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It has been suggested that cancer-associated fibroblasts (CAFs) positioned at the desmo-
plastic areas of various types of cancer are capable of executing a migratory program, char-
acterized by accelerated motility and collective configuration. Since CAFs are
reprogrammed derivatives of normal progenitors, including quiescent fibroblasts, we hy-
pothesized that such migratory program could be context-dependent, thus being regulated
by specific paracrine signals from the adjacent cancer population. Using the traditional
scratch assay setup, we showed that only specific colon cancer cell lines (i.e. HT29) were
able to induce collective CAF migration. By performing quantitative proteomics (SILAC),
we identified a 2.7-fold increase of claudin-11, a member of the tight junction apparatus,
in CAFs that exerted such collectivity in their migratory pattern. Further proteomic inves-
tigations of cancer cell line secretomes revealed a specific signature, involving TGF-8, as
potential mediator of this effect. Normal colonic fibroblasts stimulated with TGF-3 exerted
myofibroblastic differentiation, occludin (OCLN) and claudin-11 (CLDN11) overexpression
and cohort formation. Subsequently, inhibition of TGF-g attenuated all the previous ef-
fects. Immunohistochemistry of the universal tight junction marker occludin in a cohort
of 30 colorectal adenocarcinoma patients defined a CAF subpopulation expressing tight
junctions. Overall, these data suggest that cancer cells may induce CLDN11 overexpression
and subsequent collective migration of peritumoral CAFs via TGF-g8 secretion.
© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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1. Introduction

One of the many crucial steps in cancer formation is the inter-
action between cancer and stromal cells at the invasive mar-
gins of the continuously expanding neoplasia. The
aggressiveness of a particular carcinoma has been shown to
be heavily dependent on the ability of the malignant cells to
recruit the surrounding stromal cells. One particular subgroup
of stromal cells, the cancer-associated fibroblasts (CAFs), is
often found at the cancer invasive front, and has recently
emerged as key player in this interaction. CAFs share a similar
phenotype with myofibroblasts observed during wound heal-
ing and most of the times, they comprise reprogrammed var-
iants of the quiescent fibroblast population (Hanahan and
Weinberg, 2011; Kalluri and Zeisberg, 2006). Accumulation of
peritumoral CAFs is often associated with increased deposi-
tion of extracellular matrix (ECM) components, such as colla-
gens, fibrin, proteoglycans and glycosaminoglycans, a lesion
also known as “desmoplasia” or “desmoplastic reaction”
(Kunz-Schughart and Knuechel, 2002).

CAF populations found in different types or subtypes of
cancer or even within the same cancer may share different
gene and protein expression signatures. This heterogeneity
explains the identification of a plethora of CAF subtypes,
which, most of the times, present with diverse functional
properties. There have been two possible explanations for
this diversity.

First, CAFs may be derived from a wide variety of other pro-
genitor cells beyond the pure fibroblastic subpopulation. For
instance, bone marrow-derived circulating cells and myeloid
precursors are able to localize and proliferate in the peritu-
moral stroma, specifically contributing to the myofibroblasts
of the desmoplastic response, as well as angiogenesis
(Direkze et al., 2004; Russo et al., 2006). Of note, the phenotypic
switching of endothelial cells seems to also be context-
dependent, as various cytokines present in their microenvi-
ronment, such as transforming growth factor-g (TGF-g), have
been shown to induce a biological program termed
endothelial-to-mesenchymal transition (Potenta et al., 2008).
Indeed, a significant proportion (up to 40%) of CAFs may share
endothelial markers such as PECAM/CD31, which implies that
they originate from an endothelial subpopulation (Potenta
et al., 2008). Remarkably, a special case of the epithelial-to-
mesenchymal transition (EMT) program, which is deployed
by cancer cells to efficiently assist their invasive/migratory
behavior, may sequentially lead to the formation of CAFs,
given that a permissive microenvironment exists. For
instance, Petersen et al. (2001) showed that breast cancer cells
may typically undergo an EMT event that transforms them
into myoepithelial cells and a subsequent transdifferentiation
event, which results in the generation of a non-malignant
stroma consisting of CAFs (Petersen et al., 2001, 2003).

Second, recent evidence suggests that during cancer pro-
gression, tumor cells are able to alter the characteristics of
the adjacent stroma and create a supportive microenviron-
mentin a context-dependent way. In other words, cancer cells
are dynamically altered (i.e. their genetic background is
constantly changing), which allows them to secrete a
diverse repertoire of growth factors and paracrine signaling

molecules, which, in turn, are able to shape the tumor micro-
environment in their favor and address any new challenges
encountered in the metastatic cascade (Elenbaas and
Weinberg, 2001; Serini and Gabbiani, 1999).

We have previously proposed a model of CAF-directed
metastatic progression, according to which CAFs are able to
migrate within the tumor microenvironment and the tumor
compartment in a cohort configuration by developing a spe-
cific migratory, adhesive and paracrine signaling machinery
(Karagiannis et al., 2013, 2012b). In that model, we additionally
claimed that the recruitment of such machinery is causatively
associated with increased metastatic behavior of the cancer
cells Consistent with previous observations (Elenbaas and
Weinberg, 2001; Scheel et al., 2011), here we conclude that
the development of such machinery should be dependent on
microenvironmental signals originating from the cancer cells,
further closing this paracrine feedback loop. To demonstrate
this, we hypothesized that stimulation of normal fibroblasts
with secreted factors originating from cancer cell lines of
different genetic backgrounds would allow us to observe their
different migratory behavior.

2. Experimental procedures
2.1. Reagents

The recombinant human TGF-p1, the pan-TGF-8 neutralizing
antibody and the tight junction inhibitor mono-(2-
ethylhexyl) phthalate (MEHP) were purchased from Sigma-
—Aldrich. The active occludin-disrupting peptide LYHY and
the corresponding control peptide LYQY were purchased
from CanPeptide.

2.2. Cell culture

The human colon cancer cell lines HT29, SW480 and SW620,
and the normal colonic fibroblast cell line 18Co, were obtained
from the American Type Culture Collection (ATCC, Rockville,
MD) and maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM), supplemented with 10% Fetal Bovine Serum (FBS),
and 1% penicillin/streptomycin, in a humidified atmosphere
of 5% CO,, at 37 °C. All experiments were conducted before
passage #8 from the initiation of all cultures. For stimulations,
conditioned media (CM) from 18Co, HT29, SW480 and SW620
cells were generated in serum-free (SF) conditions. Briefly,
the cells were seeded at 50% confluence in T175 flasks, in
DMEM with 10% FBS for 12 h to allow for adherence and pro-
liferation. Then, the flasks were washed with phosphate buff-
ered saline (PBS) twice and SF medium (chemically-defined
Chinese hamster ovary; CDCHO) was added in the cultures
for 2 days. Then, all the media were collected, centrifuged at
1500 rpm for 5 min to remove dead cells and were concen-
trated 4 times, using a 5 kDa membrane cut-off. Concentrated
media were rediluted 4 times, in fresh SF medium, to enrich
for nutrients, and subsequently filter-sterilized through a
0.22 pm membrane cut-off. For the SILAC experiment, labeled
SF stimulation media were generated to not disturb the meta-
bolicincorporation of the heavy and light amino acid isotopes.


http://dx.doi.org/10.1016/j.molonc.2013.10.008
http://dx.doi.org/10.1016/j.molonc.2013.10.008
http://dx.doi.org/10.1016/j.molonc.2013.10.008

180 MOLECULAR ONCOLOGY 8 (2014) 178-195

For details in the labeling of cells, see relevant chapter in Ma-
terial and Methods section. We observed that stimulation of
normal fibroblasts with labeled media induced similar
in vitro responses as the non-labeled media, and cell death
was not significantly altered (data not shown).

2.3. Cell proliferation assay

For the assessment of cell proliferation, the crystal violet
assay was performed, as previously described (Karagiannis
et al.,, 2012a).

2.4. Cell scratch assay

Normal fibroblasts were seeded in six-well plates. After form-
ing confluent monolayers, a pipette tip was used to create a
single straight scratch on the well and they were carefully
rinsed 3 times with 4—5 mL of PBS to remove detached and
dead cells. After washing, the experimental conditions and
treatments were applied on the wells, in at least 3 biological
replicates. The specifics for the experimental conditions are
described in the corresponding sections. The wells were left
for 8-48 h, depending on the measurable parameter and
then all media were removed, cells were washed once with
PBS and fixed with 10% formalin for 20 min. After fixation,
crystal violet solution (0.05%) was applied in the wells
(~3 mL) for 30 min. Then, the staining dye was removed; cells
were washed twice with PBS and examined under light micro-
scopy. Several images per condition and per replicate were
taken, which were then uploaded into Image] software for
further analysis.

Mean wound length (MWL): in each image, a total of 50
lines were drawn; the lines were perpendicular to the wound
axis and connected the edges of two fibroblasts lining the
opposite sites of the wound. All lines were measured and
the mean wound length in each condition was estimated. In
order to ignore zoom-preference biases, all MWLs were
graphed relatively to the initial wound length.

Number of migrating cells/default squared area (NMC/
DSA): in each image three randomized squared areas, corre-
sponding to 1/16th of the image’s surface, were placed in the
wound gap and migrating cells were counted. Cells that
were not estimated as migrating cells, i.e. cells that were still
attached to the wound edges, were ignored. There was an
attempt to obtain more than 20 measurements per condition.
The squared area and zoom-preference were the same in all
conditions examined, to avoid the need for cell count normal-
ization. Average numbers of migrating cells were calculated.
Data were graphed as average NMC/DSA.

Invasive growth potential (IGP): in each image, the distance
of the biggest fibroblast collective from the sprouting point to
the tip cell was measured. It was made certain that the collec-
tive had not detached from the wound edge. The length was
illustrated as a line, vertical to the wound axis. Relative mea-
surements were performed between the conditions to avoid
zoom-preference biases. Data were graphed as average IGP
from 10 to 15 collectives from different images of the same
condition.

Positive direction-sensing: in each image, a randomized
method for selection of 10 edge cells was applied. These cells

were then examined by a blinded observer for presence of
cytoplasmic protrusions and front-to-rear polarity axis,
within the 120° angle facing the wound. For this assessment,
the Y method was followed; specifically, the Y schematic
was placed in the nucleus of each individual cell in a vertical
reorientation towards the wound axis and the presence of
protrusions or front axis was evaluated in each of the three
segments. A minimum of 100 cells per condition were evalu-
ated and the results were graphed as percentage of cells
with positive direction-sensing. Because there are three
possible orientations using this method, it was assumed that
33% of the cells could randomly obtain this reorientation,
immediately after the generation of the scratch. Therefore,
the 33% was considered as a cut-off to accept significant per-
centages of reorientation.

2.4.1. Assessment of collectivity of migration

Following principles by Rorth (2009) (Rorth, 2009), we assessed
collective migration as the type of migration where there is a
synchronous low NMC/DSA, with increased IGP and a signifi-
cant reduction in the MWL. Less collective and more individ-
ual cell migration was characterized with the exactly
opposite metrics.

2.5. Collagen gel contraction assay

Rat tail tendon collagen (RTTC), a type I collagen, was pur-
chased from BD Biosciences. The collagen gels were prepared
after mixing RTTC, distilled water, 4X DMEM, 10X gel contrac-
tion buffer (200 mmol/L HEPES, 2.2% NaHCOs3, 0.05 N NaOH),
FBS, crystal violet and cells. The final concentrations were:
1.5 mg/mL RTTC, 1X DMEM, 1X gel contraction buffer, 1.5%
FBS, 0.01% crystal violet and 6 x 10° cells/mL. A total of
0.5 mL of this mixture was mounted on 24-well plates and
was then left to polymerize at 37 °C for 30 min. After polymer-
ization, the gels were released from the plate with a scalpel
and transferred into 6-cm tissue culture dishes. The surface
area of the gels was measured as a relative value compared
with that of a 6-cm dish. These values were normalized to
that of the control gel at 0 h.

2.6. Immunostaining

For immunocytochemistry, the mouse monoclonal antibodies
against either a-SMA or claudin-11 were utilized and our previ-
ously published method (Karagiannis et al., 2012a) was fol-
lowed. All staining conditions were performed in three
replicates and repeated in two independent experiments. Stim-
ulations were performed for 48 h. For protein expression
scoring, three blinded observers provided individual scores for
a-SMA and CLDN11 immunoreactivity in 10 optical fields per
replicate; those were selected through a randomized template
of squared areas applied onto each image. The data were pre-
sented as mean values with their standard deviations. All quan-
tifications were performed in a microscope objective 100X.

For immunohistochemistry, we randomly selected a pa-
tient cohort of 30 invasive colon cancers, encompassing
well-, moderately-, and poorly-differentiated adenocarci-
nomas (n = 3, 16 and 11 respectively). Staining was carried
out with avidin-biotinylated peroxidase complex (ABC Elite
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Kit, Vector Laboratories) on a LabVision 720 Autostainer (Lab-
vision, Fremont, CA) using 1X TBS-Tween rinse and wash so-
lution. 4 pm thick paraffin sections, mounted on positively
charged glass slides, and baked at 60° for a minimum of
60 min. Sections were then immersed in xylene, followed by
graded alcohols, at 10 min per solution. Antigen retrieval
involved heating slides in a citrate (pH 6.0) buffer in either a
microwave or a pressure cooker. Sections were then incu-
bated with the primary antibodies occludin (rabbit polyclonal;
dilution 1:200; Sigma), «-smooth muscle actin (Clone 1A4,
dilution 1:200, Dako), h-caldesmon (h-CD; dilution 1:400;
Dako), laminin-alpha3 (rabbit polyclonal; dilution 1:300;
Sigma), laminin-betal, (rabbit polyclonal; dilution 1:400;
Sigma), and beta-catenin (clone 14; 1:200; BDBioscience). Dia-
minobenzidine hydrochloride solution with hydrogen
peroxide (Sigma) was the chromogen. An appropriate internal
positive control was validated in each case and negative con-
trols were performed by omitting the primary antibody step.

2.7. Proteomic datasets and bioinformatics

Protein datasets from proteomic analysis of HT29, SW480 and
SW620 CM were retrieved from our previously published
study (Karagiannis et al., 2012a). A normalized spectral count-
ing method was utilized, as previously described (Collier et al.,
2010), for purposes of measuring the relative abundance of
TGF-B1 in these datasets. Gene expression meta-analysis for
claudin-11 was performed using Genevestigator, as previously
described (Karagiannis et al., 2012a).

2.8. Immunoassays

The measurement of TGF-B1 and uPA secretion in CM was per-
formed with commercially available immunoassays (Quanti-
kine; R&D Systems), using the manufacturer’s instructions.
Protein concentrations were calculated via extrapolation from
a standard curve, using recombinant proteins as standards.

2.9. Real-time PCR

Quantitative PCR was performed by using 1X SYBR green re-
agent (Applied Biosystems) and transcript levels of claudin-11
(CLDN11), urokinase-type plasminogen activator (PLAU), tissue
inhibitor of metalloproteinase 1 (TIMP1) and integrin-a2
(ITGA2) were measured on a 7500 ABI System. The following
5'-3" forward (F) and reverse (R) primer sequences were used:

B-actin-F: CACCATTGGCAATGAGCGGTTC, -R: AGGTCTTTGC
GGATGTCCACGT CLDN11-F: GGCTGGTGTTTTGCTCATTCTGC,
-R: AGCACCAATCCAGCCTGCATAC PLAU-F: GGCTTAACTCCAA-
CACGCAAGG, -R: CCTCCTTGGAACGGATCTTCAG TIMP1-F: GGA-
GAGTGTCTGCGGATACTTC, -R: GCAGGTAGTGATGTGCAAGA
GTC ITGA2-F: TTGCGTGTGGACATCAGTCTGG, -R: GCTGGTAT
TTGTCGGACATCTAG.

2.10. Stable isotope labeling with amino acids in cell
culture (SILAC)

18Co cells were seeded at low confluence (~25%) in T25 flasks
and the cells in each flask were metabolically labeled with
either heavy [Arg(+6), Lys(+8)] or light SILAC conditioned

media (Dulbecco’s Modified Eagle’s Medium, 10% dialyzed
FBS) for five passages, as previously described (Ong et al.,
2002). Labeled 18Co cells were then detached, using a non-
enzymatic dissociation buffer, and placed in new T25 flasks
in triplicates. Cells were left overnight to adhere and begin
proliferation and were subsequently washed twice with PBS,
before treated with either previously generated, light-labeled
HT29 CM or heavy-labeled 18Co CM, for 48 h. After the termi-
nation of the experiment, cells were washed twice with PBS,
centrifuged at 1500 g for 5 min and supernatants were dis-
carded. Cell pellets were resuspended using 300 pL of 0.1%
RapiGest (Waters Inc.) in 25 mmol/L ammonium bicarbonate
and sonicated three times for 30 s. The mixtures were centri-
fuged for 20 min at 15,000 g, to remove the remaining debris.
Protein samples were then mixed at 1:1 ratio to a total of
250 pg of total protein each (125 pg from HT29-treated and
125 pg from 18Co-treated cells). The three combined replicates
were then denaturated in a water bath for 50 min at 80 °C,
reduced with 10 nmol/L dithiothreitol (Sigma—Aldrich) for
10 min, at 70 °C, alkylated with 20 nmol/L iodoacetamide (Sig-
ma—Aldrich) for 60 min and were trypsin-digested (Promega)
at a ratio of 1:50 (trypsin:protein concentration) for 8 h. The
resulting tryptic peptides were reconstituted in 120 pL of
0.26 mol/L formic acid, in 10% acetonitrile. The samples
were subjected to strong cation exchange chromatography
(SCX) using an Agilent 1100 system, before LC-MS/MS, as pre-
viously described (Prassas et al., 2011). Each fraction was run
with a 55-min gradient and eluted peptides were subjected
to one full mass spectrometry (MS) scan (450—1450 m/z) in
the Orbitrap at 60,000 resolution, followed by six data-
dependent MS/MS scans in the linear ion trap (LTQ Orbitrap).
Unassigned charge states and charges +1 and +4 were
ignored. RAW files were uploaded into MaxQuant21 version
1.1.1.25 (Cox and Mann, 2008) and searched with the
Andromeda?22 software against the non-redundant IPI human
v.3.71 database as previously described (Cox et al., 2009).
Arg(+6) and Lys(+8) were set as heavy labeled with a
maximum of three labeled amino acids per peptide. During
the search, the IPI human FASTA database was randomized
and searched with a false-positive rate of 1% at the peptide
and protein levels. Only proteins identified with at least 2-
unique peptides were considered for further analysis.

2.11. Statistical analysis

All graphs are presented as mean values with standard devia-
tions calculated from all the experimental and technical repli-
cates. Statistical significance was examined by the
Mann—Whitney U-test and p < 0.05 was considered signifi-
cant. The statistical software Epilnfo version 7.0.8.0 was
used for all analyses.

3. Results

3.1. The colon cancer cell line HT29 induces collective
migration of normal colonic fibroblasts

It has been shown that cancer-associated stromal responses
may vary in different types of cancer, and in addition,
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prognostic outcome has been strongly associated with specific
gene and protein expression signatures in the cancer-
associated stroma (Finak et al., 2008). This stromal response
diversity has been, in part, attributed to the secretion of a
wide variety of signals and soluble factors originating from
different cancer types and/or subtypes (Bertos and Park,
2011; Finak et al., 2006). Based on these, we hypothesized
that CAFs would respond differently to secreted factors origi-
nating from cancer cells with diverse genetic backgrounds. To
test this hypothesis, we collected CM from three different co-
lon cancer cell lines, HT29, SW480 and SW620 [all with estab-
lished and diverse genetic backgrounds (Gustafson et al., 1996;
Leibovitz et al., 1976; Popanda et al., 2000; Shi et al., 1983)],
then, we stimulated normal colonic fibroblast (18Co) mono-
layers and monitored diverse motogenic reactions inflicted
by these CM in cell scratch assay setups (Figure 1A). 18Co cells
could utilize both autocrine (18Co CM) and paracrine (HT29/
SW480/SW620 CM) growth factors to heal a proportion of the
initial wound gap, since the mean wound length (MWL) was
bigger in SF-treated (control) compared to all the other exper-
imental conditions (Figures 1A and B). Also, the MWL was
significantly smaller in all cancer cell-CM-treated 18Co cells
compared to the 18Co-CM-treated ones (p < 0.05)
(Figure 1B). Further investigations revealed that both SW480-
CM- and SW620-CM-treated 18Co cells almost healed the
entire wound at 48 h post-stimulation, while the HT29-CM-
treated 18Co cells healed approximately 60% of it (Figure 1B).
In a complementary fashion to MWL assessment, we per-
formed cell proliferation assays using the same experimental
conditions. HT29-CM-, SW480-CM- and SW620-CM-treated
18Co cells had higher proliferation rates compared to both
SF- and autocrine-treated 18Co-CM (Figure 1C).

To exclusively demonstrate differences in the migratory
behavior of 18Co cells without taking into consideration their
proliferation status, we assessed the number of migrating
cells per default squared area (NMC/DSA) in the same experi-
mental conditions. A significant increase in NMC/DSA was
observed in the SW480-CM- and SW620-CM- (p < 0.05), but
not in the HT29-CM-treated 18Co cells, when compared to
the control conditions (Figure 1D).

Since the previous two metrics demonstrated that HT29
CM could increase the migratory potential of 18Co without
prominent presence of individual migratory cells in the
wound area (Figure 1B and D), it was tempting to speculate
that the HT29-secreted motogenic signals, in contrast to the
SW480/SW620 ones, may preferentially cause collective
migration in 18Co. Fibroblast collectives or cohorts were
assessed according to definition criteria established by Rorth
(2009) (Rorth, 2009). To gain further insight into this hypothe-
sis, we assessed a specific parameter of collective cell migra-
tion, the invasive growth potential (IGP), using the same
experimental conditions (Figure 1E). A mild increase of the
IGP was noticed between the cancer cell-CM-treated 18Co cells
and the control-CM-treated ones at 24 h (Figure 1E, left graph).
However, there was a significant (~4-fold) increase (p < 0.05)
in the IGP of the HT29-CM-treated NFs compared to the SF
control, at 48 h (Figure 1E, right graph). A similar assessment
for the SW480-CM- and the SW620-CM-treated 18Co cells
was not possible at 48 h, because the wounds had been healed
in these conditions at an earlier time-point (Figure 1A).

We finally assessed the impact of cancer cell secreted fac-
tors on direction-sensing, by investigating the protrusion ac-
tivity and the formation of front-to-rear axis towards the
120° angle facing the wound (Figure 1E, enlarged illustrations),
as previously described (Etienne-Manneville, 2008). Such mea-
surements revealed that 18Co cells treated with SF medium
had random direction-sensing (~31%), while cells treated
with either autocrine or paracrine factors had a significantly
increased (p < 0.05) ability for polarization with direction-
sensing (Figure 1F, right graph). Moreover, HT29-specific fac-
tors could cause an increased (p < 0.05) protrusion activity
of 18Co cells towards the wound gap, when compared with
the autocrine stimulation (Figure 1F, right graph).

From these data, it is evident that 18Co cells obtain dissim-
ilar motogenic responses upon stimulation with various colon
cancer cell CM. In contrast to SW480/SW620, the genetic back-
ground of the HT29 cells might support the secretion of fac-
tors, which contribute to the collective behavior of CAF
migration.

3.2. Proteomic analysis of HT29-CM-stimulated normal
colonic fibroblasts reveals upregulation of prominent
markers of fibroblast-to-myofibroblast differentiation

Next, we sought to identify responsible mediator(s) for the col-
lectivity of 18Co migration, as seen in the HT29-dependent
setup of the experiments in Figure 1. For this reason, we pro-
ceeded to gain global overview of protein perturbations seen
in 18Co cells, upon HT29 CM stimulation, using a quantitative
proteomic approach (SILAC) coupled to mass spectrometry
(MS/MS), as previously described (Prassas et al., 2011).

In our experimental setup (Figure 2A), heavy-labeled 18Co
cells were stimulated with the autocrine medium (18Co SILAC
CM) which served as the “control pool”, while light-labeled
18Co cells were stimulated with cancer medium (HT29 SILAC
CM) which served as the “stimulation pool”. Theoretically,
stimulation with either HT29 or 18Co CM would disturb the
efficient labeling of the experimental cells with heavy or light
amino acids. For this reason, the stimulation media used in
the SILAC approach were also appropriately labeled. Specif-
ically, 18Co SILAC CM was generated from heavy labeled
18Co cells, cultured independently. Concordantly the HT29
SILAC CM was generated from light-labeled HT29 cells, also
cultured independently for a total of 5 passages (Figure 2A).
After the termination of stimulations, cells were harvested
and protein samples were mixed in 1:1 heavy:light ratio before
MS analysis. Protein quantification was based on the differen-
tial intensities of the peaks of the precursor ions of heavy
versus light peptides (Figure 2A). In total, we have been able
to quantify 2326 proteins (Supplementary Table 1). The
mean distribution of HT29-CM-induced protein alterations is
shown in Figure 2B. As expected, the vast majority of proteins
were found with a <2-fold up- or downregulation (Figure 2B).
It should be noted that since the HT29-CM-stimulated condi-
tion corresponds to the light labeling, all proteins that were
found with a heavy:light ratio of less than 0.5 were >2-fold
upregulated, whereas all proteins that were found with a
heavy:light ratio of more than 2, were >2-fold downregulated.
All these differences were statistically significant (p < 0.05).
Thus, we focused our interest on 25 proteins, which were


http://dx.doi.org/10.1016/j.molonc.2013.10.008
http://dx.doi.org/10.1016/j.molonc.2013.10.008
http://dx.doi.org/10.1016/j.molonc.2013.10.008

MOLECULAR ONCOLOGY 8 (2014) 178-195

183

Cancer Cell Media

A Control Media
Serum-Free 18Co HT29

0h

24h

48 h

B
- 1.2 C =
S5 B 12
R S S
v 0 Og 1
X 08 b g
'ég P SF £ g 0.8
o ,__: ---18Co * ] 206
D w04  —HT29 ¥  sx
s —SW480 £ 04
2202 —sW620 & o2
=
0 0
0 hours 24 hours 48hours SF

M 24 hours
48 hours

—
—*—
o

°
8

2
g

&

Number of Migrating Cells
per Default Squared Area

|

SF 18Co  HT29 SW480 SW620

Positive Direction-Sensing

24 hours

Relative to the SF-Control
Invasive Growth Potential
o = N W A~ un

SF
18Co m—
HT29 .

SW480 —.—
SW620 -

Negative Direction-Sensing

SW480

18Co

5
4
3
2
1
0

@

Proportion (%) of Edge-
Cells Facing the Wound

HT29

48 hours

SF -
18Co =

8

[+
o

P
o ©

N

Oy

SW620

SW480

SW620

Figure 1 — The colon cancer cell line HT29 induces collective migration of normal colonic fibroblasts. (A) Representative snapshots from the

scratch assay; 18Co fibroblasts were treated with various cancer cell line CM and control media and various parameters were measured in a time-

dependent manner. (B) MWL assessment; the graph represents the relative closure of the wound to the initial wound gap. *denotes statistical

significance (p < 0.05, Mann—Whitney U-test). (C) Cell proliferation assay (crystal violet); the graph represents the relative absorbance to the SF-
treated condition; figures underneath depict cell confluence in each condition as evaluated through light microscopy. (D) NMC/DSA assessment;

the graph depicts the mean number of migrating cells from multiple squared areas, in a time-dependent manner. *denotes statistical significance
(p < 0.05, Mann—Whitney U-test). (E) IGP assessment; the graph depicts the relative to the SF control IGP of all the CM-treated experimental

conditions; the adjacent illustration presents the high IGP observed in the HT29-treated condition. *denotes statistical significance (p < 0.05,

Mann—Whitney U-test). (F—G) Positive direction sensing assessment (F) at 8h post-scratching; enlarged figures depict fibroblasts that are polarized
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line reveals the 33% cut-off which could be attributed to a random direction-sensing, since the Y method is used. *denotes statistical significance
(p < 0.05, Mann—Whitney U-test). See also list of abbreviations.
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Figure 2 — Quantitative proteomic analysis (SILAC) shows the HT29-

recruited CAF's overexpress the tight junction protein, CLDN11. (A)

Graphical illustration of metabolic labeling and proteomic pipeline strategies; stimulation of fibroblasts with either 18Co or HT29 medium is
performed with CM that have been generated from metabolically labeled 18Co or HT29 cells, respectively. (B) Distribution of all proteins
identified plotted against their normalized heavy/light (H/L) ratios (mean ratios from combination of three biological replicates). (C) Proteins
presenting with a statistically significant (p < 0.05, Mann—Whitney U-test) > 2-fold increase in the HT29-treated 18Co cells were considered for
further analysis, resulting in the 25-protein list. (D) MS spectra of representative peptides from markers of myofibroblastic differentiation, showing
a statistically significant differential expression between the two experimental conditions. (E) Relative gene expression levels of the three markers of

myofibroblastic differentiation, showing a statistically significant differential expression between the two experimental conditions. (F) uPA ELISA;

uPA levels were measured in CM derived from the 18C0-CM or HT29
were also measured. uPA secretion increased in HT29-CM-treated cells

-CM stimulated 18Co cells. Basal levels of uPA in 18Co and HT29 CM
compared to the control cells, and this increase did not occur due to uPA

presence in the HT29 CM. *denotes statistical significance (p < 0.05, Mann—Whitney U-test). See also list of abbreviations.

presented with a statistically significant (p < 0.05) >2-fold
upregulation (Figure 2C), since these candidates could serve
as potential mediators of 18Co collective migration in the
HT29-CM-stimulated state.

Of particular interest in this 25-protein dataset was the
upregulation of urokinase-type plasminogen activator
(PLAU; uPA) in HT29-CM-stimulated 18Co cells, compared to
the placebo-treated ones (Figure 2C and D). uPA is an

extracellular protease secreted by stromal cells, principally fi-
broblasts, and its secretion is enhanced upon transdifferentia-
tion of normal fibroblasts into CAFs. Along with matrix
metalloproteinases-2 and -9 (MMP2 and MMP9), uPA currently
serves as one of the most prominent extracellular protease
markers of myofibroblastic differentiation (Kunz-Schughart
and Knuechel, 2002) and is particularly expressed in peritu-
moral stroma at the invasive margins of most desmoplastic
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cancers (De Wever et al., 2008a). In this 25-protein dataset,
integrin-a2 (ITGA2) represents another protein that could be
highly associated with fibroblast-to-myofibroblast differentia-
tion (Figure 2C and D). It is now postulated that CAFs shift
their focal adhesion apparatus, towards loosening the stiff
anchoring of their integrins to components of ECM
(Brenmoehl et al.,, 2009; Dey et al., 2011). Among the plethora
of focal adhesion mediators, the overexpression of ITGA2 in
lung cancer CAFs compared to normal lung fibroblasts had
been determined, in a tissue-wide microarray analysis
(Navab et al., 2011). Finally, the 25-protein dataset revealed
upregulation of the tissue inhibitor of metalloproteinase-1
(TIMP1) (Figure 2C and D), a prominent marker of CAFs
(Zanotti et al., 2010), participating in ECM remodeling and pro-
teolytic cascades at the cancer invasion front (Clavel et al,,
1992). To further substantiate the overexpression of these
CAF markers in the SILAC experiment, we confirmed signifi-
cantly increased mRNA levels of uPA, ITGA2 and TIMP1 in
HT29-CM-treated 18Co cells, using real-time PCR (Figure 2E).
For further verification, we investigated uPA secretion in the
CM of HT29-CM-treated and non-treated 18Co cells, using an
uPA-specific immunoassay. We found that uPA levels were
significantly increased in the HT29-CM-treated 18Co cells,
when compared to the 18Co-CM-treated ones (Figure 2F).
The re-discovery of prominent markers of myofibroblastic
differentiation in the 25-protein dataset provides further ac-
curacy to our quantitative proteomic approach. Thus, SILAC

analysis suggests that 18Co cells could be transformed into
CAFs upon stimulation with soluble factors originating from
the HT29 genetic background.

3.3.  HT29-recruited CAFs overexpress the tight junction
protein, claudin-11 (CLDN11)

Of all the candidates of the 25-protein dataset, we selected
claudin-11 (CLDN11) as the most promising mediator of 18Co
collective migration, for the following reasons. First, CLDN11
belongs to the family of claudins, a group of cell adhesion mol-
ecules, which participate in the formation of cell-to-cell tight
junctions, further regulating paracellular permeability and
epithelial polarization (Tsukita and Furuse, 1999, 2002). Sec-
ond, tight junctions are hallmarks of epithelial cells and
they tend to be lost in mesenchymal cells or in cases where
epithelial cells undergo epithelial-to-mesenchymal transition
(De Wever et al., 2008b; Kalluri and Weinberg, 2009). Third,
CLDN11 was found to be approximately 2.7-fold overex-
pressed in the HT29-CM-stimulated 18Co cells, however, this
overexpression was highly reproducible among all three repli-
cates (Figure 3A).

Before further analysis, we sought to validate our SILAC
data through both bioinformatic and experimental means.
For the former, we took advantage of the Genevestigator data-
base and performed gene expression meta-analysis in a large
cohort of tissue microarray experiments, to investigate the
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tissue specificity of CLDN11. This analysis demonstrated the
specific expression of CLDN11 in the normal testis and nerve
myelin sheaths (Figure 3B), an observation that served as a
positive control for the meta-analysis, since it is well docu-
mented that these are the specific sites where CLDN11 expres-
sion and function are encountered (Mazaud-Guittot et al,,
2010; Morita et al., 1999; Tiwari-Woodruff et al., 2001). In addi-
tion, this meta-analysis demonstrated that CLDN11 is not
expressed in the remaining epithelial tissues (Figure 3B), as
various members of this family are (Tsukita and Furuse,
2002), and consequently, these epithelial arrays served as
negative controls for the meta-analysis (Figure 3B). Thus, we
compared the expression of CLDN11 in multiple arrays of tis-
sues/cells that retain the myofibroblastic phenotype (i.e. bron-
chial and coronary smooth muscle cell arrays, as well as
hepatic myofibroblast arrays), with its relative expression to
pure fibroblastic arrays and found that CLDN11 was signifi-
cantly increased in all of the “myofibroblastoid” arrays
compared to the “fibroblastoid” ones (Figure 3B).

For the experimental validation, we restimulated 18Co
cells with the same conditions of experiments shown in
Figure 1, and examined the expression of CLDN11 with immu-
nocytochemistry (ICC). In this case, HT29-CM-stimulated 18Co
cells showed strong immunoreactivity for CLDN11, which was
almost exclusively localized on cell membranes (Figure 3C,
black arrows). Interestingly, approximately 45% of the 18Co
cell population was found positive for CLDN11, a proportion

that was significantly higher than the remaining conditions
(Figure 3D). Specifically, less than 10% of the population was
found CLDN11 positive in the SF Control-CM-, 18Co-CM,
SW480-CM- and SW620-CM-stimulated 18Co  cells
(Figure 3D). These quantitative data were also confirmed at
the mRNA level (Figure 3E).

Along with the SILAC data in the previous section, the data
in this section indicate that increased expression of CLDN11
follows the transition of normal fibroblasts into CAFs and in
addition, this transition is strongly-dependent in specific can-
cer cell genetic backgrounds (HT29 over SW480/SW620).

3.4. CLDN11-overexpression in colonic CAFs is TGF-B-
dependent

Given the above, we reasoned that the HT29 background, in
contrast to the SW480/SW620 ones, might hold unique micro-
environmental motogens, responsible for the increased
expression of CLDN11 and subsequent cohort configuration
in CAFs. Currently, TGF-g is the major growth factor that is
known to act as a chemotactic agent for CAFs and promote
fibroblast-to-myofibroblast transdifferentiation (Ronnov-
Jessen and Petersen, 1993).

Thus, we reasoned that the major difference between the
HT29 and SW480/SW620 genetic backgrounds could be the dif-
ferential secretion of TGF-8. To examine this possibility, we
deployed both proteomic and biochemical means. For the
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Figure 5 — Endogenous TGF-B1, secreted by HT29 cells, induces collective configuration during CAF migration. (A) MWL assessment; the

graph represents the relative closure of the wound to the initial wound gap. *denotes statistical significance (p < 0.05, Mann—Whitney U-test). (B)

NMC/DSA assessment; the graph depicts the mean number of migrating cells from multiple squared areas, in a time-dependent manner. *denotes
statistical significance (p < 0.05, Mann—Whitney U-test). (C) IGP assessment; the graph depicts reduction of IGP in the PanTGF-p1/HT29-CM-
stimulated compared to HT29-CM-stimulated 18Co cells; the adjacent illustration presents a representative snapshot. *denotes statistical

significance (p < 0.05, Mann—Whitney U-test). (D) Cell morphology is altered from a more mesenchymal/elongated shape to a more spindle/

polyhedron-like shape, upon treatment with the pan-TGF-3 neutralizing antibody. (E) Positive direction sensing assessment; note, that only the
HT29-CM-treated cells are affected by the use of the neutralizing antibody. *denotes statistical significance (p < 0.05, Mann—Whitney U-test). Figures

A-D, 48h post-stimulation; Figure E, 8h post-stimulation.

former, we took advantage of comprehensive protein datasets
obtained from our previous study (Karagiannis et al., 2012a). In
that study (Karagiannis et al., 2012a), we had performed prote-
omic analysis of CM (termed “secretome analysis”) of various
colon cancer and colonic fibroblast cell lines, including
SW480/SW620, HT29 and 18Co. Spectral counts were normal-
ized in all these secretome datasets, using a well-accepted
method (Collier et al., 2010), to allow for direct quantitative
comparison of specific secreted proteins. Here, we compared
TGF-B1 spectral counts in all the secretome datasets and
found that secretion of TGF-B1 was at least three times higher
in HT29 cells compared to SW480 or SW620 cells, while no
TGF-B1 was secreted by 18Co cells (Figure 4A).

For the biochemical validation, we utilized a specific TGF-
B1 immunoassay and measured TGF-B1 levels in the CM of
all these cell lines in a time-dependent fashion. In general,
TGF-B1 secretion was increased over time in all cell lines,
but it consistently remained higher in the HT29 cell line
compared to all the other genetic backgrounds (Figure 4B).
At 2 days post-seeding, the time-point when stimulation

media of the experiments in Figures 1 and 2 were collected,
the observed TGF-B1 secretion was more than approximately
1.5 ng/mL for HT29 cells, whereas it was significantly less, or
even absent, for the rest of the genetic backgrounds (SW480/
SW620, 18Co) tested (Figure 4B).

The differential secretion of TGF-pl could potentially
explain the differential migratory pattern, as well as the
expression of CLDN11 in HT29-CM-stimulated 18Co cells. To
further demonstrate that TGF-p1 was the responsible cytokine
for these effects in our experimental setups, we investigated
the effect of exogenous TGF-B1 in fibroblast-to-myofibroblast
transdifferentiation and CLDN11 expression in 18Co cells.
Specifically, 18Co fibroblasts were stimulated with increasing
doses of TGF-B1, and then, a-SMA or CLDN11 expression were
evaluated by ICC. TGF-pl1 stimulation caused a dose-
dependent increase in cytoplasmic «-SMA and membranous
CLDN11 expression in 18Co cells (Figure 4C). In particular,
even 1 ng/mL TGF-B1 was sufficient to cause an almost 100%
induction of a-SMA positive 18Co cells (Figure 4D), an observa-
tion consistent with the literature (Brenmoehl et al., 2009;
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Denys et al.,, 2008; Desmouliere et al., 1993; Hawinkels et al., Consistent with the above, data from Figure 3D further
2009; Lewis et al., 2004). However, more than 20% of 18Co cells demonstrate that treatment of 18Co cells with 2-day HT29
had CLDN11-positive cell membranes at 1 ng/mL TGF-p1, CM is able to induce ~45% CLDN11 immunoreactivity. Given
while approximately 70% of 18Co cells were CLDN11-positive that the TGF-8 immunoassay (Figure 4B) showed that HT29
at 5 ng/mL of TGF-B1 (Figure 4D). cells secrete approximately 1.5 ng/mL of TGF-g on day 2
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post-seeding, we conclude that TGF-B1 is sufficient but not
necessary in causing CLDN11 overexpression in 18Co cells.
Since other factors may be involved in this process secreted
factors of the HT29 CM should be further explored in the
future.

Thus, observations from this section suggest that CLDN11
overexpression is associated with TGF-B1l-dependent
fibroblast-to myofibroblast transdifferentiation in 18Co cells.”

3.5. HT29-secreted TGF-31 induces collective
configuration in CAFs

Further, we wished to test whether the endogenous TGF-8 was
specifically responsible for the induction of collective configu-
ration in HT29-CM-stimulated 18Co cells. To test this, we
repeated the migration assays of Figure 1, additionally

utilizing a pan-TGF-g neutralizing antibody. Based on our find-
ings so far, we expected that the neutralizing antibody would
alleviate the collective nature of 18Co migration in the HT29-
CM-stimulated 18Co cells, due to reduction of bioavailable
active TGF-g in the CM. Indeed, pan-TGF-g8 significantly
delayed the closure of the in-vitro wound (MWL assessment)
in the HT29-CM-stimulated 18Co cells, while other conditions
remained unaltered (Figure 5A). Moreover, pan-TGF-g slightly
reduced the NMC/DSA in the HT29-CM-stimulated 18Co cells,
while the remaining conditions remained unaltered
(Figure 5B). Overall, there was an approximately 2.5-fold abro-
gation of IGP with the parallel utilization of pan-TGF-g
neutralizing antibody in HT29-CM-stimulated 18Co cells
(Figure 5C). In addition, we noticed that the utilization of the
pan-TGF-8 neutralizing antibody induced less fibroblastic/
mesenchymal phenotype in HT29-CM-stimulated 18Co cells
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untreated or stimulated with either TGF-B1, or MEHP or both, for 24 h. The circle with dashed white line corresponds to the diameter of the
respective control gel at 0 h. (B) Quantification of the previous experiment, demonstrating the length of collagen gel diameter of the experimental

condition relatively to the initial diameter; the value is indicated as percentage of the relative reduction. *denotes statistical significance (p < 0.05,

Mann—Whitney U-test).

(Figure 5D). Moreover, the utilization of the pan-TGF-8
neutralizing antibody significantly (p < 0.05) attenuated the
ability of the edge cells for polarization in the HT29-
stimulated condition, whereas the ability for positive
direction-sensing was unchanged in all other experimental
conditions (Figure 5E). These data suggest that: (a) the altered
migratory behavior of 18Co cells by the HT29 genetic back-
ground is dependent on the endogenous secretion of TGF-3
by HT29 cancer cells (Figure 5A—C), (b) the endogenously-
secreted TGF-8 might preserve migratory phenotype in CAFs
(Figure 5D) and (c) TGF-g signaling could be responsible for
polarized migration of CAFs (Figure 5E).

Subsequently, we generated scratches in confluent 18Co
monolayers and stimulated them with increasing doses of
exogenous TGF-8 (Figure 6A). TGF-p1 stimulation was fol-
lowed by non significant increase in the NMC/DSA
(Figure 6A—B) and 18Co cells migrated in a collective configu-
ration (Figure 6A), validating all combined results in Figures 1
and 5. Interestingly, the utilization of the tight junction dis-
ruptor MEHP, which is known to transcriptionally downregu-
late Claudin-11 and Occludin (Chiba et al., 2011), abrogated
this effect and caused an increase of NMC/DSA in both the
1 ng/mL and 5 ng/mL TGF-pl-stimulated 18Co monolayers
(Figure 6A—B). Additionally, 18Co cells that were stimulated
with 5 ng/mL TGF-B1 exerted an approximately 3-fold higher
IGP, when compared to the same cells treated with both
5 ng/mL TGF-B1 and 100 pg/mL of MEHP (Figure 6C).

We additionally demonstrated these conclusions, using
similar experimental setups in non-confluent 18Co mono-
layers. We evaluated the ability of 18Co cells to grow in collec-
tive configuration by measuring “independent cohort events”,
assessed by three blinded observers. In the TGF-g-negative
condition, the stimulation of 18Co cells with 100 ug/mL

MEHP affected neither the morphology of the cells
(Figure 6D) nor the mean number of independent cohort
events (Figure 6E). Interestingly, 18Co cells were able to form
cell-to-cell adhesions to some extent (Figure 6D), however,
cells were not polarized towards the same axis and thus,
such cell-to-cell adhesions were not considered as indepen-
dent cohort events. As soon as 18Co cells were stimulated
with 5 ng/mL TGF-B1, independent cohort events were evident
in both the low- and high-confluence conditions (Figure 5D).
Therefore, there was a statistically significant (p < 0.05) in-
crease in the mean number of independent cohort events, be-
tween TGF-B1 stimulated and non-stimulated conditions
(Figure 6E). Interestingly, in the TGF-g-positive condition, the
stimulation of 18Co cells with 100 ug/mL MEHP significantly
reduced the mean number of independent cohort events
(Figure 6E). Interestingly, in the high-confluence conditions,
18Co cells did not appear to come in physical contact, thus be-
ing negative for cell-to-cell adhesions, despite growing in very
high density (Figure 6D).

3.6.  TGF-B1-dependent collective migration of CAFs is
occludin (OCLN)-dependent

The next question was whether disruption of tight junctions
by another means would produce a similar result. We utilized
a peptide previously reported to disrupt tight junctions
(Beeman et al., 2009; Blaschuk et al., 2002). This peptide con-
tained the LYHY sequence from the second extracellular
loop of mouse occludin circularized for stability by oxidation
of flanking cysteine residues. Confluent 18Co fibroblast mono-
layers, similar to the scratch assay setups of Figure 6A, were
prepared and a dose-dependent gradient of TGF-Bl1 was
applied in the wells (0, 1 and 5 ng/mL). Then, the wells were
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>

Figure 9 — CAF cohorts express the tight junction protein occludin, but not claudin-11, in desmoplastic lesions of colorectal cancer patients. (A)

Occludin (OCLN) IHC; note the strong membranous expression of OCLN in normal colonic crypts, representing tight junctions; OCLN

expression is substantially reduced in the adenocarcinoma from the same patient. Magnification x200 (B) Variable expression of OCLN expression
by CAFs; arrows depict OCLN + stromal cells. Magnification x200 (C) Characterization of the OCLN + stromal subpopulation with respect to
co-expression of other proteins including: B-CAT, beta-catenin; LAMAS3, laminin-alpha3; LAMBI, laminin-betal; CALD, h-caldesmon; SMA,

smooth muscle actin. Magnification x100.

either left untreated or treated with the LYHY or the control
(i.e. LYQY) peptide (350 uM) for 48 h (Figure 7A). Control
peptide-treated and untreated 18Co cells presented similar
behavior that is collectivity in the TGF-B1-dependent migra-
tion (Figure 7A), with significantly lower NMC/DSA
(Figure 7B) and significantly higher IGP (Figure 7C), compared
to the LYHY-treated 18Co fibroblasts. Thus, disruption of
occludin by LYHY alleviates the collective migration of TGF-
B1l-stimulated CAFs in vitro. It should be noted that treatment
of 18Co fibroblasts with either of the peptides alone does not
affect OCLN and/or CLDN11 mRNA expression levels (data
not shown).

Taken together, the data from experiments shown in
Figures 5, 6 and 7 indicate that TGF-g is directly responsible
for the collective and polarized nature of CAF migration.
Consistently, our working hypothesis states that a number
of colorectal carcinomas, whose genetic background supports
aberrant secretion of TGF-g, could be potentially responsible

for recruiting CAF collectives in the peritumoral tumor-host
cell interface area.

3.7.  TGF-B1-dependent formation of tight junctions
enhances the contractile ability of CAFs

CAFs are characterized by their enhanced contractile activity,
which can be induced by TGF-8 and other cytokines such as
PDGF and IL-1a (Tingstrom et al., 1992). Tissue contraction
mediated by CAFs is considered as the most important cause
of increased interstitial pressure, which delays drug delivery
to cancer tissues (Heldin et al., 2004). Therefore, we wished
to investigate whether the TGF-B1-dependent tight junction
formation was responsible, at least in part, for such observed
functions of CAFs. To address this issue, collagen contraction
assays were performed. The stimulation of 18Co cells with
5 ng/mL TGF-pl clearly enhanced their ability to cause
collagen contraction compared to the control fibroblasts
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(Figure 8A). In particular, the stimulated fibroblasts were able
to reduce the initial collagen gel diameter by 50%, whereas the
control-treated fibroblasts by only 10% (Figure 8B). Further ex-
periments were performed in the presence or absence of the
tight junction disruptor MEHP. The addition of the tight junc-
tion disruptor MEHP did not affect the ability of the normal fi-
broblasts to cause collagen gel contraction (Figure 8A—B). On
the contrary, addition of MEHP in the concentration of
100 ug/mL was sufficient in completely alleviating the
collagen gel contraction induced by 5 ng/mL of TGF-f1
(Figure 8A—B).

The collagen gel contraction experiments presented above
suggest that TGF-p1-recruited colonic CAFs exert their func-
tional activities (i.e. collagen contraction) in vitro, in a tight
junction-dependent manner.

3.8. CAFs express the tight junction protein occludin
(OCLN) in desmoplastic lesions of colorectal cancer patients

Tight junctions consist of the transmembrane proteins occlu-
din (Ocln), one member of the claudin family of proteins
(Cldn1-24) and other tight junction-associated proteins, such
as zona occludens 1-3 (Zol1-3) and junctional adhesion mole-
cules 1-3 (Jam1-3) (McCarthy et al., 1996; Steed et al., 2010;
Tsukita and Furuse, 1999, 2002). Therefore, to demonstrate
the presence of tight junctions in the stromal population, we
utilized the universal marker occludin (OCLN), which is
known to be consistently present in all physiological tight
junction apparatuses, formed in mammalian tissues
(McCarthy et al., 1996). In the epithelial compartment, OCLN
was strongly expressed in tight junctions of normal colonic
crypt epithelial cells and, as expected was significantly down-
regulated in colonic adenocarcinoma cells (Figure 9A). Several
colon cancer specimens showed variable OCLN expression in
the desmoplastic stroma, ranging from strong to moderate in
some areas and weak or absent in others (Figure 9B). In all
cases, the OCLN-expressing stromal populations were ar-
ranged in peritumoral aggregates or cell cohorts with (myo)
fibroblast-like features. We did not observe any cases with
focal OCLN expression (Figure 9B).

To confirm that this OCLN-expressing stromal subpopula-
tion was a CAF/myofibroblastic population, further immuno-
histochemical stains for the myofibroblastic marker «-SMA,
the smooth-muscle marker h-caldesmon (CALD), the base-
ment membrane markers laminin-a3 (LAMA3) and laminin-
B1 (LAMB1), as well as g-catenin were performed. This showed
the OCLN-expressing stromal subpopulation to be «-SMA+,
LAMB1+ with only focal CALD expression, supportive of myo-
fibroblastic differentiation (Figure 9C). The mild and focal
CALD immunoreactivity could imply the presence of several
smooth muscle cells in these regions; however this ectopic
presence would be very unlikely, given that the sections
examined were clearly present in the submucosa,
away from both the muscularis mucosa and the muscularis
externa. The few CALD+, OCLN + stromal cells identified
may correspond to a small subpopulation (~11%) of
caldesmon + CAFs, occasionally reported in the literature
(Xing et al., 2010). As expected, this CAF fraction was negative
for markers expressed in certain epithelia, such as LAMA3 and
membraneous/nuclear g-catenin (Figure 9C).

4. Discussion

It is well-demonstrated that CAFs are causatively implicated
in cancer progression by promoting and supporting the meta-
static behavior of cancer cells (De Wever et al., 2008a; Kalluri
and Zeisberg, 2006). Additionally, it has been shown that indi-
vidual fibroblast populations can be discriminated based on
their unique gene and protein expression profiles (Chang
et al., 2002). In various types of cancer, only specific CAF sub-
populations seem to be the key drivers of malignant behav-
iors. For instance, the fibroblast activation protein (FAP)-
overexpressing CAFs seem to be responsible for production
of a modified ECM that enhances invasive velocity and direc-
tionality of pancreatic cancer cells (Lee et al., 2011). Moreover,
Quante et al. (2011) have shown that a specific bone-marrow
derived subpopulation of CAFs contributes to the mainte-
nance of the mesenchymal stem cell niche and further pro-
motes tumor growth (Quante et al.,, 2011). Along the same
lines of evidence, we have shown in this study that the
OCLN/CLDN11-expressing fibroblasts might represent a spe-
cific subpopulation of CAFs, which is dependent upon both
the bioavailability of extracellular TGF-B1 and the efficient
completion of the TGF-p1 signal transduction pathway within
CAFs, in an in vitro setting. Specifically, we showed that the
cancer cell-produced TGF-p1 may be sufficient for CLDN11-
dependent collective migration in CAFs. Consequently, CAFs
preferentially migrated non-collectively with stimulation me-
dia where TGF-B1 was not present at high concentrations (i.e.
SW480/SW620 conditioned media), or was blocked (i.e. inhibi-
tion of TGF-B1 in HT29 conditioned media by specific neutral-
izing antibodies).

TGF-p1 is the major-reported cytokine, implicated in the
paracrine signaling module between cancer cells and CAFs
and responsible for the fibroblast-to-myofibroblast transdif-
ferentiation program (Ronnov-Jessen and Petersen, 1993). It
is secreted as a latent complex stored in the extracellular ma-
trix. Subsequent proteolytic activity and other non-proteolytic
mechanisms, driven by the CAFs, result in the availability of
bioactive TGF-B1 (Kalluri and Zeisberg, 2006). The levels of
TGF-p1 are significantly elevated in many human cancers
(Norgaard et al, 1995), including colorectal carcinomas
(Tsushima et al., 1996). The intensity and degree of desmopla-
sia in various types of cancer have been directly associated
with the TGF-p1 production by the cancer cells (Kunz-
Schughart and Knuechel, 2002). TGF-p1 has been demon-
strated to act as chemotactic agent for fibroblasts. Interest-
ingly, CAF migration appears to be regulated by TGF-f1 in a
dose-dependent manner, as has already been shown by
others (Denys et al., 2008; Hawinkels et al., 2009), as well as
the current study. Therefore, TGF-B1 signaling appears to
particularly be a rate-limiting step for the collectivity of the
CAF migratory pattern. We believe that it was for this reason
that the application of the tight junction inhibitor MEHP, espe-
cially in the presence of high TGF-B1 concentrations, facili-
tated full attenuation of the collective nature by which
colonic CAFs migrated.

Interestingly, the HT29 colon cancer cell line is highly
tumorigenic and induces cancer in mouse xenografts (Oliver
et al., 2008). Factors secreted from this particular cell line,
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including TGF-B1, have been shown in this study to induce an
aberrant stromal response in fibroblasts, specifically causing
myofibroblastic transdifferentiation and collective migration
in vitro. Thus, it is tempting to speculate one of the possible
reasons this cell line may induce tumors in these xenografts,
in contrast to the SW480 and SW620 ones, could be due to
its ability to stimulate a tumor-promoting desmoplastic stro-
mal response in the adjacent normal tissues. To our knowl-
edge though, no one has yet investigated the desmoplastic
nature (if indeed any) of HT29-induced cancers in such
xenografts.

However there is some debatingliterature (Fangetal., 2011,
Franco et al., 2011; Li et al., 2011; Meng et al., 2011), suggesting
that CAFs lose the ability to propagate the TGF-g signal trans-
duction pathway because of loss of TGF-8 receptor type II
Moreover, the overexpression of Caveolin-1, a molecule
known to inhibit the function of TGF-g receptor (Pavlides
et al., 2011), has been reported in CAFs/myofibroblasts in
many types of cancer or fibrotic diseases (Kim et al., 2011;
Xia et al, 2010). Additional evidence of absence of TGF-g
signaling in CAFs arises from studies focused on the restricted
bioavailability of active TGF-g at the tumor microenviron-
ment. Although TGF-g is constantly secreted in the cancer
microenvironment by cancer cells, subsequent proteolytic ac-
tivity and ECM remodeling results in the sequestering of the
active form of the ligand (Hanahan and Weinberg, 2011). Of
note, the probable serine proteases-1, -2 and -3 (HTRA-1, -2,
and -3), typically overexpressed at the cancer invasion mar-
gins (Narkiewicz et al., 2009), are capable of sequestering
TGF-B1 through ECM remodeling activity (Tocharus et al.,
2004). As a consequence, CAFs retain their myofibroblastic
phenotype through alternative signaling pathways, such as
possibly the PDGF signaling pathway and not through TGF-g8
(Kalluri and Zeisberg, 2006).

Our immunohistochemical data are consistent with the
fact that CAFs express the tight junction protein occludin,
thus validating our hypothesis and working model regarding
the collective nature of CAF migration in desmoplastic lesions
in cancer (Karagiannis et al., 2012b). In general, tight junctions
seal neighboring epithelial or endothelial cells, regulating the
paracellular transportation of molecules and ions in between.
Tight junctions have also been demonstrated to provide
epithelial or apico-basolatelar polarity to the cells that do ex-
press them. Tight junction formation and expression has been
described as a hallmark of epithelial cells and their subse-
quent loss from cancer cells tends to be considered as a direct
effect of EMT (De Wever et al., 2008b). However, the expression
of tight junction molecules in myofibroblasts during wound
healing has been noted early (Farber and Rubin, 1990),
whereby it has been speculated that CAFs may utilize a tight
junction machinery to obtain collective configuration and
migrate in cohorts (Karagiannis et al., 2012b).

Tight junctions are currently established as playing causa-
tive and regulatory roles in various types of cancer, and in-
sights into their regulation are beginning to emerge. For
instance, Runkle et al. (2011) have suggested a TTF1-
dependent transcriptional regulation of OCLN in lung cancer
(Runkle et al., 2011). More interestingly, recent studies suggest
that OCLN may comprise signaling properties as well, as it was
found capable of inducing apoptotic signals per se, in cases of

tight junction disruption (Beeman et al., 2013, 2009). There-
fore, these novel avenues regarding the regulation of colo-
rectal and other cancers by tight junctions need to be
clarified and thoroughly investigated in the future.

Here, we established for the first time the paracrine axis
TGFB1-OCLN/CLDN11 between cancer cells and CAFs. This
axis may serve as a proof of concept paracrine signaling mod-
ule for the recent working hypothesis, stating that the recruit-
ment of CAFs by the cancer cells does not lead to the
deterministic generation of one specific CAF population. On
the contrary, it seems that the CAF migratory gene/protein
expression machinery is context-dependent, varying from
totally individual to collective configuration, since it is regu-
lated by the permissive microenvironment of a TGF-B1-
secreting cancer cell subpopulation.
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