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Abstract

Human pancreatic ductal adenocarcinoma (PDAC) is characterized by early systemic dissemination. Although RhoC
has been implicated in cancer cell migration, the relevant underlying molecular mechanisms remain unknown. RhoC
has been implicated in the enhancement of cancer cell migration and invasion, with actions which are distinct from
RhoA (84% homology), and are possibly attributed to the divergent C-terminus domain. Here, we confirm that RhoC
significantly enhances the migratory and invasive properties of pancreatic carcinoma cells. In addition, we show that
RhoC over-expression decreases cancer cell adhesion and, in turn, accelerates cellular body movement and focal
adhesion turnover, especially, on fibronectin-coated surfaces. Whilst RhoC over-expression did not alter integrin
expression patterns, we show that it enhanced integrin a5@1 internalization and re-cycling (trafficking), an effect that
was dependent specifically on the C-terminus (180-193 amino acids) of RhoC protein. We also report that RhoC and
integrin a5B1 co-localize within the peri-nuclear region of pancreatic tumor cells, and by masking the CAAX motif at
the C-terminal of RhoC protein, we were able to abolish this interaction in vitro and in vivo. Co-localization of integrin
a5B1 and RhoC was demonstrable in invading cancer cells in 3D-organotypic cultures, and further mimicked in vivo
analyses of, spontaneous human, (two distinct sources: operated patients and rapid autopsy programme) and
transgenic murine (LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre), pancreatic cancers. In both cases, co-
localization of integrin a5B81 and RhoC correlated with poor differentiation status and metastatic potential. We
propose that RhoC facilitates tumor cell invasion and promotes subsequent metastasis, in part, by enhancing integrin
a5B1 trafficking. Thus, RhoC may serve as a biomarker and a therapeutic target.
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Introduction

The RhoA-like sub-family molecules of small GTPases
(RhoA, RhoB and RhoC) share nearly 84% amino acid
sequence homology, differing predominantly in their C-terminus
domain [1]. Until recently, this sequence homology has
prevented specific causality being attributed to each Rho
GTPase for their explicit roles in distinct biological functions
[2—4]. Increased expression of RhoC has been implicated in
the metastatic process in pathologically distinct human cancers
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[5-7]. In vivo functional investigations indicated that RhoC,
although dispensable for embryonic/postnatal development and
tumor initiation, was critical for tumor metastasis [8,9]. Recent
in vitro analyses have suggested that RhoC may mediate
cancer cell invasion via control of other molecules, such as
formin (FMNL2 [10] and FMNL3 [11]) at lamellipodia or through
spatial resolution of RhoC at invadopodia [12] or, possibly, via
upstream regulators such as Notch-1 [6], mir10b [3], p38y-
mediated RhoC ubiquitination [13] or RhoGDP dissociation
inhibitor a (RhoGDla) [14]. However, the relevant molecular
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mechanisms distinct from modulation of GTPase-like activity,
specifically including cues from the micro-environment, which
drive the RhoC-induced cellular phenotypic changes and
metastatic proclivity, remain largely unknown.

The subcellular localization of RhoC (mainly in the cytosol
but particularly associated with the submembranous actin
network, endoplasmic reticulum and additional compartments)
has suggested a potential role in secretory granule exocytosis
[15]. Similar to RhoA, RhoC undergoes post-translational
modification of the C-terminus by CAAX motif dependent
geranylgeranylation, with subsequent carboxymethylation,
leading to the generation of an hydrophobic end facilitating its
membrane localization [1]. Tagging or deleting the C-terminus
of RhoC may disrupt such modifications, resulting in inefficient
membrane localization. In this study, we over-expressed wild-
type full-length human RhoC cDNA (nRhoC), as well as its C-
terminus-deleted (nDCT) or tagged (cRhoC) forms, in human
pancreatic ductal adenocarcinoma (PDAC) cell lines to
investigate the intracellular localization and downstream
mechanisms during cell migration and invasion. We
demonstrate, in this report, a direct involvement of RhoC with
trafficking and signaling of integrin a5B1 in invading pancreatic
cancer cells.

Materials and Methods

Cell culture and reagents

Capan1, Panc0403, HPAF and other pancreatic cancer cell
lines were obtained (ATCC, LGC Standards, Middlesex, UK),
STR profiled (Table S1, LGC Standards) and maintained as
described previously [16]. Transfected cell lines were cultured
in complete growth medium with 10ug/ml of Blasticidin (for
Capan1; Invitrogen, Paisley, UK) or 150ug/ml of Hygromycin
(for HPAF, Panc0403; Gibco, Paisley, UK). 10ug/milliliter
fibronectin (Sigma-Aldrich, Dorset, UK) was used for coating.

Antibodies
Table S2.

Plasmids

Human full length RhoC cDNA (Cat. No. TC127513) was
from OriGene technologies (Rockville, MD, USA); In-Cell
Labelling reagents from Invitrogen (Paisley, UK). Primers for
PCR generation of RhoC constructs are listed (Table S3). Full
length RhoC PCR product and C-terminal 180-193 amino acids
deleted product were cloned into Mammalian Lumio™ Gateway
vectors (Invitrogen, Paisley, UK), with Lumio and V5 tag at the
N-terminus to generate nRhoC and nDCT plasmids; and, with
the tags at the C-terminus, to generate the cRhoC plasmid
(Figure S1). RhoC was also cloned into vector plasmid
pSecTag2B as an additional control.

We generated stable RhoC over-expressing cell lines,
nRhoC, cRhoC and nDCT by lipofectamine transfection of
these cDNAs respectively (nEV: control vector cell line, without
RhoC cDNA but with sequences of a Chloramphenicol
resistance gene and ccdB gene) into the Capan1 cells and
expression was confirmed at both mRNA and protein levels,
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Figures S1F, S2A-C). Mass cultures, as well as single clones,
of the transfected cells were maintained for later experiments.

Two small hairpin RNA interference (shRNA) sequences
(Table S4) were generated targeting sequences of RhoC and
introduced into pSilencer-hygro vector (Ambion, Warrington,
UK) to transfect into the Panc0403, HPAF cells. Mass culture
of the population with lower RhoC expression levels was
maintained (Figure S2D-F).

Cell spreading and Laser Scanning Cytometry (LSC)

Cells were plated on fibronectin coated coverslips and
allowed to spread for 60 minutes before fixation in 4%
formaldehyde. F-actin was stained with phalloidin and DNA
with TO-PRO-3 iodide (2 pM; Invitrogen, Paisley, UK). A Laser
Scanning Cytometer equipped with an Olympus BX50
microscope at 20X magnification was used for image capture.
After elimination of cell clumps, the spread area of at least
1000 cells was calculated using Wincyte software (CompuCyte,
Westwood, MA, USA).

Focal adhesion disassembly assay [17], integrin
internalization and recycling assay [18],
immunoprecipitation assays and immunofluorescence [16]
as well as Organotypic culture assays [19-21] were
performed using well-validated methods described elsewhere
(and Methods S1).

Human PDAC tissue microarray was constructed (ethical
approval City and East London Local Research Ethics
Committee 07/H0707/87) as described before [16]. The second
tissue microarray was obtained from the Johns Hopkins rapid
autopsy programme in an ethically approved manner [22].

Transgenic mouse model tissue samples from PDAC
KPC (LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre [23])
mice (n=8) were used. All transgenic mice, as described, were
generated at the Cambridge Research Institute under Home
Office (UK) and Cancer Research UK Cambridge Research
Institute guidelines.

Statistics

All in vitro experiments were repeated on at least three
independent occasions in triplicate for each condition. Normally
(paired or unpaired Student’s-t test, ANOVA) or non-normally
(Mann-Whitney test or Wilcoxon signed-rank test) distributed
data were analyzed using SPSS 14.0 software (Surrey, UK) or
GraphPad Prism5 software (La Jolla, CA, USA).

Results & Discussion

RhoC over-expression decreased cell adhesion and
promoted cell migration

Relatively low (Capan1) and high (Panc0403, HPAF)
expressors of endogenous RhoC levels, in comparison with
hTERT immortalized normal human pancreatic ductal epithelial
cells (DEC-hTERT [24]), were chosen from an initial screen for
RhoA & RhoC protein levels in various PDAC cell lines [16]
(Figure S1A, B). Capan1 cells were transfected with various
constructs of RhoC (nRhoC, wild-type full length; cRhoC,
CAAX motif masked RhoC; nDCT, C-terminal deleted RhoC;
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nEV, empty vector control) tagged with V5 and Lumio (Figures
S1C-F, S2A-C). nRhoC cells displayed increased cell
dissemination from individual colonies, adopting a looser
growth pattern, compared with the parental Capan1 and nEV
cells. Furthermore, time-lapse microscopy revealed an
accelerated cell spreading, followed by immediate cell
contraction and movement of nRhoC cells (Figure 1, Videos
S1, 82, and S3). nRhoC cells also showed a significant
reduction of cell adhesion on fibronectin-coated surfaces over
the first hour after plating, compared with parental Capan1 and
nEV control cells (Figure 2A). Although less adherent, most of
the nRhoC cells spread more on fibronectin (Figure 2B) but not
Collagen | (data not shown). These findings are in agreement
with recent data suggesting a role for RhoC promoting cell
movement and migration, and restricting lamellipodial
broadening [11].

Concordant with these observations, nRhoC and cRhoC
cells (as compared with Capan1, nDCT and nEV) cells
exhibited significantly enhanced migratory (3D (Transwell)
migration assay, both towards 10% FBS as well as through
fibronectin) and invasive (through Matrigel plug) capacities
(Figure 2C-E). When endogenous RhoC expression was down-
regulated, by shRNA, in high expressors Panc0403 and HPAF
(Figure S2D-F), we were able to diminish the migratory
capacity of the cells, while re-introduction of wild-type RhoC
partially restored this phenotype (Figure 3). Taken together,
these data demonstrate that the levels of endogenous RhoC
protein can significantly influence the capacity of pancreatic
cancer cells to migrate, which is in agreement with the reported
role of RhoC in promoting migration in different types of
cancers [25,26]. Consistently, we observed that RhoC protein
levels were dramatically elevated in cells which had migrated
through the Transwell insert, regardless of whether RhoC was
ectopically expressed (nRhoC cells, Figure S3), or its
endogenous expression was knocked-down by shRNA
(Panc0403 cells, Figure S4), suggesting that elevated RhoC
protein levels enhanced cell migration.

RhoC Over-Expression Accelerated Focal Adhesion
Assembly Kinetics

Paxillin, a marker for focal adhesions was studied to define
alterations of adhesion structures and/or their kinetics. No
change in total paxillin expression, between Capan1, nEV and
nRhoC cells, was detected. In three-dimensional reconstruction
analyses, on stably adherent individual cells, there were no
differences in paxillin distribution (potentially relatively stable
adhesion complexes were assessed 10 hours after plating on
non-coated surfaces by microscopy as well as Western blot:
data not shown).

In contrast, at the early time-point (one hour), after plating on
fibronectin-coated surfaces, when differences in adhesion/
spreading occur as a result of RhoC over-expression (Figure
1,2), we found distinct differential distribution of paxillin staining
in ‘spreading’ and ‘non-spreading’ nRhoC cells, compared with
Capan1 parental cells. The individual ‘spreading’ Capan1
(Figure 4A,B) cells showed more paxillin staining localized to
the cell periphery (protrusions) compared to nRhoC cells.
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This differential distribution of paxilin as a result of
exogenous RhoC expression suggested possible alterations,
on fibronectin-coated surfaces, in focal adhesions turnover
[27]. Using an established, well-validated semi-quantitative
focal adhesion disassembly assay [17,28], we observed that
after Nocodazole wash out, within 15 minutes, most of the
nRhoC cells showed a reduction in both paxillin staining and
focal adhesion size (disassembly of the over-sized (~4.5 ym
length, [27])) and assembly of normal-sized (~1um length) focal
adhesions). In comparison, Capan1 cells did not demonstrate a
similar reduction in focal adhesion staining until a later time (30
minutes, Figure 4C-E). This may suggest an altered kinetics of
focal adhesions resulted from the ectopic expression of RhoC.
The accelerated turn-over of focal adhesions in nRhoC cells
may explain, at least in part, the decreased adhesion and
increased spreading of these RhoC over-expressing cells
(Figure 1,2).

C-terminus of RhoC interacts with integrin a581

A major component of focal adhesion structures, especially
in the presence of fibronectin, is constituted by members of the
integrin family (heterodimers between a and B subunits [29]),
such as integrin a5p1[30]. Recent studies have revealed that
endo-exocytic trafficking of integrins, and especially that of
integrins a5B1 and av@3, dictate the mode of migration of
normal and carcinoma cells via activation of small GTPases
and ROCK [31,32].

Accordingly, we sought to determine if the accelerated
turnover of focal adhesions in nRhoC cells was due to the
alteration of integrin expression and/or their trafficking upon
stimulation with distinct extra-cellular matrix (ECM) proteins.
Changes in morphology of nRhoC cells upon seeding on other
ECM proteins, such as collagen and laminin, were not obvious
(data not shown, (16)); hence, in this study, we did not
investigate the integrin receptors which bind to these proteins.
Of the fibronectin binding integrins, Capan1 and nRhoC cells
showed minimal expression of integrin avf5, moderate
amounts of integrin avB3, avB6, avB8 and a significantly high
level of integrin a5B1 (Figure S5A). Over-expression of RhoC
constructs (nRhoC, cRhoC, nDCT) did not alter the surface, or
the total expression levels of these integrins (Figure S5B).

However, microscopic analysis revealed co-localization of
RhoC and integrin a5B1 at the cell protrusion ends, as well as
in the peri-nuclear regions in both 2D (Figure 5A-D) and 3D
culture (Figures S3,54,S6). This co-localization was confirmed
as being the result of direct or indirect (in a complex) protein-
protein interaction in vivo, as shown by protein
immunoprecipitation in Capan1 protein extracts, using either
anti-RhoC or anti-integrin a5B1 or anti-integrin a5 antibodies
(Figures 4E, S7). Co-localization of integrin a5B1 with other
Rho proteins was minimal (Figures S6,S7). In the cRhoC cells
(masked C-terminus CAAX motif of the RhoC to disrupt its
CAAX motif-dependent post-translational processing [33]), the
co-localization of tagged cRhoC protein and integrin a5B1 was
mainly observed at the cell periphery (protrusive end) but,
interestingly, not in the peri-nuclear region (Figure 4C).
Furthermore, we did not observe such co-localization in nDCT
cells at the perinuclear or focal adhesion sites (truncated form
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Figure 1. RhoC overexpression causes rapid spreading and movement of Capan1 cells. Initial screen of PDAC cell lines
revealed low expression levels of RhoC protein in Capan1 pancreatic cancer cells which were then transfected with RhoC
constructs (nRhoC, Figures S1, S2).

(A) Cells were plated on the fibronectin-coated surface and incubated at 37°C till the indicated time-point, then fixed and stained
with Crystal Violet before imaging with Zeiss Axiovert 200M microscope. nRhoC cells (Capan1 cells with N-terminus tagged RhoC
overexpression) spread more within the first two hours as compared to the rounded parental Capan1 cells.

(B) A selection of images from time-lapse videos (See videos S1, S2, and S3 for detailed information) of cell movement during two
hours after plating on fibronectin-coated surface. These images demonstrate that nRhoC transfected cells had accelerated cell
spreading and contraction, associated with rapid movement, as compared to Capan1 cells (arrows). Time of capture is indicated at
the top-left corner of each image (m= minutes).

Scale bar: 20pm.

doi: 10.1371/journal.pone.0081575.g001
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Figure 2. RhoC over-expression altered cellular adhesion, spreading and motility. (A) nRhoC cells (Capan1 cells with N-
terminus tagged RhoC overexpression) showed decreased adhesion to fibronectin as compared to parental Capan1 cells or control
plasmid / empty vector transfected cells (nEV) after one hour which was sustained up to two hours.

(B) nRhoC cells also demonstrated a significant increase of cell spreading at an hour of plating compared with parental Capan1 and
nEV cell lines. Insets show representative spreading morphology of nRhoC (arrowheads) as compared with Capan1 cells.

(C) nRhoC cells showed a significant increase of cell migration across Transwell inserts towards 10% FBS as compared with
parental Capan1 or nEV cell line. In addition, cRhoC (C-terminal tagged: CAAX-motif masked) cell line demonstrated enhanced
migration, while the nDCT (C-terminus deleted) cell line did not show any difference from the two control (Capan 1, nEV) lines.

(D) nRhoC cells showed a significant increase of cell migration across Transwell inserts through Fibronectin as compared with
parental Capan1 or nEV cell line.

(E) nRhoC cells demonstrated a significant increase of invasion across a Matrigel plug at 48 hours compared to parental Capan1,
nDCT and nEV cell lines. cRhoC cells demonstrate a marginal increase in invasion as compared to parental Capan1 cells only.

** p<0.001, * p<0.01, Student’s t-test or ANOVA as applicable. Individual data points represent technical/biological repeats with
summary statistics represented by mean + SEM.

doi: 10.1371/journal.pone.0081575.g002
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Figure 3. RhoC knockdown decrease cellular migration
and is rescued by ectopic RhoC overexpression. Initial
screen of PDAC cell lines revealed high expression levels of
RhoC protein in HPAF and Panc0403 pancreatic cancer cells.
Endogenous RhoC was silenced using shRNA (Figures S1,
S2).

shRhoC (stable RhoC knockdown: two different constructs
were used: shRhoC1 and shRhoC2) resulted in a significant
reduction of cell migration compared with the parental or
pSilencer (empty vector control) cell lines towards 10% FBS
(A) or through Fibronectin (B). Transient over-expression of
RhoC in shRhoC cells (pTag2BRhoC) restored cell migration
significantly and comparable to parental cell line. pTag2B is the
empty vector control cell line. Similarly, another cell line
(HPAF) demonstrated RhoC-dependent migration (C). Here the
summary data of both ShRhoC are presented for migration
towards 10% FBS. ** p<0.001, * p<0.01, ANOVA. Individual
data points represent technical/biological repeats with
summary statistics represented by mean + SEM.

doi: 10.1371/journal.pone.0081575.g003
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of RhoC protein with the C-terminal divergent region (amino
acids 180-193) deleted, Figure 2D,E). In some cells
cytoplasmic accumulation of nDCT as assessed by V5 tag
could be seen. This suggests that the effect was RhoC-
structure specific and that the C-terminal of the protein is
important for this interaction.

Concordantly, with immunoprecipitation analysis, we found
increased interaction of integrin a5B1 with RhoC in both nRhoC
and cRhoC cells, but not in nDCT cells (Figures 5E, S7),
suggesting that the interaction of integrin a5p1 with RhoC was
dependent on its intact C-terminus. This localization was seen
partly in recycling endosomes as well as lysosomes (Figure
S6).

RhoC over-expression enhanced integrin a5831
trafficking

The distinct co-localization of RhoC and integrin a5p1 at cell
protrusions and in the peri-nuclear region of nRhoC cells
suggested that RhoC may be associated with integrin a5f31
intracellular trafficking which is known to follow ‘long-loop’
recycling from the cell surface to the peri-nuclear recycling
compartment [34]. The standard Biotin-labeling assay [18], on
fibronectin-coated surface, showed a significant increase in the
nRhoC cells, compared with the parental cell line, in both the
internalization and recycling rates of integrin a5p1 (Figure 6A,
B). No difference was observed under non-coating conditions
(data not shown). No change in Transferrin receptor recycling
was observed (Figure S8)). Surprisingly, cRhoC cells showed
enhanced internalization of integrin a5B31, but no alteration of
the recycling rate; nDCT cells showed significantly diminished
rates of both internalization and recycling of integrin a5@1
(Figure 6A, B), which we propose that it was due to lacking
sufficient interaction between nDCT and integrin a5p1, and/or
nDCT may also interfere the interaction of endogenous RhoC
with integrin a5B1 [33,35]. Knocking down the endogenous
RhoC expression in another two cancer cell lines HPAF (Figure
6C,D) and Panc0403 (data not shown) further confirmed the
role of RhoC in the internalization and recycling of integrin
a5p31.

Src activation is downstream of integrin a581

Recent evidence suggests an extensive crosstalk between
integrins, the Src-family and small GTPases regulating a range
of cellular processes [36—-38]. Over-expression of the wild type
RhoC (nRhoC) led to an increased amount of GTP-bound
RhoC, with no changes in GTP-bound RhoA or RhoB (Figure
7A). Correspondingly, nRhoC cells, as compared with the
parental cells, show a significant increase in phosphorylation at
the Tyr416 residue of Src (no such increase was observed in
cRhoC or nDCT cells, Figure 7B), as a measure of Src
activation. This activation was reversed upon treatment with
integrin a5B1-neutralizing antibody. In cRhoC cells, Src
activation was suppressed below parental cell levels at 8ug/ml
dose and in nDCT cells at both 4 and 8ug/ml doses. This
implies that Src activation may be downstream of RhoC
activation and its engagement with integrin a5p1.

The enhanced migratory capacity as a result of RhoC
overexpression (both nRhoC and cRhoC cells, Figure 2C), was
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Figure 4. RhoC over-expression altered paxillin distribution and accelerated focal adhesion turnover. (A-B) Z-stacked
confocal images showed differential distribution of paxillin staining (green) in ‘non-spreading’ (i) and ‘spreading’ (ii), Capan1 (A) and
nRhoC (B) cells, 60 minutes after plating on the fibronectin-coated surface. Main images presented are in the XY plane with Z axis
at the basal (ventral) aspects of cells as shown in the XZ and YZ sections at the top and right of composite images respectively (the
cross-section of images in X, Y and Z axes are denoted by green, red and blue lines respectively). The obvious focal staining at the
cell protrusion end of ‘spread’ Capan1 cells (Aii) was not present in the ‘spread’ nRhoC cells (Bii, arrowheads: cell protrusion ends).
In the few ‘non-spreading’ cells, there were greater amounts of paxillin staining along the basal membrane of Capan1 cells (Ai) than
that of nRhoC (Aii) cells. Scale bar: 5um.

(C-E) Focal adhesion ‘disassembly assay’ (NOC: nocodazole) showed that, compared to Capan 1, nRhoC cells had accelerated
disassembly and re-assembly of mature focal adhesions (FA: large 4-5 ym) and small focal adhesion (1um). Mean Intensity of
peripheral paxillin staining showed similar levels 30 minutes after washout of the nocodazole treatment in Capan1 and nRhoC cells
(Methods S1). However, while nRhoC cells had decreased the paxillin intensity levels significantly by 15 minutes after recovery from
nocodazole, Capan1 cells took 30 minutes to achieve similar reduction, suggesting a quicker turnover of new focal adhesions in
nRhoC cells. The size of focal adhesions after nocodazole treatment also demonstrates a quicker recovery/ re-assembly of stable
large focal adhesions in nRhoC cells as compared to Capan1 cells. This could well explain the rapid movement and the increased
cell spreading and decreased adhesions (Figures 1, 2, Videos S1, S2, and S3), as a result of introduction of RhoC in nRhoC cells.
*p<0.05, Mann-Whitney test. Summary statistics in the box-whisker plot represented median * inter-quartile range.

doi: 10.1371/journal.pone.0081575.g004
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Figure 5. RhoC co-localized with integrin a5p81 at cell protrusions and in the peri-nuclear region. (A) In parental Capan1
cells there was minimal diffuse expression of RhoC (see also Figures S1, S2) and, similarly, diffuse expression of integrin a5p1
(Figures S3, S4).

(B) In nRhoC cells, the exogenous RhoC co-localized with integrin a531 at a cell protrusion (white arrows and boxes) and in the
peri-nuclear region (red arrows and boxes).

(C) This was in contrast to cRhoC cells which showed co-localization of the V5 tag (cRhoC) with integrin a5B1 at the periphery of
cells but not in the peri-nuclear region. (D) nDCT cells showed no co-localization of the V5 tag with integrin a581 at the plasma
membrane (white box). In a few cells, diffuse cytoplasmic staining could be seen (red box). Scale bar: 10um.

This co-localization (confirmed by co-localization software in the confocal microscope) in distinct cellular compartments could be
seen in 3D during Transwell migration (Figures S3, S4). Further explanation of the likely cellular compartment of this co-localization
is provided in Figure S6.

(E) Immuno-precipitation (IP) using anti-RhoC antibody (against C-terminal 100-193 amino acids) confirmed the interaction of RhoC
and integrin a5B1. Densitometric quantification, when normalization was carried out for the immuno-precipitation reaction (IgG, F) or
for the input (total RhoC, G), of the IP-bound integrin a5B1 showed significant increase of integrin a5B1 interaction with RhoC in
both nRhoC and cRhoC cell lines. A significant reduction in this interaction with integrin a5B1 was observed in the nDCT cells as
compared with parental cell lines. Appropriate IgG controls and reverse IP are shown in Figure S7. B:IP-bound fraction; UB: IP-

unbound fraction; total: total lysate. *p<0.05, **p<0.01, Student’s t-test, error bars: SEM.
doi: 10.1371/journal.pone.0081575.g005
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Figure 6. RhoC enhanced integrin a5B1 internalization and recycling upon fibronectin adherence. The well-established
Biotin-labeling assay (labeling integrin a5B1 with Biotin and allowing internalization and recycling (separate assays: see Methods
S1) followed by cleavage of Biotin and measurement of integrin by ELISA [18]) to compare the internalization and recycling rates of
integrin a5B1. Graphs represent summary data from three representative individual experiments. The trend-line shown is second-
order polynomial regression fit for the data, as previously used [46,47]. Thus, compared with parental Capan1 cells, nRhoC cells
demonstrated significantly increased internalization (A) and recycling (B) of integrin a581 on fibronectin-coated surface. The
masking of RhoC CAAX in cRhoC cells resulted in a significant increase in internalization, but not recycling, of integrin a5p1
(compared with parental Capan1 cells). However, deletion of the C-terminal of RhoC in nDCT cells resulted in significant reduction
in internalization and recycling of integrin a5p1.

Compared with the parental HPAF and pSilencer (empty vector) cells, shRhoC (stable RhoC knockdown) cells showed a significant
decline of integrin a5B1 internalization (C) and recycling (D) on a fibronectin-coated surface. The dramatic reduction in the HPAF-
shRhoC cells was not due to a vector artifact, since HPAF-pSilencer cells actually showed a significant enhancement of the
recycling rate. Similar data were obtained after knock-down of endogenous RhoC in Panc0403 (not shown). In addition, there was
no change in Transferrin receptor recycling after manipulation of RhoC (Figure S8). *** p<0.0001, ** p<0.001, * p<0.01, ANOVA.
Error bars: SEM.

doi: 10.1371/journal.pone.0081575.g006

reduced after integrin a5B1-neutralizing antibody treatment borders. Hence we did not further explore the effect of Src
(8ug/ml). However, this intervention failed to restore the inhibition by agents such as Dasatinib, which in turn may affect
nRhoC-enhanced migration to the parental cell-line level, in multiple signalling cascades. Similar dependence upon an
spite of a near-complete abrogation of Src activation (Figure  integrin a5p1 interaction with endogenous RhoC could be

demonstrated in regulating the migratory potential of Panc0403

7B, C). This suggests that RhoC may additionally promote cell .
(Figures 7D).

migration through mechanism(s) independent of the integrin
a5B1 trafficking-Src pathway, such as the recently investigated
formin (FMNL1 [10] or FMNL3 [11]) recruitment at lamellipodial
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Figure 7. Src activation is downstream of RhoC-enhanced integrin a581 trafficking, partially contributing to increased cell
migration. (A) Total RhoA and RhoB were unaltered upon transfection with various RhoC constructs in Capan1 cells. Rotekin
immunoprecipitation binding assays revealed an increase of active RhoC-GTP in nRhoC cells (RhoA-GTP, RhoB-GTP levels were
unaltered). Densitometric analysis for various RhoC-harboring constructs’ cell lines are normalized to parental Capan1 levels from
triplicate experiments.

(B) Upon plating on fibronectin, there was an increased level of phospho-Src (Tyr416) in nRhoC cells only. This increase was
abrogated upon treatment with integrin a5B1-neutralizing antibody. Both cRhoC and nDCT cells showed significantly lower
phospho-Src than parental Capan1 cells after treatment (IgG controls: no difference from the non-treated cells).

(C) Functionally, both nRhoC and cRhoC cells showed enhanced migration in the IgG control conditions as compared with the
parental, nEV, or nDCT cells. Blocking cells with 8ug/ml of the integrin a5B1-neutralizing antibody significantly diminished cell
migration of both the nRhoC and cRhoC cells but did not alter basal migratory capacity of the nDCT cells. However, in nRhoC cells
this reduction in migration capacity did not return to the level of parental or nEV cells.

(D) Similarly in the endogenously high-expressing Panc0403 cells (also for HPAF (data not shown)) and the vector control
transfected (pSilencer) cell line there was an abrogation of the enhanced migratory capacity upon blockade with integrin a5B1-
neutralizing antibody compared with the lack of effect on the shRhoC cell line.

*p<0.05, **p<0.001, Student’s t-test, error bars: SEM.

doi: 10.1371/journal.pone.0081575.g007

RhoC and integrin a5B1 co-localization correlated with 8A,B). Invaded nRhoC cells also formed ductal structures,
increased cell invasiveness in an organotypic culture whilst the invaded Capan1 cells still remained as individual
model cells, possibly reflecting, growth permissiveness under sub-

In a validated three-dimensional organotypic culture system optimal conditions, rendered by RhoC over-expression.

[21], nRhoC cells showed significantly greater numbers of

Following up on this hypothesis, we show that while all cell
invading cells compared with parental Capan1 cells (Figure

lines grow at equal rates under optimal growth conditions (10%
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Figure 8. RhoC enhanced cell invasion into three-dimensional (3D) organotypic culture models. (A) Capan1 cells formed
ductal structures on the surface of the gel in organotypic cultures, whereas the invading cells remained as individual cells within the
gel. In contrast, invading nRhoC cells re-formed large ductal structures within the gel (red arrowheads within the lumen).
Pronounced co-localization of RhoC and integrin a531 at the peri-nuclear region and cell protrusion end was observed particularly in
invading nRhoC cells (inset).

(B-C) Quantification of the total invading cell numbers (B), and average invading distance (C) at various time points confirmed a
significant increase of invading nRhoC cell numbers compared with Capan1 cell numbers (though the invading distance was
comparable). **p<0.001, Wilcoxon signed-rank test.

(D)In human PDAC, co-localization of RhoC and integrin a5B1 peri-nuclear and cellular processes was seen in cancer cells (but not
in stromal cells) where it was particularly prominent in those areas with increased peri-tumoral fibronectin (see merge picture and
insets (E) and (F)). Scale bar 50 ym (20 ym for E and F).

doi: 10.1371/journal.pone.0081575.g008

fetal bovine serum (FBS)), only nRhoC cells can maintain cells (Figure 8A-C). Furthermore in human PDAC, there was
growth, albeit at a much slower rate, under sub-optimal significant upregulation of RhoC and integrin o531 in
conditions (3% FBS, Figure S9A). This effect could be related association with peri-tumoral fibronectin (Figure 8D-F,
to our observation that Interleukin-6 secretion, but not growth (fibronectin was minimal in organotypic cultures)). In vitro data
factors (Figure S9B), was significantly enhanced in cells suggest that caveolin-1 expression may negatively regulate
overexpressing wild-type, full length RhoC protein. Interleukin 6 RhoC-p38MAPK mediated migration in human pancreatic
was previously shown to mediate a survival benefit in tumor cells [41]. In a different context, however, the disruption
squamous carcinoma cells [39,40]. of caveolin-1 binding domain in vitro leads to the disruption of

Co-localization of RhoC and integrin a5B1, specifically the RhoC-mediated a531 integrin expression as well as Src activity
subcellular distribution, was more obvious in invading nRhoC and, thus, impairment of both migration and invasion [38]. In
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advanced pancreatic cancer of KPC mice we analyzed co-
expression of RhoC, a5B1 integrin and caveolin1 in vivo.
Interestingly, all three proteins show partial co-localization in
epithelial tumor cells (Figure S10). However, we are unable to
consistently observe this pattern throughout the majority of the
tumor epithelium. Hence we did not pursue this investigation
further. Nevertheless, the presence of caveolin-1 may indicate
tumor cells with impaired capacity to migrate as previously
suggested for human pancreatic tumor cells [41], or else its
partial co-localization with RhoC and integrin a51 may be an
indicator of cells with increased capacities for migration/
invasion as suggested for melanoma and mammary epithelial
tumor cells [38]. In a prostate cancer bone metastasis model,
Collagen | attachment mediated by a2B1 integrin initiates
motility programs through RhoC [42]. This suggests that the
tumour micro-environment may provide necessary cues for
RhoC driven changes. In addition to Collagen |, the stroma of
PDAC is also rich in Collagen Ill and Fibronectin [43], which
can bind to, and activate, a581 integrin.

RhoC and integrin a5B1 co-localization correlated with
metastatic potential and poor differentiation status
(transgenic murine model and human PDAC)

In a large cohort of resected human PDAC samples,
confocal microscopy imaging confirmed an increased ‘co-
localization index’ (method of calculation shown in Figure S11)
in moderate- (n=39) and poorly-differentiated (n=22) lesions in
comparison with the well-differentiated (n=47) ones (Figure 9A,
B). In another independent cohort of primary PDAC, obtained
from a rapid autopsy programme for patients dying of PDAC
[22], we found the co-localization index being significantly
higher in patients with higher metastatic burden, compared with
those with no metastases (Figure 9C), supporting the notion

PLOS ONE | www.plosone.org
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that the interaction of RhoC with integrin a5B31 is associated
with tumor progression and metastatic proclivity.

Matched samples of primary and metastatic tumors from the
same patients were not available to elucidate the functional
importance of RhoC in the process of metastasis. Therefore,
we examined the well-characterized transgenic mouse model
(LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre, KPC mice,
[23]) of PDAC, which develops invasive and highly metastatic
PDA in a fashion that is very similar to that of human PDAs. In
agreement with human ex vivo data, a similar tumor-grade
dependent co-localization was observed in matched primary
and metastatic tissue samples of KPC mice (Figure S12). Our
survey of a small cohort of KPC mice found a significantly
higher ‘co-localization index’ (P=0.02, n=8 each) in the group of
mice with distant metastases upon termination than the ones
without distant metastases (Figure 9D), indicating the vital
functional role of RhoC in promoting tumor metastases in
association with integrin a5p1 recycling. The importance of
integrin recycling was also recently highlighted in a prostate
cancer cell model where Trop-2, a trans-membrane
glycoprotein, promoted metastatic dissemination by inducing
the recycling and re-localization of integrin a5B1 from focal
adhesions to the leading edges [44].

In this study, we highlight the role of RhoC (dependent on its
C-terminus) in controlling the trafficking of integrin a5B1 in
pancreatic cancer cells (see summary model in Figure S13),
thereby enhancing cell migration and invasion; the major
characteristics of the metastatic phenotype. We also
demonstrate that the interaction of RhoC and integrin a5p1 is
highly relevant in the poorly-differentiated lesions of PDAC;
poor differentiation being a major determinant of poor
prognosis and short survival of PDAC patients [45].
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Figure 9. Co-localization of RhoC and integrin a5B1 correlated with poor differentiation status and metastatic potential in
transgenic mouse and human PDAC lesions. Co-localization (index) was determined by independent observers using
automated settings as described in Figure S11. The pathology grading /clinical data were not available to the scorers and the data
were amalgamated independently to provide the correlations shown. All analyses were carried out in a blinded manner. The graphs
represents a scatter plot with median value, Y axis is log- transformed co-localization index.

(A) Co-localization of RhoC and integrin a5B1 correlated with the pathological differentiation level of human PDAC lesions.
Increased co-localization levels were observed in the less differentiated human PDAC lesions. ((A), Red: integrin a5B1; Green:
RhoC; Blue: DAPI; Merge: the co-localized sites in yellow.).

(B) Co-localization Index was significantly higher in the moderately- (n=39) and poorly- (n=22) differentiated lesions in comparison
with the well-differentiated (n=47) ones (*, p<0.05, **p<0.001, 1-way ANOVA test) in a cohort of patients where surgical resection
was possible.

(C) In another cohort of patients dying with PDAC (rapid autopsy programme, Johns Hopkins University) the co-localization index
was significantly higher (**p=0.025, 1-way ANOVA test) in the group of patients dying with higher metastatic burden as compared
with those with no metastasis at time of death.

(D) Co-localization index was significantly higher (*p=0.02, Student’s t-test) in the primary cancer tissues in the group of KPC mice
with distant metastases upon termination than in the group without distant metastases (see Figure S12).

doi: 10.1371/journal.pone.0081575.g009
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Supporting Information

Methods S1. Organotypic cultures, focal adhesion
disassembly assay, Integrin internalization and recycling

assays, Immunoprecipitation assays,
Immunofluorescence.

(DOC)

Table S1. Results from LGC Standards Cell Line

Authentication report are presented.
(DOC)

Table S2. Antibodies used for experiments.
(DOC)

Table S3. Primers used for cloning.
(DOC)

Table S4. shRhoC constructs.
(DOC)

Figure S1. Expression of endogenous Rho A/C as well as
introduction of RhoC constructs in to pancreatic cancer
cell lines. (A) Endogenous protein expression levels of RhoC
in normal (DEChTERT) and PDAC (Capan1: low, HPAF: high)
cell lines as demonstrated along with HSC70 loading control.
(B) Endogenous protein expression levels of RhoA and RhoC
PDAC cell lines as demonstrated along with HSC70 loading
control. Bar graph represents the relative levels (densitometry
results of triplicate Western blots when normalized to loading
control HSC 70) of RhoA and RhoC expression in cancer cell
lines. (error bars: SE).

(C) Schematic diagram of nRhoC (wild type) construct (full
length RhoC cDNA with V5 and Lumio tags at the N-terminal
(N)). Numbers indicate amino acid positions. SW1 and SWII
are Switch | and Il domains respectively where most of the
effectors bind. The yellow area represents the terminal 13
amino acids which makes RhoC divergent from RhoA and
RhoB and contains the CAAX motif.

(D) Schematic diagram of cRhoC (CAAX motif masked)
construct (full length RhoC cDNA with V5 and Lumio tags at
the C-terminus (C) to mask the CAAX motif).

(E) Schematic diagram of nDCT (C-terminal deleted) construct
(with V5 and Lumio tags at the N-terminus).

(F) RT-PCR confirmed the mRNA expression of RhoC
constructs in the stably transfected cell lines. See Table S3 for
details of primers.

(PDF)

Figure S2. Confirmation of alteration of RhoC expression
in pancreatic cancer cell lines. (A) ELISA analysis of V5 tag
expression confirmed the expression of RhoC (V5) constructs.
p64 line was Capan1 cells stably transfected with positive
control plasmid of V5 and Lumio tags (Invitrogen), and thus
was used as a positive control for V5 tag detection.

(B) Live cell labeling of Lumio-tag (red) confirmed the
expression of RhoC constructs in live cells. The Lumio-red In-
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Cell-Labeling reagent was added into growth medium 30
minutes before live-imaging microscopy (Axiovert 200M
microscope). Cells were maintained at 37°C in a humidified
chamber. Capan1 parental cells were treated the same way to
act as a negative control, and p64 cells were used as a positive
control for Lumio-tag labeling. Scale bar: 10um.

(C) Immunofluorescent staining of Capan1, nRhoC, cRhoC,
nDCT and nEv cell lines with antibodies against V5 tag (green
channel) and RhoC (Rabbit polyclonal anti-human C-terminal
100-193 amino acids, red channel) confirmed expression of
transfected constructs as verified by imaging under confocal
microscope (LSM 710, Carl Zeiss Inc.,). Pictures depict sub-
cellular distribution along with marked changes in morphology
such as flattened cells with spread cellular processes,
especially, for nRhoC cells. Scale bar: 5um.

(D-E) Bar graph represents the relative levels (densitometry
results of triplicate Western blots when normalized to loading
control HSC 70) of RhoC expression in Panc0403 cancer cell
line after introduction of pSilencer (vector control) and shRhoC
bearing pSilencer constructs. (**p<0.001, Student’s t-test, error
bars: SE). Similar results were obtained for HPAF cells (data
not shown).

(F) Comparative staining of endogenous RhoC in Panc0403,
Panc0403-shRhoC and Panc0403-pSilencer lines using
antibodies against RhoC C-terminal (G: Goat polyclonal anti-
human RhoC, green channel) and C-terminal 100-193 amino
acids (Rb: Rabbit polyclonal anti-human RhoC, red channel)
confirmed the knockdown effect of RhoC protein in the
Panc0403-shRhoC line. Images were acquired with Confocal
microscope LSM 710 (Carl Zeiss Inc.,). Reproducible
knockdown was achieved in HPAF cells similarly (data not
shown). Scale bar: 5um.

(PDF)

Figure S3. RhoC expression in 3D in nRhoC cells. (A)
Confocal microscopy (LSM 710, Carl Zeiss Inc.,) Z stack
images of the membrane of Transwell insert shows an
increased RhoC expression in the migrated cells. The green,
red and blue lines depict the cross sections along X, Y and Z
axes respectively. The Z-stack XY image (is in the center,
cross-section in Z plane by blue line) is on the migrated cells’
aspect demonstrating co-localization of RhoC and Integrin
a5B1 (separate panels shown in panel B). The cross section
along X-axis (green line, top panel: XZ plane) and Y-axis (red
line, right hand panel: YZ plane) demonstrates migration of
individual cells taking place across Transwell pores
(demonstrated with broken white lines, two of the many pores
demonstrated: see panel 9 of Figure C).

(B) In the nRhoC cells, increased RhoC expression was
observed in conjunction with Integrin a5B1 expression in the
peri-nuclear area (red arrowheads) and cell periphery (white
arrowheads). These individual panels are from the XY face of
the Figure A.

(C) The individual panels of the Z-stack (Figure A) are included
to demonstrate uniformity of staining of the nucleus (DAPI) and
show all the pores (*, middle panel: 9). Increased RhoC
expression was observed in the migrated cells (panels 1-6) and
low level of RhoC expression in the non-migrated cells on the
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opposite side (panels 13-18) of the Transwell insert (panels
7-12). Scale bar: 10pym.
(PDF)

Figure S4. RhoC expression in 3D in Panc0403 cells. (A)
Staining of the Panc0403 line confirmed a significantly
increased RhoC expression in the migrating cells and also
displayed co-localization of RhoC with F-actin in the migrating
cell body (Green: RhoC, Red: F-actin, Blue: DAPI) at the
migrating-side of the membrane. Arrows highlight the cell body
moving through a pore of the membrane (broken white lines).
Non-migrated cells are shown in (B) The green, red and blue
lines depict the cross section along X,Y and Z axes
respectively. Images taken by Carl Zeiss LSM 710 microscope
and Z-stack performed as shown. Alternative antibodies, as
well as different staining and imaging methods, were used to
rule out the possibility of staining/imaging artifacts (not shown).
Scale bar: 10pum.

(PDF)

Figure S5. FACS analysis for Integrin expression. (A)
FACS detection of surface expression of integrins on Capan1
and nRhoC cells showed no significant difference between
these two lines. However, there was a significantly lower level
of integrin avB3, av6, avB8 and higher level of integrin a531
and a2 expression in both Capan1 and nRhoC lines.

(B) FACS detection of surface and total expression of integrin
a5B1 in parental Capan1 line and the respective transfected
cell lines did not show any significant differences.

(PDF)

Figure S6. Co-localization of Rho GTPase and integrin
a5B1. (A) HPAF cells with high endogenous RhoC (green)
demonstrate co-localization of integrin a5B1 the (red) in peri-
nuclear region (white arrowheads in marked inset) and at cell
protrusions (white arrowheads in main merge figure).

(B) In parental Capan1 cells, RhoB (red) (or RhoA (not shown))
expression was not co-localized with integrin a5B1 (green).
See inset .

(C) nRhoC cells demonstrate partial co-localization of V5
(tagging RhoC) with endosomal marker (Early Endosomal
Antigen 1: EEA1) at the perinuclear area (white arrowhead)
and cell periphery (red arrowhead).

(D) nRhoC cells demonstrate partial co-localization of RhoC
(green), V5 (tagging RhoC, red) with lysosomal marker
(Lysosomal-associated membrane protein 1: LAMP1, blue) as
shown by white arrowheads.

(E) nRhoC cells demonstrate partial co-localization of RhoC
(green), V5 (tagging RhoC, red) with recycling endosomal
marker (Rab11, blue) as shown by white arrowheads. Scale
bar: 10um.

(PDF)

Figure S7. Immuno-precipitation.

(A) Immuno-precipitation (IP) using anti-a581 antibody and
probing for a5B1 (114 kD) revealed specificity of the IP method
for parental Capan1 (lane 1) as well as derived cell lines:
nRhoC (lane 2), cRhoC (lane 3), nDCT (lane 4), nEV (lane 5) in
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the immuno-precipitated fraction (IP#) and not in the unbound
fraction (UB#). It also demonstrated the difficulty of reverse IP
to demonstrate the bands for RhoC as the light chain IgG band
(25kD) obscured the site.

(B) Further attempt at IP only the 31 subunit demonstrated that
RhoA and RhoB (both MW ~ 18-22 kD) do not bind IP and are
found only in the unbound fraction for the nRhoC cells.

(PDF)

Figure S8. Transferrin recycling. The well-established
Biotin-labeling assay (labeling Transferrin Receptor with Biotin
and allowing internalization followed by cleavage of Biotin and
measurement of Transferrin Receptor by ELISA (6)) to
compare the internalization rates of Transferrin Receptor.
Graphs represent summary data from three representative
individual experiments and the trend-line shown is second-
order polynomial fit for the data. (A) Thus, compared to
parental Capan1 cells, nRhoC, cRhoC and nDCT cells showed
no significant change in internalization of Transferrin Receptor.
(B) Similarly there was no change in shRhoC (stable RhoC
knockdown) cells, compared to the parental HPAF and
pSilencer (empty vector) cells on a fibronectin-coated surface.
ANOVA. Error bars: SEM.

(PDF)

Figure S9. Alteration in survival after overexpression of
exogenous RhoC. (A) Growth curve analysis of parental
Capan1, nRhoC, cRhoC, nDCT and nEV cells showed no
difference in population doublings under optimal culture
conditions (10% FBS); however, under sub-optimal conditions
(3% FBS, performed on day 40 onwards for Capan1, nEV and
nRhoC cells) nRhoC cells sustained growth while parental
Capan1 and nEV cells decreased population doublings
dramatically. (**p<0.001, Student’s t-test, error bars: SE).

(B) Elisa (Mesoscale) analysis of supernatant demonstrates
that nRhoC secretes high amounts of IL6 as compared to
parental Capan1, nDCT, cRhoC cells or nEV (not shown).
Other interleukins (IL1, IL2, IL8) and growth factors (VEGF
(shown), EGF, FGF) showed no such change in expression
upon transfection with various distinct RhoC constructs.
(*p<0.01, Student’s t-test, error bars: SE). .

(PDF)

Figure S10. Expression pattern of Caveolin-1 integrin a5p1
and RhoC in KPC mice tumors. KPC mice tumors were
stained with anti-caveolin-1, anti-integrin a5B1, and anti-RhoC
antibodies. Partial co-localization of RhoC (purple) and
caveolin-1 (red) can be seen in epithelial tumor cells. Co-
localization of integrin a5B81 and RhoC in KPC mice tumors was
almost universal. More detail in Figure S12 after quantification.
Scale bar: 10 pm.

(PDF)

Figure S11. Co-localization analysis of RhoC and integrin
a5B1 using LSM710 Zen software. The confocal image of a
double-stained tissue section was loaded into Zen software in
the ‘co-localization’ window. The Y-axis presents the RhoC
staining intensity (green channel), and the X-axis presents the
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integrin a5B1 staining intensity (red channel). Only pixels that
exist in both channels were plotted into the density plot. The
images of normal pancreatic tissues were used to establish the
base line defining the plot regions. Polygons were drawn to
define the ROI (region of interest). Each ROl generated a
density plot with region 1 (red channel above baseline), region
2 (the green channel above baseline) and region 3 (the overlap
signals above baseline). Relevant data for each of the 1, 2 and
3 regions of each ROI were presented in the table of the
analysis window. The data from region 3, the positive Co-
localization region, were collected for calculating the ‘Co-
localization Index’. Co-localization Index was calculated by
multiplying region 3 data ‘Relative area (%), ‘Mean intensity
ChS1-T2' (RhoC mean intensity), ‘Weighted Coloc.Coefficient
ChS1-T2" (RhoC co-localization coefficient) and ‘Overlap
Coefficient’ (RhoC and integrin a5B1 overlap coefficient). The
index of normal tissue was zero since the baseline was set to
ensure their ‘Relative area (%) of region 3’ was at zero level,
and all malignant lesions were analyzed using the same
baseline setting. Red squares highlighted the data used for the
calculation of ‘Co-localization Index’.

(PDF)

Figure S12. Co-localization of RhoC and integrin a581
correlated with poor differentiation status and enhanced
metastatic potential in transgenic mouse pancreatic ductal
adenocarcinoma (PDAC) lesions. Increase in co-localization
of RhoC and integrin a5B1 frequently was observed in poorly-
differentiated tumors from the transgenic pancreatic cancer
mouse model (LSL-KrasG12D/+;LSL-Trp53R172H/+;Pdx-1-Cre
transgenic mice). This observation appeared more obvious in
metastatic tumors rather than in primary ones. Metastatic
lesions: well- and moderately-differentiated lesions were from
liver metastasis, poorly-differentiated lesion was from lung
metastasis (Green: RhoC; Red: integrin a5p1; Blue: DAPI;
Merge: the co-localized sites in yellow). Scale bar: 20um.
(PDF)

Figure S13. Model of suggested RhoC-integrin a5B1-Src
interactions. RhoC interacts with integrin a531 and enhances
its trafficking upon fibronectin adherence; this subsequently
activates downstream Src. The interaction of RhoC and integrin
a5B1 relies on the intact C-terminus divergent region of RhoC,
while the translocation of the interacting RhoC- integrin a5p1 to
the peri-nuclear region requires a CAAX motif-dependent, post-
translational modification. Disruption of the internalization of
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Video S1. Time-lapse imaging of cell adhesion and
movement for Capan1 line. The cells were imaged for the first
two hours after plating on the fibronectin surface at 37°C in a
humidified chamber using an Axiovert 200M microscope.
Images were taken every 15 minutes and movie is played at 1
frame per second using the Simple PCI acquisition software.
(AVI)

Video S2. Time-lapse imaging of cell adhesion and
movement for nRhoC cell line. The cells were imaged for the
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a humidified chamber using an Axiovert 200M microscope.
Images were taken every 15 minutes and movie is played at 1
frame per second using the Simple PCI acquisition software.
(AVI)

Video S3. Time-lapse imaging of cell adhesion and
movement for nEV cell line. The cells were imaged for the
first two hours after plating on the fibronectin surface at 37°C in
a humidified chamber using an Axiovert 200M microscope.
Images were taken every 15 minutes and movie is played at 1
frame per second using the Simple PCI acquisition software.
(AVI)

Acknowledgements

We thank Professor Anne Ridley, King’s College London, for
valuable comments on the manuscript. We also thank
Professor Kairbaan Hodivala-Dilke, Dr Stephanie Kermorgant
and Dr John Marshall, and other members of the Centre for
Tumour Biology, for their critiques and helpful comments.

Author Contributions

Conceived and designed the experiments: NFL EG FJM HMK.
Performed the experiments: NFL EG FJM FEMF AKW HMK.
Analyzed the data: NFL EG FJM DD YY IRH HMK. Contributed
reagents/materials/analysis tools: KF DAT YN CI-D DD RMF
HMK. Wrote the manuscript: NFL EG IRH HMK.

4. Sahai E, Marshall CJ (2002) ROCK and Dia have opposing effects on
adherens junctions downstream of Rho. Nat Cell Biol 4: 408-415. doi:
10.1038/ncb796. PubMed: 11992112.

5. Giampieri S, Manning C, Hooper S, Jones L, Hill CS et al. (2009)
Localized and reversible TGFbeta signalling switches breast cancer
cells from cohesive to single cell motility. Nat Cell Biol 11: 1287-1296.
doi:10.1038/ncb1973. PubMed: 19838175.

6. Srivastava S, Ramdass B, Nagarajan S, Rehman M, Mukherjee G et al.
(2010) Notch1 regulates the functional contribution of RhoC to cervical
carcinoma progression. Br J Cancer 102: 196-205. doi:10.1038/sj.bjc.
6605451. PubMed: 19953094.

December 2013 | Volume 8 | Issue 12 | e81575


http://dx.doi.org/10.1038/onc.2010.328
http://www.ncbi.nlm.nih.gov/pubmed/20697357
http://dx.doi.org/10.1074/jbc.M110.162305
http://dx.doi.org/10.1074/jbc.M110.162305
http://www.ncbi.nlm.nih.gov/pubmed/20843787
http://dx.doi.org/10.1038/ncb796
http://www.ncbi.nlm.nih.gov/pubmed/11992112
http://dx.doi.org/10.1038/ncb1973
http://www.ncbi.nlm.nih.gov/pubmed/19838175
http://dx.doi.org/10.1038/sj.bjc.6605451
http://dx.doi.org/10.1038/sj.bjc.6605451
http://www.ncbi.nlm.nih.gov/pubmed/19953094

20.

21.

22.

23.

24,

25.

26.

. Clark EA, Golub TR, Lander ES, Hynes RO (2000) Genomic analysis of

metastasis reveals an essential role for RhoC. Nature 406: 532-535.
doi:10.1038/35020106. PubMed: 10952316.

. Hakem A, Sanchez-Sweatman O, You-Ten A, Duncan G, Wakeham A

et al. (2005) RhoC is dispensable for embryogenesis and tumor
initiation but essential for metastasis. Genes Dev 19: 1974-1979. doi:
10.1101/gad.1310805. PubMed: 16107613.

. lkoma T, Takahashi T, Nagano S, Li YM, Ohno Y et al. (2004) A

definitive role of RhoC in metastasis of orthotopic lung cancer in mice.
Clin Cancer Res 10: 1192-1200. doi:10.1158/1078-0432.CCR-03-0275.
PubMed: 14871999.

. Kitzing TM, Wang Y, Pertz O, Copeland JW, Grosse R (2010) Formin-

like 2 drives amoeboid invasive cell motility downstream of RhoC.
Oncogene 29: 2441-2448. doi:10.1038/0nc.2009.515. PubMed:
20101212.

. Vega FM, Fruhwirth G, Ng T, Ridley AJ (2011) RhoA and RhoC have

distinct roles in migration and invasion by acting through different
targets. J Cell Biol 193: 655-665. doi:10.1083/jcb.201011038. PubMed:
21576392.

. Bravo-Cordero JJ, Oser M, Chen X, Eddy R, Hodgson L et al. (2011) A

Novel Spatiotemporal RhoC Activation Pathway Locally Regulates
Cofilin Activity at Invadopodia. Curr Biol 21: 635-644. doi:10.1016/j.cub.
2011.03.039. PubMed: 21474314.

. Rosenthal DT, lyer H, Escudero S, Bao L, Wu Z et al. (2011)

p38gamma promotes breast cancer cell motility and metastasis through
regulation of RhoC GTPase, cytoskeletal architecture, and a novel
leading edge behavior. Cancer Res 71: 6338-6349. doi:
10.1158/0008-5472.CAN-11-1291. PubMed: 21862636.

. Giang Ho TT, Stultiens A, Dubail J, Lapiere CM, Nusgens BV et al.

(2011) RhoGDlalpha-dependent balance between RhoA and RhoC is a
key regulator of cancer cell tumorigenesis. Mol Biol Cell 22: 3263-3275.
doi:10.1091/mbc.E11-01-0020. PubMed: 21757538.

. Hall A (2009) The cytoskeleton and cancer. Cancer Metastasis Rev 28:

5-14. doi:10.1007/s10555-008-9166-3. PubMed: 19153674.

. Kocher HM, Sandle J, Mirza TA, Li NF, Hart IR (2009) Ezrin interacts

with Cortactin to form podosomal rosettes in pancreatic cancer cells.
Gut 58(2): 271-284. doi:10.1136/gut.2008.159871. PubMed: 18852256.

. Jovi¢ M, Naslavsky N, Rapaport D, Horowitz M, Caplan S (2007) EHD1

regulates betal integrin endosomal transport: effects on focal
adhesions, cell spreading and migration. J Cell Sci 120: 802-814. doi:
10.1242/jcs.03383. PubMed: 17284518.

. Roberts M, Barry S, Woods A, van der Sluijs P, Norman J (2001)

PDGF-regulated rab4-dependent recycling of alphavbeta3 integrin from
early endosomes is necessary for cell adhesion and spreading. Curr
Biol 11: 1392-1402. doi:10.1016/S0960-9822(01)00442-0. PubMed:
11566097.

. Froeling FE, Feig C, Chelala C, Dobson R, Mein CE et al. (2011)

Retinoic Acid-Induced Pancreatic Stellate Cell Quiescence Reduces
Paracrine Wnt-beta-Catenin Signaling to Slow Tumor Progression.
Gastroenterology 141: 1486-1497. doi:10.1053/j.gastro.2011.06.047.
PubMed: 21704588.

Froeling FE, Marshall JF, Kocher HM (2010) Pancreatic cancer
organotypic cultures. J Biotechnol 148: 16-23. doi:10.1016/j.jbiotec.
2010.01.008. PubMed: 20083148.

Froeling FE, Mirza TA, Feakins RM, Seedhar A, Elia G et al. (2009)
Organotypic culture model of pancreatic cancer demonstrates that
stromal cells modulate E-cadherin, beta-catenin, and Ezrin expression
in tumor cells. Am J Pathol 175: 636-648. doi:10.2353/ajpath.
2009.090131. PubMed: 19608876.

Embuscado EE, Laheru D, Ricci F, Yun KJ, de Boom Witzel S et al.
(2005) Immortalizing the complexity of cancer metastasis: genetic
features of lethal metastatic pancreatic cancer obtained from rapid
autopsy. Cancer Biol Ther 4: 548-554. doi:10.4161/cbt.4.5.1663.
PubMed: 15846069.

Hingorani SR, Wang L, Multani AS, Combs C, Deramaudt TB et al.
(2005) Trp53R172H and KrasG12D cooperate to promote
chromosomal instability and widely metastatic pancreatic ductal
adenocarcinoma in mice. Cancer Cell 7: 469-483. doi:10.1016/j.ccr.
2005.04.023. PubMed: 15894267.

Li NF, Kocher HM, Salako MA, Obermueller E, Sandle J et al. (2009) A
novel function of colony-stimulating factor 1 receptor in hTERT
immortalization of human epithelial cells. Oncogene 28: 773-780. doi:
10.1038/0nc.2008.412. PubMed: 18997822.

Simpson KJ, Dugan AS, Mercurio AM (2004) Functional analysis of the
contribution of RhoA and RhoC GTPases to invasive breast carcinoma.
Cancer Res 64: 8694-8701. doi:10.1158/0008-5472.CAN-04-2247.
PubMed: 15574779.

Hall CL, Dubyk CW, Riesenberger TA, Shein D, Keller ET et al. (2008)
Type | collagen receptor (alpha2betal1) signaling promotes prostate

PLOS ONE | www.plosone.org

17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

RhoC Enhances Integrin Trafficking

cancer invasion through RhoC GTPase. Neoplasia 10: 797-803.
PubMed: 18670640.

Nicolas A, Besser A, Safran SA (2008) Dynamics of cellular focal
adhesions on deformable substrates: consequences for cell force
microscopy. Biophys J 95: 527-539. doi:10.1529/biophysj.107.127399.
PubMed: 18408038.

Ezratty EJ, Partridge MA, Gundersen GG (2005) Microtubule-induced
focal adhesion disassembly is mediated by dynamin and focal adhesion
kinase. Nat Cell Biol 7: 581-590. doi:10.1038/ncb1262. PubMed:
15895076.

Hynes RO (2002) Integrins: bidirectional, allosteric signaling machines.
Cell 110: 673-687. doi:10.1016/S0092-8674(02)00971-6. PubMed:
12297042.

Critchley DR, Holt MR, Barry ST, Priddle H, Hemmings L et al. (1999)
Integrin-mediated cell adhesion: the cytoskeletal connection. Biochem
Soc Symp 65: 79-99. PubMed: 10320934.

Caswell P, Norman J (2008) Endocytic transport of integrins during cell
migration and invasion. Trends Cell Biol 18: 257-263. doi:10.1016/j.tcb.
2008.03.004. PubMed: 18456497.

Cain RJ, Ridley AJ (2009) Phosphoinositide 3-kinases in cell migration.
Biol Cell 101: 13-29. doi:10.1042/BC20080079. PubMed: 19055486.
Roberts PJ, Mitin N, Keller PJ, Chenette EJ, Madigan JP et al. (2008)
Rho Family GTPase modification and dependence on CAAX motif-
signaled posttranslational modification. J Biol Chem 283: 25150-25163.
doi:10.1074/jbc.M800882200. PubMed: 18614539.

Caswell PT, Vadrevu S, Norman JC (2009) Integrins: masters and
slaves of endocytic transport. Nat Rev Mol Cell Biol 10: 843-853. doi:
10.1038/nrm2799. PubMed: 19904298.

Michaelson D, Ali W, Chiu VK, Bergo M, Silletti J et al. (2005)
Postprenylation CAAX processing is required for proper localization of
Ras but not Rho GTPases. Mol Biol Cell 16: 1606-1616. doi:10.1091/
mbc.E04-11-0960. PubMed: 15659645.

Huveneers S, Danen EH (2009) Adhesion signaling - crosstalk between
integrins, Src and Rho. J Cell Sci 122: 1059-1069. doi:10.1242/jcs.
039446. PubMed: 19339545.

Gong H, Shen B, Flevaris P, Chow C, Lam SC et al. (2010) G protein
subunit Galpha13 binds to integrin alphallbbeta3 and mediates integrin
"outside-in" signaling. Science 327: 340-343. doi:10.1126/science.
1174779. PubMed: 20075254.

Arpaia E, Blaser H, Quintela-Fandino M, Duncan G, Leong HS et al.
(2012) The interaction between caveolin-1 and Rho-GTPases promotes
metastasis by controlling the expression of alpha5-integrin and the
activation of Src, Ras and Erk. Oncogene 31: 884-896. doi:10.1038/
onc.2011.288. PubMed: 21765460.

Sriuranpong V, Park JI, Amornphimoltham P, Patel V, Nelkin BD et al.
(2003) Epidermal growth factor receptor-independent constitutive
activation of STAT3 in head and neck squamous cell carcinoma is
mediated by the autocrine/paracrine stimulation of the interleukin 6/
gp130 cytokine system. Cancer Res 63: 2948-2956. PubMed:
12782602.

Thomson S, Petti F, Sujka-Kwok I, Mercado P, Bean J et al. (2011) A
systems view of epithelial-mesenchymal transition signaling states. Clin
Exp Metastasis 28: 137-155. doi:10.1007/s10585-010-9367-3.
PubMed: 21194007.

Lin M, DiVito MM, Merajver SD, Boyanapalli M, van Golen KL (2005)
Regulation of pancreatic cancer cell migration and invasion by RhoC
GTPase and  caveolin-1. Mol Cancer 4: 21. doi:
10.1186/1476-4598-4-21. PubMed: 15969750.

Hall CL, Dai J, van Golen KL, Keller ET, Long MW (2006) Type |
collagen receptor (alpha 2 beta 1) signaling promotes the growth of
human prostate cancer cells within the bone. Cancer Res 66:
8648-8654. doi:10.1158/0008-5472.CAN-06-1544. PubMed: 16951179.
Apte MV, Park S, Phillips PA, Santucci N, Goldstein D et al. (2004)
Desmoplastic reaction in pancreatic cancer: role of pancreatic stellate
cells. Pancreas 29: 179-187. doi:10.1097/00006676-200410000-00002.
PubMed: 15367883.

Trerotola M, Jernigan DL, Liu Q, Siddiqui J, Fatatis A et al. (2013)
Trop-2 Promotes Prostate Cancer Metastasis By Modulating beta1
Integrin Functions. Cancer Res.

Helm J, Centeno BA, Coppola D, Melis M, Lloyd M et al. (2009)
Histologic characteristics enhance predictive value of American Joint
Committee on Cancer staging in resectable pancreas cancer. Cancer
115: 4080-4089. doi:10.1002/cncr.24503. PubMed: 19626671.

Kadaba R, Birke H, Wang J, Hooper S, Andl CD et al. (2013)
Imbalance of desmoplastic stromal cell nhumbers drives aggressive
cancer processes. J Pathol 230: 107-117. doi:10.1002/path.4172.
PubMed: 23359139.

Winterwood NE, Varzavand A, Meland MN, Ashman LK, Stipp CS
(2006) A critical role for tetraspanin CD151 in alpha3betal and

December 2013 | Volume 8 | Issue 12 | e81575


http://dx.doi.org/10.1038/35020106
http://www.ncbi.nlm.nih.gov/pubmed/10952316
http://dx.doi.org/10.1101/gad.1310805
http://www.ncbi.nlm.nih.gov/pubmed/16107613
http://dx.doi.org/10.1158/1078-0432.CCR-03-0275
http://www.ncbi.nlm.nih.gov/pubmed/14871999
http://dx.doi.org/10.1038/onc.2009.515
http://www.ncbi.nlm.nih.gov/pubmed/20101212
http://dx.doi.org/10.1083/jcb.201011038
http://www.ncbi.nlm.nih.gov/pubmed/21576392
http://dx.doi.org/10.1016/j.cub.2011.03.039
http://dx.doi.org/10.1016/j.cub.2011.03.039
http://www.ncbi.nlm.nih.gov/pubmed/21474314
http://dx.doi.org/10.1158/0008-5472.CAN-11-1291
http://www.ncbi.nlm.nih.gov/pubmed/21862636
http://dx.doi.org/10.1091/mbc.E11-01-0020
http://www.ncbi.nlm.nih.gov/pubmed/21757538
http://dx.doi.org/10.1007/s10555-008-9166-3
http://www.ncbi.nlm.nih.gov/pubmed/19153674
http://dx.doi.org/10.1136/gut.2008.159871
http://www.ncbi.nlm.nih.gov/pubmed/18852256
http://dx.doi.org/10.1242/jcs.03383
http://www.ncbi.nlm.nih.gov/pubmed/17284518
http://dx.doi.org/10.1016/S0960-9822(01)00442-0
http://www.ncbi.nlm.nih.gov/pubmed/11566097
http://dx.doi.org/10.1053/j.gastro.2011.06.047
http://www.ncbi.nlm.nih.gov/pubmed/21704588
http://dx.doi.org/10.1016/j.jbiotec.2010.01.008
http://dx.doi.org/10.1016/j.jbiotec.2010.01.008
http://www.ncbi.nlm.nih.gov/pubmed/20083148
http://dx.doi.org/10.2353/ajpath.2009.090131
http://dx.doi.org/10.2353/ajpath.2009.090131
http://www.ncbi.nlm.nih.gov/pubmed/19608876
http://dx.doi.org/10.4161/cbt.4.5.1663
http://www.ncbi.nlm.nih.gov/pubmed/15846069
http://dx.doi.org/10.1016/j.ccr.2005.04.023
http://dx.doi.org/10.1016/j.ccr.2005.04.023
http://www.ncbi.nlm.nih.gov/pubmed/15894267
http://dx.doi.org/10.1038/onc.2008.412
http://www.ncbi.nlm.nih.gov/pubmed/18997822
http://dx.doi.org/10.1158/0008-5472.CAN-04-2247
http://www.ncbi.nlm.nih.gov/pubmed/15574779
http://www.ncbi.nlm.nih.gov/pubmed/18670640
http://dx.doi.org/10.1529/biophysj.107.127399
http://www.ncbi.nlm.nih.gov/pubmed/18408038
http://dx.doi.org/10.1038/ncb1262
http://www.ncbi.nlm.nih.gov/pubmed/15895076
http://dx.doi.org/10.1016/S0092-8674(02)00971-6
http://www.ncbi.nlm.nih.gov/pubmed/12297042
http://www.ncbi.nlm.nih.gov/pubmed/10320934
http://dx.doi.org/10.1016/j.tcb.2008.03.004
http://dx.doi.org/10.1016/j.tcb.2008.03.004
http://www.ncbi.nlm.nih.gov/pubmed/18456497
http://dx.doi.org/10.1042/BC20080079
http://www.ncbi.nlm.nih.gov/pubmed/19055486
http://dx.doi.org/10.1074/jbc.M800882200
http://www.ncbi.nlm.nih.gov/pubmed/18614539
http://dx.doi.org/10.1038/nrm2799
http://www.ncbi.nlm.nih.gov/pubmed/19904298
http://dx.doi.org/10.1091/mbc.E04-11-0960
http://dx.doi.org/10.1091/mbc.E04-11-0960
http://www.ncbi.nlm.nih.gov/pubmed/15659645
http://dx.doi.org/10.1242/jcs.039446
http://dx.doi.org/10.1242/jcs.039446
http://www.ncbi.nlm.nih.gov/pubmed/19339545
http://dx.doi.org/10.1126/science.1174779
http://dx.doi.org/10.1126/science.1174779
http://www.ncbi.nlm.nih.gov/pubmed/20075254
http://dx.doi.org/10.1038/onc.2011.288
http://dx.doi.org/10.1038/onc.2011.288
http://www.ncbi.nlm.nih.gov/pubmed/21765460
http://www.ncbi.nlm.nih.gov/pubmed/12782602
http://dx.doi.org/10.1007/s10585-010-9367-3
http://www.ncbi.nlm.nih.gov/pubmed/21194007
http://dx.doi.org/10.1186/1476-4598-4-21
http://www.ncbi.nlm.nih.gov/pubmed/15969750
http://dx.doi.org/10.1158/0008-5472.CAN-06-1544
http://www.ncbi.nlm.nih.gov/pubmed/16951179
http://dx.doi.org/10.1097/00006676-200410000-00002
http://www.ncbi.nlm.nih.gov/pubmed/15367883
http://dx.doi.org/10.1002/cncr.24503
http://www.ncbi.nlm.nih.gov/pubmed/19626671
http://dx.doi.org/10.1002/path.4172
http://www.ncbi.nlm.nih.gov/pubmed/23359139

RhoC Enhances Integrin Trafficking

alpha6beta4 integrin-dependent tumor cell functions on laminin-5. Mol
Biol Cell 17: 2707-2721. doi:10.1091/mbc.E05-11-1042. PubMed:
16571677.

PLOS ONE | www.plosone.org 18 December 2013 | Volume 8 | Issue 12 | e81575


http://dx.doi.org/10.1091/mbc.E05-11-1042
http://www.ncbi.nlm.nih.gov/pubmed/16571677

	RhoC Interacts with Integrin α5β1 and Enhances Its Trafficking in Migrating Pancreatic Carcinoma Cells
	Introduction
	Materials and Methods
	Cell culture and reagents
	Antibodies
	Plasmids
	Cell spreading and Laser Scanning Cytometry (LSC)
	Statistics

	Results & Discussion
	RhoC over-expression decreased cell adhesion and promoted cell migration
	RhoC Over-Expression Accelerated Focal Adhesion Assembly Kinetics
	C-terminus of RhoC interacts with integrin α5β1
	RhoC over-expression enhanced integrin α5β1 trafficking
	Src activation is downstream of integrin α5β1
	RhoC and integrin α5β1 co-localization correlated with increased cell invasiveness in an organotypic culture model
	RhoC and integrin α5β1 co-localization correlated with metastatic potential and poor differentiation status (transgenic murine model and human PDAC)

	Supporting Information
	Acknowledgements
	Author Contributions
	References


