con-
sisted of 50 000 cells/cm2 of HS-27a bone marrow stromal
cells and 2000 cells/cm2 prostate cancer cells. Cocultures
were maintained in serum-free T-media and plated on tissue
culture dishes.

2.3. Clonogenic Assay. Cells were plated at low densities
in six-well plates for 24 hours and then were irradiated
with the appropriate radiation dose. Twenty-four hours
later, the media were changed and cells were incubated
until they formed colonies having at least 50 or more cells.
Seventeen days later colonies were rinsed with PBS, stained
with methanol/crystal violet dye, and counted. The colony
formation ability was calculated as a ratio of the number of
colonies formed, divided by the total number of cells plated,
times the plating efficiency [(# of colonies formed ÷ total
# cells plated) × plating efficiency]. For experiments with
cocultures, cells were initially incubated on a mat of stromal
cells for 24 hours and radiated; 4 hours later clonogenic
assay was performed. For antibody-based experiments using
anti-E-cadherin (15 μg/mL, DECMA or SHEP8-7, Sigma)
and anti-integrin alpha-v (20 μg/mL, CNT095) antibody,
cancer cells were treated with respective antibodies for
24 hours prior to plating them on a mat of stromal
cells.

2.4. Radiation. External beam radiation was delivered on
a 600 Varian linear accelerator (Varian Medical Systems,
Inc.Palo Alto, CA) with a 6 MV photon beam. A 40 × 40 cm
field size was utilized and Petri dishes were placed on 1.5 cm
of superflab bolus. Monitor units (MUs) were calculated
to deliver the dose to a depth of dmax at a dose rate of
600 MU/min.
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2.5. Statistical Analysis. Representative findings are shown
for all experiments, which were performed in triplicate,
repeated a minimum of three times. Student’s t-test was used
to determine the statistical significance between groups.

3. Results

3.1. ARCaP EMT Model Undergoes a Mesenchymal-to-
Epithelial Reverting Transition (MErT). Recently, the ARCaP
model has been described to closely mimic the patho-
physiology of advanced clinical human prostate cancer bone
metastasis [25]. The ARCaPE cells were derived from single-
cell dilutions of the ARCaP cells. These cells exhibit a
cuboidal-shaped epithelial morphology with high expression
of epithelial markers, such as cytokeratin 18 and E-cadherin.
The lineage-derived ARCaPM cells have a spindle-shaped
mesenchymal morphology and phenotype. ARCaPM cells
have decreased expression of E-cadherin and cytokeratins
18 and 19 but increased expression of N-cadherin and
vimentin. These cells have decreased cell adhesion and
increased metastatic propensity to bone and adrenal glands
[27]. The morphologic and phenotypic changes observed in
the ARCaPM cells closely resemble those of cells undergoing
EMT.

Previously, we have demonstrated a Mesenchymal to
Epithelial reverse Transition (MErT) of metastatic prostate
cancer cell lines within an experimental coculture model
and confirmed in patients with liver metastasis [13, 28].
Our findings have recently been confirmed in prostate
cancer bone metastasis where E-cadherin and β-catenin
were robustly expressed in late stage carcinomas [29].
Therefore we sought to identify the significance of the bone
microenvironment within the experimental ARCaP model.
To assess cellular plasticity of the ARCaP EMT model, we
coultured ARCaP cells with HS-27a cells in 3D RWV (rotary
wall vessel) system for 3 days. ARCaPE cells formed larger
prostate organoids than ARCaPM cells (data not shown).
Upon immunohistochemical examination of organoids, we
observed that both ARCaPE and ARCaPM express E-cadherin
and lack N-cadherin expression (Figure 1(a)). To further
examine the influence of tumor-stroma interactions over a
multiday period we utilized a similar 2D cocultures method.
Utilizing immunoctyochemical analysis, we observed a lack
E-cadherin and robust N-cadherin staining after 1 day
in both ARCAPE and ARCaPM cocultures. However by
day 4, both ARCaPE and ARCaPM cells formed tumor
nest that express E-cadherin and lack N-cadherin staining
(Figure 1(b)). It is worthy to note that ARCaPM tumor nest
appeared to develop at much smaller extent, compared to
ARCaPE cocultures.

Since ARCaPE cells formed larger tumor nest and
spheroids when cocultured with HS-27a cells compared to
ARCaPM cells, we sought to further assess if HS-27a cells
preferentially stimulated the growth of ARCaPE cells versus
ARCaPM cells. Utilizing GFP-transfected HS-27a bone mar-
row stromal cells and RFP-transfected ARCaPE or ARCaPM

cells (Figure 2(a)), we examined the proliferative ability
of ARCaP cells in homotypic and coculture conditions.

Growth of RFP-transfected ARCaPE and ARCaPM cells,
respectively, was quantified by relative fluorescent units
(RFU) of transfected cell lines over a 6-day period in
homotypic cultures and coculture conditions (Figure 2(a)).
As previously reported, homotypic cultured ARCaPM shows
significant growth compared to ARCaPE homotypic cultures;
however cocultures reversed this trend with ARCaPE cells
demonstrating the most significant growth (Figure 2(b)). We
also confirmed these findings in ARCaPE cells in coculture
using clonogenic assay. Although ARCaPM cells have a
higher plating efficiency than ARCaPE cells, ARCaPE cells
exhibited an 8-fold increase in their ability to form colonies
after coculture compared to 1.35-fold increase of cocultured
ARCaPM cells (Figure 2(c)). Phase-contrast microscopy of
colonies after coculture shows that ARCaPM colonies appear
loosely adherent, while ARCaPE cells are compact and
interact physically with few of the bone stromal fibroblast
(Figure 2(d)). Taken together, these results demonstrate that
ARCaPM cells reexpress E-cadherin when grown with bone
stromal cells for longer periods. Additionally, ARCaPE cells
which have high levels of E-cadherin gain enhanced growth
and self-renewal ability when cocultured with bone stromal
cells.

3.2. Stromal Cells Influence Radiation Treatment in Prostate
Cancer Cells. Mesenchymal cancer cells have been thought to
be more tumorigenic, aggressive, and resistant to treatments
when compared to epithelial cancer cells [30]. A similar
trend was observed in both ARCaPE and ARCaPM cells after
(4 Gy) irradiation treatment. ARCaPM homotypic cancer
cells are more resistant to radiation treatment compared
to ARCaPE homotypic cancer cells (Figure 3(a)). However,
ARCaPM cocultures did not affect the radiation sensitivity
of ARCaPM cancer cells. The highly sensitive ARCaPE cells
exhibit a significant increased resistance to radiation therapy,
up to 3-fold, as result of their interaction with bone stromal
cells (Figure 3(a), P < .01).

To further assess the role of the prostate stromal cells
on tumor-stromal interactions influencing ARCaP cellular
behavior, we cocultured paired prostate stromal fibroblasts
isolated either from normal (Pt-N) or from cancer-associated
regions (Pt-C) [31]. Again, ARCaPE cells cocultured with
(Pt-N) or (Pt-C) exhibited a 7-fold and 8-fold increase in
colony formation, respectively (Figure 3(b), P < .01). We
also saw a similar trend in a growth analysis assay (data not
shown). However when measuring clonogenic ability after
radiation treatment, ARCaPE cells cocultured with either
Pt-N or Pt-C had increased radiation resistance, with a 2-
fold difference observed between homotypic cultured cells.
Although a significant increase in clonogenic formation
was observed in Pt-C versus Pt-N cocultures (P < .05),
this did not significantly effect the radiation sensitivity of
ARCaPM cells (Figures 3(c)). Taken together, both bone
and prostate stromal cell have a grown inductive effect on
ARCaPE cancer cells and mediate radiation resistance (up to
2-3 fold) in epithelial cancer phenotype, but not in ARCaPM

mesenchymal cancer cells.
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Figure 1: 3D cocultures of ARCaPE or ARCaPM with HS-27a cells show E-cadherin expression. (a) 1 × 107 ARCaPE or ARCaPM were
cocultured with HS-27a cells in RWV for 3 days. Immunohistochemistry of organoids was stained with anti-E-cadherin or N-cadherin
antibody. (b) 2D Cocultures of HS-27a were preformed utilizing a total of 50,000 cm2/HS-27a fibroblasts, after which 20,000 cm2 ARCaPE

or ARCaPM were seeded on top of the fibroblast monolayer. The cocultures were maintained in serum-free medium for 1 or 4 days.
Immunocytochemistry of cocultures over these time periods was performed utilizing anti-E-cadherin and N-cadherin antibodies. Shown
are the EMT/MET of ARCaPEcells (top panels) and MErT of ARCaPMcells (bottom panels).

3.3. Blocking Adhesive Contact Effects Radiation Sensitivity of
Cocultured ARCaP Cells. The importance of cell adhesion
(i.e., cell-cell and cell-ECM adhesion) on the survival of
disseminated cancer cells has been well documented as
a requirement for colonization and survival within the
metastatic microenvironment [32–34]. Therefore we utilized
a well-known E-cadherin blocking antibody (SHEP8-7)

and a pan-integrin antibody (CNT095) that targets human
alpha-v-integrin and also was shown to block prostate tumor
growth within bone [35]. Since ARCaPE cells express high
levels of the epithelial marker E-cadherin, and ARCaPM cells
can be microenvironmentally induced to express E-cadherin,
we tested whether either of these blocking antibodies would
affect the colony forming ability of either ARCaPE or
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Figure 2: ARCaPE cells show a growth and colony forming capacity advantage in presence of HS-27a cells. (a) and (b) ARCaPM cells were
cocultured in the presence of GFP-HS-27a cells over a 6-day period. Growth of RFP. ARCaPE or ARCaPM human prostate cancer cells was
assessed by RFUs (relative fluorescent units) in the presence cocultures over a 6-day period. Results are means ± SE of three independent
experiments. ∗P < .05 (students t-test) compared to cell number at day 1 ± SEM. (c) Clonogenic colony forming capacity of ARCaPE and
ARCaPM prostate cancer cell after coculture ± SEM. ARCaPM data were normalized to ARCaPM control, and ARCaPE data were normalized
to ARCaPE control (Note HS-27a induced slightly (1.35x) the growth of ARCaPM cells but markedly (8x) the growth of ARCaPE cells.). (d)
ARCaPE or ARCaPM cells were cocultured with HS-27a cells. Shown are phase contrast images of colonies formed in the clonogenic assay.

ARCaPM bone stroma-cocultured cells. Pretreatment with E-
cadherin antibody did not affect the colony forming capacity
of either ARCaPE or ARCaPM homotypic cultured cells;
however it significantly reduced the ability of ARCaPM-
(P < .001) and ARCaPE- (P < .01) coultured cells to
form colonies (Figure 4). Additionally, E-cadherin block-
ing antibody pretreatments further increased sensitivity to

radiation treatment of ARCaPM cells in homotypic and
cocultured conditions, similarly (P < .01). E-cadherin
blocking antibody-pretreated ARCaPE cells showed the most
significant increased sensitivity to radiation treatment in
homotypic compared cocultured conditions (P < .001),
however a significant reduction in colony formation, to
a lesser extent, was observed in ARCaPE cocultured cells
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Figure 3: Cocultured ARCaPE cells gain cell colony forming capacity and radiation resistance when grown with bone and prostate stromal
cells. (a) ARCaPE or ARCaPM cocultured cells were irradiated 24 hours after coculture with HS-27a cells and cancer cell colony forming
capacity was assayed using clonogenic assay. Results are means ± SE of three independent experiments. ARCaPM experimental data are
normalized to ARCaPM control and ARCaPE experimental data are normalized to ARCaPE control (a). ARCaPE cells cocultured with prostate
stromal fibroblasts Pt-C (Cancer associated fibroblasts) or Pt-N (Normal/benign fibroblasts) were irradiated and compared to nonirradiated
cocultures. Cell colony forming capacity was assayed by clonogenic assay. Data are normalized to ARCaPE control levels. (b) ARCaPM cells
cocultured with Pt-C or Pt-N were irradiated and compared to nonirradiated cocultures (c). Cell colony forming capacity was assayed by
clonogenic assay. Data are normalized to ARCaPM control levels.

(Figure 4, P < .01). Therefore, targeting E-cadherin limited
both epithelial and mesenchymal cells ability to form
colonies after coculture with bone stromal cells.

To determine the influence of intergin alpha v cell adhe-
sion with bone microenvironment, we performed similar
clonogenic formation assay. Pretreatment with CNT095 anti-
body significantly decreased the clonogenic ability of both
ARCaPM and ARCaPE cells in homotyic cultures (Figure 5,
P < .001). Additionally, CNT095 significantly decreased
bone stroma-induced radiation resistance in cancer cells in
both ARCaPM (P < .001) and ARCaPE (P < .001) cancer
cells, with the most significant reduction in cocultured
conditions (P < .001) (Figure 5). Taken together, these
results suggest that bone stroma-induced radiation resistance
is mediated through both E-cadherin and integrin alpha v
beta signaling in epithelial and mesenchymal cells. Thus,

E-cadherin and integrin alpha v beta appear to present novel
targets for metastatic and radiation resistant cells.

4. Discussion

It is well documented in prostate and others cancers that
EMT is associated with initial transformation from encapsu-
lated to invasive carcinomas. The mesenchymal phenotype,
which is required for dissemination, has been suggested to
revert to an epithelial phenotype in distant metastasis [13,
14, 29, 36]. This has been evidenced in the primary tumors
which lack E-cadherin expression and, showing nuclear β-
catenin expression, show strong membrane staining for both
E-cadherin and β-catenin in metastatic liver [13] or bone
microenvironment [28, 29]. We have previously shown, in
commonly utilized prostate cancer cells lines DU-145 and



Journal of Oncology 7

P < .001

P < .001

P < .01
P < .01

P < .01

P < .01
A

n
ti

-E
ca

d
A

b

A
n

ti
-E

ca
d

A
b

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

R
el

at
iv

e
co

lo
ny

fo
rm

at
io

n

A
R

C
a P

M
+

H
S-

27
a

A
R

C
aP

M
+

4
G

y

A
R

C
aP

E

A
R

C
aP

E
+

H
S-

27
a

A
R

C
aP

E
+

4
G

y

A
R

C
aP

M

A
R

C
aP

M
+

H
S-

27
a

+
A

n
ti

-E
ca

d
A

b

A
R

C
aP

M
+

H
S-

27
a

+
4

G
y

A
R

C
aP

M
+

4
G

y
+

A
n

ti
-E

ca
d

A
b

A
R

C
aP

E
+

H
S-

27
a

+
A

n
ti

-E
ca

d
A

b

A
R

C
aP

E
+

4
G

y
+

A
n

ti
-E

ca
d

A
b

A
R

C
aP

E

+
H

S-
27

a
+

4
G

y

A
R

C
aP

E
+

H
S-

27
a

+
A

n
ti

-E
ca

d
A

b
+

4
G

y

A
R

C
aP

M
+

H
S-

27
a

+
A

n
ti

-E
ca

d
A

b
+

4
G

y

Figure 4: Effect of Anti-E-cadherin antibody on tumor-stroma interactions. A. ARCaPM and ARCaPE, cells were pretreated with Anti-E-
cadherin antibody (SHEP8-7), cocultured with HS-27a stromal cells for 24 hours, and radiated with 4 Gy. Cell colony forming capacity was
assayed using clonogenic assay. ARCaPM data are normalized to ARCaPM control levels, and ARCaPE data are normalized to ARCaPE control
levels.
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Figure 5: Effect of Anti-alpha v integrin (CNT095) on tumor-stroma interactions. ARCaPM and ARCaPE, cells were pretreated with CNT095
antibody was cocultured with HS-27a stromal cells for 24 hours, and radiated with 4 Gy. Cell colony forming capacity was assayed using
clonogenic assay. ARCaPM data are normalized to ARCaPM control levels, and ARCaPE data are normalized to ARCaPE control levels.

PC-3, that reexpression of E-cadherin and reversion of the
mesenchymal phenotype is a rate limiting for metastatic
seeding of primary rat hepatocytes [13]. Since bone metasta-
sis is most prevalent in prostate cancers, we sought to extent
these finding utilizing the ARCaP model, which is the first
prostate cancer EMT model demonstrating histomorpho-
logical features and classical markers in a lineage-derived

series of cells, to determine the functional relationship
of this cellular transition. Whether this is accomplished
through exposure to soluble growth factors or the bone
microenvironment, the end result decreased differentiation
with increased metastatic potential [25, 27, 37].

Our initial results show that ARCaPM cells maintained in
3D Rotary Wall Vessel (RWV) or 2D cocultures underwent
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MErT when cocultured with HS-27a bone stromal cells,
as shown through expression of E-cadherin and of N-
cadherin expression (Figures 1(a) and 1(b)). Moreover
ARCaPE cells show a significant enhancement in colony
formation (8×) and significant growth pattern comparable
to ARCaPM (1.35×) cocultures (Figures 2(b) and 2(c)). A
recent report has shown through RFP cell tracking that
selected ARCaPE clones after in vivo inoculation into the
bone microenvironment gives rise to both ARCaPE and
ARCaPM populations [37]. These findings coupled with
our observed reversion of ARCaPM cells to ARCAPE like
cells suggest that tumor-stromal-induced cellular plasticity
gives rise to distinct populations of cancer cells within
bone microenvironment, the mesenchymal phenotype and
its kinetic characteristics (motility/invasive), and the epithe-
lial characteristics necessary for secondary tumor develop-
ment. The fact that the ARCaPM cells have an increase
propensity for metastasis compared to ARCaPE cells suggest
that dissemination from the primary tumor mass requires
the mesenchymal phenotype. However a mesenchymal to
epithelial transition is associated with initial metastatic
seeding and subsequent formation of a cohesive tumor
mass within the bone microenvironment. This hypothesis
is supported in a bladder cancer model, where lineage-
derived series of EMT-transformed mesenchymal-like cells
exhibit increased lung metastasis in vivo; however secondary
tumor formation is predominantly enhanced by the pres-
ence of epithelial cells compared to mesenchymal cells
[38].

Since epithelial reversion enhances the growth of tumor
cells in bone microenvironment, and this is observed in
multiple experimental models and clinical metastases, there
is a question of whether this transition is required for
metastatic seeding and therefore an avenue for therapeutic
intervention(s). To gain insight into the importance of
this reversion, we utilized ionizing radiation on ARCaPE

and ARCaPM homotypic and cocultured cells. Our results
show that ARCaPE homotypic cultures when compared
to ARCaPM homotypic cultures are more sensitive to
radiation treatment (Figure 3(a)). However in the presence
of bone or prostate stromal cells, ARCaPE cells gained
increased radiation resistance, with increased proliferative
and colony forming capacity (Figures 2(b) and 2(c)). This
phenomenon was not observed in the ARCaPM cocultures.
To determine the underlining causes of this observation, we
hypothesized that cell-cell interactions through E-cadherin
or cell-ECM interactions through integrins may mediate the
stromal induced proliferative effect and radiation resistance
in ARCaPE cancer cells. Using E-cadherin neutralizing
antibody (SHEP8-7) and pan-anti-integrin alpha v antibody
(CNT095), we were able to significantly block the stromal
induced colony forming ability on ARCaPE cancer cells
(Figures 4 and 5). Additionally, both antibodies significantly
blocked the radiation resistance of ARCaPE in cocultured
conditions (Figures 4 and 5). The E-cadherin neutralizing
antibody also had an effect on homotypic ARCaPM-radiated
cells and ARCaPM cells within cocultures (Figure 4). Thus
it appears that blocking bone stroma-induced reexpres-
sion of E-cadherin in ARCaPM in the presence of bone

stromal cells reduced the colony forming capacity of these
cells (Figure 4). The decreased radiation sensitivity of E-
cadherin expressing cells compared to cells lacking E-
cadherin expression has recently been demonstrated in a
cocultured model of MCF-7 (E-cad positive) and MDA-
MB-231 (E-cad negative) cells with normal and radiation-
induced senescent fibroblast [39], where radiation in MCF-
7 cells showed enhanced resistance to radiation treatment
compared to MDA-MB-231 cells. These findings are consent
with our model of a reepithelization requirement within
tumor microenvironment.

CNT095 antibody was toxic to both ARCaPM and
ARCaPE homotypic and cocultured cells. Additionally
CNT095 increased radiation sensitivity, even to a greater
extent than E-cadherin neutralizing antibody treatment
(Figure 5). These findings are consistent with our results
of CTN095 treatment that causes a significantly reduced
number of tumors generated by C4-2B cells, along with a
concomitant increase of cortical bone in mice (unpublished
data). Although C4-2B cells have not been observed to
undergo EMT, this would suggest that targeting the cell-ECM
in vitro and in vivo could be limiting the cell cohesiveness
necessary for metastatic tumor formation.

Targeting of cell adhesion as a therapeutic approach
has been proposed previously. E-cadherin neutralizing anti-
body (SHEP8-7) has been shown to sensitize multicellular
spheroids to microtubule binding therapies in the taxane
family in HT29 human colorectal adenocarcinoma cells [23].
A more recent observation is that survival of androgen
receptor-expressing differentiated prostate cells is dependent
on E-cadherin and PI3K, but not on androgen, AR, or MAPK
[40]. Given the predominate role for PI3K in cell survival and
reports that PI3K is rapidly recruited to cell membrane to
stabilize E-cadherin junctions [40] and that PI3K activation
requires integrin alpha v activity [41] suggests that PI3K
is possibly responsible for the increased growth and colony
formation gained within the tumor microenvironment.
Thus in the absence of stimulating growth factors, it is
possible that E-cadherin/PI3K or integrin alpha v/PI3K is
involved in a signaling cascade that is initiated by the
tumor microenvironment, at least during initial metastatic
seeding.

In conclusion, our data demonstrate that the E-cadherin
and integrin alpha nctional adhesive interaction is a possible
adjuvant therapy avenue for patients treated with radiation.
Although an in-depth in vivo exploration of targeting
epithelial-like versus mesenchymal-like cells is necessary
to translate these findings to the clinical situation, our
results indeed raise critical questions as to how we view
prostate cancer metastasis and subsequently target metastatic
tumor cells for therapy. Additionally, we have generated an
in vitro model, that closely mimics the clinical situation,
to delineate in a stepwise manner the dynamic tumor-
host interaction(s) that promote cellular plasticity in the
later stages of metastasis. The identification of further key
molecules driving MErT in this system holds promise for
the development of preventative and therapeutic strategies
to minimize metastatic disease.
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Extensive infiltration of the surrounding healthy brain tissue is a cardinal feature of glioblastomas, highly lethal brain tumors. Deep
infiltration by the glioblastoma cells renders complete surgical excision difficult and contemporary adjuvant therapies have had
little impact on long-term survival. Thus, deep infiltration and resistance to irradiation and chemotherapy remain a major cause of
patient mortality. Modern therapies specifically targeted to this unique aspect of glioblastoma cell biology hold significant promise
to substantially improve survival rates for glioblastoma patients. In the present paper, we focus on the role of adhesion signaling
molecules and the actin cytoskeleton in the mesenchymal mode of motility that characterizes invading glioblastoma cells. We then
review current approaches to targeting these elements of the glioblastoma cell migration machinery and discuss other aspects of
cell migration that may improve the treatment of infiltrating glioblastoma.

1. Introduction

Glioblastoma brain tumors are the most common adult brain
cancer and have a very poor prognosis. Despite intensive
efforts, there has been little improvement in the ability
to successfully treat these tumors, and a major reason
for this failure is the unique ability of the glioblastoma
cells to extensively spread throughout the surrounding
healthy brain tissue. There is increasing realization that
the molecular regulators of glioblastoma invasion may be
key to the development of new therapeutic approaches [1].
Developments in the field of cell migration have led to the
appreciation that invading cancer cells can adopt different
modes of cell migration, and the glioblastoma cells appear to
specifically use a mesenchymal mode of cell migration. In the
present paper, we focus on the adhesion signaling networks
and actin cytoskeleton dynamics that are implicated in
mesenchymal migration and discuss how these molecules
represent exciting potential targets for therapeutic arrest of
glioblastoma cell invasion.

1.1. Glioblastoma Survival and Prognosis. Gliomas are a class
of primary tumors that arise in the brain, and the most

common and lethal form is the grade IV glioblastomas
(previously known as glioblastoma multiformae) [2]. While
brain cancers generally have lower incidence than other
more prevalent cancers—similar to rates worldwide, brain
cancers accounted for ∼2.5% of cancer deaths in the state
of New South Wales, Australia in 2006—there has been
little improvement in patient survival despite advances in
technology, surgery, and adjuvant therapies over the last two
decades. Patient prognosis is dismal with almost 100% rate
of final mortality [3]. The median survival time for patients
with glioblastoma remains only 12–15 months [4, 5], and
the 3% 5-year survival rate is significantly worse than the
60% survival rate seen for other brain tumors such as
oligodendroglioma and medulloblastoma [5, 6]. Moreover,
survival rates for glioblastoma stand in stark contrast to the
high survival rates for other more common cancers such as
prostate (88%), breast (88%), colon (63%), and melanoma
(80%) [5].

The low survival rates for glioblastoma are, in part, a
consequence of the extensive infiltration of healthy brain
tissue that is a cardinal feature of these tumors. Diffuse
infiltration throughout the brain makes these tumors refrac-
tory to successful surgical excision, and tumor recurrence
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is almost inevitable, with 90% of patients developing new
lesions within 2-3 cm of the original site [7] or at distant
sites in the brain [8]. Notably, despite extensive infiltration
of the surrounding healthy brain tissue, the glioblastomas
rarely metastasize outside the brain and the infiltration of
the brain tissue is significantly determined by interaction
between the glioblastoma cells and the unique extracellu-
lar brain environment. A number of extracellular matrix
(ECM) proteins (such as hyaluron, vitronectin, tenascin-
C, osteopontin, and SPARC) are upregulated at the edge
of the advancing glioblastoma tumor, and this may alter
cell invasion (reviewed in [9]). In addition, glioma cell
adhesion is enhanced in regions of the brain where ECM
proteins are present, such as in the blood vessels, and
it suggested that this may facilitate glioblastoma invasion
[10, 11].

1.2. Glioblastoma Characteristics and Diagnosis. Glioblas-
tomas are characterized histopathologically by diffuse infil-
tration, increased cellular proliferation, increased angiogen-
esis, nuclear atypia, and necrosis [2], and tumors with these
characteristics are categorized as a grade IV glioma by the
World Health Organization (WHO) [12]. Glioblastomas
may be tumors of either de novo origin or may develop
from a low grade glioma but are histopathologically indistin-
guishable [13]. However, they have distinct genetic profiles,
and there are distinct treatment implications for these two
different tumor categories [14].

Primary or de novo glioblastoma accounts for approx-
imately 90% of glioblastoma and is chiefly diagnosed in
older patients with a mean age of 62 years [13]. Genetic
changes characteristically associated with primary glioblas-
toma include amplification and/or overexpression of Epider-
mal Growth Factor Receptor (EGFR) (∼60%) [15, 16] and
Mouse double minute 2 (Mdm2) (a key negative regulator
of the tumor suppressor p53) [17, 18], deletion mutations
of Cyclin-Dependent Kinase inhibitor 2A (CDKN2A, also
known as p16INK4A, a cell cycle regulator) [19], and
inactivating mutations of Phosphatase and Tensin Homolog
Deleted on Chromosome 10 (PTEN) [20, 21]. EGFR and
PTEN gene mutations are likely to play a role in glioblastoma
invasion based on the known interaction between EGFR and
Focal Adhesion Kinase (FAK) to promote cell migration [22]
and the role for PTEN as an inhibitor of cell migration
[23, 24]. The potential role, if any, of the other characteristic
mutations in invasion is presently unknown.

Another group of glioblastomas is known to arise
from previously identified gliomas, usually developing as
a result of malignant transformation several years after
initial diagnosis of a low grade astrocytoma [25]. This type
of glioblastoma is relatively rare by contrast and occurs
in younger patients with a mean age of 45 years [13].
Given that mutations of the tumor suppressor p53 are
present in two-thirds of low grade astrocytomas, it is not
surprising that p53 is the predominant genetic aberration
in secondary glioblastomas (∼60%) [26–28]. Other less
frequent defects include amplification/overexpression of
Platelet Derived Growth Factor Receptor (PDGFR, a receptor
tyrosine kinase involved in proliferation, migration, and

angiogenesis), deletion of Retinoblastoma gene (RB), and
loss of heterozygosity at 17p, 19q, and 10q [29, 30]. O6-
methylguanine-DNA methyltransferase (MGMT) is a DNA
repair enzyme that protects cells by removing alkyl groups
from the O6 position of guanine. The activity of MGMT
reduces the cytotoxicity of alkylating chemotherapy agents
(such as temozolomide) and contributes to drug resistance
by reversing the DNA damage induced by such agents
[31], and therefore, MGMT silencing is a favorable marker.
Epigenetic silencing of MGMT by promoter methylation has
been detected in 36% of primary glioblastomas, 75% of
secondary glioblastomas, and 40% of pediatric cases [31, 32]
and confers a better prognosis for both adult and pediatric
patients who receive temozolomide treatment [32–34].

The brain tumors are one of the few classes of solid tumor
observed in both pediatric and adult patient populations.
Interestingly, the trend for incidence of the different grades
of brain tumor tends to be reversed in the pediatric popu-
lation with the grade IV glioblastomas being less common
(CBTRUS, 2002–2006). However, the 5-year survival rate for
pediatric patients is only 5–15% [35], and thus the outlook
for children diagnosed with glioblastoma remains poor.
Pediatric glioblastomas have a pattern of genetic modifica-
tions distinct from that in adults. Although overexpression
of the EGFR protein is observed in 40% of grade IV pediatric
gliomas, EGFR gene amplification in children is very rare
[36]. p53 gene mutations are very frequent, occurring in 33%
of pediatric glioblastomas, and 50% of these patients overex-
press mutant p53 protein [35]. p53 overexpression increases
with tumor grade and is correlated with patient outcome
[37]. Unlike the adult tumors, very little information is
available about RB expression in childhood glioblastoma
astrocytoma [25]. Knowledge of the molecular regulation of
pediatric glioblastoma is significantly less than that for the
adult form of the disease, and there is an urgent need to
develop cell culture models derived from pediatric tumor
material to address this imbalance.

2. Mechanisms of Glioblastoma Infiltration

Most solid cancers progress to disseminated metastatic
disease, evidenced by secondary tumors arising in sites distal
to the primary tumor. The rarity of glioblastoma spread
outside the brain reflects the important interaction between
the glioblastoma cells and the unique brain environment.
Thus, the mechanisms of glioblastoma infiltration represent
a potentially specific target for treating glioblastoma.

2.1. Glioblastomas Use a Mesenchymal Mode of Migration
and Invasion. The use of 3-dimensional (3D) collagen gels,
organotypic brain slice cultures, and imaging of fluorescently
labeled glioblastoma cells in in vivo mouse models has
established that glioblastoma cells migrate individually with
a mesenchymal mode of motility [38–40]. This is typified by
a polarized extension of leading edge membrane processes
in the direction of cell migration. This process is critically
dependent on the regulated formation and disassembly of
transmembrane integrin receptor-mediated adhesions to the
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Figure 1: Glioblastoma cells follow the tracks created by other cells in 3D collagen gels. U87-MG glioblastoma cells were seeded into collagen
type I gels for 24 hours, and then 24-hour time-lapse imaging was performed to track cell migration. Arrows (↑) indicate a “leading” cell
and a “follower” cell, and arrows heads (∧) indicate the single path that they both follow in the collagen gel.

Pseudopodium
•Highly dynamic protrusions extend and retract
•Branched actin filaments push towards membrane
•Arp2/3 complexes polymerize actin
•Rho GTPases modulate actin cytoskeleton

Focal adhesion disassembly
•Detachment from ECM
•Recycling of integrin receptors

Filopodia-ECM interaction
•Attachment to ECM via integrin receptors
•Degradation of ECM components via MMPs
•Actin-driven protrusions
•Formation of highly dynamic focal complexes

Focal adhesions and actin cytoskeleton
•Actin stress fibers support morphology and anchorage of the cell
•Integrin-based interaction with ECM links to actin filaments
•Myosin II provides contractility of actin filaments/stress fibers

Figure 2: Schematic representation of a glioblastoma cell migrating through a 3D ECM. During migration, the cell becomes polarized
with respect to the direction of movement into a leading and a trailing edge. The leading edge is characterized by dynamic membrane
rearrangements and proteolytic breakdown of ECM, enabling the cell to protrude at its front. The trailing edge displays constant disassembly
of mature focal adhesions, therefore promoting dislodgement of the rear. Tight regulation of actin assembly and disassembly is crucial for
migration, controlling cellular protrusion, as well as myosin II-mediated contraction in interplay with myosin II.

extracellular matrix, known as focal adhesions [41]. Char-
acteristically during mesenchymal migration, cells secrete
matrix metalloproteases (MMPs) at the leading edge that
break up extracellular components to create corridors for
migration [41, 42]. In the intact brain the glioblastoma cells
travel along white matter tracks and basement membranes
lining blood vessels [43], and thus, the brain environment
uniquely advantages migration of the glioblastoma cells. In
3D collagen gels we have observed a “leader” glioblastoma
cell that appears to reorganize the collagen and create
a track which subsequent glioblastoma cells then follow
(Figure 1); the ability of glioblastoma cells to reorganize
the extracellular matrix is critical to the ability of the cells
to disseminate throughout the brain [1]. Understanding
how the glioblastoma cells interact with and reorganize
the extracellular environment will provide much needed

new approaches to specifically targeting glioblastoma. Dur-
ing mesenchymal migration through a 3D matrix, cells
protrude a leading pseudopodium with short-lived actin-
rich membrane protrusions as well as long-lived finger-
like protrusions of up to 50 μm length, termed filopodia
(Figure 2). These structures are followed by focal adhesion
formation at the cell front and subsequent detachment of
adhesive contacts at the rear of the cell [40, 44, 45]. This is
a highly dynamic process with paxillin-containing adhesions
at the base of protrusions that disassemble as new adhesions
form near the leading edge—a process referred to as adhesion
turnover [46]. A hallmark of glioblastoma cell infiltration
through a 3D environment is the extension of long, thin
polarized membrane extensions that explore and penetrate
the surrounding environment [38, 39]. Presumably cells
employ this mechanism in vivo to find and then travel along
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the white matter tracts and endothelial lining of blood vessels
in the brain.

2.2. Integrin Receptors and Focal Adhesions in Mesenchymal
Migration. There are intensive research efforts currently
underway to try and understand the critical molecular
regulators of mesenchymal migration. Although our under-
standing of this process remains incomplete, it is useful
to understand the present state of play and consider how
this currently and, may in the future, informs therapeutic
approaches to the treatment of glioblastoma. The focal
adhesions (FAs) are points of linkage between the ECM,
the transmembrane integrin receptors, and the internal actin
cytoskeleton. In addition to their role as anchorage points to
the matrix, the FAs also transmit information bidirectionally
between the cell and the external environment [47], and the
regulated formation and disassembly of these sites, is critical
to mesenchymal migration.

The integrin receptors are heterodimeric transmembrane
complexes consisting of an α and a β subunit [48]. Mammals
utilize 18 α and 8 β subunits, and combinations of these
subunits create receptors for specific ECM components
including fibronectins, laminins, and collagens [49–51].
During tumor development, changes in integrin receptor
expression, intracellular control of integrin function, and
signals perceived from integrin receptor ligand binding
influence the cell’s ability to interact with the environment,
enabling metastatic cells to convert from a sessile, stationary
phenotype to a migratory and invasive phenotype [51, 52].
Although there is some evidence for elevated expression
levels of distinct integrin receptor subunits (αv, β1, and
β3) in cell lines derived from disseminated cancers [53],
there is no subunit expression profile that can function as a
marker of metastasis [54]. However, integrin receptor αvβ3
is highly expressed on the cell surface across a range of
tumor types, including glioblastoma [55]. The αvβ3 receptor
is an important attachment factor for ECM proteins with
the exposed arginine-glycine-aspartate (RGD) motif such as
fibronectin [56–58]. Much focus has been placed on the role
of the αvβ3 receptor in the angiogenesis that is characteristic
of the highly vascularized glioblastomas [59]. However,
equally important but less emphasized to date is the role of
αvβ3 in mesenchymal cell migration. This receptor is found
in the initial rapidly turned over adhesions (focal complexes)
that form at the migrating cells leading edge [60] and may be
important in determining the formation of other adhesion
types in the cell [61]. Given that the αvβ3 receptor is highly
expressed in glioblastoma [62–67] and indeed is a target
of major new therapies (see details below), it is paramount
that trials designed to target this receptor in glioblastoma
consider the role this receptor plays not only in glioblastoma
neo-angiogenesis but also in the invasion of glioblastoma
cells.

2.3. The FAK/Src Signaling Axis in Mesenchymal Migra-
tion. Components of the Focal Adhesion Kinase (FAK)/Src
tyrosine kinase migration signaling network (Figure 3) are
upregulated and activated in glioblastoma and a number
of therapeutic approaches targeting these molecules are
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Figure 3: The FAK/Src/Cas signaling network downstream from
integrin receptor engagement. Downstream from this network,
RhoA, Rac1, and Cdc42 induce cytoskeletal changes that regulate
cell migration.

currently under clinical trial. Gliomas express elevated
expression levels of the nonreceptor tyrosine kinase FAK, and
this is particularly true of cells at the invasive margins of
the primary tumor [68]. Moreover, FAK signaling appears
critical to the migration of glioblastoma cells [69, 70].
The proto-oncogene Src tyrosine kinase is a major FAK
interactor; interaction of these two proteins is a vital
determinant of mesenchymal cell migration. Both FAK and
Src have emerged as important targets for the treatment
of glioblastoma [71]; thus below we describe the FAK/Src
signaling axis in mesenchymal migration.

Integrin receptors lack any intrinsic catalytic activity
and instead function by recruiting an array of cytoplasmic
proteins [72] which in turn establishes phosphorylation-
dependent signaling networks. FAK functions as an integrin-
activated “scaffold” for the recruitment of signaling proteins
that contain Src homology (SH) domains, SH2, and SH3, to
sites of integrin receptor clustering [73], and is involved in
the dynamic regulation of actin and focal adhesion structures
[74]. Genetic ablation of FAK reduces mesenchymal cell
migration [75], and conversely, elevated FAK expression
enhances cell migration in an Src/Fyn-dependent manner
[76, 77]. Not surprisingly therefore, high FAK expression
levels are observed in a range of invasive human tumors [78].
Current models of FAK activation suggest that intramolecu-
lar interactions between FAK domains inhibit the protein’s
enzymatic function, and this inhibition is reversed following
receptor stimulation, leading to FAK autophosphorylation at
tyrosine 397 [79]. This exposes binding sites for SH2 and
SH3 domains of Src kinase. Bound Src then catalyzes the
phosphorylation of tyrosines 576 and 577 in the activation
loop of FAK, conferring full catalytic activity to the enzyme.
FAK activation and/or phosphorylation is critical for pro-
moting cell migration [23, 24, 73, 80, 81]. Activated FAK
binds and phosphorylates a number of signaling proteins by
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recognizing SH2 and SH3 domains including Shc [82], the
p85 subunit of phosphatidylinositol 3-kinase (PI3K) [83],
the Rho GTPase activating protein GRAF [84], growth factor
receptor bound protein 2 (Grb2), paxillin [85], and members
of the Cas family of adhesion docking proteins [77, 86–88].

Importantly, a second FAK subfamily member, Related
Adhesion Focal Tyrosine Kinase (RAFTK)/Proline-rich tyro-
sine kinase (Pyk2), may also play a role in glioblastoma
infiltration. These two proteins have overlapping functions
and downstream partners, and while FAK is ubiquitously
expressed, RAFTK/Pyk2 has a more restricted expression
and is predominantly seen in brain and hematopoietic
cells. RAFTK/Pyk2 is correlated with increased malignancy
in glioblastoma [89], and overexpression accelerates cell
invasion in breast cancer [90]. Critically, both FAK and
RAFTK/Pyk2 knockdowns enhanced survival in a mouse
model of orthotopic glioma xenografts [91]. Thus both FAK
and RAFTK/Pyk represent important targets for arresting
glioblastoma infiltration.

Src is similarly activated in numerous tumor types
[92], and the kinase activity of this protein is required
for focal adhesion turnover during migration [93]. Among
proteins of the adhesome, Src displays the greatest number
of interactions with other molecules in that network [72]
and thus, presumably, is a key regulator of the focal adhesion
signaling networks. Multiprotein complexes consisting of
interactions between active FAK, Src, and adaptor molecules
such as paxillin and the Cas family of proteins are important
determinants of downstream signaling to promote cell
migration. Within these complexes, phosphorylation of
paxillin and the Cas proteins by Src induces cell migration
[94–97]. Indeed, it is suggested that FAK serves as a scaffold
for Src and the Cas protein p130Cas and that this molecular
interaction results in sustained Src signaling [87, 98, 99].

Via this activity of FAK and Src and their target
molecules, including those of the Cas family of proteins and
paxillin, a signaling network is established that culminates in
the activation of GTPase proteins, such as Rac. In turn, this
determines the dynamic state of the actin cytoskeleton that is
essential to the morphological progression of mesenchymal
cell migration [77, 100, 101]. The small GTPase Rac is a
specific regulator of mesenchymal cell migration [102] that
stimulates the branching of short actin filaments at the
cell’s leading edge. The newly polymerized short filaments
push on the membrane to form the leading edge protrusion
that is a characteristic feature of mesenchymal cells. By
employment of such phosphorylation cascades, the cell is
responsive to extracellular cues in a tightly regulated manner
by reorganization of the actin cytoskeleton, resulting in either
cell migration or adhesion [77, 103–105].

2.4. Actin Function and Regulation During Mesenchymal
Migration. Cells migrating with a mesenchymal phenotype
have a characteristic array of polymerized actin, displaying
short, branched filaments at the leading edge and longer
tension-bearing filaments in the cytoplasm known as stress
fibers [40]. Directed movement is facilitated by complemen-
tary effects of the FA (sensing and attaching to ECM) and the
actin cytoskeleton (mediating cell shape). Actin filaments are

physically linked to the FA through molecules, such as talin
and vinculin that contain both integrin and actin binding
domains. When connected to the FA, the stress fibers become
contractile due to the integration of myosin II [106–109],
and the contraction of such actomyosin filaments is the basis
for cell locomotion. Myosin II contraction is achieved by
phosphorylation of the myosin light chain via the Ca+2- and
calmodulin-dependent myosin light chain kinase (MLCK)
[110]. Desphosphorylation of the myosin light chain by the
MLC phosphatase (MLCP) results in myosin II inactivation.
The effects of MLCP can be countered by phosphorylation
mediated by the Rho GTPase effector Rho-kinase [108, 111].

Given the critical role of FA and actin interaction in cell
migration, much research has concentrated on the mecha-
nistic relationship between actin nucleators and FA proteins
in the formation of new actin structures [112]. The actin
nucleation process is mediated by the actin-regulated protein
2/3 complex (Arp2/3) and activated by the Wiskott-Aldrich
syndrome protein (WASP) and WASP family Verprolin-
homologous (WAVE) family of proteins [112–114]. As a
result of WASP activation, actin polymerization pushes
the plasma membrane forward, leading to ruffling and
pseudopodial extension of the leading edge cell membrane
[115, 116]. In 2006, Butler et al. reported that purified
αvβ3 integrin receptor complexes exhibit enhanced actin
polymerization activity, thus providing evidence to suggest
a direct interaction between actin nucleation and adhesion
sites [117]. Although the focal adhesion protein vinculin
transiently associates with Arp2/3 during cell adhesion to
fibronectin or after epidermal growth factor stimulation
[118], the fact that vinculin-negative cells can still generate
lamellipodia and migrate faster [119, 120] suggests that
vinculin may not be the major adaptor candidate for
integrin-actin signaling. The Arp2/3-WASP complex directly
interacts with FAK, but only at sites where the latter is not
active (not phosphorylated at tyrosine 397), for example, in
mature adhesion structures [121]. These data give rise to the
conclusion that FAK interaction with Arp2/3 may regulate
the formation of early protrusive lamellipodia [121], and
therefore FAK represents an excellent target for blocking the
migration of glioblastoma cells.

2.5. Rho GTPases and Mesenchymal Cell Migration. The
driving force for cell movement is derived primarily from the
coordinated assembly and disassembly of actin filaments and
the Rho family GTPases, RhoA, Rac1, and Cdc42 are critical
regulators of this process. Together these enzymes regulate
the organization of actin filaments and cooperate to control
polarity, protrusion and adhesion during cell movement
[113, 122]. Other Rho GTPases, such as RhoG, RhoD, TC10,
and Rif (RhoF) can also induce actin-based protrusions
at the cell membrane [123–125]. Activity of RhoA, Rac1,
and Cdc42 is associated with distinct populations of actin
filaments and associated adhesions [126]. Rac1 activation
promotes the formation of precursor adhesions (focal com-
plexes) in the meshwork of actin filaments at the leading
edge [60] while Cdc42 stimulates small focal complexes at
the tip of thin membrane protrusions, known as filopodia,
that contain parallel bundles of actin filaments [115]. RhoA
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activation is associated with the formation of mature focal
adhesions and actin stress fibers [127, 128]. RhoA, Rac1,
and Cdc42 activate WASP proteins and Diaphanous-related
formins (DRFs) that in turn promote actin polymerization.
Importantly, Cdc42 and Rac1 are active at the leading edge
of a migrating cell, where their targets, WAVE/N-WASP,
are located [114]. Rac1 is a key regulator of migration and
localizes to the leading edge of a moving cell where it is
activated by growth factors and integrin-mediated cell adhe-
sion [129, 130]. Rac1 activation is a major target of signaling
through the Cas family of proteins [101, 131, 132]. A number
of studies have indicated that Rac1 is a specific regulator
of mesenchymal migration, and indeed Rac1-dependent
invasion through a 3D matrix is one of the defining features
of mesenchymal cell migration [41, 102, 133, 134].

Rho proteins can also regulate the actin depolymerizing
factor ADF/cofilin, and thus actin nucleation, indirectly
through Rho kinase (ROCK) and p21-activated kinase-1
(PAK-1). RhoA activates ROCK while Cdc42/Rac1 acti-
vates PAK-1/-2/-3. ROCK and PAK in turn phosphorylate
and activate LIM-motif-containing kinase protein (LIMK),
which inactivates cofilin and thus the recycling of actin
filaments at early lamellipodial extensions [113, 135–137].

3. Current Therapeutic Approaches to
Targeting Infiltrating Glioblastoma

The history of treating malignant gliomas dates back over a
century. The first surgical operation to treat brain cancer was
reported in 1884 but barely made an improvement on patient
survival [138]. In the early to mid 1900s, surgeons performed
hemispherectomies (surgical removal of a cerebral hemi-
sphere) in a desperate bid to cure patients with glioblastoma,
despite the inevitable consequences of hemiplegia (paralysis
of one side of the body) and hemiparesis (weakness on one
side of the body) [139]. In spite of the high cost of such
a radical treatment, hemispherectomy could not guarantee
full removal of the glioblastoma cells. The subsequent
introduction of radiation therapy prolonged survival by
several months but was still unsuccessful as a long-term
treatment [140]. Finally, chemotherapy was developed, but
although combined chemotherapy and radiation therapy
has significantly improved patient survival for various solid
tumors, it is still incapable of curing most glioblastoma
patients in the long term [4].

The standard treatment for newly diagnosed glioblas-
tomas consists of initial surgery to remove as much
of the tumor as possible, followed by radiation therapy
and chemotherapy [141]. Surgical resection, the first step,
eradicates as much of the tumor as possible, and studies
have suggested a positive correlation between aggressive
surgical resection and survival [142]. However, in 35–
40% of patients, an attempt at surgical resection is not
an option due to the medical condition of the patient or
more often because of the location of the tumor [143]. In
these cases, patients may resort to stereotactic radiosurgery,
a form of intense and localized radiation therapy. Previ-
ously, standard chemotherapy for both adult and pediatric

glioblastoma patients involved the administration of PVC
(procarbazine, vincristine, and lomustine (CCNU)) or, alter-
natively, nitrosourea drugs such as carmustine (BCNU) and
CCNU. More recently, the use of the oral alkylating drug
temozolomide is growing and has become the established
adjuvant standard of care because it has good ability to
cross the blood brain barrier [144] and has proven to be
more beneficial than the traditional chemotherapy agents
[145, 146]. However, despite prolonging the time to pro-
gression, temozolomide does not significantly extend overall
survival [147]. This relative lack of success in glioblastoma
treatment throughout history has highlighted the need
to develop new, more effective therapies. One popular
target for therapy is angiogenesis, the process of blood
vessel formation, which is a critical factor in glioblastoma
invasion as well as in other types of cancers [148]. However,
glioblastomas can also incorporate pre-existing vasculature
(known as cooption) as an alternative to forming new
blood vessels (neovascularization) [149]. In vivo imaging
of glioma cell invasion has revealed that the main tumor
mass can grow by cooption [150] and that cooption can
occur in response to angiogenesis inhibition [151]. These
findings were confirmed in clinical trials of antiangiogenic
agents, whereby a subset of glioblastoma patients treated
with bevacizumab (a Vascular Endothelial Growth Factor-
targeting agent) experienced tumor recurrence with a more
infiltrative phenotype that resembled gliomatosis (a type of
malignant glioma with extreme infiltrative capacity) [152].
This suggests that blocking angiogenesis may force the cells
into the alternative cooption pathway. Thus, it is critical
to consider other glioblastoma signaling pathways that may
be targeted; below we consider those treatments targeting
molecules that are prominent players in migration.

3.1. Agents That Target Integrin Receptors. Integrin receptors
reported to be upregulated on glioma cells include α3β1,
αvβ1, αvβ3, and αvβ5 [153] although αvβ3 expression
levels can differ across glioma cell lines [154]. The αvβ3
and αvβ5 receptors are expressed both in endothelial cells
associated with new vasculature and in the glioma tumor
cells [59, 155–157] and increased expression of αvβ3 has
been observed in angiogenic endothelial cells in tumors [158]
and is linked to more aggressive, metastatic breast cancers
[159, 160]. The ability for tumors to grow past a certain
size depends on the ability of the tumor to establish its
own blood supply via the process of angiogenesis [161],
and there has therefore been a major worldwide effort to
target the molecular regulators of angiogenesis. The αvβ3
receptor plays a vital role in angiogenesis [59, 162], and
the agent cilengitide (EMD121974) was synthesized to target
the RGD motif that is recognized by integrin receptors and
thus inhibits αvβ3-dependent adhesion [163]. Notably, this
compound also targets the αvβ5 receptor as both of these
integrins interact with their ligands via specific RGD motifs
[164]. Importantly, despite originally being designed as an
antiangiogenic therapy, cilengitide has a range of effects
in vitro, including apoptosis and blocking cell adhesion,
migration, and invasion [165]. In preclinical studies using
an orthotopic xenograft mouse model with the human
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glioblastoma cell line U87MG, cilengitide improved survival
time and inhibited tumor growth and angiogenesis [166].
Furthermore, cilengitide can inhibit glioma cell prolifera-
tion at concentrations as low as 1 μg/mL while 50 μg/mL
can induce significant apoptosis [165]. Cells treated with
cilengitide display disassembly of actin filaments and loss
of cell-cell contacts [165], dosage-dependent inhibition
of FAK and Src activity [165], and detachment-induced
apoptosis [167, 168]. Phase I and II clinical trials in glioma
patients have had promising results, especially for patients
with hypermethylated MGMT [169, 170], and cilengitide is
currently in Phase III trials in glioblastoma patients treated
with radiation therapy and chemotherapy [171]. The drug
is well tolerated, with patients suffering only minimal side
effects [170, 172], and the efficacy is reported to increase
when used in combination with radioimmunotherapy or
temozolomide [62, 173].

3.2. Targeting Cytoplasmic Adhesion Molecules. TAE226 is a
novel small molecule designed to inhibit FAK by blocking
phosphorylation of FAK tyrosine 397. The mechanism of
action is specific for FAK autophosphorylation as it does
not affect total FAK protein expression and has no effect
on either EGF-induced EGFR phosphorylation or serum-
induced PDGFR phosphorylation [174]. TAE226 has yet
to be tested in clinical trials for glioblastoma, but in
vitro experiments demonstrated increased apoptosis and
decreased angiogenesis [175]. In studies of neuroblastoma,
TAE226 induced apoptosis and G2 cell cycle arrest and
compromises cell viability [176] while in trials in ovarian
cancer, the drug exerts a number of anticancer effects,
including reduction in tumor burden, angiogenesis, and cell
proliferation and improves patient survival [177].

Inhibition of Src activity in either two-dimensional (2D)
or 3D culture models can successfully block glioblastoma
invasion [178, 179]. For example, Src inhibition impairs
pseudopodium formation and actin bursting at the tip of
the pseudopodium [178]. Dasatinib is an orally available
drug that inhibits Src kinase (as well as Eph receptors, Bcr-
Abl, PDGFRβ, and Kit) [180]. This agent has approval by
the Food and Drug Adminstration USA (FDA) for use in
treating leukemias and is presently being tested in a number
of clinical trials for the treatment of glioblastoma. A Phase I
trial is currently investigating the combination with erlotinib
(an EGFR inhibitor), while Phase I/II trials to assess the
use of a dasatinib/radiotherapy/temozolomide regime in
conjunction with adjuvant dasatinib and temozolomide for
newly diagnosed glioblastoma are about to be launched [71].
Preclinical studies of dasatinib have already shown successful
inhibition of Src activity [180], and an additive effect is
observed when combined with radiotherapy or temozolo-
mide [181]. Furthermore, low concentrations of dasatinib
can block proliferation of glioma cells in vitro [180].

Similar to Dasatinib, AZD0530 is also an orally available
drug that inhibits Src. Although still in the preclinical stage
of testing for glioblastoma treatment, AZD0530 has been
found to inhibit both FAK and paxillin phosphorylation
and activity. The resulting abrogation of adhesion-dependent

signaling pathways consequently inhibits cell migration
[182]. In other investigations, AZD0530 blocks invasion and
increases the sensitivity of lung cancer cells to radiation
therapy [183], and patient recruitment is in process for Phase
II testing in hormone receptor-negative metastatic breast
cancer.

3.3. Regulators of Actin Cytoskeletal Dynamics. The mam-
malian target of rapamycin (mTOR) is a protein kinase
upstream of PI3K/Akt signaling pathway, and activity of this
protein is inhibited by rapamycin. Involved in various signal-
ing pathways implicated in glioblastoma, mTOR plays a role
in a number of cellular processes, including cell proliferation
and growth, angiogenesis [184]. Critically, rapamycin blocks
F-actin organisation and inhibits phosphorylation of FAK,
paxillin, and p130Cas [185]. In preclinical studies, PTEN-
deficient tumors showed enhanced sensitivity to mTOR
inhibitors, and thus the frequency of inactivating PTEN
mutations in glioblastoma suggests that mTOR inhibitors
may be used to successfully treat glioblastoma [20, 186].
mTOR inhibitors have tolerable levels of toxicity, are effective
in reducing the rate of cell proliferation [187], and improve
patient survival rates [188]. Adverse effects reported follow-
ing rapamycin treatment include hypercholesterolemia and
hyperglycemia and, more seriously, the activation of Akt
[187, 188].

4. Exploiting the Unique Biology of
Infiltrating Glioblastoma to Identify
New Treatment Targets

The approaches outlined above highlight the potential—and
in some cases, success—of targeting adhesion signaling path-
ways in the treatment of glioblastoma. The highly unique
behavior exhibited by the glioblastoma cells in response
to the specialized morphology and molecular structure of
the brain suggests that there is considerably more scope
to target these pathways and derive specific and efficacious
new therapies. Below, we consider some of the adhesion
signaling pathways and mechanisms that might be amenable
to therapeutic exploitation along with some of the envisaged
caveats.

4.1. Further Targeting of Integrin Receptors. Downregulation
of β-integrin by antisense β-1 mRNA in a rat model of glioma
caused a significant reduction of brain invasion, attributed
either to impaired interaction with the ECM in the brain or
interference with β-1-dependent signaling pathways [189].
Similarly, direct inhibition of integrin by an integrin-specific
antibody led to a reduced capacity of ovarian tumor cells
to proliferate [190]. Studies of αvβ3 integrins in the brain
have revealed that the activation state of integrins rather
than expression level controls metastasis and angiogenesis
in tumor cells, and this process is highly susceptible to
cues from the brain microenvironment [191]. Thus, the full
potential for therapies targeting integrin receptors in the
treatment of glioblastoma has probably not yet been fully
realized. However, data suggesting that integrin expression
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may also be essential for maintaining cells in an attached
and stationary mode [192] highlight the need for a thorough
understanding of integrin-related pathways.

In recent times, it has become clear that invading and
migrating cancer cells have a range of motility modes at
their disposal that allows the cells to migrate through distinct
extracellular environments [40, 193–195]. The ability of
certain cancer cells to switch between an amoeboid-type
migration that does not require the action of MMPs versus
a mesenchymal-type MMP-dependent migration mode is,
at least part of, the reason behind the less than hoped
for success using anti-MMP therapies to treat metastatic
cancers [40, 196]. In addition to the differential require-
ment for MMPs, each migration mode is characterized by
distinct requirements for integrin-mediated interaction with
the ECM; integrin attachment is an essential requirement
for mesenchymal cell but of less significance for amoe-
boid motility. The potential for cancer cells to transition
between migration modes has become a confounding factor
when targeting anticancer pharmaceuticals to integrins [67,
197]. As reviewed above, studies to date suggest that the
glioblastoma cells primarily use the mesenchymal motility
mode for invasion and dissemination. Once there is formal
confirmation that glioblastoma cells do not have the capacity
to switch to an amoeboid movement, therapies designed to
block integrin receptor-mediated cell migration are likely
to have significant success in blocking dissemination of
glioblastoma.

4.2. Novel Cytoskeletal Targets. The determining role of the
actin cytoskeleton in the morphological and mechanical
properties that are indispensable for mesenchymal cell
migration suggests that the actin filament system represents
a major potential target for antimesenchymal migration
strategies. However, the ubiquitous expression and vital
contribution of actin to all cells and tissues in the body mean
that nonspecific disruption of the actin cytoskeleton would
cause unacceptable and life-threatening side effects. A more
useful approach would therefore be to target specific actin
regulatory molecules that are either restricted in their tissue
distribution or are functionally specialized. For example,
the tropomyosin family of actin-associating proteins has
emerged as critical regulators of cell migration [95, 198–201].
Association of individual tropomyosin isoforms with actin
filaments is proposed to impart distinct properties of actin
dynamics on the associated filament [202], and it has been
suggested that this specialization of the actin filaments may
represent rational targets for chemotherapy [203].

The dynamics of actin filaments are critical in cellular
processes ranging from cell division to apoptosis and migra-
tion. The dynamics are therefore subject to regulation by a
vast repertoire of actin-regulatory proteins. Actin-regulatory
proteins that modulate actin function in cell migration
include ADF/cofilin [204]. Cofilin is highly expressed in
glioblastoma tumor cells and is positively correlated with
motility [205, 206]. Furthermore, cofilin activity directly
relates to invasiveness and metastasis in mammary tumors
[207]. However, conflicting data [208] and the fact that

cofilin inhibition is lethal to both normal and tumor cells
[204] necessitate intervention with other components of
the cofilin signaling pathway rather than complete cofilin
shutdown. In this regard, proteins such as Phospholipase C-
gamma (PLCγ), slingshot (SSH), LIMK, or chronophin may
represent valid targets for anticancer treatment as each of
these molecules is mediator of cofilin signaling. Approaches
to inhibit or stabilize these pathway intermediates may sup-
press the pathway activity sufficiently to derive therapeutic
benefit in the absence of unacceptably high toxicity levels in
nontumor cells.

The Rho GTPases RhoA, Rac1, Cdc42, and Ras indis-
putably control signal transduction pathways that cooperate
to promote cell movement [122]. Given the defining role
of Rac GTPase activity in the mesenchymal mode of cell
migration [209], it seems sensible that approaches targeting
GTPase activity to block glioblastoma cell invasion and
dissemination should focus on the inhibition of Rac1 activity
as a priority. Rac1 activity controls de novo actin nucleation at
the periphery of the cell, resulting in lamellipodia extensions
and membrane ruffling [115, 210]. In human glioma cells
the suppression of Rac1 activity induces apoptosis [211], a
finding that raises the important concept that arresting cell
motility pathways may influence a cancer cell’s apoptotic
response in a way which could be therapeutically exploited
[212]. Indeed, in nontransformed cells there are many
cellular safeguards to ensure that the apoptosis programme is
initiated following detachment from the extracellular matrix
[213]. These safeguards are subverted in oncogenically
transformed cells [214, 215] allowing cells to survive the
remodeling and turnover of adhesion sites that accompanies
the progression to an invasive and migratory phenotype.
Correlated to this, increased activation of the PI3K sur-
vival pathway in glioma cells [212] overcomes detachment-
mediated apoptosis as these cells invade and migrate. An
important caveat to the use of Rho GTPase inhibitors is the
essential role they play in many different cellular functions
and thus the potential for side effects in otherwise healthy
tissues. Specific signaling functions of the Rho GTPases
are directed in part by selective interactions with guanine
nucleotide exchange factors that regulate GTPase activity.
Such molecules may therefore represent attractive targets for
drug intervention with fewer side effects [216].

The PI3K pathway contributes to cytoskeletal remodeling
via signaling through the serine/threonine kinase Akt [217].
Importantly, migrating glioma cells show elevated levels of
phosphorylated Akt and its substrate, Glycogen Synthase
Kinase-3 (GSK-3) and phosphorylated Akt, localizes to the
leading edge of migrating glioblastoma cells [212]. PI3K is
activated by receptor tyrosine kinases through Ras, binding
to the p110 subunit of PI3K [218, 219]. A major consequence
of this is the generation of Phosphatidylinositol (3,4,5)-
trisphosphate (PIP3) in the plasma membrane which in turn
acts as second messenger to activate Akt and other proteins.
PIP3 in the inner leaflet of the plasma membrane recruits
and activates Akt [220, 221] which results in cell survival,
proliferation (cell number), and/or growth (cell size) [217].
The conversion from PIP3 to Phosphatidylinositol (4,5)-
bisphosphate (PIP2) is catalyzed by several phosphatases.



Journal of Oncology 9

Significantly this includes PTEN which is a tumor suppressor
protein in glioblastoma and other cancers [20, 222, 223].
PTEN negatively regulates cell migration by downregulating
Rac1 and Cdc42 via its lipid phosphatase activity by decreas-
ing PIP3 levels [224, 225]. Furthermore, PTEN inhibits
cell migration by downregulating FAK and p130Cas phos-
phorylation [24]. Pharmaceuticals that either downregulate
PI3K/PIP2 or stabilize and/or upregulate the expression
of PTEN might therefore decrease the rate of metastasis
in treated cells. An experimental PI3K inhibitor, PX-866
(which is an improved wortmannin analogue), inhibits
tumor cell migration at sub-nanomolar concentrations
[226].

4.3. Approaches to Identifying Relevant Adhesion Signal-
ing Proteins. Given the critical role of migration in the
progression to metastatic, disseminated cancer, there are
increasing numbers of studies taking a global approach to
identifying molecules that are essential regulators of cell
migration. In one example, investigators used an siRNA
screening approach to identify proteins that modulate the
migratory response of a breast epithelial cell line [227].
The investigators took advantage of the recently described
adhesome [72] and restricted their siRNA targets to a
set of “migration and adhesion related” gene targets. The
advantage of such an approach over genetic profile analysis is
that screening for functional outcome concurrently validates
the target. Beyond such functional screens, the wealth of
gene expression data now available [228–230] means that it is
possible to identify potential adhesion and migration related
proteins that are differentially expressed in glioblastoma
and directly test these molecules. Alternatively, we can
use our current knowledge of adhesion signaling pathways
to predict likely candidate molecules. For example, based
on the known interaction of FAK with the Cas family
of proteins and their role in promoting cell migration
it was proposed, and subsequently confirmed, that the
Cas protein Neural precursor cell-expressed, developmen-
tally downregulated 9 (NEDD9), also known as Human
enhancer of filamentation 1 (HEF1) and Crk-associated
substrate-lymphocyte type (Cas-L), is a specific regulator
of glioblastoma cell invasion through brain homogenates
[70], and it is now apparent that NEDD9/HEF1/Cas-L
is a critical regulator of Rac-mediated mesenchymal cell
migration [209]. The emerging role of NEDD9/HEF1/Cas-
L as a key regulator of cancer metastasis [202] means
that this molecule will increasingly be the target of novel
anticancer treatments [231]. No matter which approach is
taken to identify new cytoplasmic adhesion molecules that
are essential regulators of glioblastoma invasion it is vital that
each of these molecules is tested using models that faithfully
recapitulate the brain environment, for example, in the form
of orthotopic xenograft mouse models [231] or via the use of
culture models such as the organotypic brain slice cultures
[38, 39].

Finally, we note that the blood-brain barrier (BBB)
constitutes a major hurdle for any systemic chemotherapy
delivery to treat glioblastoma. The BBB protects the brain
by excluding molecules by size and biochemical proper-

ties and generally prevents the translocation of lipophilic
molecules larger than 500 Da to the brain [232–234].
However, Temozolomide, an antiglioblastoma drug which
is already in clinical use, can successfully cross the BBB
after oral administration [235, 236]. Thus any approaches
to treat glioblastoma infiltration by targeting the molecular
regulators of mesenchymal migration will need to address
this issue. The field of drug targeting to the brain is currently
actively under investigation in parallel with our increasing
knowledge of the molecular regulators of mesenchymal
migration. Avenues being pursued range from transient
osmotic BBB disruption, nanoparticle carriers, to direct
injection into the brain parenchyma [232, 234, 237–239].
Thus, we anticipate that combined efforts in these two
research fields will facilitate the derivation of anti-infiltration
drugs that are able to cross the BBB and successfully treat
glioblastoma.

5. Conclusion

There is clearly an urgent need to develop new approaches
to treating glioblastoma—the current poor rate of survival
means that even small improvements in therapy have the
potential to significantly improve life expectancy and/or
quality of life for patients diagnosed with this tumor. In
the present paper, we have highlighted recent understanding
of the cellular mechanisms that regulate mesenchymal cell
migration that is characteristic of infiltrating glioblastoma.
New targeted therapies focusing on the unique cell biology
that facilitates infiltration of the brain parenchyma offer
promise to treating patients with glioblastoma. Understand-
ing cell migration is a necessary first step in developing
anti-migration pharmaceuticals. It is unlikely that any agent
targeted against infiltration will be effective unless used
in combination with therapies that target other aspects
of tumor biology. Current clinical trials generally measure
improvements in time to progression, but overall impact on
long-term survival has been modest. The challenge for the
future is to translate migration and invasion research into
new therapies for use in the clinical setting and to the design
of clinical trials including outcomes and markers that report
successful inhibition of infiltration. As our understanding
of the cell machinery that regulates migration continues to
improve apace, the possibility of improved patient outcomes
by pursuing novel targeted therapies moves forward towards
reality.
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In this study, we compared the effects of SKI-606 with Iressa, Src/Abl and EGF-R kinase inhibitors, respectively, on selected
parameters in HeLa and SiHa cervical cancer cell lines, which express E6/E7 oncoproteins of high-risk HPV types 18 and 16,
respectively. Our results show that SKI-606 and Iressa inhibit cell proliferation and provoke G0-G1 cell cycle arrest and reduction of
S and G2-M phase using 2 and 5 μM concentrations of these inhibitors. In contrast, SKI-606 induces differentiation to an epithelial
phenotype “mesenchymal-epithelial transition”; thus SKI-606 causes a dramatic decrease in cell motility and invasion abilities of
HeLa and SiHa cancer cells, in comparison to untreated cells and Iressa-treated cells in which these parameters are only slightly
affected. These changes are accompanied by a regulation of the expression patterns of E-cadherin and catenins. The molecular
pathway analysis of Src/Abl inhibitor revealed that SKI-606 blocks the phosphorylation of β-catenin and consequently converts
its role from a transcriptional regulator to a cell-cell adhesion molecule. Our findings indicate that SKI-606 inhibits signaling
pathways involved in regulating tumor cell migration and invasion genes via β-catenin alteration, suggesting that Src inhibitor, in
comparison to EGF-R, is a promising therapeutic agent for human cervical cancer.

1. Introduction

Cervical cancer is the second most common malignancy
amongst women worldwide with approximately 500,000 new
cases and 250,000 deaths each year estimated by the World
Health Organization. Thus, the overall 5-year-survival rate
for patients diagnosed with cervical cancer is approximately
50% and has not significantly improved over the past two
decades. Important etiological factors in the development
of this cancer are human papillomaviruses (HPVs), as more
than 96% of cervical cancers are positive for high-risk HPVs

especially types 16, 18, 31, 33, and 35 [1–3]. Moreover,
accumulating evidence suggests that persistent infection
with these viruses is necessary for cervical precursors to
evolve into invasive carcinomas [4–7]. The E6 and E7
oncoproteins of high-risk HPVs, which are constitutively
expressed in these cancers, inactivate p53 and pRb tumour
suppressors, respectively [8]. E6 facilitates the degradation of
p53 through its association with an accessory protein, E6-
AP, a component of the ubiquitin proteolytic pathway [9].
E7 proteins of high-risk HPVs bind to Rb [10], as well as to
other pocket proteins, such as p107 and p130 [11], leading to
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cell cycle deregulation. This results in genomic instability and
has been implicated in the transformation and progression of
normal and cancerous cervical cells, respectively.

Human cervical cancers are characterized by a marked
propensity for invasion and spreading to local lymph
nodes. Several investigations indicate that both invasion and
metastasis may be critically dependent on the acquisition of
the epithelial-mesenchymal transition (EMT) process [12,
13]. At least, three coordinated processes are necessary for
invasion: (1) changes in cell-cell and cell-matrix adhesion,
(2) degradation of the extracellular matrix (ECM), and
(3) cell migration. Therefore, cell-cell adhesion proteins are
greatly involved in these processes. Several studies reported
that the E-cadherin/catenin complex and P-cadherin, of the
cell-cell adhesion family, as well as fascin, Id-1, IGF-R1, and
EGF-R genes are important regulators in the progression
of several human carcinomas including cervical [14–18]. In
contrast, earlier studies reported that Src activation induces
phenotypic traits associated with metastatic cancer cells, such
as increased cell invasiveness and motility thus decreasing the
survival of numerous human cancer patients [19, 20].

To explore the role of Src/Abl inhibitor, SKI-606, as
a potential treatment for human cervical carcinomas, we
compared the effect of SKI-606 with Iressa on cell pro-
liferation, cell cycle progression, differentiation, invasion,
and motility in HeLa and SiHa human cervical cancer cell
lines which express E6/E7 oncoproteins of HPV types 18
and 16, respectively. We found that SKI-606 significantly
affects these processes in comparison with Iressa at the same
concentration. These effects occur through the conversion of
β-catenin’s role from a transcription regulator to a cell-cell
adhesion molecule via Src dephosphorylation.

2. Materials and Methods

2.1. Cell Cultures and Reagents. Human cervical cancer cell
lines HeLa and SiHa were obtained from the American Type
Tissue Culture, and maintained in DMEM (Life Technolo-
gies, Inc.) supplemented with 5% fetal bovine serum, 100
units/ml penicillin, 100 μg/mL streptomycin, and 2 mM L-
glutamine (Life Technologies, Inc.), and incubated at 37◦C
with 5% CO2 atmosphere.

The dual Src and Abl tyrosine kinase inhibitor SKI-606
(Wyeth Research) and Iressa (AstraZeneca) were dissolved in
DMSO (Sigma Chemical Co.), which was used as a solvent
control in all experiments at the same volume used in the
inhibitors; nevertheless, we did not observe any significant
effect of DMSO-treated cells in comparison with untreated
ones. Once cell cultures were 70% confluent, they were
incubated with different concentrations of drugs as reported
in the figure legends. All our experiments were performed in
triplicates.

2.2. Proliferation Assay. HeLa and SiHa cells were seeded in
flat-bottomed 96-well plates at 1 × 104 cells per well in a
volume of 100 μl of supplemented medium. Three dilutions
of SKI-606 and Iressa were added as indicated in the figure
legends and the volume was adjusted to 200 μl. Eight hours
before harvesting onto glass fiber filters, 1 μCi [3H]thymidine

was added to each well. Incorporation of [3H]thymidine
was measured using a filter scintillation counter (1430
MicroBeta, Wallac).

2.3. Cell Cycle Analysis. HeLa and SiHa cells were treated
with 5 μM SKI-606 and Iressa for two days. Cells were
harvested, washed, and fixed and subsequently treated with
50 μg/mL RNase and stained with 50 μg/mL propidium
iodide for 30 minutes. Cells were analyzed in a FACSCalibur
and data were evaluated with Cell Quest and ModFitLT v3.1
software.

2.4. Cell Wounding Assay. HeLa and SiHa cervical cancer
cells were grown to confluence and serum-starved for 24
hours, and finally wounded with a 2 mL pipette and treated
with 5 μM of SKI-606 and Iressa. Cells were examined by
light microscopy 24 and 48 hours later for the ability to
repopulate the wound as well as for cell migration.

2.5. Invasion Assay. Cell invasion was assayed in 24-well
Biocoat Matrigel invasion chambers (8 μm; Becton Dick-
inson) according to the manufacturer’s protocol. Briefly, 5
× 104 wild type and treated cells, with 5 μM SKI-606 and
Iressa, were plated in the top chamber. The bottom chamber
contained DMEM medium. After 48 hours incubation, the
noninvasive cells were removed with a cotton swab. The
cells that migrated through the membrane and stuck to the
lower surface of the membrane were fixed with methanol
and stained with hematoxylin. For quantification, cells were
counted under a microscope in five predetermined fields.

2.6. Soft Agar Growth Assay. 5 × 103 HeLa and SiHa cells
(untreated and treated with 5 μM SKI-606 and Iressa) were
placed in DMEM medium containing 0.4% agar and plated
over a layer of DMEM medium containing 0.7% agar. The
cultures were examined every 1-2 days for 3 weeks.

2.7. Western Blot and Immunoprecipitation Analyses. Western
blot was performed as previously described [21], for the
experiments described in this study, anti-E-cadherin, α-
catenin, β-catenin, γ-catenin, and P-cadherin monoclonal
antibodies (mAbs) (Bio/Can Scientific); antifascin mAb (sc-
21743, Santa Cruz Biotechnology Inc); anticyclin D1, cyclin
D3, Cdk6, Id-1, IGF-R1 antisera (sc-753, sc-182, sc-177, sc-
488 and sc-713, Santa, Cruz Biotechnology); anti-EGF-R
antisera (Cell Signaling); anticyclin D2 mAb (Clone DCS-
3, Sigma), anti-Cdk4 mAb (Clone DCS-35, Chemicon) and
antiactin mAb (clone C4, Roche Diagnostics) were used
for this assay. For immunoprecipitation, 300 μg of proteins
were immunoprecipitated with anti-β-catenin mAb (clone
14, Bio/Can Scientific). Immunoprecipitated samples were
then blotted on a nitrocellulose membrane and detected with
antiphosphotyrosine (clone 4G10, Upstate Biotechnology)
or anti-β-catenin mAb.

2.8. Immunofluorescence Analysis. HeLa cells were seeded
and treated with/without SKI-606 and Iressa, 5 μM each,
on cover-slips for 2 days at a density of 50,000-cells/35 mm
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dish. The cells were rinsed with PBS and fixed with 3%
(w/v) paraformaldehyde in PBS for 5 minutes, followed by an
incubation in precooled methanol (−20◦C) for 15 minutes.
The cells were then incubated with the primary antibody
anti-E-cadherin, α-, β-, and γ-catenin (mAb) (Bio/Can
Scientific) and with 0.2% BSA in PBS, as negative controls,
for 1 hour at room temperature. After three washes with
PBS, the cells were incubated with appropriate secondary
antibody conjugated to FITC (Jackson Immunoresearch
Laboratories) for 45 minutes. Finally, the cover-slips were
washed with PBS, mounted with Airvol (Air Products
and Chemicals, Inc.), and viewed with a Zeiss Axiophot
fluorescent microscope equipped with 63X plan apochromat
objectives and photographed.

3. Results

SKI-606 is a Src/Abl kinase inhibitor that was shown to have
antiproliferative effects on chronic myelogenous leukemia
cells as well as breast, colon and nonsmall lung cancer cells
[22–25]; however, the efficacy of SKI-606 in human cervical
cancer is still unknown. Therefore, we compared the effect of
SKI-606 with Iressa, a tyrosine kinase inhibitor (TKI) of EGF
and ErbB2 receptors which is presently in phase II clinical
trial for patients with recurrent or metastatic cervical carci-
nomas [26], in HeLa and SiHa cancer cell lines. Treatment of
human cervical cancer cells for 1–4 days with 2 and 5 μM of
SKI-606 slightly increased the inhibition of cell proliferation
when compared with cells treated with Iressa and untreated
cells in both cell lines. Likewise, SKI-606, but not Iressa,
caused a significant inhibition of cell proliferation of HeLa
and SiHa cell lines at 10 μM concentrations (Figure 1 and
data not shown). To examine whether the antiproliferative
effect of SKI-606 and Iressa on HeLa and SiHa cells was partly
mediated via specific cell cycle arrest, we investigated cell
cycle phase distributions of SKI 606 and Iressa-treated cells
using flow cytometric analysis. Results revealed that SKI-606
and Iressa (to a lesser extent) cause accumulation of cells
in the G0-G1 fraction. For instance, following exposure to
5 μM SKI-606 and Iressa for 48 hours, the percentage of
G0-G1 phase cells slightly increased in HeLa and SiHa cells,
with a proportional reduction in S and G2-M phase fractions
(Figure 2(a)). To investigate possible molecular mechanisms
involved in SKI-606 and Iressa-mediated G0-G1 cell cycle
arrest, several key molecules regulating transition from the
G1 to the S cell cycle phase were examined in HeLa cells
after 48 hours of SKI-606 and Iressa-treatment, including
cyclin D1, D2 and D3 as well Cdk4 and 6. Results showed
reductions in cyclin D1, D2, and D3 as well as Cdk4 and
Cdk6 in HeLa-treated cells when compared with untreated
cells (Figure 2(b)).

We also investigated the effect of SKI-606 and Iressa on
cell differentiation in HeLa and SiHa cervical cancer cells.
In the absence of treatment, HeLa and SiHa cells displayed
a fibroblast-like (mesenchymal) morphology, and formed
multilayered disorganized cells. In contrast, as indicated
in Figure 3, blocking Src/Abl activity led to a considerable
phenotypic conversion from fibroblast-like (mesenchymal)
to epithelial phenotype. Cells became more flattened in
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Figure 1: Effect of SKI-606 and Iressa on cell growth of HeLa
human cervical cancer cells. We note that cell proliferation slightly
relies on Src/Abl and EGF-R inhibitor concentrations at 2 and
5 μM each; in contrast, Src/Abl inhibitor, but not EGF-R, drastically
inhibits cell proliferation of HeLa and SiHa cells (data not shown)
at 10 μM. Bars, SDs of each point.

appearance, and showed an increase in cell-cell contact
in comparison with untreated cells and Iressa-treated cells
in which these parameters are only slightly affected. Next,
we examined the effect of SKI-606 and Iressa on colony
formation of HeLa and SiHa cells; we found that SKI-
606 significantly blocks colony growth, in soft agar, when
compared with cells treated with Iressa and wild type cells
(Figure 4).

To evaluate the role of SKI-606 and Iressa on cell
invasion and migration abilities of human cervical cancer
cells, Matrigel invasion and wound-healing assays were
preformed. HeLa and SiHa cells were treated for 24 and
48 hours with 5 μM of SKI-606 and Iressa. As illustrated
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Figure 2: SKI-606 and Iressa (to a lesser extent) provoke G0-G1 cell cycle arrest and reduction of S and G2-M phase of HeLa and SiHa cells.
A, propidium iodide staining shows a significant increase (P < .0001 and P < .001) in the proportion of HeLa and SiHa cells, respectively,
in the G0-G1 phase of the cell cycle following 48 hours of SKI-606 and Iressa treatments (5 μM). B, SKI-606, but not Iressa, treatment for 48
hours results in changes in key G0-G1 cell cycle phase regulators in HeLa cells.

in Figure 5, SKI-606 blocked cell migration and invasion
abilities of HeLa cells in comparison with Iressa-treated
cells and wild type cells. We found that SKI-606 and Iressa
affect cell migration and invasion of SiHa cells at the same
level of HeLa cells. Next, we investigated the expression
pattern of E-cadherin and α-, β-, and γ-catenin using
Western blot and immunofluorescence methods in HeLa
cells, untreated and treated with SKI-606 and Iressa. Using

Western blot analysis, we found that SKI-606 slightly up-
regulate the expression of the E-cadherin/catenin complex
(data not shown). Immunofluorescence analysis results were
consistently correlated with cell phenotype as well as invasion
and migration; following SKI-606 treatment, typical cell-
cell adhesion type staining for E-cadherin and α-, β-, as
well as γ-catenin was observed on cell surfaces and the
undercoat membrane in HeLa cells converted to an epithelial
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Figure 3: SKI-606 and Iressa (to a lesser extent) induce morphological changes in HeLa and SiHa cell lines. Untreated (control) cells possess
a fibroblast-like (mesenchymal) cell phenotype, whereas 48 hours treatment with SKI-606 (5 μM) significantly induces a mesenchymal-
epithelial transition of these cells in comparison with Iressa-treated cells.

Control SKI-606 Iressa

Figure 4: Effect of SKI-606 and Iressa on colony formation ability of HeLa cell line. HeLa cells are able to form large colonies in soft agar.
In contrast, SKI-606 inhibits the colony formation ability of HeLa (P < .0001) and SiHa cells (data not shown) in soft agar, whereas, Iressa
slightly reduce the colony formation following treatment with 5 μM as described in the Materials and Methods section. Magnification is
100x. We have obtained the same results using SiHa cell line.

phenotype (Figure 6). In contrast, untreated cells and, to a
lesser extent, those treated with Iressa showed a weak and
diffused cytoplasmic and nuclear staining, with complete
loss of membrane localization of E-cadherin and catenins
(Figure 6).

To determine the role of Src/Abl inhibitor on the
regulation pattern genes of cell invasion and migration, we
examined the effect of SKI-606 on gene expression patterns
of P-cadherin, fascin, Id-1, IGF-R1, and EGF-R, which are
important initiators of cell invasion and motility in several
human carcinomas including cervical, using Western blot
analysis. We found that SKI-606 significantly decrease the
expression of P-cadherin, fascin, Id-1, and IGF-R1 in HeLa
cells in comparison with untreated cells and Iressa-treated

cells which are only slightly affected (Figure 7(a)); moreover,
SKI-606 and Iressa (to a larger extent) reduce the expression
of EGF-R in comparison with control cells (Figure 7(a)).
Regarding the mechanism of E-cadherin/catenin complex re-
localization and P-cadherin, fascin, Id-1, IGF-R1, and EGF-R
gene deregulations, we hypothesized that SKI-606 provokes
E-cadherin/catenin complex reassociation by blocking the
phosphorylation of β-catenin through the inhibition of
pp60(c-Src) kinase phosphorylation in HeLa cancer cells.
Using SKI-606, we recently demonstrated that β-catenin
is physically associated with activated pp60(c-Src) kinase
and constitutively phosphorylated in human colorectal and
breast cancer cells [24, 27]. To assess this possibility in
cervical cancer cells, we examined the effect of SKI-606 on
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Figure 5: Comparison of SKI-606 and Iressa activity against cell migration and invasion ability of the HeLa cell line. SKI-606 and, to a
lesser extent, Iressa block cell migration at the same concentrations, as indicated in Materials and Methods, (arrows) within 48 hours in
comparison with untreated (control), (P < .001) using a cell wounding assay. In parallel, SKI-606 dramatically inhibits cell invasion ability
of HeLa and SiHa cells (data not shown) in comparison with Iressa-treated and untreated (control) cells (arrows indicate invasive cells),
(P < .0001) using Boyden chambers. Experiments conducted on SiHa cells showed the same data regarding cell migration and invasion
ability.

β-catenin regulation patterns in HeLa cancer cells. The cells
were treated for 48 hours with 5 μM of SKI-606 and Iressa
and then immunoprecipitated with anti-β-catenin. Western
blot analysis with antiphosphotyrosine revealed that β-
catenin is dephosphorylated in SKI-606-treated cells in com-
parison with untreated and Iressa-treated cells in which this
parameter is only slightly affected (Figure 7(b)). In parallel,
we found that SKI-606 inhibits β-catenin phosphorylation
and consequently its translocation to the nucleus in these
cells (Figure 6); thus, SKI-606 blocks cell migration through
the conversion of β-catenin’s role from a transcriptional
regulator to a cell-cell adhesion function in HeLa-cervical
cancer cells and by modulating the expression patterns of
many genes including P-cadherin, fascin, Id-1, IGF-R1, and
EGF-R (Figure 7(a)).

4. Discussion

In this study, we examined the effect of Src/Abl kinase
inhibitor on two human cervical cancer cells. Src kinases
are transducers of signals activated by many different classes
of cell-surface receptors; more specifically, Src can be acti-
vated by growth factor receptors including ErbB and IGF-
receptors, cytokine receptors, protein tyrosine phosphatase
1B, CAS, and focal adhesion kinase (FAK). In addition,
Src interacts with a network of intracellular signaling path-
ways, including the integrin/FAK pathway, β-catenin/Wnt,

RAS-MEK, phosphatidylinositol-3-OH kinase-AKT and
Janus-activated kinase-STAT pathways [28–30]. These com-
plex interactions explain why Src is involved in a large num-
ber of cellular functions. This has prompted the development
of a number of small-molecule Src kinase inhibitors and
tyrosine kinase inhibitor (TKI) of ErbB-receptors, such as
SKI-606 and Iressa, which could be used to treat patients with
metastatic cancers. Several studies have revealed that SKI-606
inhibits cell proliferation and blocks cell cycle progression,
invasion and migration of several invasive human cancers
including breast, colon and nonsmall lung cancer cells [23–
25]. In parallel, numerous investigations found that Iressa
decreases cell invasion and tumor formation of human
cancer cells in vitro and in vivo [31–35]. In this paper, we
report that Src/Abl and, to a lesser extent, EGF-R inhibitor
decrease cell proliferation of two human cervical cancer cell
lines, which is accompanied by a deregulation of cell cycle
progression, particularly G0-G1 cell cycle. Therefore, these
inhibitors down-regulate cyclin D1, D2, and D3 as well as
their catalytic partners Cdk4 and Cdk6. We have recently
found that D-type cyclins (D1, D2 and D3) as well as their
catalytic partners Cdk4 and Cdk6 are downstream targets
of cellular transformation induced by E6/E7 of HPV type
16 in mouse normal embryonic fibroblast cells ([21, 36, 37]
and unpublished data). Herein, we demonstrate, for the
first time, that SKI-606 and, to a lesser extent, Iressa block
cell invasion and migration as well as colony formation
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Figure 6: Immunofluorescence analysis of E-cadherin, α-, β-, and γ-catenin expression in HeLa-untreated (control) and SKI-606 as well as
Iressa-treated cells. We note that SKI-606-treatment restores the expression patterns of E-cadherin and α-, β-, as well as γ-catenin, on cell
surfaces and undercoat membrane, at 5 μM concentration, in HeLa cells when compared with Iressa-treated and untreated cells at the same
concentrations.

in soft agar of HeLa and SiHa human cervical cancer cell
lines which express E6/E7 oncoproteins of high-risk HPV
types 18 and 16, respectively. In parallel, we reveal that SKI-
606 and, to a lesser extent, Iressa, induces differentiation to
an epithelial phenotype of HeLa and SiHa human cervical
cancer cell lines; moreover, we report that Src/Abl inhibitor
up-regulates and restores the expression patterns of E-
cadherin as well as α-, β-, and γ-catenin in HeLa cells
in comparison with untreated cells and Iressa-treated cells
in which these parameters are less substantially affected.
Other studies found that SKI-606 induces an over-expression
of E-cadherin in human breast cancer cells [23]. Recently,
Vultur et al. [38] demonstrated that Src/Abl inhibitor reduces
cell invasion and migration abilities of primary human
breast cancer cells by increasing membrane-localization of E-
cadherin and β-catenin.

It is well established that high-risk HPV infection plays
an important role in the progression of human cervical
cancer. Moreover, the presence of high-risk HPVs has been
shown to serve as prognostic factors in early-stage cervical
cancer, and is associated with vascular invasion, lymph node

metastases, and tumor size [7, 39, 40]. Nevertheless, during
high-risk HPV infection, E6/E7 oncoproteins are expressed
and, as a result, the restraint on cell-cycle progression is
abolished and normal terminal differentiation is retarded
[41]. Therefore, E6/E7 of high-risk HPV can deregulate
several oncogenes, such as P-cadherin, fascin, Id-1, IGF-R1,
and EGF-R which are known to enhance the progression
of human cervical cancer [42–46]. In the present study,
we provide evidence that SKI-606 and, to a lesser extent,
Iressa inhibit cell invasion and migration of HeLa and SiHa
cancer cells; this is accompanied by a downexpression of P-
cadherin, fascin, Id-1, IGF-R1 and EGF-R. Consequently, the
inhibition of cell invasion and migration by this Src inhibitor
is related to the downregulation of those genes and probably
other oncogenes that might be involved in this process
through β-catenin’s role conversion in human cervical cancer
cells expressing E6/E7 oncoproteins of high-risk HPV. We
have recently reported that β-catenin is physically associated
and activated by pp60(c-Src) kinase and is constitutively
phosphorylated on the tyrosine residue in human colorectal
and breast cancer cells [24, 27]; therefore, Src activation
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Figure 7: Comparison between the influence of SKI-606 and
Iressa activity on P-cadherin, fascin, Id-1, IGF-R1, and EGF-R
expression as well as β-catenin phosphorylation in HeLa cells.
(a) Western blot analysis of P-cadherin, fascin, Id-1, IGF-R1, and
EGF-R expression in HeLa-untreated and treated cells. We found
that SKI-606 decreases the expression of P-cadherin, fascin, Id-
1 and IGF-R1 in HeLa cells in comparison with Iressa-treated
(as indicated in the Materials and Methods) and untreated cells;
in contrast, Iressa largely reduces the expression of EGF-R in
comparison with SKI-606. (b) Tyrosine phosphorylation analysis of
β-catenin in HeLa cells and SKI-606 as well as Iressa-treated cells.
Src/Abl inhibitor (SKI-606) blocks the constitutive phosphorylation
of Src and consequently β-catenin phosphorylation in HeLa cancer
cells. Cells were grown for two days in both the absence (control)
and presence of 2 and 5 μM of SKI-606 and 5 μM of Iressa. Cell
lysates were immunoprecipitated with anti-β-catenin antibody and
analyzed by immunoblotting with antiphosphotyrosine antibody as
described in Section 2.

converts β-catenin’s role from a cell-cell adhesion molecule
to a transcriptional regulator via its interaction with the
Tcf/Lef family of transcription factors [47, 48]. Our present
data show that Src/Abl inhibitor restores the expression
of β-catenin to the undercoat membrane to act as a cell-
cell molecule which can deregulate several genes including
P-cadherin, fascin, Id-1, IGF-R1 and EGF-R; thus, these
deregulations induce cell differentiation and consequently
block cell invasion ability of these human cervical cancer
cells.

In conclusion, our study is the first evidence demon-
strating that treatment with Src/Abl inhibitor and, to a

lesser extent, EGF-R inhibitor induce differentiation to an
epithelial phenotype and upregulates as well as restores
the expression of the E-cadherin/catenin complex and
subsequently inhibits cell invasion and migration of human
cervical cancer cells. These observations are accompanied
by downregulation of several important regulators of cell
invasion and metastasis. Thus, this investigation has several
clinical implications. First and most importantly, it points
toward a new mechanism of action for Src inhibitors and
suggests the use of P-cadherin, fascin, Id-1, IGF-R1 and
EGF-R as biomarkers. Second, we speculate that therapeutic
strategies based on Src inhibitor can dramatically reduce
human tumor recurrence and metastasis. Beyond this, based
on the implication of Src and β-catenin in human carcino-
genesis, the findings described in the present report may
lead to advances in the biology and treatment of malignant
cervical carcinomas which are positive for high risk HPVs.
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[20] Ö. Alper and E. T. Bowden, “Novel insights into c-Src,” Current
Pharmaceutical Design, vol. 11, no. 9, pp. 1119–1130, 2005.

[21] A.-E. Al Moustafa, W. D. Foulkes, N. Benlimame et al., “E6/E7
proteins of HPV type 16 and ErbB-2 cooperate to induce
neoplastic transformation of primary normal oral epithelial
cells,” Oncogene, vol. 23, no. 2, pp. 350–358, 2004.

[22] M. Puttini, A. M. L. Coluccia, F. Boschelli et al., “In vitro and
in vivo activity of SKI-606, a novel Src-Abl inhibitor, against
imatinib-resistant Bcr-Abl+ neoplastic cells,” Cancer Research,
vol. 66, no. 23, pp. 11314–11322, 2006.

[23] H. Jallal, M.-L. Valentino, G. Chen, F. Boschelli, S. Ali, and S.
A. Rabbani, “A Src/Abl kinase inhibitor, SKI-606, blocks breast
cancer invasion, growth, and metastasis in vitro and in vivo,”
Cancer Research, vol. 67, no. 4, pp. 1580–1588, 2007.

[24] A. M. L. Coluccia, D. Benati, H. Dekhil, A. De Filippo, C.
Lan, and C. Gambacorti-Passerini, “SKI-606 decreases growth
and motility of colorectal cancer cells by preventing pp60(c-
Src)-dependent tyrosine phosphorylation of β-catenin and its
nuclear signaling,” Cancer Research, vol. 66, no. 4, pp. 2279–
2286, 2006.

[25] J. Zhang, S. Kalyankrishna, M. Wislez et al., “Src-family
kinases are activated in non-small cell lung cancer and
promote the survival of epidermal growth factor receptor-
dependent cell lines,” American Journal of Pathology, vol. 170,
no. 1, pp. 366–376, 2007.

[26] A. Goncalves, M. Fabbro, C. Lhommé et al., “A phase II trial to
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Lysophosphatidic acid (LPA) is a bioactive phospholipid that affects various biological functions, such as cell proliferation,
migration, survival, wound healing, and tumor invasion through LPA receptors. Previously, we reported that LPA induces A431
colony dispersal, accompanied by disruption of cell-cell contacts and cell migration. However, it remains unclear how LPA affects
cell migration and gene expression during A431 colony dispersal. In this paper, we performed cDNA microarray analysis to
investigate this question by comparing gene expression between untreated and LPA-treated A431 cells. Interestingly, these results
revealed that LPA treatment upregulates several TGF-β1 target genes, including laminin-332 (Ln-332) components (α3, β3, and
γ2 chains). Western blot analysis also showed that LPA increased phosphorylation of Smad2, an event that is carried out by TGF-
β1 interactions. Among the genes upregulated, we further addressed the role of Ln-332. Real-time PCR analysis confirmed the
transcriptional upregulation of all α3, β3, and γ2 chains of Ln-332 by LPA, corresponding to the protein level increases revealed by
western blot. Further, the addition of anti-Ln-332 antibody prevented LPA-treated A431 colonies from dispersing. Taken together,
our results suggest that LPA-induced Ln-332 plays a significant role in migration of individual cells from A431 colonies.

1. Introduction

Lysophosphatidic acid (LPA) is a phospholipid growth factor
involved in a variety of physiological functions such as
cellular proliferation, differentiation, migration, and survival
[1, 2]. In addition, it has also been shown to have a
role in pathological conditions like wound healing and
tumorigenesis [3]. LPA is naturally produced by many cells,
including platelets, fibroblasts, and adipocytes; therefore,
body fluids like serum, saliva, and other follicular fluids
are a rich source of LPA [4–7]. It is well established that
LPA signals various events through its G protein-coupled
receptors (GPCR), namely, LPA-1-4 [8].

During tumorigenesis, LPA is reportedly involved in
both cell migration and invasion [9–12]. Many reports have
shown that LPA plays an important role particularly in ovar-
ian cancer, affecting various aspects of cancer development,
including cellular proliferation, angiogenesis, migration, and

survival [13, 14]. It has also been shown that increased
levels of LPA are found in the plasma of ovarian cancer
patients, compared to disease-free subjects [15]. Normal
ovarian epithelial cells produce trace amounts of LPA,
whereas ovarian cancer cells produce LPA in large amounts
[16]. Similarly, in prostate cancer, LPA is reported to
induce proliferation and survival of androgen-independent
prostate cancer cells [17, 18]. In lung cancer, LPA has
been shown to induce cellular migration [19]. LPA levels
are also significantly increased in patients with myeloma,
endometrial cancer, and cervical cancer [20, 21]. Autotaxin, a
soluble exoenzyme upregulated in cancer cells that increases
cell invasion, has been found to stimulate proliferation
and motility of cancer cells through LPA production [22],
whereas autotaxin-dependent motility is blocked in LPA-1
deficient fibroblasts [23].

Previously, we have shown that LPA causes dispersal
of epithelial cell colonies [24]. Our report demonstrated
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stepwise upregulation of cell motility features after treatment
of A431 cells with LPA. Specifically, we noted the following
changes: stimulation of lamellipodia formation, downreg-
ulation of cell-cell adhesion, and enhanced migration of
the cells. In continuing this line of research, we have thus
hypothesized that LPA changes cell motility by somehow
affecting the cell microenvironment. To begin to test this
hypothesis, in this study we performed microarray analysis
of A431 cancer cells treated with LPA or PBS (for control)
to examine the changes in microenvironment-related genes.
Interestingly, microarray results revealed that LPA upregu-
lates several TGF-β1 target genes along with Ln-322, a major
component of basement membrane. Several independent
approaches also supported this finding.

2. Materials and Methods

2.1. Reagents. L-α-lysophosphatidic acid (oleoyl, LPA 18 : 1)
was purchased from Avanti Polar Lipids (Alabaster, AL)
and stored at −80◦C. Polyclonal antibody (pAb) against
phosphorylated Smad2 (Ser465/467), GAPDH, and mon-
oclonal antibody (mAb) against Smad2/3 were purchased
from Cell Signaling Technology (Danvers, MA), BD Bio-
sciences (San Jose, CA), and Invitrogen (Carlsbad, CA),
respectively. BM165 (mAb against human laminin α3 chain)
was purchased from Life Technology Invitrogen (Carlsbad,
CA). H-300 (pAb against human laminin β3 chain) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
2778, pAb against laminin γ2 chain was prepared in-house,
as previously described in [25, 26]. MAb against β-actin was
purchased from Sigma (St. Louis, MO). Anti-rabbit IgG or
mouse IgG HRP-conjugated antibody was purchased from
GE health care (Pittsburgh, PA).

2.2. Cell Culture. A431, a human epidermal squamous
carcinoma cell line, was obtained from American Type
Culture Collection (Manassas, VA), maintained in DMEM
(Invitrogen), supplemented with 10% fetal bovine serum
(FBS; Invitrogen) and 2 mM L-glutamine, and kept in
constant culture in a humidified incubator with 5% CO2 at
37◦C.

2.3. Immunoblot Analysis. To examine phosphorylation of
Smad2 and expression of Ln-332 chains by LPA, A431 cells
were serum starved for 24 h and incubated with PBS or LPA
(1–4 μM) for indicated periods of time. Cells were lysed and
100 μg of proteins were separated on 4–12% NuPAGE (Bis-
Tris) gels under reducing conditions. 3T3NIH cell lysates
were purchased from Cell Signaling and used as a positive
control (for Smad2 phosphorylation). After separation, the
same gel was transferred to a PVDF membrane and blocked
with 5% skim milk in 1X TBS and 0.1%Tween 20. After the
blocking step, pAb against phosphorylated Smad2 (pSmad2;
Ser465/467), GAPDH, or mAb against Smad2/3 was added at
the diluted ratio of 1 : 1000 and incubated at 4◦C overnight.
To check the expression of laminin α3, β3, and γ2 chains,
BM165 mAb, H-300 pAb, or 2778 pAb was added at the
diluted ratio of 1 : 1000, 1 : 200, 1 : 2000, respectively. MAb
against β-actin was used as an internal control at the diluted

Table 1: Primers used for quantitative RT-PCR. For RT-PCR, we
analyzed samples on an MiQ machine using a FastStart SYBR Green
Master Mix, with the following primer sets.

Gene Primer set Gene accession
number

LAMA3
5′-GGCTCACTCTGTATTGTTGG

NM 000227
5′-ACAGAGACTGCTTTGGTGTG

LAMB3
5′-TGATGGACAGGATGAAAGAC

NM 000228
5′-GGAAGCTGTAGCATCACTTG

LAMC2
5′-GAAGCCCAGAAGGTTGATAC

NM 005562
5′-GTGAGTGTTCTGGAGCAAAG

GAPDH
5′-ATGACATCAAGAAGGTGGTG

NM 002046
5′-CTGTAGCCAAATTCGTTGTC

PPIA
5′-CAAATGCTGGACCCAACACA

NM 021130
5′-TGCCATCCAACCACTCAGTC

ratio of 1 : 10000. Anti-rabbit IgG or mouse IgG HRP-
conjugated antibody was used as a secondary antibody at
the diluted ratio of 1 : 1000 for 1 hr at room temperature.
The bands in all blots were visualized and imaged with
an ECL plus system (Perkin Elmer, Waltham, MA). Band
densities were quantified using ImageJ. Differences were
examined with Student’s t-test statistics using SPSS, version
17 (Chicago, IL), with P values less than .05 accepted as
significant.

2.4. RNA Extraction and cDNA Synthesis. To detect the
expression level of laminin α3, β3, and γ2 chains in
A431 cells, total RNA was isolated from cells treated with
PBS or 1-2 μM (1 μM for microarray analysis and 2 μM
for real-time PCR) LPA using an RNAeasy kit (Qiagen,
Germantown, MD). Total RNA digested with RQ RNase-
free DNase I (Promega, Madison, WI) and OligoT primer
(Roche, Madison, WI) was incubated for 10 min at 70◦C,
chilled on ice, and added to a 20 ml aliquot of a reaction
mixture containing 4 μl of Transcriptor RT reaction buffer
(Roche), 1 μl of 10 mM mixture of four dNTPs, and 1 μl
of RNasin (Promega). In addition, 0.5 μl of Transcriptor
Reverse Transcriptase (Roche, Madison, WI) was added and
incubation continued for 1 h at 55◦C. To stop the reaction,
the reaction mixture was heated for 5 min at 85◦C and then
chilled on ice. To remove RNA contamination in the reaction
mixture, RNase H (Promega) was added and incubated
for 30 min at 37◦C. RNA integrity was determined by
electrophoresis on a 1% agarose gel followed by visualization
of intact 18S and 28S ribosomal RNA bands. RNA purity
was measured using the A260/A280 ratio. To ensure that
the optical density at A260 was in the linear range, various
concentrations of RNA were plotted against absorbance.

2.5. cDNA Microarray Analysis. Microarray experiments
were performed by the Vanderbilt University Medical Center
Microarray Core using Affymetrix Human U133 plus 2.0
chips according to manufacturer’s instructions. Data were
normalized using the Microarray Suite 5.0 algorithm. Due
to our interest in particular genes, only some probe sets were
analyzed, as shown in Table 1.
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Comparisons were made between RNA extracted from
PBS-treated A431 cells and LPA-treated A431 cells (N = 2,
in triplicate). Differences were examined with Student’s t-test
statistics using SPSS, version 17 (Chicago, IL), with P values
less than .05 accepted as significant.

2.6. Quantitative Real-Time PCR (RT-PCR). For RT-PCR,
we analyzed samples on a MiQ machine (Bio-Rad Labora-
tories, Hercules, CA) using a FastStart SYBR Green Master
Mix (Roche, Madison, WI). The following primer sets were
used, as shown in Table 1: LAMA3 (forward): 5′-GGCTCA-
CTCTGTATTGTTGG, LAMA3 (reverse): 5′-ACAGAG-
ACTGCTTTGGTGTG, LAMB3 (forward): 5′-TGATGG-
ACAGGATGAAAGAC, LAMB3 (reverse): 5′-GGAAGC-
TGTAGCATCACTTG, LAMC2 (forward): 5′-GAAGCC-
CAGAAGGTTGATAC, LAMC2 (reverse): 5′-GTGAGT-
GTTCTGGAGCAAAG, GAPDH (forward): 5′-ATGACA-
TCAAGAAGGTGGTG, GAPDH (reverse): 5′-CTGTAG-
CCAAATTCGTTGTC. PPIA (forward): 5′-CAAATGCTG-
GACCCAACACA, PPIA (reverse): 5′-TGCCATCCAACC-
ACTCAGTC. These primers were designed by open-source
Primer3 software (http://primer3.sourceforge.net).

Comparisons were made between RNA extracted from
PBS-treated A431 cells and LPA-treated A431 cells (N = 2,
in duplicate or triplicate). Differences were examined with
Student’s t-test statistics using SPSS, version 17 (Chicago,
IL), with P values less than .05 accepted as significant.

2.7. Cell Dispersal Assays. For dispersal assays, A431 cells
were seeded at a density of 104 cells/ml in 6-well plates
and allowed to grow for 24 h. After formation of colonies,
cells were cultured in serum-free DMEM for 24 h and then
treated with PBS or LPA for 4 h. Microscopy was conducted
using a Zeiss Axiovert 200 M microscope (Zeiss, Thornwood,
NY) equipped with a temperature- and CO2-controlled
chamber (5 images per well, triplicate wells per treatment).
Microscopy was under the control of OpenLab software
(Improvision, Lexington, MA). To quantify cell behavior, we
manually counted both the number of dispersed colonies and
total colonies in each well of microplates. Differences were
examined using two-way ANOVA with Bonferroni posttest
using GraphPad Prism5 (La Jolla, CA), with values less
than .05 accepted as significant. Data are presented as the
mean ± standard deviation ratio (percentage) of dispersed
colonies to total number of colonies imaged.

3. Results and Discussion

We previously reported that LPA dramatically induces A431
squamous carcinoma cell colony dispersal, accompanied by
disruption of cell-cell contacts and individual cell migration
[24]. Herein, we analyzed gene expression of A431 cancer
cells treated with LPA in order to better understand how
LPA functions during cell colony dispersal. To this end, we
first recapitulated experiments from our previous studies,
whereas A431 cells were serum starved for 24 h and then
treated with LPA (1 μM) or PBS (for control) for 12 h. After
incubation, A431 cells were collected, and total RNA was

PBS LAP (2 μM)

28S

18S

Figure 1: RNA preparation. A431 cells were incubated for 24 h in
serum-deprived culture medium. LPA (2 μM) or PBS (control) was
added to medium and incubated for 12 h at 37◦C in a humidified,
5% CO2, 95% air atmosphere. Total RNA was isolated from
A431 cells treated with PBS or LPA (2 μM) for 12 hrs, using a
Qiagen RNeasy kit. The RNA integrity was measured by the RNA
integrity number (RIN) software algorithm designed to classify
the eukaryotic total RNA, based on numbering from 1 to 10 (1
indicates the most degraded RNA profile, and 10 indicates the
most intact RNA). Electrophoresis of RNA in eukaryote total RNA
Nano DE114000902 resulted in an RNA integrity number (RIN) of
10.

extracted for cDNA microarray analysis. The RNA integrity
was measured by the RNA integrity number (RIN) software
algorithm designed to classify the eukaryotic total RNA,
based on numbering from 1 to 10 (1 indicates the most
degraded RNA profile, 10 indicates the most intact RNA).
The RNA integrity number was checked by electrophoresis
of RNA in Eukaryote Total RNA Nano DE114000902. The
RIN results of total RNA treated with PBS or LPA showed
the number of 10, showing that both RNA samples are intact
RNA (Figure 1 ).

Affymetrix cDNA microarray analysis was then per-
formed to compare gene expression of A431cells treated
with either LPA or PBS. Due to our interest in particular
genes, only some probe sets were processed and analyzed
for this study. Of note, laminin α3 (LAMA3), β3 (LAMB3),
and γ2 chains (LAMC2), all components of the Ln-332
heterotrimer, were significantly upregulated in LPA-treated
samples (Figure 2; N = 2, in duplicate or triplicate; P = .022,
.001, and .019, resp.). These results also revealed that
several other genes involved in extracellular matrix were
overexpressed in LPA-treated samples, including tenascin
C, cysteine rich protein 61, thrombospondin-1, and serine
peptidase inhibitor or plasminogen activator inhibitor-1
(data not shown). Interestingly, all of these genes have been
shown to be TGF-β1 target genes [27–31].

The original observation on A431 colony dispersal has
led us to further investigate cell phenotype epithelial-to-
mesenchymal transition (EMT), which is reportedly induced
by TGF-β1 in some cell systems and shows a disconnect
between cells and dramatic changes in gene expression [32,
33]. TGF-β1 is a protein that controls cell proliferation and
growth in many cells, stimulates production of extracellular
matrix proteins, and induces EMT, which is accompanied
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Figure 2: cDNA microarray analysis. Microarray analysis was per-
formed on PBS and LPA-treated samples using Affymetrix Human
U133 plus 2.0 chips according to manufacturer’s instructions, and
data were normalized using the Microarray Suite 5.0 algorithm.
Among the upregulated genes induced by LPA, all three subchains
of the intact Ln-332 molecule: α3 chain (LAMA3), laminin β3
(LAMB3), and laminin γ2 chain (LAMC2) were significantly
increased.

by the decrease of cell-cell contacts and the increase of cell
motility [24]. TGF-β1 is known to bind and activate TGF-β1
type I receptor (TGFβR1), which phosphorylates receptor-
regulated Smad (R-Smad), Smad2, and Smad3 [34]. Phos-
phorylated Smad2/3 interacts with Smad4 to form complexes
that translocate into cell nuclei, which leads to regulation of
gene expression, either negatively or positively [34]. Recently,
there were several reports suggesting the crosstalk between
GPCR activated by LPA or sphingosine 1-phosphate and
TGFβ signaling. For example, in keratinocytes, it has been
reported that LPA induces TGF-β1 signaling to mediate
growth arrest and chemotaxis [35]. Therefore, we performed
western blot analysis to determine whether LPA induces
the phosphorylation of Smad2 in A431 cells, using an anti-
phospho-Smad2 antibody (3A). These results showed that,
in contrast to the PBS control, LPA induced phosphorylation
of Smad2 in A431 cells, although, of the concentrations we
tested, only the highest dose, 4 μM, significantly enhanced
phosphorylation (Figure 3(b)). Our results are in line with
previous studies by Jeon et al. [36], which demonstrated that
Smad2/3 is phosphorylated upon LPA stimulation and that
it can be blocked using an LPA antagonist Ki16425. These
findings suggest that LPA may also induce TGF-β1 signaling
in A431 cells.

Among the overexpressed genes induced by LPA, we
further investigated the three subcomponents of the intact
Ln-332 molecule: α3 chain, β3, and γ2 chains. Ln-332 is
major basement membrane glycoprotein expressed mainly in
epithelial cells that consists of these three chains in the form
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Figure 3: LPA induces phosphorylation of Smad-2 during A431
colony dispersal. A431 cells were serum starved for 24 h and
incubated with PBS or LPA (1, 2, or 4 μM) for 1 h. (a, b)
Cells were lysed and 100 μg of total proteins were separated on
4–12% NuPAGE gels under reducing conditions. 3T3NIH cell
lysate after TGF-β1 treatment was used as a positive control for
phosphorylation of Smad2. After separation, the same gel was
transferred to a PVDF membrane and blocked with 5% skim milk
in 1X TBS and 0.1% Tween 20. After blocking, a pAb against
phosphorylated Smad2 (p-Smad2; Ser465/467), a mAb against
Smad2/3, or GADPH was added at the diluted ratio of 1 : 1000 and
incubated at 4◦C overnight. Anti-rabbit IgG or mouse IgG HRP-
conjugated antibody was used as a secondary antibody at a diluted
ratio of 1 : 1000. The bands were visualized with an ECL plus system.
Protein expression levels were quantified from the western blots
using ImageJ. Results showed that 4 μM LPA treatment for 12 h
significantly enhanced pSmad2 protein expression compared to PBS
treatment (N = 3; P = .003).

of heterotrimer α3β3γ2 [36, 37]. Ln-332 plays a significant
role in controlling cell behavior, such as cell adhesion,
migration, and spreading via cell surface receptors, including
integrin α3β1 and integrin α6β4 [37, 38]. We performed
quantitative RT-PCR analysis using laminin primer sets
shown in Table 1 to confirm the upregulation of the three
laminin genes upon LPA treatment of A431 cells,. Real-
time PCR analysis showed that LPA somewhat increased
the expression of laminin α3, β3, and γ2 chains in A431
cells (by ∼2–2.5-fold compared to PBS controls), although
not significantly (N = 3; P = .11, .08, and .13, resp.),



Journal of Oncology 5

0

0.5

1

1.5

2

2.5

3

α3 β3 γ2

PBS
LPA (2 μM)

Real-time PCR

N
or

m
al

is
ed

fo
ld

-c
h

an
ge

Figure 4: RT-PCR analysis of mRNA expression of laminin α3, β3,
and γ2 genes in LPA-treated A431 cells. To confirm the results of the
previously performed microarrays, RT-PCR analysis was performed
as described in Section 2. Briefly, A431 cells were treated with PBS
or 2 μM LPA for 12 h, total RNA was extracted for each sample, and
cDNA was synthesized using reverse transcriptase. Samples were
analyzed on a MiQ machine using FastStart SYBR Green Master
Mix. The primer sets used are shown in Table 1. Results showed
that LPA treatment increased Ln-332 component, α3, β3, and γ2,
expression (by ∼2–2.5-fold), although results were not determined
to be significantly different than PBS control treatments (N = 3;
P = .11, .08, and .13, resp.).

suggesting that LPA may also induce laminin α3, β3, and
γ2 gene expression at the mRNA level (Figure 4). However,
additional studies are needed to confirm this finding.

Furthermore, western blot analysis using antibodies
against individual laminin α3, β3, and γ2 chains also
showed that protein expression increased after LPA treating
of A431 cells. Ln-332 α3 and β3 chains were significantly
enhanced in LPA-treated cells, whereas γ2 chain was only
somewhat increased using this method (Figures 5(a) and
5(b)). Collectively, these results suggest that Ln-332 het-
erotrimer expression is also elevated after LPA treatment.
Interestingly, various cytokines, growth factors, and LPA
have previously been shown to promote the synthesis of
Ln-332 in human keratinocytes [39]. Taken together, three
independent approaches show that Ln-332 is enhanced at the
cDNA, mRNA, and protein levels, respectively.

The binding and their role of Ln-332 and integrin
receptors have been intensely studied in various physiological
events [43]. Ln-332 can promote strong cell adhesion
by interacting with α6β4 and intermediate filaments to
form hemidesmosomes [37, 44–46] or can behave as a
promigratory agent by binding to α3β1 [47, 48]. These
functions are observed in normal skin and wound healing,
respectively [37, 44, 45, 48]. Collectively, these findings
lead us to believe that LPA-inducible Ln-332 promotes
A431 cell colony dispersal, presumably by interaction with
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Figure 5: LPA enhances laminin-332 protein expression in A431
cells. To examine the expression level of Ln-332 chains in LPA-
treated A431 cells, cells were serum starved for 24 h and incubated
with PBS or 2 μM LPA for 12 h. (a, b) Cells were then lysed and
100 μg of proteins were separated on an 8% gel under reducing
conditions. After separation, the same gel was transferred to a PVDF
membrane and blocked with 5% skim milk in 1X TBS and 0.1%
Tween 20. After blocking, BM165 (mAb against human laminin
α3 chain) H-300 (pAb against human laminin β3 chain), a pAb
against rat laminin γ2 chain, or a mAb against actin was added at the
diluted ratios of 1 : 1000, 1 : 200, 1 : 2000, and 1 : 10000, respectively,
and incubated at 4◦C overnight. Anti-rabbit IgG or mouse IgG
HRP-conjugated antibody was used as a secondary antibody at the
diluted ratio of 1 : 1000. The bands were visualized with an ECL
plus system (Perkin Elmer, Waltham, MA). Protein expression levels
were quantified using ImageJ. Results showed that LPA treatment
consistently increased Ln-332 component expression. Both the Ln-
332 α3 and β3 chains were determined to be significantly increased
(N = 3, P = .004), whereas the γ2 chain was only somewhat elevated
compared to the PBS control treatment.

cell surface receptor integrins α3β1 or α6β4. While the
experimentation necessary to unravel this hypothesis is still
in early stages, we have obtained some data that supports
this idea. Using cell colony dispersal assays similar to our
previous studies [24], we have found that adding anti-Ln-
332 antibody to A431 cells almost completely blocked the
dispersal of LPA-treated colonies (Figures 6(a) and 6(b)).
These results strongly support a general role for Ln-332 in
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Figure 6: Anti-Ln-332 antibody prevents A431 colony from dispersing by LPA treatment. Cell colony dispersal assays were performed similarly
to our previous studies (serum-starved A431 cells for 24 h, treated with 2 μM LPA), with the addition of an anti-Ln-332 antibody (BM165).
(a, b) We found that anti-Ln-332 antibody significantly blocked dispersal of LPA-treated colonies, compared to those colonies treated with
LPA alone (N = 3; P < .05). LPA-treated A431 colony dispersal percentages in the absence (LPA) or presence of BM165 antibody (LPA + anti-
Ln-332) are indicated as light-grey triangles or cross, respectively. These results strongly support a general role for Ln-332 in regulating the
“LPA effect”. ∗P < .05, Two-way ANOVA (Bonferroni post test).
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Figure 7: Hypothetical working model of LPA-induced A431 colony dispersal. We hypothesize that LPA induces Ln-332 expression via TGF-β1
pathway. In our working model, LPA binds to LPA receptors on the A431 cell surface and transactivates TGF-β1 type I receptor (TGFβR1),
which phosphorylates receptor-regulated Smad (R-Smad), Smad2, and Smad3. These results are supported by other previous findings [36,
40, 41]. Another potential pathway may lead to the direct induction of phosphorylation of Smad2/3.Phosphorylated Smad2/3 forms complex
with Smad4 and translocates into the nucleus [41]. Smad4 functions as a positive transcriptional regulator of Ln-332 [42]. Finally, LPA
enhances Ln-332 expression to promote A431 colony dispersal.

regulating the “LPA effect”. In addition, preliminary studies
have also shown that blocking antibodies against integrins
α3 or β1, but not α6, remarkably reduced LPA-treated A431
colony dispersal (data not shown). Our findings are in line
with previous studies by Salo et al. [49], which showed
that antibodies blocking Ln-332 inhibit cell adhesion and
migration, subsequently leading to reduced tumor growth

and invasion in vivo. However, we plan to tackle additional
studies in the future to further investigate the specific role
of LPA in these data. Of note, Giannelli et al. previously
demonstrated that Ln-332 and TGF-β1 cooperatively induce
EMT in hepatocellular carcinoma [50].

In summary, we propose a working model of LPA-
induced A431 colony dispersal (Figure 7). We hypothesize
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that LPA induces Ln-332 expression via the TGF-β1 pathway.
In our working model, LPA binds to LPA receptors on the
A431 cell surface and transactivates TGF-β1 type I receptor
(TGFβR1), which phosphorylates receptor-regulated Smad
(R-Smad), Smad2, and Smad3 [36]. In addition, LPA
potentially induces the direct phosphorylation of Smad2/3
via LPA receptors, or LPA-induced TGF-β1 signals activate
phosphorylation of Smad2/3.

Phosphorylated Smad2/3 forms complex with Smad4
and translocates into the nucleus. It has been reported that
smad4 functions as a positive transcriptional regulator of Ln-
332 in colorectal cancer cell lines [42]. Through these poten-
tial pathways, LPA potentially enhances Ln-332 expression,
leading to the promotion of A431 colony dispersal.

However, we recognize that our results could be the
consequences of the activation of other pathways than
TGF-β. In brief, we acknowledge that many previous studies
have explored the downstream effectors of LPA, including
RhoA, which is involved in contraction and cell rounding,
Rac, which is involved in cell spreading and migration,
Akt, which is involved in cell survival, and RAS, which
is important in DNA synthesis and viability [51]. These
multiple effects may explain why one compound, LPA, could
have such a repertoire of cell responses.

4. Conclusions

Herein, we have reported that LPA induces TGF-β1 target
gene expression including Ln-332 during LPA-induced A431
colony dispersal, and we conclude that Ln-332 plays a
significant role in promoting colony dispersal and single-cell
migration, at least for the A431 cell line.
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Cell adhesion and migration are key determinants in tumor metastasis. Adherence of tumor cell to the extracellular matrix is
mediated via integrin containing focal adhesions (FAs). Binding of integrins to ECM triggers phosphorylation of two major
components of FAs, focal adhesion kinase (FAK) and Src, activating downstream signaling pathway which leads to FA disassembly
and cell migration. In this paper, we analyze how phosphorylation of FAK regulates its trafficking at FAs in living human
astrocytoma cells. Upon pervanadate-induced FAK phosphorylation, phosphorylated FAK appeared highly expressed at newly
formed membrane ruffles. This effect was abolished in presence of the specific Src inhibitor PP2. Our findings demonstrate that
upon phosphorylation, FAK delocalizes from FAs to membrane ruffles.

1. Introduction

During the process of tumor metastasis and more generally
cell migration, cells connect with the microenvironment
in part through focal adhesions (FAs) [1]. FAs transduce
signals from the extracellular matrix into the cell via integrins
clustering and subsequent activation of signaling pathways.
One of the major kinases implicated in FA signaling is focal
adhesion kinase (FAK). FAK contributes to FA scaffolding,
and also transmits adhesion-dependent and growth factor-
dependent signals into the cell [2–4]. A major role of FAK
is to influence the dynamic regulation of integrin-associated
adhesions, and the actin cytoskeleton that is tethered
there, through diverse molecular interactions. This in turn
regulates cell migration by controlling the focal complex
assembly/disassembly cycle at the leading lamellipodia of
migrating cells, while also controlling adhesion disassembly
at the trailing edge.

As FAK−/− fibroblasts show excessive, rather than
decreased, formation of focal contacts, FAK has been asso-
ciated with the disassembly of integrin-based adhesion sites
[5]. Indeed, the apparent rate constants for incorporation

into FAs of paxillin and zyxin, two FA components, were
similar to those observed in wild-type fibroblasts, indicating
that the rate of FA formation is not affected by the absence of
FAK [6]. On the other hand, the FA disassembly in FAK−/−

cells was significantly impaired, as the rate constants for the
disassembly of paxillin and zyxin were about 14-fold less in
FAK−/− cells compared to wild-type cells. When FAK was
reintroduced in FAK−/− cells, the rate constant for paxillin
disassembly was comparable to that observed for wild-type
cells [6]. Consistent with the proposal that FAK modulates
adhesion turnover, the number of adhesions that turned over
in protrusive regions of FAK−/− cells was markedly less than
in wild-type cells. Taken together, these results show that
FAK is necessary for the efficient disassembly of dynamic
adhesions.

Tyr397 is a major autophosphorylation site in FAK and
phosphorylation at Tyr397 creates a binding site for Src
family kinases and Src homology 2-containing proteins,
suggesting a role of Src in adhesion turnover regulation [3].
Hence, the apparent rate constant for paxillin disassembly
decreased 19-fold in Src/Yes/Fyn-deficient fibroblasts, as
compared to wild-type fibroblasts. Comparable results were
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observed in FAK−/− cells expressing Y397F-FAK [6]. Thus,
a common signaling pathway leading to FA disassembly
appears to require a phosphorylation step. In agreement,
pervanadate-induced hyperphosphorylation of FAK resulted
in the exclusion of FAK from FAs [7]. Moreover, ERK/MAP
kinase phosphorylation is necessary for calpain2 activation
which leads to FA turnover, with the formation of the
active complex consisting of at least ERK/MAP kinase and
calpain2 being driven by the adaptor function of FAK [8].
Several other studies have shown that phosphorylation of
FAK is associated with FA disassembly and thus regulates cell
migration [9–12]. We previously reported the existence of a
rapid flux of FAK between cytosolic and FA compartments
in U87 astrocytoma cells, as revealed by FRAP analysis [13].
Furthermore, phosphorylation of FAK at Tyr397 increases
specifically the time-residency of FAK at FAs but not in
cytosol, which in turn induces disassembly of FAs as observed
using Y397F-FAK mutant cells [14]. In order to uncover the
relationship between FAK trafficking and phosphorylation
events, we analyzed both the level of FAK phosphorylation
upon pervanadate treatment in different cell compartments
and FAK dynamics in living cells. Using this approach, we
demonstrated that increase in FAK phosphorylation induces
delocalization of FAK from FAs to membrane ruffles. This
effect was mediated by Src as shown using both selective
inhibitor of Src kinase and overexpression of the kinase dead
mutant of Src (K298M-Src).

2. Materials and Methods

2.1. Reagents and Antibodies. Eagle’s minimum essential
medium (EMEM), fetal bovine serum (FBS), ultraglutamine,
penicillin, streptomycin, and trypsin-EDTA solution were
from Lonza. Matrigel and mouse monoclonal antibody (Ab)
directed against FAK kinase domain (amino acids 354–
533) were from BD Biosciences. Polyclonal Abs directed
against the C-terminal (Ct) domain of FAK (amino acids
748–1052) was from Upstate. Antiphospho-Tyr861-FAK (p-
Tyr861) and antiphospho-Tyr397-FAK (p-Tyr397) Abs were
from BioSource. Anti-Src Ab was from Biomol International.
Anticortactin was from Millipore. Antivinculin and β-actin
Abs were from Sigma. Phalloidin fluoroProbe547 was from
Interchim. Horseradish peroxidase-conjugated goat anti-
mouse or antirabbit IgG were from Promega. Rhodamine
Red X-conjugated goat antimouse or anti-rabbit Abs were
from Jackson Laboratories. Protease inhibitor mixture tablets
and Fugene 6 were obtained from Roche. PP2 and G418
sulfate were from Invitrogen. Pervanadate solution at 1 mM
was freshly prepared by mixing vanadate solution (from
Sigma) and hydrogen peroxide in PBS to final concentrations
of 1 mM and 0.006%, respectively. A final concentration of
100 μM pervanadate was used to treat the cells.

2.2. Expression Vectors. pcDNA3-FAK/YCam and Y397F-
FAK/YCam were constructed as described previously [14].
The pcDNA3 plasmid containing Y530F-Src was kindly pro-
vided by F. Cruzalegui. All plasmids were isolated using the
JetStar Plasmid kit (Genomed) following the manufacturer’s
protocol.

2.3. Cell Culture and Stable Transfections. U87-MG human
astrocytoma cell line was obtained from the American Type
Culture Collection. Cells were maintained as subconflu-
ent monolayers in EMEM supplemented with 10% FBS,
2 mM ultraglutamine, 100 units/ml penicillin, and 100 μg/ml
streptomycin. For stable transfection, cells were first trans-
fected using Fugene 6, transfected cells were selected
by fluorescence-activated cell sorting and maintained in
1 mg/ml G418 containing medium.

2.4. Immunoblotting. For western blots, FAK/YCam-
expressed cells were plated at low density on dishes
precoated with 178 μg/ml Matrigel for 2 days. Cells were
then washed with cold PBS and lysed with ice-cold
RIPA buffer (150 mM NaCl, 1% Triton X-100, 0.5%
Na deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.5,
and a protease inhibitor mixture tablet). Protein lysates
were resolved by SDS-PAGE and then transferred to
polyvinylidene difluoride membrane (GE healthcare). After
1 h blocking at room temperature in 0.1% casein-PBST
(PBS supplemented with 0.1% Tween 20), membranes were
incubated overnight with primary Abs at 4◦C: anti-FAK
kinase (1/1000), anti-FAK Ct (1/1000), antiphospho FAK
(Tyr397 or Tyr861 at 1/2000). Corresponding horseradish
peroxidase-conjugated secondary Abs were used at 1/30000
dilution. Immunoreactivity was visualized using the ECL+
system (GE healthcare).

2.5. Indirect Immunofluorescence and Correlation Analysis.
FAK/YCam-expressing cells were plated at low density on
Matrigel for 2 days before paraformaldehyde fixation, 0.2%
Triton X-100 and blocking with PBS/3% BSA. Cells were
washed with PBS and incubated with primary Abs (1/200)
in PBS/0.2% BSA for 1 h. After additional washes, cells were
incubated with rhodamine Red X-conjugated secondary
Abs in PBS/0.2% BSA (1/200), washed with PBS and then
observed using a confocal microscope (Bio-Rad 1024, Kr-Ar
laser; Nikon Eclipse TE300, 60x water-immersion CFI Plan-
Fluor n.a. 1.2 objective). YFP and rhodamine were excited at
488 and 568 nm, respectively, and fluorescence was collected
at 522 (green) and 585 nm (red). ImageJ 1.37v software was
used for treatment and analysis of images.

2.6. Live Cell Imaging. FAK/YCam cells plated on Matrigel
for 2 days were submitted to 100 μM pervanadate treatment
in phenol-free EMEM supplemented with 10% FCS and
10 mM HEPES, prior to imaging by confocal microscopy. Z-
series stacks (0.35 μm steps) were acquired every 5 minutes
for 1 h at 32◦C. Representative cells are illustrated from a
minimum of 4 independent experiments. Image J software
was used to assess the dynamics of FAs and membrane
ruffles. Automated counting of FAs in single cells was done
after noise removal by thresholding, filtering and applying a
size constraint to FAs. Data are presented as mean± s.e.m. of
the number of FAs/cell.

2.7. Statistical Analysis. Data were analyzed using Student’s
t-test and differences were considered to be significant at (∗)
P ≤ .05.
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3. Results

3.1. Pervanadate Increases FAK Phosphorylation at FAs.
Previous studies have shown that upon tyrosine phosphory-
lation, FAK was excluded from FAs [7]. We have established
that FAK is implicated in the disassembly of FAs and that
phosphorylation of FAK is the key determinant in the time-
residency of FAK at FAs [14]. In order to determine the effect
of FAK phosphorylation on its subcellular localization, U87-
MG cells stably transfected with FAK/YCam were treated
for the indicated times with pervanadate, a phosphatase
inhibitor known to increase FAK phosphorylation [7, 15, 16].
Upon pervanadate treatment, phosphorylation at Tyr397
and Tyr861 of FAK/Ycam occurs in a time-dependent man-
ner (Figure 1). Moreover, pervanadate-dependent increased
phosphorylation of endogenous FAK is also detected, while
the overall amount of FAK remained stable.

3.2. Increased Phosphorylated FAK in Membrane Ruffles.
To characterize the effect of FAK hyperphosphorylation
on its subcellular localization, cells grown on Matrigel-
coated imaging dishes were incubated with pervanadate.
Cells expressing exogenous FAK are identified by emission
of the YFP signal. Immunostaining images show a global
increase in phosphorylated FAK signal intensity as seen in
cells stained for Tyr397 and Tyr861 compared to untreated
cells (Figure 2(a)). At FAs, the ratio of phosphorylated FAK
over total FAK is increased by 3.6-fold for Tyr397 and 2.9-
fold for Tyr861 compared to control cells (Figure 2(b)).
However, FAK staining at FAs was more diffuse after PV
treatment, suggesting redistribution of FAK upon phos-
phorylation, as previously described in fibroblasts [7]. As
such, phosphorylated FAK appeared to be highly localized
at membrane ruffles after pervanadate, with the ratio of
phosphorylated FAK over total FAK being increased 5.3-fold
for Tyr397 and 4.9-fold for Tyr861 compared to control cells.
Of note, the enhanced localization of FAK in membrane
ruffles was not as clear in cells visualized by YFP signal. One
possible explanation might be that FAK phosphorylation
induces cleavage of FAK with the N-terminus of FAK which
contains the YFP moiety thus being no longer addressed
to FAs. However, immunostaining experiments with Abs
against the kinase, Ct or FAT domains of FAK did not
reveal more intense FAK staining at membrane ruffles
after pervanadate (not shown). Our results suggest that a
small fraction of FAK localizes at membrane ruffles that is
highly phosphorylated, which is consistent with high FAK
activity.

3.3. Increase FA Disassembly upon FAK Hyperphosphorylation.
To further determine whether the localization of FAK is
indeed sensitive to tyrosine phosphorylation, time-lapse
imaging on live FAK/Ycam cells was carried out. Cells
were treated with pervanadate and observed over a 1 hour
period (Figure 3(a)). Several FAs underwent disassembly
during pervanadate-induced FAK hyperphosphorylation.
Quantification of FA dynamics revealed a decrease in the
number of FAs per cell (Figure 3(b)) as well as an overall
decrease in the fluorescence intensities of FAs (not shown)
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Figure 1: Pervanadate increases FAK phosphorylation at FAs.
FAK/Ycam expressed U87-MG cells were treated with 100 μM
pervanadate (PV) for the indicated time (minutes). Western
blots probed with phospho-specific FAK Abs (against Tyr397
and Tyr861) showed time-dependent increase in phosphorylation.
Endogenous FAK was detected at 125 KDa, and exogenous FAK
at 200 KDa. Total amount of FAK was verified by stripping and
probing with Ab against the Ct domain of FAK. Quantified
numbers between blots correspond to the endogenous and exoge-
nous phospho-FAK signal intensities normalized to total FAK.
Quantifications were done using Image J software.

after PV treatment, that were sometimes accompanied by
clear cellular movements (Figure 3). Out of the 30% of cells
analyzed, a complete loss of FAs was observed 1 h after per-
vanadate. These results suggest that hyperphosphorylation of
FAK leads first to the exclusion of FAK from FAs followed by
disassembly of FAs.

3.4. Decreased Colocalization of FAK to Vinculin after
Pervanadate Treatment. In order to test this hypothesis,
immunostaining experiments were done on cells treated for
20 minutes with PV and labeled for FAK and vinculin, a
marker of FAs. FAK and vinculin completely colocalized at
FAs in untreated cells (arrowheads, Figure 4), while some
peripheral FAs stained only for vinculin and not FAK in PV
treated cells (arrows, Figure 4). Moreover, ventral FAs were
marked only for FAK and not vinculin (Figure 4). These
observations were confirmed by quantification analysis using
Pearson’s coefficient that determines the degree of overlap
between two paired images (Figure 4). The coefficient is
relatively high in control cells (R = 0.68 ± 0.01, n = 20)
but significantly lower in PV-treated cells (R = 0.59 ± 0.02,
n = 22).



4 Journal of Oncology

YFP p-Y397 Merge YFP p-Y861 Merge

−
P

V

−
P

V
+

P
V

+
P

V

(a)

0

2

4

6

p-
Y

39
7

n
or

m
al

is
ed

to
FA

K
/Y

C
am

0

2

4

6

+ PV + PV

p-
Y

86
1

n
or

m
al

is
ed

to
FA

K
/Y

C
am

∗

∗

∗

∗

Vehicle Vehicle

Fo
ca

la
dh

es
io

n
s

M
em

br
an

e
ru

ffl
es

Fo
ca

la
dh

es
io

n
s

M
em

br
an

e
ru

ffl
es

(b)

Figure 2: Increased phosphorylated FAK in membrane ruffles upon PV treatment. (a) Cells expressing FAK/Ycam were treated with vehicle
or PV for 20 minutes, PFA fixed and immunostained with phospho-specific FAK (Tyr397 and Tyr861) Abs. Note the increase in global
fluorescence in PV treated cells. Arrowheads indicate the presence of phospho-FAK in membrane ruffles. Scale bar, 10 μm. (b) Graphs present
p-Y397-FAK and p-Y861-FAK intensities relative to total FAK intensity (YFP). Data are means ± s.e.m. from 6 independent experiments.

3.5. Increase FAK at Cell Membrane. In order to correlate
membrane ruffle formation and localization of hyperphos-
phorylated FAK, FAK/Ycam cells were incubated with PV
and followed by time-lapse imaging. After 30 minutes, cells
were fixed, and labeled for phospho-Tyr397-FAK. Of note,
while 75% of cells presented no change in membrane ruffle
formation in PV-treated cells, the remaining 25% showed
FAK disassembly together with membrane ruffle formation
(Figure 5(a)). To examine whether newly formed ruffles
contained phosphorylated FAK, PV-treated cells were fixed,
permeabilized and labeled for phospho-Tyr397-FAK. Results
revealed that phospho-Tyr397 is detected at FAs but also
at membrane ruffles (Figure 5(b)), indicating that activated
FAK was present in membrane ruffles. Intensity analysis of
the cell membrane region pointed by an arrowhead showed
a significant increase in phosphorylated FAK over total FAK
(60.3 and 39.59 maximal fluorescence intensities, resp.).

3.6. Src-Dependent Localization of FAK. Our observations
indicate that tyrosine phosphorylation of FAK induces
delocalization of FAK from FAs to membrane ruffles since
increased phosphorylated FAK was found at membrane
ruffles after PV treatment (Figure 2). Phosphorylation of
FAK at Tyr397 creates a binding site for Src, which in
turn phosphorylates the other tyrosine residues of FAK. It
has been reported that Tyr861 is a Src-specific substrate
[17, 18]. In agreement, we now report that in human
astrocytomas, U87 cells treated with PP2, a selective Src
inhibitor, showed a significant decrease in phosphorylation
of FAK at Tyr861 (Figure 6(a)). Moreover, transfection of
these cells with the constitutively active form of Src, Src-
Y530F, results in an increase in FAK-Tyr861 phosphorylation
levels (Figure 6(b)). This demonstrated that Tyr861 is a
Src-specific target in human astrocytomas and therefore
suggests that FAK translocation from FAs to membrane
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Figure 3: Analysis of FA behavior upon FAK hyperphosphorylation. (a) Confocal time-lapse images of FAK/Ycam expressed cells were
collected every 5 minutes for 1 hour after PV addition. Confocal images of living cells at 0, 20, 40, and 60 minutes are shown. Arrowheads,
labeled 1 to 4, indicate areas of FA disassembly. Scale bar, 10 μm. (b) Image J software was used to apply a filter and a size constraint to FAs
and the image shown results from the merging of images at t = 60 (black) and t = 0 (white). Newly formed FA (black) and dissociated FA
(white). Graph represents the number of FA/cell that was measured by the segmentation/size criteria process both before PV (t = 0, white
bar) and after 60 minutes PV treatment (t = 60, black bar) from 8 cells (mean ± s.e.m.). Note the significant decrease in the number of FAs
in cells treated with PV compared to untreated cells (P < .05).

ruffles may be a consequence of Src activity and one
of the first steps in oncogenic transformation. Indeed,
cellular localization of phosphorylated FAK shows either
membrane localization (Figure 6(c) top panels) compa-
rable with that observed after pervanadate treatment or

invadopodia localization (Figure 6(c) bottom panels). The
invadopodia are characterized by localization of the specific
marker cortactin (Figure 6(c)). This difference in localiza-
tion may depend on the stage of oncogenic transforma-
tion.
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Figure 4: Colocalization of FAK and vinculin. After PV treatment,
cells were fixed and immunolabeled for vinculin (Rhodamine
Red-X). Arrowheads point to FAs in untreated cells and arrows
point to FAs in cells treated for 20 minutes with PV. Inserts are
magnified images of indicated boxed regions. Note the reduction
in the degree of colocalization of FAK (green) with vinculin (red)
at FAs (arrows). Quantification of colocalization was determined
by Pearson’s coefficient using Image J software and the graph
represents means ± s.e.m. of more than 20 FAs analyzed per
condition.

4. Discussion

Tyrosine phosphorylation is clearly implicated in the
turnover of FAs, yet the molecular mechanism underlying
this process is still obscure. We previously described a rapid
flux of FAK between FAs and cytosol [13]. Increasing FAK
phosphorylation led to increased time-residency of FAK
at FAs, whereas decreasing phosphorylation gave rise to a
decreased time-residency [14]. Macroscopically, the conse-
quence of FAK hypophosphorylation is a decrease in global
FA turnover as reported in several studies using Y397F-
FAK [6, 14, 19]. Src family kinases have been implicated
in phosphorylation-induced exclusion of FAK from FAs
[7], but the relationships between FAK phosphorylation,
FAK trafficking and FA turnover have never been described.
In this study, we analyzed FAK trafficking upon FAK
phosphorylation and demonstrated that phosphorylated
FAK was translocated from FAs to membrane ruffles via

presumably a Src-dependent mechanism, leading in turn to
FA disassembly and formation of membrane ruffles. This
process links the effects of FAK in promoting integrin-
stimulated cell motility to the implication of FAK in cell
invasion [20, 21].

Coordinated disassembly of FAs is known to be required
for efficient cell migration, yet the process of FA disassembly
is only poorly understood. The relative lack of information
reflects that FA disassembly and assembly occur simultane-
ously, and until recently, model systems in which disassembly
is kinetically separated from assembly were unavailable. To
circumvent this, recent studies have employed a method
allowing coordination of FA disassembly [14, 19]. The
strategy is based on earlier observations that showed growing
microtubules transiently contacting FAs and inducing their
disassembly [22]. Nevertheless, despite the clear insights
provided by the “nocodazole wash-out” model [22] in the
mechanism of FA disassembly, some important pathways
were apparently not required. For example, Src family
kinases were found not to be essential in microtubule-
induced FA disassembly [19] contrarily to what has been
demonstrated for adhesion turnover in migrating fibroblasts
[6, 12] or colon carcinoma cells [23]. Therefore, we used
another strategy based on FAK phosphorylation in order
to better visualize and analyze FA disassembly. Indeed, FAK
phosphorylation appears to be a major and obligatory step
in this process [12–14, 19, 21, 24]. After pervanadate, FAK
is hyperphosphorylated [7, 15], leading to an increased cell
ratio content of phosphorylated FAK over FAK, and thereby
allowing analysis of the cellular localization of phosphory-
lated FAK. Indeed, our immunofluorescence experiments in
pervanadate-treated cells reveal a membrane localization of
phosphorylated FAK that was hardly detected by visualizing
the YFP moiety of the FAK/YCam chimera (Figure 2(a)).
Upon pervanadate treatment, FAK is first delocalized from
FAs as demonstrated with colocalization analysis of FAK
and vinculin and after the phosphorylation process. This is
consistent with the gradual disassembly of FA observed upon
pervanadate treatment (Figure 5). Hence, these data provide
strong, yet indirect, evidence for molecular changes at FAs,
starting with high FAK phosphorylation and followed by FA
disassembly and p-FAK trafficking to membrane ruffles.

The question now is to explain what might be the
biological significance of high phosphorylated FAK at mem-
branes ruffles. Recently, Tyr397, the autophosphorylation
site of FAK was shown to be essential for the spatial
organization of the leading edge of migrating cells [25].
FAK and its phosphorylation process has also been shown
to be necessary for lamellipodial formation and progres-
sion [26, 27] and tyrosine phosphorylation of FAK has
been associated with lamellipodial progression in human
neuroblastoma cells. Moreover, stable localization of FAK
at FAs has been observed in migrating fibroblasts, as well
as transient recruitment of FAK to lamellipodial extensions
with formation of a signaling complex including FAK, Src,
p130Cas and Dock 180, involved in cell invasion [20].
Therefore, phosphorylated FAK at membrane ruffles might
be one of the early steps in the process of oncogenic
transformation. Indeed, when U87 cells are transfected with
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Figure 5: Increased phosphorylated FAK at cell membrane. (a) Images of PV-treated cells were taken by confocal microscopy at 5 minutes
intervals for 30 minutes, then cells were fixed and immunolabeled for p-Tyr397-FAK (Rhodamine Red-X). Scale bar, 20 μm. Note membrane
ruffle formation (arrowheads) and loss of FAs (arrows) upon addition of PV. Moreover, membrane ruffles show strong P-Tyr397-FAK
labeling (right panel, red). (b) Boxed regions in panel (a) are magnified in panel (b) and correspond to FAK/Ycam (green) and p-Tyr397-
FAK (red) signals at 30 minutes after PV. Fluorescence intensity analyses were quantified at the membrane region. Fluorescence intensity
was measured along the 10 μm line (red) using Plot Profile, Image J software, with grey values ranging from 0 to 256. Note the increase in
phospho-FAK signal at the cell membrane compared to total FAK (maximal intensities indicated by black arrowheads).

the constitutive active form of Src, these cells displayed
increased level of phosphorylated FAK at tyr861, and a
transformed phenotype characterized by the presence of
podosomes as already described [28]. Because of the presence
of markers of FAK activation in podosomes [29], we believe
that upon Src activation, early changes in the cell phenotype
involve loss of focal adhesions and ruffle formation, and
subsequently, formation of podosomes. Accordingly, using
a temperature-sensitive mutant of Src, actin rearrangement
has been followed upon switch from the restrictive to the
permissive temperature [30]. In this study, formation of Src-
containing membrane ruffles was evident 16 hours after the
switch.

In conclusion, in response to migration- and invasion-
associated stimuli, high levels of Src expression and activity
in tumor cells allows for a positive FAK-Src feedback
loop leading to subsequent phosphorylation of FAK. Phos-
phorylated FAK shuttles rapidly from FAs to membrane
ruffles, which may be one way for cells to enhance highly
dynamic turnover of FAs and to relocalize adhesion proteins
into nascent adhesions formed at the lamellipodia. Our
findings provide new insights into the molecular mechanism
involving FAK phosphorylation in promoting tumor cell
migration. Thus, targeting of FAK phosphorylation may be
a strategical basis for cancer treatment. Recently, several
small molecular inhibitors have been developed that target
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Figure 6: Effects of Src on phosphorylated FAK. (a) Western blots done on U87 cell lysates incubated with or without 10 μM PP2 for 30
minutes and probed for p-Y861-FAK and total FAK. P-Tyr861 decreased after PP2, consistent with Src activity being necessary for Tyr861
phosphorylation. (b) U87 cells transiently expressing Y530F-Src. Blots were probed for p-Y861 FAK and total FAK. Total amounts of proteins
in panels (a) and (b) were monitored by stripping and blotting for β-actin. (c) Cells expressing transiently Y530F-Src (red) were fixed,
immunostained for p-Y861-FAK (green), and cortactin (blue), used as a marker for invadopodia. Arrowheads show regions of colocalization
of p-Tyr861-FAK, Src, and cortactin at invadopodia and cell membrane.

specifically the Y397 autophosphorylation of FAK, such as
TAE226, a compound that shows effective inhibition of
angiogenesis, and tumor growth when treated in combina-
tion with imatinib [31, 32]. The promising inhibitor Y15
specifically blocks FAK autophosphorylation and thus its
overall phosphorylation, leading to cell detachment and
pancreatic tumor regression in vivo [33, 34].

Abbreviation

Ab: antibody
YFP: yellow fluorescent protein
FA: focal adhesion
FAK: focal adhesion kinase

PV: pervanadate
YCam: yellow cameleon.
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Bas-Rhin/Haut-Rhin) to P. Rondé, from the Ministère de
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Cell migration contributes to cancer metastasis and involves cell adhesion to the extracellular matrix (ECM), force generation
through the cell’s cytoskeletal, and finally cell detachment. Both adhesive cues from the ECM and soluble cues from neighbouring
cells and tissue trigger intracellular signalling pathways that are essential for cell migration. While the machinery of many signalling
pathways is relatively well understood, how hierarchies of different and conflicting signals are established is a new area of cellular
cancer research. We examine the recent advances in microfabrication, microfluidics, and nanotechnology that can be utilized to
engineer micro- and nanoscaled cellular environments. Controlling both adhesive and soluble cues for migration may allow us
to decipher how cells become motile, choose the direction for migration, and how oncogenic transformations influences these
decision-making processes.

1. Introduction

Cell migration is an essential element in development, tissue
repair and immune surveillance but can become aberrant
in cancer leading to malignant invasion of local tissues and
metastasis in distant organs. Cell migration is a complex
process that integrates numerous extracellular stimuli but
also provides feedback to the microenvironment, which
can modulate the structure and chemical signature of the
extracellular matrix (ECM). Extracellular stimuli can be
chemical cues released from cells of the same or different
cell type; adhesive cues in the form of cellular ligands that
are part of or attached to the ECM or neighbouring cells
as well as mechanical forces and structural features within
tissue and the ECM. All these parameters contribute to the
initiation of migration from a quiescent state, direction and
speed of migration and interactions with bystander cells and
ECM components.

One can distinguish between different modes of cell
migration with mesenchymal and amoeboid cell migra-
tions being two modes of single cell migration. Mesenchy-
mal cell migration, as seen in fibroblast, is characterized

by an elongated morphology and firm adhesion to the
microenvironment. Amoeboid cell migration such as that
of lymphocytes, has dynamic focal complexes and high
degree of deformability [1]. Collective cell migration has a
similar mode of migration to mesenchymal cell migration
but retains cell-cell contacts with neighbouring cells. Such
collective cell migration can be seen in bulk cancer cell
migration and migrating epithelial cells during wound
healing [1, 2]. Switching between collective and single cell
migration is an important regulator of cancer metastasis and
is often associated with altered gene expression.

There are general similarities in single cell migration
across cell types, although different cell types have unique
features and characteristics. Here, we briefly summarize
the general stages of migration since they are frequently
used to describe and classify migratory behaviour in cell
studies with engineered environments. Cell migration can be
divided into four phases: polarisation, protrusion, traction,
and disassembly (Figure 1).

In response to extracellular cues, the cell polarises where
specific proteins and lipids accumulate asymmetrically in the
anterior and posterior of the cell. During the polarization
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Figure 1: Cell migration. Responding to extracellular cues such as
chemoattractant gradients or adherent cues (a), the migrating cell
changes its morphology and intracellular organization. Polarised
cells have a fan-shaped protrusion at the leading edge and traction
at the rear. Chemoattractant receptors (b) and integrins (c),
forming focal adhesions, localise to the leading edge of the cell. The
microtubule organising centre (MTOC) (d) and the Golgi locate to
the side of the nucleus that faces the leading edge.

phase, proteins, lipids and organelles are rearranged in the
opposite poles in the cell in order to perform their specific
functions in cell migration. Often recruited by ligand-
receptor interaction, markers for the leading edge in mes-
enchymal migration are phosphoinositide 3-kinases (PI3K)
[3], the gangliosides GM1 and GM3 [4], phospholipase D [5]
while tensin homolog deleted on chromosome 10 (PTEN) is
located at the rear [6]. In amoeboid migration, GM3 is also
located at the leading edge but GM1 locates to the rear [4].
Rearrangement of organelles also contributes to persistent
polarisation. The microtubule organising centre (MTOC)
and the Golgi are typically located on the side of the nucleus
that faces the leading part of migrating cells [7].

Most polarised cells have a ruffled, fan-shaped protrusion
at the leading edge and traction at the rear. At this stage,
the cell establishes firm connection with the surrounding
matrix or substratum in the form of a nascent adhesion spot,
called focal complex and mature adhesion sites called focal
adhesion. Attachment of actin stress fibres to focal adhesions,
in conjunction with molecular motors, generates forces that
move the cell body forward. Finally, a new adhesion forms
at the leading edge and old focal adhesions at the rear are
disassembled allowing the cell to advance.

2. Soluble Cues and Directed Cell Migration

Cell signalling molecules such as growth factors, hormones,
chemokines, and microbial epitopes can trigger cell migra-
tion. These ligands can activate transmembrane receptors
such as receptor tyrosine kinases, cytokine receptors and G
protein coupled receptors. Triggering of these cell surface
receptors recruits signalling proteins to the activation site
and consequently intracellular signalling cascades. If the
ligands for these receptors are spatially encoded, these
processes initiate cell polarization and define the direction
of migration towards higher ligand densities.

Cell
reservoir

Cancer cells

Normal cells

Cell
reservoirMicrochannel

Figure 2: Directed migration through microchannels engineered
with soft lithography techniques. Cancerous cells (red) show differ-
ent morphology and migratory behaviour than non-cancerous cells
(blue) when cocultured in a microchannels of a particular geometry
resulted in directed migration [15]. Soft lithography can be used to
engineer the microchannels in rigid or soft materials.

The classic chamber to measure directed cell migration,
or chemotaxis, is the transwell Boyden chamber. With the
transwell Boyden chamber cells are plated on a porous
membrane and the chemoattractant is placed in a chamber
beneath the membrane. Hence, cells are attracted to migrate
through the porous membrane. Unfortunately, these cham-
bers do not allow the visual inspection of the locomotion
and are typically used to quantify the percentage of migrat-
ing cells. Various microscope setups [8] for directed cell
migration have been designed; for example, micropipettes
can be used as a point source for chemoattractants or an
agarose gel in the so called “under-agarose” assay, in which
cells and chemoattractant in solution, are placed inside wells
cast into an agarose layer [9]. In all of these designs, the
chemoattractant can freely diffuse in solution, which makes
it difficult to accurately delivery a known concentration to
the migrating cell.

Recently, microfluidic applications and soft lithography
technique have been employed to delivery soluble cues
to migrating cells [10, 11]. In microfluidics, the fluid
flow is controlled by viscous force (laminar flow) and in
some cases, cells or proteins placement is controlled by
electrical stimulation [12, 13]. Microfluidics channels are
traditionally made of silicon, glass and other rigid materials
but more recently elastomeric polymers such as poly(dim-
ethylsiloxane) (PDMS) have begun to be extensively used. To
engineer the microfluidics channels (Figure 2) microcontact
printing, which is part of the suite of soft lithography
methods but no longer requires soft stamps, is particularly
useful because it transfers patterns by stamping and is
therefore a nonphotolithographic technique [14].

Because microfluidic channels can be designed in various
sized, this approach is suitable for study of single cell
migration [15] and cell motility in bulk [11]. Various types
of fluidic and fluid-driven mechanical stimuli can be applied
for creating gradients, in the microfluidic channel, of growth
factors [16], chemoattractants and chemorepellents [10, 17],
or drugs [18]. In addition, modifications of microfluidics
design can be used to study the effect of channel topography,
surface pattern, and surface dimensions on cell migration.
For instance, the biased migration response of two different
cell types was recently reported using microratchet channels.
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Interestingly, cancerous cells showed different morphology
during migration than noncancerous cells expanding their
protrusion pass the boundary of trapezium opening while
non-cancerous fibroblast lamellipodia do not broaden its
lamellipodia to the trapezium border but anchor to the
nearby spike on the trapezium opening [15] (Figure 2).

Other variables can be controlled using microfluidics
devices such as adhesive cues [19], shear stress [20], and
oxygen level [21]. Microchannels were recently used to test
how migration speed is determined by the deformability of
cancer cells [22]. This study also highlighted the different
motions of cells in confined 3D environment compared to
migration over flat surfaces [22].

3. Cell Adhesion and Integrins

Focal adhesions are the sites of cell connection to ECM
where the cell’s actin cytoskeleton is tethered to the ECM’s
nanofibres. The physical link between the outside and inside
of the cell is achieved by transmembrane proteins, mainly
integrins. Integrins are members of an α/β heterodimeric
receptor family [23] (Figure 3). In mammals, there are 18
identified α subunits and 8β subunits that can combine to
give 24 distinct heterodimers. Many integrins are expressed
in a low-affinity binding state. However, cells can change
integrin conformation and hence affinity in response to
cellular stimulation, a process termed integrin activation.
The signals leading to integrin activation are referred to as
“inside-out signalling”. Integrin activation results in renewed
probing of the cell’s environment and, when activated inte-
grins become engaged to their ligands, focal adhesion for-
mation. Thus, focal adhesions contain a high concentration
of activated and engaged integrins. In response to growth
factors, many cells alter both the repertoire and affinity of
integrins.

In addition to the inside-out signalling, focal adhesions
control a range of cell activation responses, such as cell
polarization and migration, membrane trafficking, cell cycle
progression, gene expression, and oncogenic transformation
[24, 25]. Focal adhesions are large protein complexes, which
initiate “outside-in signalling” involving the phosphoryla-
tion of focal adhesion kinase (FAK), p130 Cas, Src and
other tyrosine kinases, phosphorylation of the structural
membrane protein caveolin-1 (Cav1), phosphoinositide (PI)
3-kinases, the kinases Erk, JNK, and p38 MAP kinases,
as well as small GTPases [26, 27] (Figure 3). In addition,
actin-regulating proteins such as vinculin, paxillin and
talin link integrin complexes to actin stress fibres. Focal
adhesions are also connected to growth factors signalling.
For example, vascular endothelial growth factor (VEGF)
stimulation of endothelial cells results in the transloca-
tion of its type 2 receptors (VEGFR2, KDR/Flk-1) from
caveolae to focal adhesions. Dimerization of the recep-
tors initiates autophosphorylation but it is at FA where
VEGF receptors induce signalling cascades [28]. In return,
VEFGR2 also activates integrins αvβ3, α5β1, and α2β1 [29],
and the Rho GTPase Rac1 bridging signalling activities
with focal adhesion organization and actin restructuring
[30–32].

Curiously, integrins have no intrinsic enzymatic activity
yet in many cases, integrins enable growth factor signals—
that is, growth factor signalling does not occur unless
integrins are occupied. Continuing with the example of
endothelial cells, αvβ3 antagonists can inhibit angiogenesis
[33], indicating the importance of these integrins in angio-
genesis [34]. However, integrins can also suppress growth
factor signalling. Genetic deletion of αv integrins has only
modest effects on angiogenesis [35] while genetically deleting
integrins β3 and β5 enhances normal and pathological
angiogenesis [36]. Transdominant integrin inhibition, a
form of integrin crosstalk, may account for some of the effect
of αvβ3 ligands and antagonists on angiogenesis. There is
now considerable evidence that physical and topographical
characteristics of integrin ligands regulate integrin function
(reviewed recently in [37]).

4. Model Substrata to Study
Cell Attachment and Migration

Because of the crucial role of focal adhesions in both cell
adhesion and signal transduction, extensive research has
been undertaken to understand the molecular architecture
of adhesion sites. Fluorescence microscopy studies are the
methods of choice because they enable insights into intact,
live cells.

To identify the molecular architecture of focal adhesions,
one needs to create surfaces on which the interactions with
integrins can be precisely controlled and which mimic the
arrangement of adhesive sites in the ECM. Coating glass
or plastic surfaces with ECM proteins was the starting
point used to identify integrin specificities but because
neither the amount nor the location of the ECM protein
can be controlled, molecular mechanisms are difficult to
identify with this approach. A characteristic feature of the
ECM is the periodic nature of integrin ligands. Native
collagen, for example, has a fibril structure with each fibril
displaying a periodicity of ∼67 nm [38]. This periodicity
can increase to 250 nm fibrous collagen [39]. Similarly to
collagen, fibronectin is organized into nanoscale patterns,
exhibiting paired fibrils with characteristic spacings of 156,
233, 304, and 373 nm [40] while integrin binding sites with
fibronection fibre, the tripeptide arginine-glycine-aspartic
acid or RGD, have a periodicity below 70 nm. Hence, it is
desirable to engineer surfaces on which integrin ligands have
precise intermolecular distances of <5 nm to >500 nm.

Adsorbing matrix proteins and modifying polymers
provide insufficient control over ligand presentation while
microcontact printing and dip-pen lithography achieve at
best patterns of 100 nm separation. The first attempt to
control the presentation of RGD ligands at the surface was
to covalently graft RGD peptides onto a polymer substrate
[41, 42]. Using these surfaces it was found that cell-substrate
interactions depended on RGD density. However, in this
approach, RGD peptides were attached to the heterogeneous
environment of the polymer gel. As a consequence, the
number of RGD peptides accessible by cells differed from
the total of RGD within the gel, making it impossible to
precisely determine the effective density. Later, this strategy
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Figure 3: Integrin and VEGF-receptor signalling. Focal adhesions (FAs) are large complexes, which consist of integrins and VEGF-receptors
(VEGFR). The α- and β-subunit of integrins bind to the tripeptide arginine-glycine-aspartic acid (RGD) in fibronectin and other proteins
of the extracellular matrix (ECM). This induces a signalling cascade that ultimately leads to restructuring of the actin skeleton and cell
migration. Activation of integrins induces phosphorylation of focal adhesion kinase (FAK) by the receptor tyrosine kinase Src. Paxillin is a
focaladhesion associated adaptor protein. It interacts with several other focal adhesion proteins such as talin, tensin and vinculin. P130Cas is
an adaptor protein that induces signalling cascades involving ERK. VEGFR translocates to focal adhesions after stimulation with VEGF and
initiates a signalling cascade, which contributes to focal adhesion organization and actin restructuring.

was refined to probe for the optimal RGD spacing for cell
adhesion and spreading using glass substrates modified with
a polyethylene oxide (PEO) polymer to which RGD peptides
were grafted [43] and star-shaped PEO molecules controlling
the number of RGD peptides per macromolecule [44]. These
studies revealed RGD spacing of 440 nm was sufficient for
fibroblast spreading but focal adhesion formation required
higher RGD densities [43] or a clustered ligand arrangement
[44].

Microcontact printing [45], combined with self-
assembled monolayer chemistry [46], and block copolymer
nanolithography [47, 48] can space integrin ligands closer
than 200 nm apart. When spacing integrin ligands that
preciously, one has to ensure that the surface between the
ligands is sufficiently passivated so that cells specifically
interact with the presented ligands and not with the
underlying surface. Oligo(ethylene oxide) been shown to
be effective in preventing protein absorption [49] and cell
adhesion [50] and gold surfaces modified with poly(ethylene
glycol)-terminated alkanethiol monolayers [49] ensure
specific interactions between the integrins and RGD ligands.
Such surface modification strategies demonstrated the
importance of density [43, 44, 51], affinity [52], and spatial
organization [44, 53] of RGD ligands on cell adhesion
and spreading. However, because gold surfaces quench
fluorescence, these studies were limited to morphological
descriptions.

Spatz and coworkers used block copolymer nanolithog-
raphy (BCN) to position gold nanodots with high precision
at 28, 58, 73, 85, and 108 nm spacing with each nanodot
engaging only a single integrin [54, 55]. The analysis of focal

adhesion dynamics on homogeneously spaced [47], disor-
dered [56] or gradients [48] of cyclic RGD peptide revealed
that RGD-to-RGD spacing that exceed >70 nm result in less
cell spreading, higher focal adhesion turnover and more
erratic cycles of membrane protrusion and retraction in
fibroblasts. This detailed analysis of focal adhesion proteins
and turnover suggested that there is an optimal RGD density
for integrin engagement. Importantly, the 10–200 nm scale of
ligand spacing is physiologically relevant as nanoscaled and
periodic spacing of integrin ligands below 100 nm is found in
fibronectin and collagen fibers [57, 58]. In conclusion, cells
have the remarkable ability to sense variation in spacing of
integrin ligands on the nanometre scale [37].

In contrast to 2D surfaces, our understanding of the
effect of surface topography on cell adhesion and migration
is limited although substrate topography could affect the
ability of cells to orient and migrate as well as influencing
the organization of their cytoskeleton [59]. It was found
that on striated substrates, endothelial cells, smooth muscle
cells, and fibroblasts align and migrate along grooves and
that cell orientation is increased with smaller lateral spacing
and increasing depth of the grooves present at the surface
[60]. The choice of substrate and the chemical patterns on
surfaces [61] may also be important. This issue has mainly
been addressed by varying the chemical composition of the
substrate itself using different metal alloys [62] or polymers
[63] but these substrata were devoid of integrin ligands. In
contrast, coating titanium with RGD proved to stimulate
bone cell adhesion, but the interfaces lacked control over
peptide surface density [64]. Particularly for cancer research,
model substrata with controllable flexibility, topography,
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chemical modifications, and nano-scaled patterning would
provide a better understanding of the impact of the cell’s
microenvironment on cell migration.

5. Conclusion

Recent advances in microfluidics, nanopatterning and sur-
face chemistry have afforded unique insights into how
cells sense and respond to their local environment [37].
Microfabrication enabled the engineering of microfluidic
channels of various topography and shown that the direction
of migration is determined by protrusion morphology [15].
Cell adhesion onto 2-dimensional surfaces revealed that
cells adhere and spread differently if the density [47],
patterning [48], or degree of ordering [56] of the integrin
ligands is altered on the nanometre to micrometer scale
[65] influencing the distribution of focal adhesion proteins
[47] and structuring of the actin cytoskeleton [66]. Only
by integrating these advance to, for example, examine
cell migration over previously engineered 2D surface in
microfluidics devices, or modifying the surface chemistry
of microfluidics channels can we understand how cells
integrate soluble and adhesive cues in their decision making
processes. The fundamental insights into cell adhesion and
migration will add the engineering of appropriate cellular
environments in medical implants [65], biosensors [67], and
tissue materials [68].
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