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Abstract

Epithelial-mesenchymal transition (EMT) is a crucial event in tumor invasion and metastasis. However, most of past EMT
studies have been conducted in the conventional two-dimensional (2D) monolayer culture. Therefore, it remains unclear
what invasive phenotypes are acquired by EMT-induced cancer cells. To address this point, we attempted to characterize
EMT cells in more physiological, three-dimensional (3D) collagen gel culture. EMT was induced by treating three human
carcinoma cell lines (A549, Panc-1 and MKN-1) with TGF-B. The TGF- treatment stimulated these cells to overexpress the
invasion markers laminin y2 and MT1-MMP in 2D culture, in addition to the induction of well-known morphological change
and EMT marker expression. EMT induction enhanced cell motility and adhesiveness to fibronectin and collagen in 2D
culture. Although EMT cells showed comparable cell growth to control cells in 2D culture, their growth rates were extremely
suppressed in soft agar and collagen gel cultures. Most characteristically, EMT-induced cancer cells commonly and markedly
extended invasive protrusions in collagen gel. These protrusions were mainly supported by microtubules rather than actin
cytoskeleton. Snail-introduced, stable EMT cells showed similar protrusions in 3D conditions without TGF-B. Moreover, these
protrusions were suppressed by colchicine or inhibitors of heat shock protein 90 (HSP-90) and protein phosphatase 2A.
However, MMP inhibitors did not suppress the protrusion formation. These data suggest that EMT enhances tumor cell
infiltration into interstitial stroma by extending microtubule-based protrusions and suppressing cell growth. The elevated
cell adhesion to fibronectin and collagen and high cell motility also seem important for the tumor invasion.
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growth, differentiation, extracellular matrix production and
apoptosis of normal and cancer cells [7]. TGF-8 is a negative
growth regulator of normal epithelial cells. Whereas TGF-8

Introduction

Like normal epithelial cells, ductal carcinoma cells @ situ

maintain cell polarity, which is supported by cell-cell contact and
cell adhesion to basement membrane. During cancer progression,
some carcinoma cells lose the cell polarity and invade through the
basement membrane and then into connective tissue. This
phenomenon is referred to as epithelial-mesenchymal transition
(EMT) and thought to be a crucial event of cancer progression [1—
3]. EMT is critical not only for many developmental steps such as
gastrulation and neural crest formation but also for pathological
events such as wound healing and tissue fibrosis [1,3,4]. EMT is
generally characterized by the loss of epithelial marker E-cadherin,
up-regulation of mesenchymal markers such as N-cadherin and
vimentin, and acquisition of the fibroblast-like spindle cell shape in
monolayer cultures [4].

EMT of cancer cells is induced typically by TGF-8 [5], but
other growth factors and microenvironmental factors, such as
HGF, EGF and FGF, are also able to induce or promote similar
phenotypic changes depending on the cell types [1,3,6]. TGF-6
exerts multiple biological activities on the development and the
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suppresses tumor cell growth in early stages of carcinogenesis, it
promotes tumor progression in later stages [7]. It has long been
known that TGF-B in a combination with other factors such as
TGF-o and EGF, promotes anchorage-independent growth of
normal fibroblasts [8]. The EMT-inducing activity of TGF-8 is
mainly mediated by the Smad pathway, a major pathway of
complex TGF-8 signals, which promotes expression of the EMT-
related transcription factors including Snail, Slug, Twist, and ZEB
1/2 [6]. These transcription factors bind to E-box binding
elements of promoter sequences and suppress expression of E-
cadherin at a transcription level [9,10].

EMT in cancer cells enhances the expression of invasion- or
metastasis-related genes such as matrix metalloproteinases
(MMPs). Our recent study showed that the tumor invasion marker
laminin y2, as well as MMP-9, is induced by the EMT induction
of gastric cancer cells [11]. Other recent studies have suggested
that EMT-induced cancer cells have resistance to anti-cancer
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drugs and radioactivity [12] and have cancer stem cell-like
properties [13]. In spite of a number of past studies on the EMT of
cancer cells, however, it is not clear how EMT contributes to
tumor invasion and metastasis and what invasive phenotypes are
acquired by EMT-induced cancer cells. This is at least in part
owing to the fact that most EMT studies have been performed in
the conventional two-dimensional (2D) culture system. It has
become evident that cells grown in flat 2D culture considerably
differ from those grown in three-dimensional (3D) culture in cell
morphology, proliferation, differentiation, cell-cell interaction,
cell-matrix interaction and gene expression [14,15]. In order to
understand the pathological consequence of EMT of cancer cells,
it seems important to characterize EMT-induced cells in a more
physiological 3D culture system.

In this study, we characterized EMT-induced cancer cells in
both 2D monolayer culture and 3D collagen gel culture, using
three cell lines. We found that EMT-induced cells showed
prominent extension of microtubule-based invasive protrusions
and growth suppression in the 3D collagen gel culture.

Results

EMT Induction of Three Human Cancer Cell Lines

To investigate phenotypic changes induced by EMT of cancer
cells, we used models of three human cancer cell lines. We
previously reported that TGF-8 and TNF-a synergistically induce
EMT in serum-free culture of MKN-1 human gastric cancer cells
[11]. It has been reported that lung adenocarcinoma cell line A549
[17] and pancreatic cancer cell line Panc-1 [16] undergo EMT by
treatment with TGF-B. In this study, we first tested three cytokines
(TGF-8, TNF-0, and EGF) for the EMT induction of A549 and
Panc-1 cells, analyzing expression of some tumor invasion markers
as well as EMT markers. In both cell lines, only TGF-8 was
required to induce EMT as judged by the mesenchymal
morphological change (Fig. S1), as well as reduction of E-cadherin
expression and induction of vimentin (Fig. 1A and B). TGF- also
simulated the expression of two tumor invasion markers, MT1-
MMP and laminin Y2 chain, in both cell lines. However,
a combination of TNF-o with TGF-8 further increased the levels
of the laminin y2 chain and MMP-9 in A549 cells (Fig. 1A). The
laminin y2 chain and MT1-MMP were also induced by TNF-
o and/or EGF in Panc-1 cells (Fig. 1B). In addition, we found that
although both TNF-a and TGF-8 were required for the EMT
induction of MKN-1 cells in serum-free culture, only TGF-6 was
necessary in the presence of serum (data not shown). These results
indicate that TGF-8 is the most common and potent inducer of
EMT for the three cancer cell lines, but TNF-a is also required for
efficient expression of some invasion markers, depending on the
cell types.

Effect of EMT Induction on Cell Adhesion and Migration
in Monolayer Culture

As shown above, TGF- efficiently induced EMT in the three
different carcinoma cell lines. Next, we examined what phenotypes
were acquired by the EMT induction of cancer cells for their
invasive growth. First, the cell adhesion activity of A549 cells was
investigated after EMT induction, using three cell adhesion
substrates, laminin-332, fibronectin and type I collagen. The cells
were pre-treated with TGF-B for 24 h and then seeded on these
substrates. As shown in Figs. 2A and 2B, untreated control cells
most efficiently adhered to laminin-332. TGF-8 treatment only
slightly decreased the cell adhesion to laminin-332. In contrast, it
significantly increased the cell adhesion efficiency to the stromal
substrates fibronectin and type I collagen. The electric time-lapse
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cell adhesion assay clearly showed the EMT-induced changes in
the cell adhesion activity of A549 cells to fibronectin and type I
collagen (Fig. 2C). These changes were also observed in Panc-1
and MKN-1 cells (data not shown).

Secondly, cell migration activity was investigated using two
different assays. In @ vitro wound healing assay, TGF-8 signifi-
cantly promoted cell migration of A549 and Panc-1 cells in the
absence of TNF-o under serum-supplemented conditions (Fig. 3A
and B). TNF-a did not have additional effect on the cell migration
activity (data not shown). When cell migration was assayed by the
time-lapse video microscopy, the cell motility enhanced by the
TGF-8 treatment was more clearly shown with the two cell lines
(Fig. 3C). We also confirmed that the TGF-8 treatment increased
the motility of MKN-1 cells in the wound healing assay (data not
shown).

Effect of EMT Induction on Anchorage-dependent and -
independent Cell Growth

Thirdly, cell growth activity of EMT-induced cells was in-
vestigated under three different conditions. In 2D monolayer
culture, TGF-B treatment did not affect the growth of MKN-1
cells and negligibly or only slightly suppressed that of A549 and
Panc-1 cells (Fig. 4A). When colony formation was examined at
sparse 2D cultures (500 cells/35-mm dish) of A549 and Panc-1
cells, there was no significant difference between the TGF-8-
treated and non-treated cultures (data not shown). In suspension
culture on non-adhesive plates, the three cell lines slowly grew
forming cell aggregates or spheroids on the plates. Under such
conditions, the TGF- treatment suppressed the growth of MKN-
1 cells but had no effect on that of A549 and Panc-1 cells (Fig. 4B).
In contrast, the colony formation of the three cell lines in soft agar
culture was strongly suppressed by the TGF- treatment. Both the
number of total colonies and the total colony area were extremely
reduced in the TGF-B-treated cell lines than the non-treated ones
(Fig. 4C, 4D, and S2). However, the TGF-B-treated Panc-1 cells
formed relatively large colonies compared to the non-treated cells
(Fig. S2). The lack of E-cadherin-mediated cell-cell adhesion in
TGF-B-treated cells might suppress the potentials of cellular
survival and proliferation in the anchorage-independent condition.

Behavior of EMT-induced Cancer Cells in 3D Collagen Gel
Culture

Gene expression i vivo is different from that in the monolayer
culture system (15). As a culture system that mimics @ vivo
conditions, we used 3D collagen gel culture to further characterize
the EMT-induced cancer cells. Cancer cells were cultured within
collagen gel layer containing TGF-B and/or other factors for 7
days. In the 3D collagen gel, MKN-1 cells showed prominent
membrane extensions or protrusions when treated with TGF-f
(Fig. 5A and B). A similar morphological change was observed in
Ab549 and Panc-1 cell lines (Fig. S3). The addition of TNF-u to the
TGF-B-containing culture further promoted this morphological
change only in the case of MKN-1 cells (Fig. 5B). EGF alone,
which induced EMT in MKN-1 cells, also induced the protrusion
formation in this cell line, but this effect was not observed in A549
and Panc-1 cells. These results suggest that the morphological
change is specific for EMT induction rather than TGF-B
stimulation.

We next examined whether EMT induction suppressed cell
growth within collagen gel. As found in soft agar culture, TGF-8
strongly suppressed the growth of all cell lines examined in
collagen gel (Fig. 5C). EGF never or only weakly suppressed the
growth of the three cell lines in 3D collagen gel. TNF-a did not

December 2012 | Volume 7 | Issue 12 | 53209



A A549 B Panc-1

R
O‘& QS’Q “\Q (,QQ? ‘\Q ek

— — — ¥

T —  —— — T

h

—— — .

Epithelial-Mesenchymal Transition in Collagen Gel

o R
N o R

.. «E-cadherin
(135)

T— — ——— — 4V(i;|;|:’entin

MT1-MMP
< (66)
4

< Actin
(45)
<« (160)

Laminin y2
< (140)

<MMP-9
(92)

‘ MMP-2
(72)

Figure 1. EMT induction in two cancer cell lines. A549 (A) and Panc-1 (B) cells were incubated in serum-free medium with 10 ng/ml EGF, 10 ng/
ml TNF-a, 10 ng/ml TGF-B, or TNF-0+TGF-B. After 48-h incubation, conditioned media (CMs) and cell lysates were prepared and subjected to
immunoblotting for EMT markers (E-cadherin and vimentin in the cell lysates), the invasion marker laminin y2 (CMs), MT1-MMP (cell lysates), and actin
as the internal loading control (cell lysates). The lowest panels show gelatin zymography of MMP-9 and MMP-2 in the CMs. Values in parentheses
indicate approximate molecular size in kDa. Other experimental conditions are described in Materials and Methods.

doi:10.1371/journal.pone.0053209.g001

have any significant additional effect in these cultures. These data
indicate that the EMT induction promotes prominent extension of
protrusions but suppresses cell growth in the 3D collagen gel
cultures of the three cancer cell lines.

Microtubule-based Structure of EMT-induced Protrusions
in 3D Collagen Gel

To characterize the EMT-induced protrusions, we analyzed
cytoskeletal changes after EMT induction by TGF-8. Filamentous
actin (F-actin) and microtubule cytoskeletons of EMT-induced
cells were stained by fluorescence with rhodamine phalloidine and
a tubulin-specific antibody, respectively. MKN-1 cells were
stimulated with TGF-8 in 2D and 3D cultures and then stained
for the cytoskeletons (Fig.6A and B). In the 2D culture of EMT-
induced cells, robust stress fibers of F-actin, as well as micro-
tubules, supported the unique cell shape (Fig. 6A). In the 3D
collagen gel, F-actin filaments were strongly detected at the surface
of spheroid structure in unstimulated cells (Fig. 6B). In TGF-83-
treated cells, peripheral actin filaments were found around the cell
body and protrusions, but stress fibers were rarely found in the
protrusions. In contrast, many bundles of microtubules were
prominently detected in the center of the protrusions in the EMT-
induced cells. In control cells, microtubules were evenly distributed
in the cytoplasm. These patterns of cytoskeletons were commonly
found in MKN-1 and Panc-1 cells (data not shown).

To examine whether microtubule is a principle cytoskeleton
supporting the EMT-induced protrusions, we examined effects
of some cytoskeletal inhibitors on the EMT-induced cell
extension in collagen gel. Cytochalasin B and colchicine are
known to inhibit both polymerization and stabilization of F-
actin and microtubules, respectively. When the cells were
treated with these inhibitors at the same time as the TGF-8
treatment, the cell extension was partially inhibited by 1 uM
cytochalasin B, but completely by 10 nM colchicine (Fig. 7A).
When these inhibitors were added 24 h after TGF-8 stimula-
tion, the protrusions were significantly retracted by colchicine
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after 3-h treatment, but not by cytochalasin B (Fig. 7B).
Similarly, two other microtubule inhibitors vinblastin and taxol
(paclitaxel) dose-dependently blocked the cell extension when
added together with TGF-8 to the 3D culture (Fig. S4). We also
analyzed effects of some signal inhibitors on the EMT-induced
cell extension in collagen gel. The protein phosphatase 2A
(PP2A) inhibitor cantharidin and the heat shock protein-90
(HSP-90) inhibitor radicicol, both which inhibit the stabilization
of microtubules, weakly inhibited the cell extension (Fig. 7C).
When both cantharidin and radicicol were added in combina-
tion, the cell extension was additively suppressed. These data
suggest that the protrusions of EMT-induced cancer cells in 3D
collagen gel are mainly supported by microtubules, and both
PP2A and HSP-90 activities are necessary for the protrusion
formation. Although actin cytoskeleton is required for the
extension of protrusions, it seems unnecessary for maintaining
the protrusion structures.

The protrusions formed in EMT-induced cancer cells within
collagen gel greatly differed in appearance from the cell
morphology in the monolayer culture. This implies that the
interaction of the cells with collagen in the 3D environment is
mmvolved in the protrusion formation. This possibility was
examined by using anti-integrin, neutral antibodies. As expected,
anti-integrin-o2 and anti-integrin-81 antibodies effectively blocked
the extension of protrusions (Fig. 7D). A combination of the two
antibodies more strongly inhibited the protrusion formation than
cach antibody. These results demonstrate that the formation of
microtubule-based protrusions requires both EMT-inducing cyto-
kine and collagen/integrin signals.

Differences from other invasive protrusions. It is well
known that malignant cancer cells invade into 3D extracellular
matrix by extending some kinds of protrusion or projection.
Invadopodium is an actin-based, typical protrusion produced by
invasive cancer cells [18]. MT1-MMP is thought to be a marker of
invadopodia and its activity is required for invadopodium
formation. To test whether the protrusions observed in the
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Figure 2. Effect of EMT induction on adhesion activity of A549 cells. (A and B) A ninety-six-well plate was coated with 2 pug/ml laminin-332
(Lm332), 5 pg/ml fibronectin (FN), and 2 pg/ml collagen | (Col I) at 4C overnight, and then blocked with 1.2% BSA for 1 h at 37C. A549 cells were
incubated with 10 ng/ml TGF-B in serum-free medium for 24 h. The TGF--treated cells (TGF-) and untreated cells (Control) were suspended and
inoculated onto the plate. After incubation for 30 min, phase contrast images were taken (A) and cell adhesion activity was measured (B). A scale bar
indicates 50 um. The relative numbers of attached cells were determined as described in Materials and Methods. Each bar indicates the mean =+ SD of
adherent cells in triplicate wells. (C) Electric time-lapse cell adhesion assay with E-plates. The plate was precoated with fibronectin (O, @) and collagen
| (CJ, M) as shown above, and the adhesion of TGF-B-treated cells (TGF-3: @, M) and untreated cells (Control: O, [J) to the plate was monitored every
5 min. Cell index indicates arbitrary unit reflecting attachment and spreading of the cells on microelectrode array in the bottom of the wells. Other

experimental conditions are described in Materials and Methods.
doi:10.1371/journal.pone.0053209.g002

EMT-induced cancer cells inside the collagen gel are identical to
invadopodia, we examined effect of a broad spectrum MMP
inhibitor (TAPI) on the protrusion extension. When TAPI was
simultaneously added with TGF-8 into the collagen culture, little
or very weak effect on the protrusion extension was obtained in the
three cell lines tested (Fig. S5, A-C). Essentially the same results
were obtained when TIMP-2, a natural MMP inhibitor, was used
mnstead of TAPI (data not shown).

Because Src kinase activity is also associated with the
invadopodium formation, we next examined effects of three kinds
of Src kinase inhibitors, PP1 analog, SU6656 and lavendustin C,
on the protrusion formation in 3D collagen gel. Any kinds of the
inhibitors did not suppress the protrusion formation of MKN-1
cells (Fig. S5, D). These results suggest that the EMT-induced

protrusion is a different cell structure from invadopodium.

Microtubule-based Protrusions in Snail-induced EMT
Cells within Collagen Gel

As shown above, TGI-B-stimulated cancer cells commonly
extend microtubule-based invasive protrusions in the 3D
collagen gel culture. To more generalize this phenomenon, we
established stably EMT-induced cells by introducing a snail
cDNA expression vector into Panc-1 cells (Snail-Panc-l). Like
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TGF-B-stimulated cells, Snail-Panc-l cells showed scattered cell
morphology as compared with the empty vector-transfected,
control cells (Mock-Panc-1) (Fig. 8A). In accordance with the
morphological change, E-cadherin expression was suppressed
and vimentin expression was enhanced in Snail-Panc-] cells as
compared with the control cells (Fig. 8A). When these
transfected cells were seeded into 3D collagen gel, Snail-Panc-
1 but not Mock-Panc-1 cells extended microtubule-based, robust
protrusions in the absence of TGF-B (Fig. 8B). The extension of
protrusions in Snail-Panc-l cells was strongly inhibited by
colchicine but scarcely by cytochalasin B (Fig. 8C and D).
These data also support that the microtubule-based protrusion
formation reflects EMT in 3D collagen gel.

We also compared the growth potentials in anchorage-de-
pendent and independent conditions between Mock-Panc-1 and
Snail-Panc-l cells. There was no significant difference in growth
rate between the two kinds of cells in monolayer culture (Fig. 9A).
In soft agar culture, both total colony number and total colony
arca were clearly lower in Snail-Panc-1 cells than Mock-Panc-1
cells (Fig. 9B and C), but large colonies were more abundant in
Snail-Panc-l cells than the control cells (Fig. 9D). The cell
proliferation in collagen gel was slightly but significantly lower in
Snail-Panc-1 cells than the control cells (p<<0.05) (Fig. 9E).
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Figure 3. Migration activity of EMT-induced cancer cells. (A and B) To measure cell migration activity, A549 (left panels) and Panc-1 (right
panels) cells were subjected to the in vitro wound healing assay in the presence or absence (Control) of TGF-B, as described in the text. Phase-
contrast micrographs of the cultures were taken after 16-h incubation. Black broken lines indicate initial wound edges. Scale bar, 50 um. B) Cell
migration area was estimated by analyzing the pixel with Image J. Each bar indicates the mean = SD for the areas of migrated cells in 3 different
fields (right panels). (C) Cells that had been pretreated without or with TGF- for 24 h were incubated in 1% FBS-containing medium without or with
TGF-B8 onto a 24-well plate for 6 h at 37°C. The cell migration was monitored with a time-lapse video system for 12 h. Cell migration distance was
measured for 15 randomly selected cells. Each bar indicates the mean = SD for cell migration velocity of 15 cells. Other experimental conditions are

described in Materials and Methods.
doi:10.1371/journal.pone.0053209.g003

Discussion

In this study, we used EMT models of three human carcinoma
cell lines (A549, Panc-1 and MKN-1) to characterize the EMT-
induced cells in both 2D and 3D culture systems. In agreement
with other studies [16,17], A549 and Panc-1 cells exhibited typical
EMT phenotypes after treatment with TGF-8 alone in 2D
monolayer cultures. MKN-1 cells required TGF-8 plus TNF-o in
serum-free medium for EMT induction as reported previously
[11], but only TGF-8 was required in serum-containing medium.
Expression of the two invasion markers laminin y2 and MT1-
MMP was associated with the EMT induction of these cell lines.
However, expression of MMP-9 and the laminin y2 was much
greater with TGF-B plus TNF-o than TGF-8 alone [11]. These
results suggest that the acquisition of invasive phenotypes of cancer
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cells requires TNF-o0 and/or other factors besides TGF-B, even if
TGF-B alone is enough for the morphological EMT induction.
The present study revealed that EMT-induced A549 cells more
efficiently adhered to the stromal cell adhesion substrates
fibronectin and type I collagen than uninduced control cells,
though the cell adhesion to the basement membrane substrate
laminin-332 was not changed by the EMT induction. This is
consistent with the fact that expression of stromal extracellular
matrix proteins such as fibronectin and type I collagen is enhanced
by EMT induction [16]. We also confirmed the increased
fibronectin production in the EMT-induced cells in 2D culture
(data not shown). It is highly expected that the EMT-induced
change of cell adhesion activity depends on that of integrin
expression. Furthermore, we showed that the cell migration
potentials of the three cell lines in 2D culture were significantly
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for 7 days in monolayer culture. After the incubation, the number of cells was measured with a cell counter. Each bar indicates the mean *+ SD of the
cell numbers in triplicate wells. (B) Cells were cultured at a density of 1x10* cells per well in 24-well suspension culture plates containing 1% FBS-
containing medium without (Control) or with TGF-B for 7 days. The relative number of cells was measured using Dojindo cell counting kit 8. Each bar
indicates the mean = SD of the absorbance values at 485 nm in triplicate wells. (C and D) Cells were inoculated at a density of 7,000 cells per 35-mm
dish in 10% FBS-containing soft agar medium without (Control) or with TGF-B and incubated for 10 (MKN-1) or 14 (A549 and Panc-1) days. After the
incubation, cells were stained with p-iodonitrotetrazolium violet, and the number of total colonies (C) and total colony area (D) were determined by
Image J and shown as the relative number to the control (100%). Each bar indicates the mean = SD in triplicate wells. Other experimental conditions

are described in Materials and Methods.
doi:10.1371/journal.pone.0053209.g004

increased by the EMT induction, in agreement with the results for
Panc-1 cells reported by Horiguchi et al. [17]. These phenotypic
changes, which are consistent with the general concept of EMT,
seem to be required for cancer cell invasion through interstitial
stromal tissues.

The present study revealed great differences in the phenotypes
of EMT-induced cancer cells between 2D and 3D cultures. Firstly,
the cell growth in response to TGF-B was completely different
between the two culture systems. The TGF- treatment did not
have significant effect on the cell growth in monolayer and
suspension cultures of the three cell lines, except for the

PLOS ONE | www.plosone.org

suppression of the MKN-1 cell growth in suspension. In contrast,
the growth of the three cell lines in soft agar and collagen gel
cultures was strongly inhibited by the TGF-8 treatment. TGF-8 is
a potent growth suppressor of normal epithelial cells and cancer
cells at an earlier stage, whereas it promotes their progression at
a later stage [7]. The canonical TGF-B-Smad pathway suppresses
cell growth through up-regulating pl5 and p21 CDK inhibitors,
but non-smad signal is also involved in the growth suppression
through PP2A activity [19]. However, Ras signal activation
overcomes growth suppressive effect of TGF-8 [20-22]. More-
over, the Ha-Ras-TGF-8 combination promotes invasive and
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Figure 5. Morphological change and growth of EMT-induced MKN-1 cells in 3D collagen gel. (A) MKN-1 cells were incubated in 3D
collagen with or without indicated cytokines on 3-well chamber slides for 7 days. Culture medium was changed every 3rd day. Scale bar, 50 um. (B)
After 5-day incubation, the numbers of total cell clumps and ones with protrusions were counted in a center field under a microscope, and the
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conditions are described in Materials and Methods.
doi:10.1371/journal.pone.0053209.g005

metastatic behavior of cancer cells [23,24]. A549 and Panc-1 cells
have already acquired a mutation that constitutively activates Ras
[25,26]. MKN-1 cells are also resistant to TGF-8 because its
receptor expression is very low [27]. These facts may explain the
lack of growth suppression by TGF-8 in the 2D cultures of these
cell lines. However, constitutive activation of Ras might be
insufficient for escaping from the growth suppression by TGF-
when these cells are placed as single cells into soft agar or collagen
gel. Because E-cadherin-mediated cell-cell adhesion generates
a cell survival signal, the loss of E-cadherin and cell-cell contact by
the EMT induction is likely to reduce the anchorage-independent
growth ability of cells. In addition, it seems reasonable to consider
that invading cancer cells transiently lose their cell proliferation
activity in 3D matrix. However, our results do not necessarily
imply that cancer cells with mesenchymal phenotypes always have
suppressed proliferation activity in 3D conditions. TGF-8 was
originally found as a cytokine that enhances the anchorage-
independent growth of normal fibroblasts in the presence of TGF-

PLOS ONE | www.plosone.org

o or EGF (8). Therefore, it seems possible that EMT-induced
cancer cells restore the anchorage-independent growth activity by
the expression or presence of some growth factors and cell
adhesion proteins & vitro and in vivo. It is noted that the stably
EMT-induced cell line Snail-Panc-1 showed relatively high growth
activity in collagen gel as compared with TGF-B-treated Panc-1
cells. This implies that even if the original cells are identical, the
two types of EMT-induced cells have somewhat different
phenotypes with respect to the growth potential in 3D conditions.

Secondly, we found that the cell morphology of EMT-induced
cells in 3D collagen gel completely differed from that in 2D
monolayer culture. The EMT induction stimulated the three
cancer cell lines to extend prominent invasive protrusions in 3D
collagen gel culture. The protrusion formation was promoted by
TNF-o plus TGF-8 more strongly than TGF-8 alone in MKN-1
cells. EGF alone, which is able to induce EMT in MKN-1 cells
[11], also stimulated the cell extension in this cell line but not the
others. This suggests that the cell extension is associated with EMT
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(blue). Fluorescence images were obtained with a confocal fluorescence microscope. Other experimental conditions are described in Materials and

Methods.
doi:10.1371/journal.pone.0053209.g006

induction rather than the TGF-8 activity. The invasive protrusions
were mainly supported by microtubules, and its formation was
blocked by colchicine. Although integrin-dependent actin cyto-
skeleton was required for the generation of the invasive
protrusions, it seemed unnecessary for the maintenance of the
protrusions. When mammalian cells receive extracellular stimuli,
they dynamically change their structures, extending pseudopodia
or protrusions. These include filopodia and lamellipodia, both
which are essential structures for cell migration and observed
mostly in 2D cultures [28]. Invadopodium and podosome, which
are thought to be very similar or identical to each other, are well
known as invasive structures of cancer cells [28,18]. All these
structures are actin-based structures. The formation or function of
podosomes and invadopodia require MT1-MMP, Src kinase, PI3
kinase and other signal or cytoskeletal regulators [29-31]. The cell

PLOS ONE | www.plosone.org

protrusion found in this study is a microtubule-based structure,
and its shape and size are clearly different from the above
mentioned cell structures. Furthermore, inhibitors for Src kinase
and PI3K did not inhibit the invasive protrusions in 3D collagen
gel. Therefore, it may be concluded that the EMT-induced
invasive protrusion is a different structure from the four actin-
based cell structures. Recent studies have demonstrated some
similarities between EMT-induced cells and cancer stem cells (12,
13). Like tissue stem cells, cancer stem cells exist in a dormant or
quiescent state in special microenvironments called niches [32].
This is consistent with our finding that EMT-induced cells have
suppressed growth activity in 3D collagen gel. However, it is
unlikely that cancer stem cells actively migrate through 3D matrix,
extending protrusions. There seem to be important differences
between EMT-induced cancer cells and cancer stem cells.
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inhibitors, and the protrusion formation was quantified 24 h later (A, C and D) or 3 h later (B). (A) The indicated concentrations of cytochalasin B and
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into the culture medium after incubation with TGF-B for 24 h. (C) MKN-1 cells were treated without (Control) or with cantharidin (1 uM) and/or
radicicol (1 uM) as described in (A). (D) MKN-1 cells were pretreated with 10 png/ml of each neutral antibody at 37C for 30 min, and the pretreated
cells were embedded into collagen gel containing 10 pg/ml of the indicated anti-integrin antibody and 10 ng/ml TGF-B. All these inhibitors were not
cytotoxic at least under the above experimental conditions, as analyzed by the trypan blue staining. However, cytotoxic effects became evident when

the cells were incubated with 5 UM cytochalasin B or 1 uM colchicine for 24 h.

doi:10.1371/journal.pone.0053209.g007

Recently, Whipple et al. [33,34] reported a novel microtubule-
based protrusion ‘microtentacle’, which is induced in suspension
by EMT. The microtubule-associated protein tau is essential for
the microtentacle formation [35]. In our study, PP2A and HSP-
90, both which regulate microtubule stability by acting on tau
[36,37], were also essential for the protrusion formation in 3D
collagen gel. The invasive protrusions in this study required
integrin-mediated interaction with collagen and greatly differed
from microtentacles in appearance. Many recent studies have
mvestigated the mechanism of cell invasion within 3D collagen gel
or 3D matrix. For example, invasive human cancer cells such as
HT1080 fibrosarcoma and MDA-MB-231 breast carcinoma cells
invade through collagen gel by projecting a long membrane
extension [38,39]. The long protrusions of MDA-MB-231 cells are
supported by microtubules [39]. Although the mesenchymal cell
invasion requires MMP and Src activities, the presence of MMP
inhibitors allows them to migrate through the collagen matrix by

PLOS ONE | www.plosone.org

exhibiting an amoeboid cell structure [38]. However, the MMP
requirement may depend on the cross-linkage of collagen fibers
used in experiments [40]. It is also well known that when MDCK
cells are treated with HGF in collagen gel, they start to invade the
collagen gel, generating a membrane extension [41]. A recent
study has shown that the invasive structure of MDCK cells is
supported by microtubules [42]. Similarly, Ha-Ras-transformed
mammary epithelial cells form tubular structures in collagen gel by
TGF-8 treatment [23]. These invasive structures seem to be very
close or essentially identical to the invasive protrusions of the
EMT-induced cancer cells found in the present study. It has been
reported that signal mediators for actin cytoskeleton, e.g. PI3K-
Akt signal [43] and Rho-GTPases [44,45], also regulate micro-
tubule stability, and TGF- activates Rho and Rac signals [46,47].
In the present study, however, neither PI3K-Akt signal inhibitors
nor a ROCK inhibitor suppressed the protrusion formation.
These discrepancies suggest substantial differences in cytoskeletal
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Figure 8. Effect of constitutive EMT-induction in Panc-1 cells on protrusion formation in 3D collagen gel. Panc-1 cells were transfected
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Effects of 1 uM cholchicine (C) and 5 pM cytochalasin B (D) on protrusion formation in 3D collagen gel culture. These inhibitors were added into the
culture medium after 24-h incubation with TGF-B. Other experimental conditions are the same as described in Figures 5 and 7B.
doi:10.1371/journal.pone.0053209.g008

regulation between 2D and 3D conditions. Further studies are Aldrich (St. Louis, MO); mouse mAb against human o-tubulin and
required for clarifying how TGF-8 induces the microtubule-based function-blocking antibodies against integrins o2 (P1E6), ab

invasive protrusions in 3D collagen gel. (P1D6) and B1 (6S6) from Chemicon (Temecula, CA); rabbit

In conclusion, our study demonstrates that EMT-induced polyclonal antibody against human actin from Biomedical
cancer cells acquire a mesenchymal phenotype and invade into Technologies (Stoughton, MA), and FITC-conjugated anti-mouse
collagen matrix by projecting robust microtubule-based protru- IgG antibody from Vector laboratories (Burlingame, CA). Human
sions. EMT cells lose cell proliferation potential in collagen matrix. transforming growth factor-81 (T'GF-81), human epidermal

This suggests that mesenchymal-epithelial transition (MET) under growth factor (EGF), human tumor necrosis factor-o. (TNF-0r),
a different microenvironment is required for the cancer cells to colchicine, cytochalasin B, and SB431542 were purchased from
grow again. Our findings provide a clinical clue to suppress tumor Wako pure chemical (Osaka, Japan), and radicicol and cantharidin
invasion n vivo. from Calbiochem (La Jolla, CA).

Materials and Methods Cell Culture and Preparation of Conditioned Media and

Antibodies and Reagents Ceg Lysate; . 1L fih b (MKN-1) and
Mouse monoclonal antibody (mAb) against the human laminin uman adenocarcinoma ceff ines of the stomac ( -1)an
v2 chain (D4B5) was established and characterized previously lung (6549> were provided from Japanese .COHCCUOH of Researc.h
[48]. Other antibodies used and their source are as follows: mouse a%nd. Blo.resources JCRB, Tokyo, Japan) in 1993 and stored in
mAb against human E-cadherin from Becton Dickinson (Franklin liquid nitrogen after a few passages [48]. MKN-1 and A549 cells
Lakes, NJ), mouse mAb against human vimentin from Sigma secrete laminin-332 and laminin-511, respectively. Their laminin
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Figure 9. Growth of Snail-expressed Panc-1 cells in three different conditions. (A) Monolayer culture. Mock-Panc-1 (open column) and
Snail-Panc-1 (closed column) were seeded at a density of 1.0x10* cells per well of 24-well plates in 10% FBS-containing medium and incubated for 7
days. After the incubation, the number of cells was measured with a cell counter. (B-D) Soft agar culture. Mock-Panc-1 and Snail-Panc-1 cells were
cultured in soft agar medium for 14 days. After the incubation, the number of total colonies (B) and total colony area (C) were analyzed by Image J.
The soft agar cultures were photographed and each typical image is shown in (D). Scale bar, 500 um. Other experimental conditions were the same
as described in Figure 4. (E) Collagen culture. Mock-Panc-1 and Snail-Panc-1 cells were cultured in 3D collagen gel for 7 days as described in Figure 5.
After the incubation, the relative number of cells was measured using Dojindo cell counting kit 8.

doi:10.1371/journal.pone.0053209.g009

production was confirmed in this study. Pancreatic adenocarcino- water. Cells were lysed in RIPA buffer (20 mM Tris-HCL pH7.5,
ma cell line Panc-1 was provided from JCRB in 2004. Its identity 150 mM NaCl, 5 mM EDTA, 2.5 mM tetra-sodium pyrophos-
was confirmed in this study from similarity in the response to phate, 1 mM sodium orthovanadate, 10 mM NaF, a protease

TGF-B to that in a previous study [16]. These cell lines were inhibitor mixture (Wako), 1% Nonidet P-40, 0.5% sodium
cultured in DMEM/F12 medium (Invitrogen, Carlsbed, CA) deoxycholate, and 0.1% SDS) and centrifuged at 10,000 xg for
supplemented with 10% fetal bovine serum (FBS) (Nichirei 10 min. The resultant supernatants were used as cell lysates.
Biosciences, Tokyo) at 37C in a humidified atmosphere of 5%

COgy and 95% air. This medium was used as the standard serum- Electrophoretic Analyses

containing medium unless otherwise noted. Conditioned media SDS-PAGE was performed on 6 or 10% polyacrylamide gels
were prepared as reported previously [11]. Cells were grown to under non-reducing or reducing conditions. Immunoblotting of
confluence in serum-containing medium. After the incubation, the EMT marker proteins and gelatin zymography of MMPs were
cultures were further incubated in serum-free medium with or carried out as reported previously [11].

without cytokines for 2 days. The resultant conditioned media
were collected, dialyzed against distilled water and lyophilized.
The dried protein was dissolved in a 1/50 volume of distilled
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Cell Adhesion Assays

Cells were incubated at a density of 2.0x10* cells per well in
0.1 ml serum-free medium for 30 min at 37C on 96-well
microtiter plates, which had been precoated with each cell
adhesion substrate and blocked with 1.2% (w/v) bovine serum
albumin (BSA). After non-adherent cells were removed by gentle
agitation, adherent cells were fixed with 2.5% glutaraldehyde and
stained with 0.5% (w/v) crystalviolet for 30 min at room
temperature. Each well was measured for absorbance at 595 nm
with Plate Chameleon V (Hydex; Turka, Finland). Alternatively,
time-lapse cell adhesion was electrically analyzed using the
xCELLigence System Real-Time Cell Analyzer (Roche; Basel,
Switzerland), according to the manufacture’s instruction manual.
E-plate was coated with each substrate protein and blocked with
BSA. Cell attachment was measured every 5 min.

Cell Migration Assays

Confluent cultures were incubated with 10 ng/ml TGF-8 in
serum-containing medium for 24 h and then with 10 pg/ml
mitomycin C for 2 h to prevent cell growth. The cell monolayer
was scratched with a 200 pl pipette tip, washed with PBS, and
incubated in fresh DMEM/F12 plus 1% FBS with or without
TGF-8 for 16 h. Phase-contrast micrographs were taken imme-
diately and 16 h after wounding. The scratched area was analyzed
by Image J. In random cell migration assay, cells stimulated by
TGF-B for 24 h were inoculated in 1% FBS-supplemented
medium with or without TGF-B. After 6-h incubation, cell
migration was monitored at 37C with a time-lapse video system
for 12 h. The distance of cell migration was measured by using
a video monitor (Olympus VM-30; Tokyo).

Cell Growth Assays

For the assay in monolayer culture, cells were incubated on 24-
well culture plates in DMEM/F12 plus 1% FBS supplemented
with or without 10 ng/ml TGF-B. After incubation for 7 days,
grown cells were harvested and counted with a cell counter
(Sysmex CDA-500; Hyogo, Japan). For suspension culture, cells
were incubated in the same medium as above on 24-well Celltight
X suspension culture plates (Sumilon; Tokyo). After incubation for
7 days, the relative number of grown cells was determined with the
cell counting kit 8 (Dojindo; Kumamoto, Japan). For soft agar
culture, cells were incubated in 0.33% (w/v) agar medium
containing 10% FBS with or without TGF-, which was overlying
1% (w/v) agar layer in 35-mm dishes. The cultures were incubated
at 37C for 10 or 14 days. Colonies were visualized by incubating
with 0.5 mg/ml of p-iodonitrotetrazolium violet for 24 h, and the
total number and area of colonies in a center field were analyzed
by Image ]J.

Collagen Gel Culture

Collagen gel culture was performed using bovine type I collagen
(Nitta Gelatin, Osaka, Japan) on 3-well assay slides (AR Brown,
Tokyo, Japan). A base layer of 2.1 mg/ml collagen in serum-
containing medium (30 pl) was prepared in each well. Thirty pl of
cell suspension containing 15,000 cells was mixed with 120 ul of
the unsolidified collagen gel solution, and its 30-ul aliquot was
placed on the base layer. After 30-min incubation at 37C, the
upper gel was overlaid with 100 pl of serum-containing medium
with or without growth factors, and incubated for 1 week. The
medium was replaced every 3rd day. Cell growth was assessed
using the cell counting kit 8.
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Immunofluorescent Staining of Cells in Collagen Gel

Cells cultured in collagen gel for 3 days were fixed in 10%
formalin in PBS for 1 h and washed 3 times with PBS. The cells
were permeabilized with 0.1% (v/v) Triton X-100 in PBS (PBST)
for 1 h, blocked with 5% BSA in PBS for 2 h, and incubated
overnight at 4C with the primary antibody against o-tubulin
diluted with 5% BSA in Triton X-100/PBS. The cells were then
stained with FITC-labeled secondary antibody against mouse IgG,
rhodamine phalloidin, and DAPI for 3 h at room temperature.
The fluorescence image was observed using a confocal fluores-
cence microscope (Olympus FV1000-D BX61; Tokyo).

Construction of Snail Expression Vector and Transfection

Snail ¢cDNA clone (pF1KB7546) was purchased from Kazusa
DNA research institute (Chiba, Japan). pF1KB7546 was digested
with Spel and Smal, and cloned into a Xba-Smal site of the
mammalian expression vector pBOS-CITE-NEO to make pBOS-
CITE-NEO-snail [11]. Panc-1 cells were transfected with an
empty vector (Mock-Panc-1) or the snail expression vector (Snail-
Panc-1) using Xtreme gene 9 transfection reagents (Roche, Basel,
Switzerland), and their stable transfectants were selected with

500 pug/ml of G418 (Calbiochem; La Jolla, CA).

Supporting Information

Figure S1 EMT induction in two cancer cell lines, A549
and Panc-1. A549 and Panc-1 cells were incubated with 10 ng/
ml EGF, 10 ng/ml TNF-a, 10 ng/ml TGF-B, or TNF-a+TGF-8
in serum-free medium. After incubation for 48 h, phase contrast
micrographs were taken. x 300.

(TIF)

Figure 2 Colony formation of three cell lines in soft
agar cultures with or without TGF-B8. MKN-1, A549, and
Panc-1 cells were incubated in soft agar medium with or without
TGF-8. After incubation for 14 days, the cultures were photo-
graphed. Each typical image is shown. Other experimental
conditions were the same as described in Fig. 4C.

(TIF)

Figure S3 Morphological change of EMT-induced can-
cer cells in 3D collagen gel. A549 (A) and Panc-1 (B) cells were
incubated in 3D collagen with or without indicated cytokines on 3-
well chamber slides for 7 days.

(TIF)

Figure S4 Effects of paclitaxel and vinblastin on pro-
trusion formation of MKN-1 cells in 3D collagen gel.
MKN-1 cells were incubated without (open columns) or with the
indicated concentrations of paclitaxel (A) or vinblastin (B) 10 uM
TAPI-1 in the presence of TGF-B for 5 days, and protrusion
formation was quantified. Other experimental conditions are
described in Figures 5 and 7.

(TTF)

Figure S5 Effects of synthetic MMP inhibitor and signal
inhibitors on protrusion formation of MKN-1 cells in 3D
collagen gel. MKN-1(A), A549 (B), and Panc-1 (C) cells were
incubated without (open columns) or with 10 uM TAPI-1 in the
absence (Control) or presence (TGF-8) of TGF-B for 5 days, and
protrusion formation was quantified. (D) MKN-1 cells were
incubated without (None) or with the following inhibitors in the
absence (open column) or presence (closed columns) of TGF-8 for
24 h: PPl-analog (1 uM), SU6656 (1 uM), or lavendustin C
(1 uM). Other experimental conditions are described in Figures 5
and 7.

December 2012 | Volume 7 | Issue 12 | 53209



(TIF)

Acknowledgments

We thank Ms Nako Kojima and Ms Yuka Yamamoto for technical support
and discussion.

References

1.

2.

20.

21.

22.

23.

24.

Thiery JP (2002) Epithelial-mesenchymal transition in tumor progression. Nat
Rev Cancer 2: 442-454.

Christiansen JJ, Rajasekaran AK (2006) Reassessing Epithelial to Mesenchymal
Transition as a Prerequisite for Carcinoma Invasion and Metastasis. Cancer Res
66: 8319-8326.

Griinert S, Jechlinger M, Berg H (2003) Diverse cellular and molecular
mechanisms contributes to epithelial plasticity and metastasis. Nat Rev Mol Cell
Biol 4: 657-665.

. De Wever O, Pauwels P, Craene B, Sabbah M, Emami S, et al. (2008)

Molecular and pathological signatures of epithelial-mesenchymal transitions at
the cancer invasion front. Histochem Cell Biol 130: 481-494.

. Zavadil ], Béttinger EP (2005) TGF-B and epithelial-to-mesenchymal transitions.

Oncogene 4: 5764-5774.

. Huber MA, Kraut N, Beug H (2005) Molecular requirements for epithelial-

mesenchymal transition during tumor progression. Curr Opin Cell Biol 17: 548
58.

. Derynck R, Akhurst RJ, Balmain A (2001) TGF-8 signaling in tumor

suppression and Cancer progression. Nat genet 29: 117-129.

. Anzano MA, Roberts AB, Smith JM, Sporn MB, De Larco JE (1983) Sarcoma

growth factor from conditioned medium of virally transformed cells is composed
of both type alpha and type beta transforming growth factors. Proc Natl Acad
Sci USA 80: 6264-6268.

. Comijn J, Berx G, Vermassen P, Vershueren K, van Grunsven L, et al. (2001)

The two-handed E box binding zink finger protein SIP1 downregulates E-
cadherin and induces invasion. Mol Cell 7: 1267-1278.

. Vesuna F, Diest P, Chen JH, Raman V (2008) Twist is a transcriptional

repressor of E-cadherin gene expression in breast cancer. Biochem Biophys Res
Comm 367: 235-241.

. Tsubota Y, Ogawa T, Oyanagi J, Nagashima Y, Miyazaki K (2010) Expression

of laminin y2 chain monomer enhances invasive growth of human carcinoma
cells in vivo. Int J Cancer 127: 2031-2041.

. Arumugam T, Ramachandran V, Fournier KF, Wang H, Marquis L, et al.

(2009) Epithelial to Mesenchymal Transition Contributes to Drug Resistance in
Pancreatic Cancer. Cancer Res 69: 5320-5828.

. Mani SA, Guo W, Liao M]J, Eaton EN, Ayyanan A, et al. (2008) The epithelial-

mesenchymal transition generates cells with properties of stem cells. Cell 133:
704-715.

. Kenny PA, Lee GY, Myers CA, Neve RM, Semeiks JR, et al. (2007) The

morphologies of breast cancer cell lines in three-dimensional assays correlate
with their profiles of gene expression. Mol Oncol 1: 84-96.

. Zschenker O, Streichert T, Hehlgans S, Cordes N (2012) Genome-wide gene

expression analysis in cancer cells reveals 3D growth to affect ECM and
processes associated with cell adhesion but not DNA repair. PLoS ONE 7:
€34279.

. Horiguchi K, Shirakihara T, Nakano A, Imamura T, Miyazono K, et al. (2009)

Role of Ras signaling in the induction of snail by transforming growth factor-8. J.

Biol. Chem 284: 245-253.

. Kasai H, Allen JT, Mason RM, Kamimura T, Zhang Zhi (2005) TGF-61

induces human alveolar epithelial to mesenchymal cell transition (EMT). Respir
Res 5: 56.

. Weaver AM. Invadopodia: specialized cell structures for cancer invasion. (2006)

Clin Exp Metastasis 23: 97-105.

. Petritsch C, Beug H, Balmain A, Oft M (2000) TGF-B inhibits p70 S6 kinase via

protein phosphatase 2A to induce G1 arrest. Genes Dev 14: 3093-3101.
Schwarz LC, Gingras MC, Goldberg G, Greenberg AH, Wright JA (1988) Loss
of growth factor dependence and conversion of transforming growth factor-61
inhibition to stimulation in metastatic H-ras-transformed murine fibroblasts.
Cancer Res 48: 6999-7003.

Valverius EM, Walker-Jones D, Bates SE, Tampfer MR, Clack R, et al. (1989)
Production of and responsiveness to transforming growth factor-3 in normal and
oncogene-transformed human mammary epithelial cells. Cancer Res 49: 6269~
6274.

Howe PH, Dobrowolski SF, Reddy KB, Stacey DW (1993) Release from G,
growth arrest by transforming growth factor-B1 requires cellular ras activity.
J Biol Chem 268: 21448-21452.

Oft M, Pelf J, Rudaz C, Beug H, Reichmann E (1996) TGF-81 and Ha-Ras
collaborate in modulating the phenotypic plasticity and invasiveness of epithelial
tumor cells. Genes Dev 10: 2462-2477.

Oft M, Heider KH, Beug H (1998) TGF-8 signaling is necessary for carcinoma

cell invasiveness and metastasis. Curr Biol 8: 1243-1252.

. Mitchell CE, Belinsky SA, Lechner JF (1995) Detection and quantitation of

mutant K-ras codon 12 restriction fragments by capillary electrophoresis. Anal
Biochem 224: 148-153.

PLOS ONE | www.plosone.org

Epithelial-Mesenchymal Transition in Collagen Gel

Author Contributions

Conceived and designed the experiments: JO SH KM. Performed the
experiments: JO TO HS. Analyzed the data: JO SH KM. Contributed
reagents/materials/analysis tools: JO TO. Wrote the paper: JO KM.

26. Giehl K, Skripczynski B, Mansard A, Menke A, Gierschil P (2000) Growth
factor-dependent activation of the Ras-Raf-MEK-MAPK pathway in the human
pancreatic carcinoma cell line PANC-1 carrying activated K-ras: implications
for cell proliferation and cell migration Oncogene 19: 2930-2942.

27. Tto M, Yasui W, Nakayama H, Yokozaki H, Ito H, Tahara E (1992) Reduced
level of transforming growth factor beta type I receptor in human gastric
carcinomas. Jpn ] Cancer Res 83: 86-92.

28. Murphy DA, Courtneidge SA (2011) The ‘ins’ and ‘outs’ of podosomes and
invadopodia: characteristics, formation and function. Nat Rev Mol Cell Biol 12:
413-426.

29. Gowden-Bone C, Zhou Z, King E, Prescott A, Watts C, et al. (2010) Dendritic
cell podosomes are protrusive and invade the extracellular matrix using
metalloproteinase MMP-14. J Cell Sci 123: 1427-1437.

30. Angers-Loustau A, Hering R, Werbowetski TM, Kaplan DR, Del Maestro RF
(2004) Src regulates actin dynamics and invasion of malignant glial cells in three
dimensions. Mol Cancer Res 2: 595-605.

31. Varon C, Tatin F, Moreau V, Obberghen-Schilling EV, Fernandez-Sauze S, et
al. (2006) Transforming growth factor-8 induces rosettes of podosomes in
primary aortic endothelial cells. Mol. Cell. Biol. 26: 3582-3594.

32. Kusumbe AP, Bapat SA (2009) Cancer stem cells and aneuploid populations
within developing tumors are the major determinants of tumor dormancy.
Cancer Res. 69: 9245-9253.

33. Whipple RA, Cheung AM, Martin SS (2007) Detyrosinated microtubule
protrusions in suspended mammary epithelial cells promotes reattachment. Exp
Cell Res 313: 1326-1236.

34. Whipple RA, Matrone MA, Cho EH, Balzer EM, Vitolo MI, et al. (2010)
Epithelial-to  mesenchymal transition promotes tubulin detyrosination and
microtentacles thet enhances endothelial engagement. Cancer Res 70: 8127
8137.

35. Matron MA, Whipple RA, Thompson K, Cho EH, Vitolo MI, et al. (2010)
Metastatic breast tumors express increased tau, which promotes microtentacle
formation and the reattachment of detached breast tumor cells. Oncogene 29:
3217-2327.

36. Liu F, Grundke-Igbal I, Ighal K, Gong CX (2005) Contributions of protein
phosphatases PP1, PP2A, PP2B and PP5 to the regulation of tau phosphory-
lation. Europ J Neurosci 22: 1942-1950.

37. Dou F, Netzer WJ, Tanemura K, Li F, hartl FU, et al. (2003) Chaperones
increase association of tau protein with microtubules. Proc Natl Acad Sci USA
100: 721-726.

38. Wolf K, Mazo I, Leung H, Engelke K, Andrian UH, et al. (2003) Compensation
mechanism in tumor cell migration: mesenchymal-amoeboid transition after
blocking of pericelluilar proteolysis. J Cell Biol 160: 267-277.

39. Kikuchi K, Takahashi K (2008) WAVE2- and microtubule-dependent
formation of long protrusions and invasion of cancer cells cultured on three-
dimensional extracellular matrices. Cancer Sci 99: 2252-2259.

40. Sabeh F, Shimizu-Hirota R, Weiss SJ (2009) Protease dependent versus —
independent cancer cell invasion programs: three-dimensional amoeboid
movement revisited. J Cell Biol 185: 11-19.

41. Montesano R, Matsumoto K, Nakamura T, Orci L (1991) Identification of
a fibroblast derived epithelial morphogen as hepatocyte growth factor. Cell 67:
901-908.

42. Gierke S, Wittmann T (2012) EB-1 recruited microtubule +TIP complexes
coordinate protrusion dynamics during 3D epithelial remodeling. Curr Biol 22:
753-762.

43. Onishi K, Higuchi M, Asakura T, Masuyama N, Gotoh Y (2007) The PI3K-Akt
pathway promotes microtubule stabilization in migrating fibroblasts. Genes Cell
12: 535-546.

44. Palazzo AF, Cook TA, Albert AS, Gundersen GG (2001) mDia mediates Rho-
regulated formation and orientation of stable microtubules. Nat Cell Biol 3: 723~
729.

45. Daub H, GevaertK, Vandekerckhove J, Sobal A, Hall A (2001) Rac/cdc42 and
p65PAK  regulate the microtubule destabilizing protein stathmin through
phosphorylation at serine 16. J Biol Chem 276: 1677-1680.

46. Bakin AV, Rinehatr C, Tomlinson AK, Arteaga CL (2002) p38 mitogen-
activated protein kinase is required for TGF-B-mediated fibroblastic transdiffer-
entiation and cell migration. J Cell Sci 115: 3193-3206.

47. Hubchak SC, Sparks EE, Hayashida T, Schnaper HW (2009) Racl promotes
TGF-B-induced mesangial cell type I collagen expression through a PI3K/Akt-
dependent mechanis. Am J Physiol Renal Physiol 297: F1316-F1323.

48. Miyazaki K, Kikkawa Y, Nakamura A, Yasumitsu H, Umeda M (1993) A large
cell-adhesive scatter factor secreted by human gastric carcinoma cells. Proc Natl
Acad Sci USA 90: 11767-11771.

December 2012 | Volume 7 | Issue 12 | 53209



