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Abstract
Background—Epithelial-mesenchymal transition is a critical early event in the invasion and
metastasis of many cancers, including colorectal cancer. Chronic inflammation is an inducer of
several cancers and inflammatory cytokines have been implicated in tumor invasion.

Materials and Methods—Human colon cancer cell lines HCT116 and SW480 were transfected
with PTEN siRNA or non-targeting control. Invasiveness was measured using a modified Boyden
chamber assay and migration was assessed using a scratch assay.

Results—PTEN knockdown increases the invasion and migration of CRC cells and the addition of
medium containing TNF-α further enhanced the migration and invasion. PTEN knockdown resulted
in nuclear β-catenin accumulation and increased expression of downstream proteins c-Myc and cyclin
D1.

Conclusions—Our study supports clinical studies identifying an association of PTEN loss with
late stage cancer. Cellular factors secreted from the surrounding tumor milieu likely act in concert
with genetic changes in the tumor cells and contribute to enhanced tumor invasion.
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Epithelial-mesenchymal transition (EMT) is a process that occurs normally during critical
phases of embryonic development in mammals, including embryonic neural crest migration
and multi-organ development (1). The migration and subsequent reorganization of embryonic
organelles in EMT has led to a comparison with the process of tumor metastasis. Progression
from premalignant disease to a malignant phenotype is accomplished by a number of acquired
genetic alterations and reversible changes attributable to the tumor-host microenvironment
which are exceedingly important in tumor invasion and metastasis (2,3). During EMT the
expression of E-cadherin, referred to as the “caretaker” of the epithelial phenotype, is decreased
resulting in loss of cell-cell adhesion and increased migration (4). The nuclear accumulation
of β-catenin, a key component of the Wnt signaling pathway, is also noted at the invasive front,
a high density area of inflammatory cells that surrounds the primary cancer mass (5).
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Tumor necrosis factor-α (TNF-α), an inflammatory cytokine involved in the acute phase
reaction, is implicated in a variety of human diseases, including cancers (6). TNF-α is mainly
produced by macrophages, but it is also produced by a variety of other cell types including
mast cells, lymphoid cells, and fibroblasts (7). The increased density of inflammatory cells,
including macrophages that are located at the invasive front of primary tumors, has led to the
supposition that TNF-α plays a key role in tumor-host crosstalk. Recent evidence supports the
notion that the innate immune system plays a key role in tumor invasion by the release of
cytokines mainly from macrophages that are found in high density at the invasive front (8).
The effect of TNF-α is well established; however, its involvement as a mediator at the invasive
front of primary tumors has yet to be determined.

Activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway is important for normal
cellular metabolism and growth and progression of certain cancers (9). PI3K/Akt pathway
mutations are found in several human malignancies including breast, ovarian, pancreatic, and
colorectal cancer (CRC) (10,11). Evidence that the PI3K pathway plays a key role in CRC is
supported by studies showing that the absence of PTEN (Phosphatase and tensin homolog
deleted on chromosome ten), the natural PI3K inhibitor, is associated with increased intestinal
mucosal tumors (12-14). Recent studies suggest that loss of PTEN expression is more prevalent
in CRCs than originally thought, particularly in later stage cancers. Rychahou et al. (15) from
our laboratory demonstrated loss of PTEN expression in approximately 83% of metastatic
CRCs. In agreement with these findings, PTEN was noted to be inactivated (expression was
decreased or lost in 66-70% of CRCs) and was identified more frequently with microsatellite
instability (16,17). Additionally, TNF-α results in the down-regulation of PTEN (18). Together,
the silencing of PTEN and TNF-α stimulation may provide an environment for the migration,
invasion, and the subsequent metastasis of CRCs.

The tumor microenvironment is increasingly recognized as a source of the soluble factors and
inflammatory cytokines important in the progression of various cancers (19,20). The purpose
of our current study was to evaluate the importance of decreased PTEN expression, coupled
with the response of TNF-α, on CRC cell phenotype and invasion. Here, we show that the
knockdown of PTEN, in concert with TNF-α, results in cellular changes consistent with EMT
and increased invasiveness of CRC cells. We also show that PTEN knockdown results in
nuclear β-catenin accumulation and increased expression of downstream proteins c-Myc and
cyclin D1 which correlates with the increased expression of β-catenin found at the invasive
front of CRC. Together, these findings indicate that PTEN silencing, in concert with factors
in the tumor microenvironment, results in an increased invasive phenotype that aids in the
invasion and subsequent metastasis of CRC.

Materials and Methods
Antibodies

Antibodies against E-cadherin, and α-catenin, were purchased from BD Transduction
Laboratories (San Jose, CA, USA). Antibodies against PTEN, phosphorylated-Akt, Akt,
phosphorylated-β-catenin, and β-catenin were purchased from Cell Signaling (Danvers, MA,
USA). Antibodies for c-Myc, cyclin D1, phosphorylated-ERK, and ERK were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody for β-Actin was from Sigma-
Aldrich (St. Louis, MO, USA).

Cell culture
Human colon cancer cell lines, HCT116 and SW480, rat intestinal epithelial cell lines (RIE-1
and IEC-6), the murine macrophage cell line RAW, and the human intestinal epithelial cell
line (HIE), were obtained from American Type Culture Collection (Manassas, VA, USA).
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HCT116 cells were maintained in McCoy's 5A medium supplemented with 10% fetal bovine
serum (FBS). RAW cells were maintained in DMEM medium supplemented with 10% FBS.
RIE-1 cells were maintained in DMEM-H supplemented with 5% FBS. IEC-6 cells were
maintained in DMEM with 5% FBS, and HIE cells were maintained in Opti-MEM medium
supplemented with 4% FBS. Tissue culture media and reagents were purchased from Life
Technologies, Inc. (Grand Island, NY, USA). SW480 cells were maintained in Liebovitz
L-15:DMEM (1:1 ratio) with 10% FBS.

To generate the mSW480 PTEN shRNA cell line, SW480 PTEN shRNA green fluorescent
protein-tagged cells were injected into the spleen of athymic nude mice. After 4 wks a liver
metastasis was isolated, dissected into small fragments, and transferred to a flask. Hank's
balanced salt solution was added to the flask and incubated for 3 h. Cells were then passed
through a nylon mesh filter, spun down, and plated. Cells were maintained in SW480 media
supplemented with ampicillin and streptomycin for 2 wks and then selected with puromycin
media with for 2 wks. mSW480 PTEN shRNA cells maintained their green fluorescent protein-
tag, and puromycin selection ensured that all other cells were eliminated.

Macrophage conditioned media
For isolation and culture of human macrophages, buffy coats were collected from the blood of
healthy donors at The University of Texas Medical Branch Blood Bank. Primary blood
mononuclear cells were isolated by density-gradient centrifugation through Ficoll/Hypaque
(Amersham Bioscience, Piscataway, NJ, USA), suspended (8 × 106 cell/ml) in RPMI 1640
medium with 15% heat inactivated human serum (Sigma, St. Louis, MO, USA), and seeded
into flasks. After incubation for 2 h at 37°C, adherent cells were detached with trypsin and
resuspended at 1 × 106 cells/ml in medium supplemented with 40 ng/ml macrophage colony-
stimulating factor (Pepro Tech Inc, Rocky Hill, NJ, USA). Cells were allowed to differentiate
for seven days in macrophage colony-stimulating factor. On day seven, cell media was replaced
with fresh medium without macrophage colony-stimulating factor and cultured for additional
24 h. Human macrophages were finally exposed to lipopolysaccharide (100 ng/ml, Sigma) for
another 24 h. The culture medium was collected, centrifuged, stored in aliquots at -80°C, and
defined as macrophage conditioned media (MCM).

Cell transfections
For migration and invasion experiments, HCT116 and SW480 cells were transfected with
PTEN siRNA (Dharmacon, Lafayette, CO, USA). HCT116 (2.5 × 106), SW480 (4 × 106),
RIE-1 (8 × 106), IEC-6 (8 × 106), and HIE (8 × 106) cells underwent electroporation in pre-
sterilized 4mm gap electroporation cuvettes (Molecular BioProducts, San Diego, CA, USA).
A PTEN non-inducible vector system (Dharmacon) was used to create SW480 and HCT116
polyclonal stable shRNA populations with puromycin antibiotic selection. Stable clones were
established for at least 2 wks before they were sorted twice by FACS Aria (Becton Dickinson;
Franklin Lakes, NJ, USA). Effective knockdown was confirmed by Western blot and real time
RT-PCR as we have previously described (18).

Migration assay
A monolayer scratch assay was used to compare the migratory ability of HCT116, SW480,
and metastatic SW480 PTEN shRNA cell lines. PTEN and control NTC siRNA-transfected
cell lines or shRNA cell lines were cultured to confluency, scratched and photographed using
phase contrast microscopy at 0, 24, and 48 h. In some experiments MCM at different
concentrations was added at time 0 h. The minimum distance in millimeters between the wound
edges of the scratch area was analyzed using Adobe Photoshop 7.0. All experiments were
performed in triplicate.
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Invasion assay
A modified Boyden chamber invasion assay with Matrigel-coated Transwell chambers was
performed with HCT116 and SW480 cell lines. Cell lines transfected with PTEN siRNA were
compared to NTC to determine invasiveness. MCM was used as the chemoattractant and cell
line complete media was used as the control. After 72 h the cells were fixed with 3%
glutaraldehyde and stained with 4',6-diamidino-2-phenylindole (DAPI) fluorescent staining.
Dapi-stained cells were counted in 4 different fields with an inverted fluorescent microscope.
For co-culture experiments using SW480 PTEN shRNA with RAW macrophages, TNF-α
antibody (R&D, Minneapolis, MN, USA) and/or isotype control IgG was added and renewed
every 24 h. All experiments were performed in triplicate.

Soft agar assay
A soft agar assay was used to assess anchorage-independent growth of HCT116 and SW480
PTEN shRNA stable transfectants compared with control cells. Cells were grown in 0.35%
Seaplaque agarose gel (Lonza, Switzerland) using 24 well plates. The cells were plated at a
concentration of 1.6 × 104 cells/ ml and plated onto the gel. After 2 wks the cells were stained
with crystal violet, counted, and photographed. All experiments were performed in triplicate.

Western blot
Western blotting was performed as previously described (21). Briefly, total protein (60 μg)
was resolved on a 10% Nu-PAGE Bis-Tris gel and transferred to PVDF membranes. Filters
were incubated overnight at 4°C in blotting solution, followed by 1 h incubation with primary
antibodies. Filters were washed and incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 h. After three additional washes, the immune complexes were
visualized by enhanced chemiluminescense detection.

Enzyme-linked immunosorbent assay (ELISA)
A monoclonal antibody specific for human TNF-α coated on a 96-well plate was obtained from
Bio Scientific (Austin, TX, USA) and the assay was performed according to the manufacturer's
instructions. Briefly, standards and samples were added to the wells, the wells were washed,
and biotinylated monoclonal anti-human TNF-α antibody was added. After a second wash,
avidin-horseradish peroxidase was added, producing an antibody-antigen-antibody conjugate.
The wells were again washed and a substrate solution was added, which produces a blue color
in direct proportion to the amount of human TNF-α present in the initial sample. The stop
solution changes the color from blue to yellow and the wells were read at 450nm. All
experiments were performed in triplicate.

Immunostaining
Experiments were performed as described previously (9). For immunofluorescent staining,
cells were grown on chamber slides, fixed with 4% paraformaldehyde, and incubated with
primary antibodies. Secondary antibodies were FITC-conjugated goat anti-mouse from
Invitrogen (Carlsbad, CA, USA).

Statistical analysis
For invasion assay, cell counts were analyzed using analysis of variance for a three-factor
experiment. The factors were siRNA (NTC, PTEN siRNA), media (control, MCM) and
experiment (conducted at 3 different times). For wound assay, distance were measured at 6
different locations and averaged for each scratch at each time point. The averaged data was
analyzed using analysis of variance for a two-factor experiment with repeated measures on
time. The two factors were siRNA (NTC, PTEN siRNA) and time (0, 24, 48 h). Main effects
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and interactions were assessed at the 0.05 level of significance. Multiple comparisons were
conducted using a t statistic with the standard error computed from a linear combination of
appropriate mean squares in the analysis of variance, with an approximated degrees of freedom
using Satterthwaite method, and with Bonferroni adjustment for the number of comparisons.
Statistical computations were carried out using PROC GLM and PROC MIXED in SAS®.

Results
PTEN knockdown increases CRC cell migration

Migration and invasion are both key components of EMT (22). Since the HCT116 CRC cell
line is a metastatic cell line that invades through the basement membrane (23), we tested the
hypothesis that the knockdown of PTEN would increase migration and invasion. HCT116 cells
were transfected with NTC siRNA or PTEN-targeted siRNA and scratch assays were
performed. There was near complete closure of the scratch in HCT116 PTEN siRNA cells
when compared to control (Figure 1A; left). These results were quantified by measuring the
distance between the scratch edges and found to be statistically significant at 48 h after the
scratch (Figure 1A; middle). Western blot analysis confirmed PTEN knockdown in HCT116
cells (Figure 1A; right). Next, a non-metastatic cell line, SW480, was transfected with NTC
or PTEN siRNA and scratch assays were performed. SW480 PTEN siRNA cells demonstrated
complete closure of the scratch after 48 h when compared to control (Figure 1B). Together,
these findings demonstrate increased CRC migration associated with PTEN reduction.

MCM further increases CRC migration after PTEN knockdown
MCM is known to contain a variety of growth factors and cytokines, most importantly TNF-
α (24,25). To simulate the tumor microenvironment, MCM (containing 992 pg/ml TNF-α as
measured by enzyme-linked immunosorbent assay), was added to HCT116 and SW480 cells
after PTEN siRNA or NTC transfection and scratch assays were performed. The addition of
MCM to HCT116 (Figure 2A) and SW480 (Figure 2B) PTEN siRNA cells resulted in near
complete closure of both cell lines by only 24 h after the initial scratch compared with our
results with PTEN siRNA alone which resulted in near complete closure of the wound by 48
h. The synergistic increase of migration that was observed after PTEN knockdown and addition
of MCM containing TNF-α suggests that factors produced by the tumor microenvironment act
in concert to enhance CRC migration.

Stimulation by TNF-α increases CRC invasion after PTEN knockdown
Invasion is a critical step in EMT and is characterized by the loss of epithelial adhesion
molecules, cell dissociation, and penetration through the basement membrane (26). To
determine if an inflammatory microenvironment is a hallmark of increased invasion of SW480
and HCT116 cell lines after PTEN knockdown, a modified Boyden chamber invasion assay
with thin-layer Matrigel-coated Transwell chambers was performed. Cells were transfected
with PTEN siRNA or NTC, plated onto Matrigel-coated chambers and, after 72 h, fixed and
stained with Dapi. There was a significant increase in the invasion of HCT116 and SW480
cells in chambers with MCM compared to control media (Figure 3A). There was also a
significant increase when compared to serum free media (data not shown). MCM further
enhanced the invasion of metastatic HCT116 cells and increased the invasiveness of the non-
metastatic SW480 cell line.

To further assess the role of TNF-α in the enhanced invasion noted above, a co-culture assay
was performed with SW480 PTEN shRNA cells. Isotype control antibody or TNF-α blocking
antibody was added to the bottom chamber; a significant decrease in invasion was observed
when TNF-α blocking antibody was used (Figure 3B; left).Western blot analysis showed
knockdown of PTEN in the SW480 stable cell line (Figure 3B; right). The increased invasion
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of CRC cells toward TNF-α containing MCM further supports the importance of the tumor
microenvironment in tumor invasion. These results, coupled with the significant decrease in
invasion of CRC cells with TNF-α blocking antibody, suggests that TNF-α is a critical cytokine
regulating the increased invasion noted with the addition of MCM.

Nuclear β-catenin is up-regulated after PTEN knockdown
Activation of the Wnt / β-catenin pathway and the subsequent nuclear accumulation of β-
catenin is a common feature of CRC (27). The nuclear accumulation of β-catenin at the invasive
front has also been associated with EMT (28,29). To determine whether an increase in total
β-catenin and nuclear β-catenin occurs after the targeted knockdown of PTEN, intestinal
epithelial cell lines RIE-1, IEC-6, and HIE and the CRC cell line SW480 were analyzed. Cells
were transfected with PTEN siRNA or NTC and cell lysates were analyzed by Western blot
for nuclear and cytoplasmic β-catenin expression. PTEN knockdown increased β-catenin
expression levels in IEC-6 and HIE cells with a slight increase noted in SW480 cells, suggesting
a general regulation of β-catenin expression by PTEN (Fig 4A).

To detect whether β-catenin levels in the nucleus were increased, SW480 and RIE cells were
transfected with PTEN or NTC siRNA and nuclear and cytosolic protein was isolated after 48
h. The knockdown of PTEN increased cytosolic as well as nuclear β-catenin expression levels
as noted by Western blot analysis (Figure 4B). Lamin B, an integral protein of the nuclear
envelope, and IκBα, located in the cytoplasm, were used as controls for the nuclear and
cytosolic fractions, respectively. To assess whether the increased β-catenin altered targeted
protein expression, cyclin D1 and c-Myc expression was determined. Inhibition of PI3K using
wortmannin or LY294002 decreased c-Myc and cyclin D1 expression, and knockdown of
PTEN increased the expression of these proteins in RIE-1 cells; the silencing of PTEN also
increased c-Myc and cyclin D1 protein expression in IEC-6 and HIE cells (data not shown).

Epithelial markers are a consistent hallmark of EMT. For example, loss of E-cadherin is highly
indicative of EMT (30). Because PTEN knockdown increased migration and invasion of two
CRC cell lines we hypothesized that these cells would demonstrate a decrease in epithelial
characteristics. Previous reports have shown that transient knockdown with siRNA does not
correlate with a change in epithelial phenotype, thus a PTEN non-inducible vector system was
used to create SW480 and HCT116 stable transfectants. As shown in Figure 4C, SW480 PTEN
shRNA cells lacked the epithelial characteristics of E-cadherin when compared to control cells;
Western blot confirmed the down-regulation of E-cadherin and α-catenin and the up-regulation
of phosphorylated-Akt(Ser 473), which confirmed a decrease in PTEN activity (Figure 4D).
The down-regulation of E-cadherin and α-catenin was also noted in HCT 116 cells transfected
with PTEN shRNA (Figure 4E). α-catenin, an actin-binding protein, forms an important
physical connection at the adherens junction that is present at adhesional complexes and
attaches the microfilaments and associated proteins to cadherins via β-catenin (31). These
findings are consistent with the cells undergoing a change from an epithelial to a mesenchymal
phenotype after PTEN knockdown and further establishes a connection between EMT and the
PI3K pathway in CRC.

Increased invasive phenotype noted in metastatic cells
The ability of cells to invade and disseminate is yet another characteristic of EMT (32).
Anchorage independent growth in soft agar is typically used to determine if cells will colonize
in vivo (33). HCT116 and SW480 PTEN shRNA cells were plated into soft agar and analyzed
after 2 wks. When compared to controls both PTEN shRNA cell lines demonstrated
significantly more colony formation (Figure 5A).
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To further evaluate the role of the PI3K/Akt pathway in migration, a metastatic cell line isolated
from a liver metastasis after stable PTEN shRNA knockdown (mSW480 PTEN shRNA) was
used (15). A monolayer scratch assay was performed using this cell line and compared to
control cells; increased migration of mSW480 PTEN shRNA cells was clearly noted compared
to the non-metastatic control shRNA-transfected cells (Figure 5B; left and middle). These
findings are consistent with our study using transient siRNA knockdown. Western blot analysis
demonstrated effective knockdown of PTEN in the mSW480 PTEN shRNA cell line (Figure
5B; right). Increased invasion toward MCM was also noted using the mSW480 PTEN shRNA
cells (Figure 5C). The increased migration and invasion that was observed in the metastatic
PTEN shRNA cell line with the addition of MCM suggests that the tumor microenvironment
plays a role in metastatic tumor formation as well. Taken together, these experiments
corroborate our findings that PTEN is involved in EMT-induced metastasis.

Discussion
To our knowledge, this is the first report demonstrating that the knockdown of PTEN leads to
the induction of EMT in CRC cells. The ability of CRC cells to migrate toward the basement
membrane and then invade through its dense connective tissue matrix are key steps in the
dissemination of these cells to distant sites (34). Our results demonstrate that the observed
increases in migration and invasion are mediated in a PI3K/Akt-dependent manner.
Furthermore, we show that, through PTEN down-regulation and a concomitant decrease in
epithelial markers, the PI3K pathway mediates EMT in CRC.

Mutations of the PI3K pathway are a common occurrence in various cancers (10,35). PTEN
is an important regulator of the cell cycle, most notably cell division, and mutations of the
Pten gene are found in high frequency among several cancers (36,37). Loss of PTEN appears
to influence metastasis by promoting cell proliferation while suppressing apoptosis at the
metastatic site (38). Decreased PTEN expression occurs with relatively high frequency in
metastatic CRC (15,39,40). Recently, PTEN was found to be weakly expressed in primary
CRCs in patients with liver metastasis; decreased PTEN expression was also noted with
advanced stage disease and lymph node metastasis (39). Rychahou et al. (15) found that Akt2
overexpression in wild-type PTEN CRC cells led to the formation of micrometastases.
However, to observe sustained metastases, PTEN loss was required. The down-regulation of
PTEN was also observed in advanced stage hepatocellular carcinoma, prostate carcinoma, and
melanoma (41,42). Taken together, this suggests that PTEN suppression or loss in advanced
stage disease contributes to tumor invasion and metastasis.

Alterations of the PI3K pathway have been associated with EMT in a variety of cancers and
activation of the PI3K effector protein Akt has been observed in squamous cell, renal, and
bladder carcinomas (43-45). Transfection with constitutively active Akt in squamous cell
carcinoma lines resulted in decreased cell-cell adhesion, increased motility, and increased
invasiveness in vivo (43). Activation of Akt in rat kidney epithelial cells was found to be
important for TGF-β1-induced EMT in vitro and in vivo which suggests that Akt may act as
an important downstream mediator of TGF-β1 (44). In bladder cancer cell lines, N-cadherin
expression was found to contribute to invasion by increasing phospho-Akt levels and
decreasing E-cadherin expression (45). These studies suggest that therapeutic manipulation of
the PI3K pathway may control tumor cell invasion and metastasis. Currently, little is known
regarding the relationship of EMT to CRC and the PI3K pathway. Previously, we showed that
induction of oncogenic K-Ras in CRC cells resulted in EMT; treatment with the PI3K inhibitor,
LY294002, produced a spindle cell morphology, reduced expression of E-cadherin, and
increased invasiveness of CRC cells, suggesting that inhibition of PI3K may enhance EMT in
CRC (46). Recently, a correlation was reported between over-expressed phosphatase of
regenerating liver 3, an upstream regulator of PTEN, and the down-regulation of PTEN which
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resulted in changes consistent with EMT (37). In normal cells, PTEN modulates migration of
mesoderm cells in the chick embryo by controlling EMT and the directional motility (47).

Macrophages are a key source of TNF-α production which is thought to promote tumor invasion
and metastasis (48,49). This hypothesis is further supported by our data showing increased
invasion and metastasis with the addition of TNF-α containing MCM and, importantly, a
dramatic decrease in invasion after the addition of TNF-α neutralizing antibody. Recently,
TNF-α was found to stabilize Snail, a transcription factor and critical regulator of EMT in
breast cancer (50). The TNF-α-induced stabilization of Snail resulted in inflammation-induced
EMT, migration, invasion, and metastasis of breast cancer cells. Increases in TNF-α also
promotes tumor growth and vascularity in mouse melanoma, lung cancer, and mammary
tumors (51). Clinical observations have shown an association between TNF-α expression and
Dukes’ stages in CRC (52,53). Furthermore, TNF-α stimulation represses E-cadherin and
augments EMT induced invasion of renal cancer cells. These findings support the important
role of inflammatory mediators, specifically TNF-α, in the tumor microenvironment.

The subsequent nuclear accumulation of β-catenin, that is responsible for the activation of Wnt
genes, and loss of function APC mutations are found in almost all cases of malignant CRC
transformation. The nuclear accumulation of β-catenin and the lack of nuclear β-catenin in the
central tumor has provided insight into the reversible changes that occur at the invasive front
of CRCs (54). Nuclear accumulation of β-catenin, occurring at the invasive front, is an
important factor in EMT, and β-catenin regulation by Wnt signaling activation is implicated
in the tumor microenvironment. Recently, it was noted that TNF-α from murine macrophages
promoted Wnt/β-catenin signaling through inhibition of GSK3β in gastric tumor cells, yet
providing another mechanistic link between inflammation and β-catenin signaling (55). Our
results are consistent with the increase in nuclear β-catenin that is observed in the invasive
front of CRCs (56). We noted an increase in the nuclear accumulation of β-catenin after PTEN
knockdown in normal and neoplastic epithelial-derived cell lines. The nuclear accumulation
of β-catenin at the invasive front of CRCs is an indication of EMT and the up-regulation of
nuclear β-catenin after PTEN knockdown suggests that PTEN plays an integral role in EMT.
Our data suggests that β-catenin and its mediated gene transcription are regulated by PTEN
which may represent a possible mechanism by which PTEN enhances intestinal cell
differentiation and suppresses CRC progression.

In conclusion, we show that knockdown of PTEN increases the migration and invasion of CRC
cells which is associated with cellular changes consistent with EMT. These findings further
corroborate recent in vivo and clinical studies demonstrating a correlation between PTEN
reduction or loss and late stage cancers (15,39,40). The combination of PTEN knockdown and
MCM containing TNF-α further enhanced CRC cell migration and invasion indicating that
factors from the surrounding inflammatory tumor microenvironment act in concert with genetic
alterations to stimulate CRC progression.
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Figure 1. PTEN knockdown increases migration of HCT116 and SW480 cells
A, PTEN siRNA and NTC transfected cell lines were grown to confluency, scratched, and
photographed 0 and 48 h. A significant increase in migration was observed after PTEN
knockdown in HCT116 cells (* = p < 0.05). Western blot analysis of protein expression
demonstrated knockdown of PTEN in HCT116 cells. B, A significant increase in migration
was observed after PTEN knockdown in SW480 cells (* = p < 0.05). Western blot analysis of
protein expression demonstrated knockdown of PTEN in SW480 cells.
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Figure 2. MCM with TNF-α increases the migration of HCT116 and SW480 cells
A, PTEN siRNA and NTC transfected cell lines were grown to confluency, scratched and
photographed at 0 and 24 h. At 0 h, MCM (125 μl) was added to HCT116 PTEN siRNA cells
and NTC. MCM significantly increased the migration of HCT116 PTEN siRNA at 24 h (* =
p < 0.05). B, At 0 h, MCM (200μl) was added to SW480 cells PTEN siRNA cells and NTC.
MCM significantly increased the rate of closure at 24 h (* = p < 0.05).
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Figure 3. MCM increases the invasion of HCT116 and SW480 cells transfected with PTEN siRNA
and TNF-α antibody reduces invasion
A, A modified Boyden chamber invasion assay with thin-layered Matrigel-coated Transwell
chambers was performed with HCT116 and SW480 cell lines. Cells were transfected with
PTEN siRNA or NTC then plated onto Matrigel coated chambers. MCM, control media (10%
FBS), or serum free media was used as the chemoattractant in the bottom well. MCM as a
chemoattractant significantly increased invasion of both cell lines after the targeted inhibition
of PTEN (* = p < 0.05). B, A modified Boyden chamber invasion assay with thin-layered
Matrigel-coated chambers was performed with SW480 PTEN shRNA cells. RAW
macrophages were co-cultured and SW480 cells and isotype control IgG or TNF-α antibody
was added every 24 h to the control media (10% FBS), or serum free media. C, Western blot
analysis confirmed the down-regulation of PTEN in SW480 PTEN shRNA cells when
compared with control; β-Actin expression shows equal loading of protein.
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Figure 4. PTEN knockdown increases nuclear β-catenin in RIE-1 and SW480 cell lines and
decreases E-cadherin in SW480 and HCT116 cells
A, PTEN siRNA and NTC IEC-6, HIE, RIE-1, and SW480 were transfected, cell lysates were
analyzed by Western blot analysis for total protein levels of β-catenin. There was increased
total β-catenin in the intestinal cell lines IEC-6 and HIE. B, Western blot analysis demonstrated
increased nuclear β-catenin with PTEN knockdown in SW480 cells and RIE-1 cells. C,
Immunofluorescence demonstrated a decreased amount of E-cadherin junctional staining in
SW480 PTEN shRNA cells when compared with control. D-E, Western blot analysis
confirmed the down-regulation of E-cadherin and α-catenin in SW480 and HCT116 PTEN
shRNA cells when compared with control.
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Figure 5. PTEN knockdown increases invasion in soft agar and mSW480PTENshRNA
demonstrates increased migration and invasion
A, HCT116 and SW480 PTEN shRNA and control cells were grown in 0.35% Seaplaque
agarose gel. After 2 wks there were significantly more colonies noted with PTEN knockdown
compared with control (* = p < 0.05). B, mSW480 PTEN shRNA and vector control shRNA
cells were plated to confluent monolayers, scratched, and photographed. A significant increase
in the migration of mSW480 PTEN shRNA was noted at 48 h after the initial scratch (* = p <
0.05). Western blot analysis of protein expression demonstrated effective knockdown of PTEN
in mSW480 PTEN shRNA. C, mSW480 PTEN shRNA and vector control shRNA were plated
onto a modified Boyden chamber invasion assay with thin-layered Matrigel-coated Transwell
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chambers with MCM, control media (10% FBS), or serum free media. MCM significantly
increased invasion when compared to control media (* = p < 0.05).
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