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Abstract: Cancer-associated fibroblasts of the stroma play a major role in tumor promoting processes. In this study we evaluated the significance of Phospholi-
pase D (PLD) enzyme activity in promoting human colon cancer malignant potency when interacting with proximal colonic fibroblasts. Human colon cancer cell 
lines SW480 and HCT116, and colonic fibroblasts CCD-18Co were used as an in vitro model. PLD’s activity was measured in resting cancer cells and after cultu-
ring with fibroblasts and cancer-associated fibroblasts (CAFs) conditioned medium. The viability and migration level of the cancer cells alone and after co-cultu-
ring with fibroblast or CAFs conditioned medium were evaluated, with and without adding a PLD inhibitor. Exposure of colon cancer cells to CAFs conditioned 
medium significantly increased the level of PLD activity in the cancer cells (p<0.0001). Exposure of colon cancer to resting and activated fibroblast conditioned 
medium significantly enhanced the number of viable cancer cells as well as its migration level measured following 24 and 48 hours. Adding a PLD inhibitor signi-
ficantly reduced the elevation of cell viability and migration of the colon cancer cells exposed to fibroblasts conditioned medium (p<0.005). In this in vitro model, 
inhibition of PLD significantly decreased proliferation and migration levels of colon cancer cells generated by stromal fibroblasts. This provides evidence that the 
PLD signaling pathway is directly involved in stroma-cancer interactions in the colon, thereby promoting cancer progression. Further research is needed in order 
to evaluate PLD as a target in colon cancer prevention or therapy.
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Introduction

Carcinomas, the majority of human cancers, arise 
from the epithelial cell layer that under normal condi-
tions is separated from the supporting connective tissue 
known as stroma (1). Stromal cells such as fibroblasts, 
myofibroblasts and endothelial cells, represent the tu-
mor microenvironment and play a major role in tumor 
development and progression (2,3). Colorectal cancer 
(CRC) tissues expressing a high percentage of stromal 
cells are linked to worse patient prognosis; stages II and 
III CRC patients with many stromal cells were shown 
to have significantly lower overall and disease-free 
survival durations compared to patients with few stro-
mal cells (4). In addition, cancer-specific survival was 
shown to be poorer for CRC patients who exhibit low 
proportion of tumor cells relative to epithelial stromal 
cells, at all disease stages. Furthermore, the proportion 
of tumor cells relative to stromal cells was found to be 
an independent prognostic marker for CRC patients (5).

Fibroblasts of the tumor stroma, termed cancer-as-
sociated fibroblasts (CAFs), support tumor growth and 
progression by secreting factors promoting carcinoge-
nesis and interacting with the tumor cells and other 
components of the tumor stroma (3). CAFs are found 
in high proportion in CRC, as in other type of cancers. 
Its number is increased in CRC compared to normal 
colonic mucosa and they are the main cellular consti-

tuents of stroma associated with primary and metas-
tatic CRC (6). CRC CAFs were shown to be directly 
involved in a wide range of tumor promoting processes 
such as angiogenesis, cell death resistance, sustaining 
proliferative signaling and avoiding immune distraction 
(6). Moreover, primary CAFs from CRC patients dis-
play direct pro-migratory effects on cancer cells (7). The 
molecular mechanisms that underlie these processes are 
not fully understood, however.

The Phospholipase D (PLD) enzyme super family 
mammalian isoforms include PLD1and PLD2. PLD 
signaling is activated by several types of G protein-cou-
pled receptors and receptor tyrosine kinases (GPCRs 
and RTKs), this activation can be induced by a wide 
range of extracellular signals that include growth hor-
mones, insulin, epidermal growth factor (EGF), vas-
cular endothelial growth factor (VEGF), sphingosine 
1-phosphate (S1P), and lysophosphatidic acid (LPA) 
(8). The extracellular signals usually stimulate PLD 
through the direct activation of GPCRs or the RTKs, 
which further catalyze the hydrolysis of phosphatidyl-
choline into phosphatidic acid and choline and induce 
a hierarchical and multi-layered signaling network (8). 
The phosphatidic acid produced via this signaling plays 
a role in central cellular functions such as regulation of 
cellular metabolism such as glucose and amino acids, 
and is involved in tumorigenesis (9,10). 

In cellular cancer models, elevated PLD expression 
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and signaling has been associated with metastasis and 
tumorigenesis such as actin cytoskeleton reorganization, 
proliferation, angiogenesis, inflammation, growth, and 
matrix metallo-proteinase (MMP) secretion. Moreover, 
elevated PLD activity and expression have been found 
in many types of human cancers, including colon, and 
its activity has been linked with oncogenic signals and 
tumorigenesis (11). PLD mRNA and protein analyses 
from tumors of breast, renal, colorectal, gastric, thyroid, 
and brain origin show elevated PLD1 and/or PLD2 ex-
pression relative to normal surrounding tissue (9) .More 
specifically, significant correlation of PLD expression 
levels with tumor size and survival in colorectal carci-
noma patients has been demonstrated by clinical studies 
(12). 

However, the role of PLD signaling in stroma-can-
cer interactions in the colon has not been examined. In 
this study, we evaluated the role of PLD in the crosstalk 
between human stromal fibroblasts and human colon 
adenocarcinoma cells that promotes malignant potency.

Materials and Methods

Cell lines and cell culture
The human colon cancer cell lines SW480 and HCT 

116 (CCL-228™, CCL-247™) and the human colon-
fibroblast cell line CCD18-Co (CRL-1459™) were 
purchased from the American Type Culture Collection 
(ATCC, Manassas, VA, USA). Cells were maintained in 
RPMI-1640 medium supplemented with 10% fetal calf 
sera (FCS), penicillin (40 U/ml), and streptomycin (100 
μg/ml; Biological Industries, Beit HaEmek, Israel) and 
kept in a 5% CO2, air-humidified atmosphere at 37°C. 

Conditioned medium preparation
Approximately 75×104 cells (SW480, HCT116 or 

CCD18-Co, each when relevant) were plated in a T25 
flask with normal culture media. After 24 hr, cell mono-
layer was washed with sterile phosphate buffered saline 
(PBS, Biological Industries, Beit HaEmek, Israel), and 
added to serum-free (SF) media. After 48 hr, conditio-
ned medium (CM) was collected from the flask directly 
into a sterile tube and centrifuged at 12,000 rpm for 1 
hr to remove cells and any insoluble material. CM was 
stored frozen at -20°C until required. 

Activated conditioned medium
Fibroblasts were activated to CAFs by adding 

SW480 or HCT 116 CM to its flask for 72 hr. Cells were 
then washed with sterile PBS and replenished with SF 
medium for an additional 24 hr. Medium was then pi-
petted out and centrifuged for 1 hr at 12,000 rpm. This 
medium was stored at -20°C until required and used as 
an activated conditioned medium (ACM).

PLD activity assay
SW480 and CCD18-Co cells (35x104) were plated 

and grown for 24 hr with normal culture media (6 mm 
x 15 mm dishes, Corning Inc., Corning, NY, USA). Me-
dium was then aspirated. Cells were washed with sterile 
PBS and replaced with either CM or ACM with or wit-
hout a PLD inhibitor (300 nano-molar, FIPI hydrochlo-
ride hydrate,F5807 Sigma-Aldrich, USA) for another 
48 hr. Following the incubation, cells were washed with 

PBS and processed using CytoBusterTM Protein Extrac-
tion Reagent (Novagen, Madison, WI, USA) supple-
mented with EDTA-free Complete Protease Inhibitors, 
Calbiochem, San Diego, CA, USA). Lysate specimens 
were centrifuged at 13,000 rpm for 5 min at 4°C and 
50 μg used to determine PLD activity using Amplex 
Red PLD assay kit (A12219, Invitrogen, Breda, The 
Netherlands), according to the manufacturer's protocol.

Migration level evaluation
The migration evaluation assay was adopted from 

the in vitro scratch assay protocol (13). Each experi-
ment was conducted in triplicate. SW480 cells were 
cultured in cell culture dishes (6 mm x 15 mm, Corning 
Inc., Corning, NY, USA) and left overnight to form a 
confluent monolayer. The cell monolayer was then 
scored to leave a scratch 0.5 mm wide, rinsed with PBS 
and replaced with fresh media as follows: ACM or CM 
was added to the cell dishes and the effect on wound 
healing monitored. Negative control of this assay was 
evaluated using serum-free culture medium with L-glu-
tamine, penicillin, and streptomycin supplementation 
only. Scratch areas representative for each culture dish 
were photographed using an Olympus TH4-200 Micros-
cope (Olympus Corp., Center Valley, PA). Image-Pro 
Plus Version 6.0 software (Media Cybernetics, Bethes-
da, MD, USA) was used for the measurements and data 
analysis. For SW480, cells migrating into the scratched 
area were counted within a 400×400 μm frame, which 
was created by the region of interest (ROI) function, 
enabling selection of 2 random regions in the scratched 
area.

Cell proliferation assays
XTT assay was carried out as recommended by the 

kit manufacturer. 1 × 103 cells per well were grown in 
96-well plates (Nunc, Sigma-Aldrich, Copenhagen, 
Denmark) for 24 hr. Medium was then replaced with 
CM or ACM with the addition of the appropriate treat-
ment and the plate was incubated in a 5% CO2 air-humi-
dified atmosphere at 37°C. Cell proliferation was mea-
sured 24 and 48 hr after treatment using a XTT based 
cell proliferation kit (Biological Industries, Beit HaE-
mek, Israel). Absorbance against a background control 
as a blank (450 nanometer) was measured using ELISA 
reader (Tecan infinite® F200). Crystal Violet Assay was 
adopted from Feoktistova M. et al (14).

Crystal violet staining
 HCT116 cells were cultured in cell culture dishes (3 

mm , Corning Inc., Corning, NY, USA) and left over-
night to form a confluent monolayer. The cell mono-
layer was then rinsed with PBS and replaced with fresh 
ACM or CM media with or without a PLD inhibitor (300 
nano-molar, FIPI hydrochloride hydrate,F5807 Sigma-
Aldrich, USA) for another 48 hr. Cells were then fixed 
in 4% paraformaldehyde (sigma, USA) for 10 minutes 
washed in PBS and stained with crystal violet (0.5%). 
Following 20 minutes excess stain was washed in water 
and plates were dried and photographed.

Statistical analysis
The results are represented as mean ± standard error. 

t-test or repeated measures test were used to analyze 
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the differences between 2 groups. One-way ANOVA or 
Kruskal-Wallis non-parametric test was used to deter-
mine whether there were any significant differences 
between the means of two or more independent groups, 
using SPSS-23 (SPSS Inc., IBM USA). Statistical signi-
ficance was defined as p<0.05.

Results

Interaction between colon fibroblasts and cancer 
cells activates PLD

PLD activity level was significantly increased in 
SW480 cells following two days of exposure to activa-
ted CCD18-Co conditioned medium, (p<0.0001, Figure 
1). A moderate elevation in PLD activity was also ob-
served after exposure to resting CCD18-Co cell condi-
tioned medium, but this effect was not significant. 

The increased PLD activity in the colon cancer cells 
was significantly reduced when PLD inhibitor was ad-
ded to the activated CCD18-Co conditioned medium, 
bringing the activity to levels similar to control base-
line. Exposure of CCD18-Co fibroblasts to SW480 cell 
conditioned medium did not alter the PLD activity level 
in the fibroblast cells (data not shown).

PLD inhibition attenuates the pro-proliferative ef-
fect of colon fibroblasts on colon cancer cells

Colon cancer cell viability was evaluated following 
exposure to resting (CM) and activated (ACM) CCD18-
Co cells conditioned media. Both conditioned media 
increased the number of cultured cancer cells, in 2 folds 
or over, when measured after 24 and 48 h of exposure 
(Figure 2). The effect on viability was similar to expo-
sure to conditioned medium of resting and activated 
CCD18-Co cells. 

Adding PLD inhibitor to the conditioned media 
significantly reduced these pro-proliferative effects to 
levels similar to baseline control (p<0.005). The effects 
of the conditioned media on the cell proliferation were 
similar after 24 and 48 h (p>0.05, repeated measures 
test).

PLD inhibition attenuates the migration capacity of 
colon cancer cells following interaction with colon 
fibroblasts 

SW480 cell migration level was evaluated after ex-
posure to resting and activated CCD18-Co cells condi-
tioned medium. ACM significantly enhanced the num-

Figure 1. Conditioned medium of colonic fibroblasts elevated the 
phospholipase D activity level of colon cancer cells. Mean values 
and standard errors are displayed. *p<0.0001 relative to all other 
groups, **p<0.0001 relative to ACM; one-way ANOVA.

A.

B.

Figure 2. Effect of colonic fibroblasts on colon cancer cell pro-
liferation. A. Crystal violet staining of HCT116 cells after 48hr 
exposure. B. Evaluation of SW480 viability after 24 h exposure. 
C. Evaluation of SW480 viability after 48 h exposure. Means and 
standard errors values are displayed. *p<0.005 relative to all other 
groups (±FIPI), **p<0.005 relative to the matched conditioned 
medium; one-way ANOVA.

Figure 3. Effect of colonic fibroblasts on SW480 colon cancer cell 
migration capacity. Means and standard error values are displayed. 
A. Evaluation after 24 h exposure. B. Evaluation after 48 h expo-
sure. *p=0.002 relative to all other groups, **p=0.001 relative to 
ACM, Kruskal-Wallis test.

A.

B.
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ber of migrating colon cancer cells measured (Figure 
3). Following 24 and 48 hours of exposure to ACM 
there two fold increase in the number of migrating can-
cer cells were measured, compared to the control non 
treated cells. The migration level was significantly 
increased after 48 h of exposure to both conditioned 
media relative to 24 h of exposure (p<0.0001; repeated 
measures test).

Adding PLD inhibitor to the conditioned medium 
significantly reduced this effect, bringing down the mir-
gation to levels similar to control baseline (p<0.005).

Discussion

Several studies demonstrated the direct involvement 
of CRC CAFs in a wide range of tumor promoting pro-
cesses (6,7). However, little is known about the specific 
mechanisms involved in that crosstalk. In this study, we 
demonstrated the effect of increased colon cancer cell 
proliferation and migration promoted by colonic stro-
mal fibroblasts in an in vitro co-culture model. Colon 
cancer cell migration induced by culturing with activa-
ted colonic fibroblasts was significantly higher than the 
effect measured with resting colonic fibroblasts. None-
theless, increased colon cancer cell proliferation was 
similar after exposure to activated or resting colonic 
fibroblasts. 

Clinical findings have demonstrated that PLD is 
over-expressed and has increased activity in a wide va-
riety of cancers, including CRC (11,13,15). Expression 
levels of PLD2, a PLD isoform, correlate significantly 
with tumor size and survival among patients with co-
lorectal carcinoma (16). PLD is also involved in survi-
val signals, migration, adhesion and invasion processes 
in cancer cells (12). All of these processes are increased 
during PLD up-regulation and conversely, decreased 
during loss of PLD function. 

In this study, we found that PLD enzyme activity is 
involved in mediating the induction of proliferation and 
migration potential of CRC by colonic fibroblasts. In-
creased PLD activity was measured in the colon cancer 
cells grown with activated CCD18-Co cell conditioned 
medium. 

Numerous factors derived from CAFs were shown to 
support proliferative signaling in CRC cells and tissues 
as well as to help the cells evade growth-suppressors (6). 
Approximately 170 genes were up-regulated in CAFs 
isolated from a liver metastasis of CRC as compared 
to resting fibroblasts, including many genes encoding 
cell adhesion molecules, growth factors, and COX2 
(17). Additional identified CAF-derived regulators of 
colon cancer progression include epidermal growth 
factor (EGF), hepatocyte growth factor (HGF), IGF1/2, 
PGE-2, PDGF, fibroblast growth factor -1, and vascular 
endothelial growth factor (VEGF) (17). These growth 
factors act through activation of the mitogen activated 
proteinkinase (MAPK) and phosphatidyl inositol 3-ki-
nase (PI3K)/AKT pathways, which mediate cell proli-
feration and cell survival, protein synthesis, cytoskeletal 
rearrangements and invasion processes (6). Specifically, 
growth factors that bind to receptor tyrosine kinases and 
activate Arf, Rho and PI3K, are able to up regulate PLD 
signaling and downstream related pathways (9). One of 
the best described factor in this context is EGF, howe-

ver, any CAF-derived growth factor secretion in our 
cellular model may explain at least in part the effects 
mediated by the fibroblasts conditioned medium on the 
cancer cells.

Moreover, in our model, inhibition of PLD using 
its specific inhibitor (FIPI) significantly decreased the 
cancer cell proliferation and migration generated by 
the stromal fibroblasts. These results indicate that PLD 
plays a significant role in the tumor microenvironment 
interaction in the colon, which promotes cancer growth 
and metastasis. 

PLD inhibitors have been studied as potential me-
tastasis inhibitors for breast cancer in mice models and 
have been suggested for clinical applications (12,19). In 
vivo administration of PLD inhibitor (FIPI) to wild-type 
mice or loss of PLD via PLD gene knockout in mice, 
has led to a significant decrease in tumor metastases of 
human breast cancer xenographs, and further supported 
its role in promoting cancer virulence (19). In addition, 
the PLD signaling pathway has been shown to mediate 
the therapeutic effect of 5-aminosalicylic acid (5-ASA) 
in protecting against the development of colitis-associa-
ted CRC in humans (20). 

This accumulating data extended by our results pro-
vides basis for further clinical research to determine the 
value of the PLD signaling pathway as a therapeutic tar-
get in the prevention and treatment of CRC.

We found that inhibiting PLD in vitro significantly 
reduced colon cancer cell proliferation and migration 
that is increased by stromal fibroblasts. This provides 
evidence that the PLD signaling pathway is directly 
involved in stroma-cancer interactions in the colon, the-
reby promoting cancer progression and potential metas-
tasis of colon cancer. 

This study could provide a basis for further research 
to evaluate the role of PLD as a therapeutic target in the 
treatment of cancer patients.
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