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Abstract
ETS is a family of transcriptional regulators with functions in most biological processes.
Dysregulated ETS factor function leads to altered expression of multiple genes that play critical
roles in many of the processes required for cancer progression. While the Ets family gene, PDEF
(prostate derived ETS factor), is expressed in epithelial tissues including prostate, breast, and
colon, PDEF protein expression has been found to be reduced or lost during prostate and breast
cancer progression. The goal of this study was to examine the expression and biologic impact of
altered PDEF expression in colon cancer. PDEF mRNA and protein are not detectable in several
colon cancer derived cell lines. Re-expression of PDEF in colon cancer cells inhibits growth and
migration. Growth affects are due to altered cellular proliferation, indicated by increased altered
cell population in G1 and S phases of the cell cycle, as well as increased apoptosis. Relevant to its
modulation of growth and migration phenotypes, PDEF expression resulted in altered expression
of genes with established roles in cell cycle, motility and invasion. Furthermore, chromatin
immunoprecipitation studies show that p21 and urokinase plasminogen activator (uPA) are direct
PDEF transcriptional targets. While non-tumor colon epithelium expresses PDEF mRNA and
protein, the majority of tumors showed decreased mRNA and/or protein expression. In human
tumor tissue samples, PDEF expression was inversely correlated with the expression levels of
uPA. Collectively, the data support the model that PDEF is a negative regulator of tumor
progression by modulating the expression of growth and migration promoting genes.
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Introduction
ETS proteins are cellular homologs of v-ets, one of the two transduced genes present in the
avian E26 transforming retrovirus. Ets family members have been found in species ranging
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from C. elegans to humans and are a family of transcription factors defined by a conserved
DNA-binding domain of ~85 amino acids [Seth and Watson, 2005; Turner et al., 2007a].
The Ets domain recognizes a core sequence of 5’-GGAA-3’ present in regulatory elements
of downstream target genes. Over 200 Ets target genes were previously described
[Sementchenko and Watson, 2000] and currently there are over 500 genes with functional
Ets responsive sites (Watson, unpublished). Ets transcription factors control the expression
of target genes that have critical roles in cell proliferation, differentiation, apoptosis, and
oncogenesis. Elevated expression of several ETS genes (e.g., ETS1) has been observed in
most human cancers, including prostate, breast and colon cancer [Seth and Watson, 2005].

Since the majority of cancers are of epithelial origin, an especially relevant subset of ETS
factors are those that maintain a restricted pattern of expression limited to tissues with high
epithelial cell content, regulating cellular proliferation and differentiation [Feldman et al.,
2003b]. Among these is Prostate Derived ETS Factor (PDEF), originally isolated from
normal prostate tissue, with expression demonstrated in additional epithelial tissues,
including ovary, breast and colon [Feldman et al., 2003a; Ghadersohi et al., 2008; Oettgen et
al., 2000]. Collective studies from our and other laboratories have shown that PDEF is a
negative regulator of cell growth, migration and invasion of breast, ovarian and prostate
cancer cells [Feldman et al., 2003a; Ghadersohi et al., 2008; Gu et al., 2007; Turner et al.,
2008; Turner et al., 2007b].

Colon cancer is the second leading cause of cancer related deaths in the U.S. [Jemal et al.,
2008]. Over 108,000 new cases of colorectal cancer will be diagnosed in 2008 with a
mortality rate estimated at 46% [Jemal et al., 2008]. Normal colon epithelium undergoes
continual renewal [Barker et al., 2008]. Stem cell precursors from the base of the crypts
migrate to the luminal surface to replenish the epithelium. During this migration, these
proliferating cells must undergo cell cycle arrest, lineage specific differentiation, and
eventually apoptosis and luminal extrusion. Thus, a balance between cell proliferation and
cell apoptosis is established in the normal colon. Colon cancer may develop if this normal
balance is shifted towards increased proliferation together with decreased apoptosis.
Numerous studies of genetic abnormalities associated with the progression of colon cancer
have pinpointed several important regulators of cellular homeostasis, including transcription
factors, are dysregulated and ultimately contribute to the acquisition of the more aggressive
phenotype [van den Brink and Offerhaus, 2007].

We report here that several colon cancer cell lines do not express PDEF mRNA or protein.
Since PDEF expression is found in epithelial tissues and has regulatory roles for cell growth,
migration and invasion, we evaluated the impact of PDEF expression on phenotypes of
colon cancer cells. Re-expression of PDEF into colon cancer cells results in an inhibition of
cellular growth and migration. Relevant to PDEF modulation of growth and migration,
chromatin immunoprecipitation studies show that p21 and uPA are direct PDEF
transcriptional targets. While PDEF is expressed in epithelium of non-tumor colon tissue,
PDEF mRNA and protein are reduced in the majority of tumor samples examined.
Interestingly, PDEF is a negative regulator of urokinase plasminogen activator (uPA) and
matrix metalloproteinase 7 (MMP7) expression, and there is a statistically significant
inverse correlation between PDEF and uPA expression in colon cancer clinical specimens.

MATERIALS AND METHODS
Cell Culture

Colon cancer-derived cell lines DLD-1, CaCo-2, LoVo-2, SW620, HCT116, and HT-29
were obtained from American Type Culture Collection (ATCC) and propagated according to
ATCC recommendations.
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Adenoviral Infection
The construction of PDEF expressing adenovirus has been previously described [Feldman et
al., 2003a; Turner et al., 2008; Turner et al., 2007b]. Cells were infected (5–10 MOI) in
normal growth medium with either control virus expressing GFP (Ad-GFP), or virus
expressing PDEF/GFP from a bi-cistronic promoter (Ad-PDEF). Infected cells were then
incubated as normal for 14 or 36 hours. Under these conditions greater than 95% of the cells
were infected as assessed by GFP expression.

PDEF Gene Knockdown
The 20-nucleotide GGCCGCTTCATTAGGTGGCT ‘loop’ located at the position 1211–
1241 of the PDEF gene (GeneBank accession no: NM_012391) was used for synthesis of
the shRNA duplex. The Duplex was cloned in the pSupressor vector (Imgenex, San Diego,
CA). Stable clones were selected in RPMI containing 400 µg/ml G418 (Invitrogen,
Carlsbad, CA, USA).

Patients and Tumor Specimens
Human colon cancer paraffin blocks were obtained from the Hollings Cancer Center Tumor
Bank, Medical University of South Carolina for immunohistochemical studies. Frozen colon
tumor and patient matched non-tumor tissue was obtained from the Cooperative Human
Tissue Network (CHTN, NCI) and used for the preparation of RNA and protein for
expression analyses.

Immunohistochemistry
Formalin-fixed and paraffin-embedded tissue sections were deparaffinized, rehydrated, and
endogenous peroxidase activity was blocked using 3% H2O2. Antigen retrieval was done by
heating in a microwave oven for 5 min on high power in 10 mM citrate, pH 6.0. Sections
were washed and nonspecific binding was blocked with 10% horse serum in Tris-buffered
saline (TBS; 50 mM Tris-HCl, 0.9% NaCl, pH 8.0) for 20 min, then incubated overnight at
4°C with a PDEF-specific primary antibody [Feldman et al., 2003a; Turner et al., 2007b] at
a 1:200 dilution in the blocking solution. Overnight incubation at 4°C was followed by three
10-min washes in TBS. Slides were then incubated in Immpress™ anti-rabbit (Vector
Laboratories, Burlingame, CA) for 45 min at room temperature and developed using DAB
substrate (Sigma Chemicals, St. Louis, MO). Slides were counterstained with hematoxylin.

Northern, RT-PCR and Western Blot Analysis
Tumor and non-tumor colon tissues were used for isolation of RNA and total protein. Frozen
tissue samples (250 mg) were pulverized in LN2 and RNA was isolated using Trizol reagent
(Invitrogen) according to the manufacturer's protocol. Total RNA (20 µg) was fractionated
on 1% agarose gels containing 0.66M formaldehyde. RNA quality was assessed by ethidium
bromide visualization of 28S and 18S rRNA. RNA was transferred to nylon membranes
(Duralon, Stratagene, Agilent, Santa Clara, CA) in 0.1M sodium phosphate buffer (pH 6.8),
UV cross-linked and hybridized for 2 hours at 65°C in QuikHyb (Stratagene). PDEF and
uPA α-32P-dCTP labeled probes were prepared by random-primed synthesis using PrimeIt
(Stratagene). Washed membranes were exposed to X-ray film for autoradiography. MMP7
RNA expression was examined by RT-PCR. Total RNA (2 µg) was reversed transcribed
using Superscript II (single strand synthesis RT; Invitrogen). Aliquots from this reaction
were subjected to PCR using primers, MMP7-F (5‘-ATCCCCCTGCATTTCAGGAA -3‘)
and MMP7-R (5’-TTCCTGGCCCATCAAATGG-3’), corresponding to nucleotides 465–
484 and 567–549 (GenBank No. NM_002423.3) to amplify MMP-7. The reaction mixture
contained 2 mmol/L Mg2+, 0.2 mmol/L deoxynucleotide triphosphates, 1 X Taq Gold
buffer, 0.88 pmol/mL Primers, and 0.02 U/µL Taq Gold (Applied Biosystems). The PCR
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reaction conditions were as follows: 95° for 10 min; then 34 cycles of 95°C for 30 s, 57
cycles for 45 s, 72°C for 1min, followed by 72° for 7 min. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as PCR control. GAPDH was amplified using the
conditions described above for MMP-7 RT-PCR using GAPDH-F (5‘-
TCCTCTGACTTCAACAGCGACA -3‘) and GAPDH-R (5‘-
TTCCTCTTGTGCTCTTGCTGG -3‘)corresponding to nucleotides 949–970 and 1150–
1130, respectively, of the GAPDH mRNA sequence (GenBank No. NM_002046.3). PCR
products were analyzed by electrophoresis on a 1% Tris borate EDTA gel containing
ethidium bromide and visualized under UV light.

Protein was extracted from pulverized tissue powders by direct lysis in RIPA buffer (150
mM NaCl, 50 mM Tris-HCl [pH 8.0], 1% Triton X100, 0.1% SDS, 1% deoxycholate and
protease inhibitor cocktail [Complete Protease Inhibitors, Roche]) for 15 minutes on ice.
Proteins were also extracted from colon cancer cell lines. For total protein isolation, cells at
90% confluence were washed twice with ice cold PBS, and were lysed in RIPA buffer
containing protease inhibitors.

Equal amounts of total protein (40 µg) were resolved by 12% SDS-PAGE and subjected to
Western blot analyses using ECL system (Amersham-Pharmacia, GE Healthcare,
Piscataway, NJ). Total protein lysates prepared from DLD-1 cells left untreated or infected
with Ad-GFP or Ad-PDEF were examined for protein expression using antibodies against
PDEF (described above), p21, PARP (Santa Cruz), cdk2, cyclin A, cyclin E, Rb
(PharMingen, BD Biosciences, San Diego, CA), and caspase -3 and β-actin (Sigma).

Cell Growth Assay
CaCo-2, LoVo, SW680, and DLD-1 colon cancer cells were infected with Ad-GFP or Ad-
PDEF for 14 hrs in 2% serum. The virus was then removed and media containing 10%
serum was added. Cells were seeded at 2,500 to 5,000 cells per well in 96-well plates. The
number of viable cells were quantified at the indicated time points, using the MTT (3-(4,5-
Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide thiazole blue) assay, performed
in quadruplicate, according to the manufacturer’s instructions (Sigma). Optical density (OD)
was measured at wavelength of 550 nm with reference wavelength of 690 nm.

Flow Cytometry
Cells were harvested 36 hours after adenoviral infection, fixed and dehydrated in 70%
ethanol at −20°C for at least 24 hrs. Cells were washed twice in PBS containing 10% serum
and resuspended in 500 ul of a solution containing 0.5 mg/ml propidium iodide and 1 mg/ml
RNase A (Sigma) and analyzed using flow cytometry.

Cell viability assays
Cell counts and viability measurements were performed using the Countess optics and
image automated cell counter (Invitrogen) together with the standard trypan blue dead cell
staining technique. Cells were mixed with trypan blue (50/50) and loaded into a Countess
cell counting chamber slide and cell images were acquired from the sample. The image
analysis software was used to automatically analyze the acquired cell images to give a cell
count and viability value using the trypan blue stain. Data was plotted as the number of
viable and dead cells per time point for each treatment.

Migration Assays
Cell migration experiments were carried out using 8-µm pore size migration chambers
(Falcon, Becton Dickinson, Franklin Lakes, NJ) pre-coated at 4°C overnight with
fibronectin (Becton Dickinson) at a concentration of 5 µg per square centimeter in PBS. The
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following day, the fibronectin solution was aspirated and the migration chambers were
rinsed once with water and allowed to air dry prior to the migration experiment. Cells at
80% confluence were trypsinized, harvested, and counted. For each condition, cells were
seeded at 25,000 cells/well in 500 µL serum free media. Medium (750 µL) containing 10%
serum was used as a chemoattractant in the lower chamber. Cells were allowed to migrate
for eight hours at 37°C in the presence of 5% CO2. Cells that did not migrate were removed
by wiping the top of the membrane with a cotton swab and the migrating cells were fixed
and stained with Diff-Quik per the manufacturer’s protocol (Dade Behring, Siemens,
Deerfield, IL). Migrating cells in 10 high power fields in each chamber were counted and
the mean cell number was calculated. Each experiment was conducted in triplicate and
repeated three times.

Chromatin immunoprecipitation (ChIP)
Chromatin was prepared and immunoprecipitation performed using HT-29 cells (express
endogenous PDEF) in a two-step cross-linking protocol, as previously described [Nowak et
al., 2005]. Chromatin was fragmented into 500−1000bp fragments by sonicating the cells
eight times for 10s at level three in an ethanol ice bath using a Virtis Virsonic 475 sonicator
(Gardiner, NY). Soluble chromatin was quantified (absorbance at 260nM) and 10
absorbance units were incubated with 2µg of PDEF rabbit polyclonal antibody or IgG alone
overnight at 4°C with rotation. Collection, washing and reverse cross-linking of immune
complexes was as previously described [Nowak et al., 2005].

Promoter enrichment was assessed using real time PCR analysis using primers spanning
previously identified uPA [D'Orazio et al., 1997] and p21 [Funaoka et al., 1997] ETS
binding sites (EBS). One microliter of a 1 in 5 dilution of DNA was used in each real-time
reaction, which was conducted using a LightCycler (Roche Diagnostics, Basel, Switzerland)
with the Platinum SYBER Green qPCR SuperMix (Invitrogen), as per the manufacturers’
instructions. Primers were used at a concentration of 250 nM (uPA primers: F- 5’
ATTTGTGAGGCC CATGGTTG 3’; R- 5’ AAACCGCTGCTCCCACATT 3’; p21
primers: F - 5’ TTCCACC TTTCACCATTCCCC 3’, R - 5’
TCTCCTGTCTCCTACCATCC 3’) and the cycling conditions were as follows:
preincubation, 50°C for 10 min, 95°C for 2 min, followed by 40–50 cycles of denaturation at
95°C; annealing at 58°C (uPA) or 55°C (p21) and extension at 72°C, all for 20s, with a
single data acquisition at the end of each extension. Melting curve and data analysis was
carried out as per the manufacturer’s recommendations using the accompanying software
(Roche Diagnostics).

Statistical Analysis
Statistical analyses were performed using the Student’s t-test for paired data. p <0.05 was
considered significant. Clinical correlation was examined by Chi-squared test using SSPS
11.0 software package.

RESULTS
PDEF expression is lost in colon cancer-derived cell lines

We next examined several colon cancer derived cell lines for the expression of PDEF
(Figure 1A). While PDEF mRNA and protein are not detected in each of the invasive colon
cancer cell Lines (DLD-1, CaCo-2, LoVo-2, SW620, HCT116), PDEF mRNA and protein
expression are retained in the differentiated noninvasive cell line HT-29.
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Expression of PDEF in colon cancer derived cell lines inhibits cellular growth
To determine possible biological consequences upon expression of exogenous PDEF, we
infected colon cancer derived cell lines lacking endogenous PDEF with an adenovirus
expressing PDEF and GFP (Ad-PDEF) or with an adenovirus expressing GFP (Ad-GFP), as
a control (Figure 1B). We are able to obtain greater than 95% cell infection using this
adenoviral system.

We selected four different colon cancer cell lines for growth studies. CaCo-2, LoVo-2,
SW680 and DLD-1 cells were infected with either Ad-GFP or Ad-PDEF and cellular growth
was monitored by MTT assay for 5 days (Figure 1C). Compared to uninfected and Ad-GFP
infected controls, cells infected with Ad-PDEF showed reduction in total cell number at 3
and 5 days post infection.

We next examined the impact of inhibition of endogenous PDEF expression on cell growth.
HT29 cells were transiently transfected with a shRNA vector targeting PDEF. siRNA-
mediated downregulation of PDEF resulted in ~40% reduction in protein expression (Figure
1D) in HT29 colon cancer cells. Consistent with the observation that PDEF is a negative
regulator of colon cancer cell growth, the reciprocal shRNA mediated knock-down of PDEF
resulted in increased colon cell number (Figure 1E).

PDEF-dependent inhibition of cell growth is mediated through cell cycle changes
To begin to understand the molecular mechanisms for PDEF-mediated inhibition of cell
growth, cell cycle analysis was performed on DLD-1 cells 36 hrs after infection with either
Ad-GFP or Ad-PDEF (Figure 2A). Compared to uninfected and Ad-GFP infected cells,
expression of PDEF in DLD-1 cells leads to an increase in the percentage of cells in the G0–
G1 phase. There is a concomitant reduction in the percentage of cells in S phase. This
suggests that expression of PDEF prolongs cell cycle progression, specifically at the G0–G1
transition.

PDEF-dependent inhibition of cell growth is mediated through changes in cell cycle
regulatory proteins

To better characterize the G1 arrest in DLD-1 cells, cell lysates prepared from infected cells
were examined for expression of G1 cell cycle regulatory proteins by Western blot (Figure
2B). The protein levels of cyclin dependent kinase 2 (cdk2), cyclin A and Rb were decreased
in DLD-1 cells infected with Ad-PDEF compared to controls. In contrast, the expression of
cyclin E and the cyclin dependent kinase inhibitor, p21 (p21WAF1/CIP1) were increased. The
elevation in p21 and reduced cyclin A/cdk2 could explain the observed G1 arrest in DLD-1
cells.

We selected p21 to test whether PDEF may directly regulate its expression at the
transcriptional level. Chromatin was prepared from the HT-29 cell line which expresses
endogenous PDEF. Chromatin immunoprecipitation (CHIP) and RT-QPCR analysis
demonstrate that the p21 promoter region corresponding to that previously shown to have
functional Ets binding sites (EBS) [Funaoka et al., 1997] was enriched following
immunoprecipitation with a PDEF-specific antibody, compared to IgG control antibody.
Thus, PDEF occupies functional EBS present in the p21 promoter in vivo and thus, that p21
is a direct PDEF target (Figure 2C).

Expression of PDEF in DLD-1 cells results in an induction of apoptosis
During our studies with DLD-1 cells, we noted a sub-population of cells were easily
dislodged from the plate after PDEF expression. To determine whether increased apoptosis
also contributes to PDEF-mediated changes in cellular growth, we determined the impact on

Moussa et al. Page 6

J Cell Biochem. Author manuscript; available in PMC 2012 May 09.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



viable cell number by trypan blue staining. Cells infected with Ad-PDEF exhibit 48%
apoptotic cells by day 3 after infection (Figure 3A). These results support the model that
PDEF causes cellular death in DLD-1 cells, possibly by activating apoptotic machinery.
Caspase activation is a major component during the execution phase of apoptosis.
Proteolytic cleavage of the prodomain of caspase-3 activates this effector caspase to degrade
a variety of apoptotic substrates. Infection of DLD-1 cells with Ad-PDEF results in
activation of caspase-3 as seen by a decrease in the level of procaspase-3 (Figure 3B). This
is in contrast to uninfected cells and cells infected with Ad-GFP. Caspase-3 cleaves at the
signature motif (DXXD), first characterized in the poly ADP-ribose polymerase (PARP)
[Cohen, 1997]. We performed western blot analyses on lysates prepared from infected cells
to examine the cleavage of PARP in response to PDEF expression. Compared to controls,
cells infected with Ad-PDEF exhibit the characteristic cleaved 85-kDa fragment (Figure
3B).

PDEF expression levels alter cell migration
The effect of PDEF re-expression on chemokinetic migration (movement towards a
stimulant) was examined in transwell migration assays using serum as a chemoattractant.
Compared to control cells, adenoviral mediated expression of PDEF in DLD-1 (Figure 4A),
LoVo, CaCo-2, or SW620 (Figure 4B) cells reduced the number of cells able to migrate
across fibronectin-coated membranes by 60–75%.

We next wanted to determine whether inhibition of endogenous PDEF expression level
would result in an increase in cell migration. siRNA-mediated downregulation of PDEF
resulted in >90% reduction in mRNA (data not shown) and protein expression (Figure 4C)
in HT29 colon cancer cells. Consistent with the data obtained from our gain of function
studies that show that PDEF is a negative regulator of colon cancer cell migration, the
reciprocal shRNA mediated knock-down of PDEF resulted in increased colon cell migration
(Figure 4D).

PDEF protein expression is lost in colon cancer
Human PDEF mRNA is expressed at high levels primarily in tissues with high epithelial
content, including colon, prostate, and breast [Feldman et al., 2003a]. Several reports have
indicated that modulation of PDEF expression occurs during carcinogenesis [Mitas et al.,
2002; Nozawa et al., 2000]. Immunohistochemical analysis was used to examine PDEF
expression and distribution in paraffin embedded human colon cancer specimens (Figure 5).
PDEF was expressed predominately in the nuclei of non-tumor tissues (Figure 5A, panel i),
while PDEF protein was lost in the tumor areas in 5 of the 6 cases examined (Figure 5A,
panels ii and iii).

PDEF mRNA and protein are lost in human colon cancer tissue
To examine possible mechanisms for loss of PDEF protein expression in colon cancer, we
evaluated PDEF mRNA expression in 25 matched pairs of non-tumor/tumor colon tissues
(subset shown in Figure 5B). These matched specimens consisted of tissues obtained from
areas of colon adenocarcinoma and a corresponding non-tumor area of colon that was
removed from a distal resection from a single patient. Thirteen out of 25 (52%) colon
adenocarcinoma samples show loss of the single 1.9 kb PDEF mRNA transcript compared
to corresponding non-tumor colon tissue. PDEF mRNA is reduced in 5/25 (20%), while
expression retained in 7/25 (28%). Out of the 7 samples expressing PDEF mRNA, only 5
had PDEF protein expression (Figure 5C). Thus, in this set of samples, the majority show
correlated loss or reduced expression of both PDEF mRNA and protein. In a small set of
samples, PDEF protein is lost even in the presence of mRNA.
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PDEF loss alters the expression of genes associated with aggressive colon cancer
Since PDEF is a transcription factor, it is likely that its loss in tumors would alter the
expression of many genes and that this altered transcriptome would contribute to cancer
progression. Based on our microarray studies ([Turner et al., 2008], and data not shown), we
selected two candidate PDEF responsive genes which have been reported to be associated
with invasive behavior of colon cancer: uPA and MMP-7.

uPA is up-regulated and associated with poor outcome in patients with several cancers,
including colon cancer [Zlobec et al., 2008]. Northern blot analysis was used to quantify
PDEF and uPA mRNA expression in RNA prepared from tumor tissue and matched
adjacent non-tumor tissues. There is a statistically significant correlation between PDEF loss
and upregulation of uPA (Figure 6A and Table 1). We also found that re-expression of
PDEF in DLD-1 cells decreased uPA mRNA expression in these cells (Figure 6B). To test
the possibility that PDEF may directly regulate uPA expression at the transcriptional level,
we performed chromatin immunoprecipitation (CHIP) analysis. RT-QPCR analysis
indicated that uPA promoter fragments were enriched following immunoprecipitation with a
PDEF-specific antibody, compared to IgG control antibody. The uPA promoter has
previously been shown to have functional Ets binding sites [D'Orazio et al., 1997] and the
current data supports the model that these sites in uPA are bound by PDEF in vivo and thus,
that uPA is a direct PDEF target (Figure 6C).

MMP-7 has been correlated with growth, proliferation and metastatic properties of colon
cancer [Roeb et al., 2004]. RT-PCR analysis of RNA prepared from tumor tissue and
matched adjacent non-tumor tissues indicates MMP-7 mRNA levels are elevated in the
majority of tumors with lost or reduced PDEF expression, although this correlation did not
reach statistical significance (Figure 6D and Table 1). PDEF re-expression resulted in a
reduction of MMP-7 mRNA levels in DLD-1 cells (Figure 6E).

Discussion
PDEF expression is not detected in several colon cancer derived cell lines. In this
manuscript, we examined the impact of PDEF expression on cell growth and migration.
Consistent with the phenotype observed upon PDEF expression in breast cancer cells
[Feldman et al., 2003a], PDEF expression in DLD-1 colon cancer cells results in a
prolonged G1, concomitant with reduction in Rb, cdk2, and cyclin A levels and increased
p21 and cyclin E [Feldman et al., 2003a]. PDEF may directly regulate expression of genes
involved in cell cycle progression as has been shown for other ETS factors. It has been
previously shown that Cyclin D1, Rb and p21 are each Ets response genes [Sementchenko
and Watson, 2000]. Reduced ETS2 levels inhibit proliferation and induce apoptosis of
prostate cancer cells, and is associated with reduced levels of cyclin D1 and the anti-
apoptotic protein bcl-x(L) [Carbone et al., 2004]. Fli1 mediated repression of Rb during
erythropoiesis occurs through an upstream ETS consensus site [Tamir et al., 1999]. PEA3 is
able to activate the promoter of p21 independently of p53 [Funaoka et al., 1997]. Prolonged
activation of MAPK signaling in primary hepatocytes results in an Ets2 mediated increase in
p21 expression [Park et al., 2000], while ETS2 is indispensable for p21 activity in
chondrocytes [Beier et al., 1999]. While further experiments should delineate whether PDEF
mediated G1 arrest is acting through an indirect or direct regulation of cell cycle protein
expression, the ChIP studies presented here support the model that at least p21 is a direct
transcriptional target of PDEF in colon cells.

Expression of PDEF in DLD-1 cells also resulted in significant cell death. ETS factors have
also been implicated in the regulation of apoptosis [Sementchenko and Watson, 2000].
ETS1 is able to activate the promoter of PARP in an in vitro luciferase assay [Soldatenkov
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et al., 1999]. Maximal activation of the rat caspase 3 promoter requires an intact ETS
consensus sequence [Liu et al., 2002]. Examination of protein lysates from PDEF infected
cells also revealed increased activation of the effector caspase-3. This results in the
downstream cleavage of the apoptotic substrate PARP and subsequent increases in cellular
apoptosis. Recently, it has been shown that shRNA mediated silencing of PDEF expression
resulted in the upregulation of survivin expression in MCF-7 cells, as well as increased in
vitro and in vivo cell growth and resistance to drug-induced apoptosis, consistent with our
findings [Ghadersohi et al., 2007].

Consistent with previous studies in breast and prostate cancer [Feldman et al., 2003a; Gu et
al., 2007; Turner et al., 2007b], PDEF is a negative regulator of colon cancer cell migration.
The reduced expression of uPA and MMP-7 observed upon PDEF expression may
contribute to the inhibition of migration. In addition to the established role for these genes in
cell migration and invasion, their reduced expression could also contribute to growth
inhibition and apoptosis. Pro-proliferative effects are the result of protease-mediated release
of sequestered growth factors and cytokines [Cheng et al., 2007]. MMP-7 proteolysis of the
insulin-like growth factor binding proteins promotes colon cancer cell survival via IGF-1
[Nakamura et al., 2005]. While previous studies have defined ETS regulatory pathways that
activate transcription of uPA and MMP-7 genes, our studies demonstrate that uPA is a direct
PDEF target gene and that binding to the uPA promoter in vivo results in reduced
transcription. In addition to defining uPA as a direct PDEF target gene, our previous studies
have demonstrated that exogenous expression of uPA on a heterologous promoter is able to
restore the migratory phenotype of breast cancer cells in the presence of exogenous PDEF
[Turner et al., 2008], supporting the model that uPA is a critical target associated with
PDEF-mediated negative regulation of cellular migration.

We also demonstrate that PDEF is expressed in non-tumor human colon tissue. Intestinal
mucosa is covered with an epithelial lining that turns over continuously throughout life.
Thus, the precise regulation of cell proliferation, differentiation, and migration is crucial for
maintenance of an intact epithelial layer. PDEF is one of the subset of Ets factors that have a
restricted pattern of expression limited to tissues with high epithelial content. These
Epithelial-specific Ets (Ese) Factors include Ese1 (also designated Ert/Jen/Elf3/Esx), Ese2
(Elf5), Ese3 (Ehf), and PDEF (Pse). Epithelial specific Ets factors have been demonstrated
to regulate genes involved in epithelial cell differentiation [Feldman et al., 2003b]. Ese1,
Ese3 and PDEF are expressed in colon epithelium. Knockout studies of Ese1 have also
demonstrated that Ese factors may be important for proper maturation of intestinal
epithelium [Ng et al., 2002]. Mice lacking Ese1 have differentiation defects in both
absorptive enterocytes and goblet cells. These studies highlight the potential of ETS
transcription factors to control events leading to cell cycle arrest and subsequent terminal
differentiation.

Colon cancer may develop if this balance is shifted towards increased proliferation together
with decreased apoptosis. Genetic abnormalities associated with the progression of colon
cancer have pinpointed several key mutational events. We have previously described a
model where conversion of tumor suppressor ETS factors towards oncogenic ETS factors
occurs during cancer progression [Turner and Watson, 2008]. ETS1 and ETS2 are
upregulated in colon adenocarcinomas [Ito et al., 2002] and their pro-proliferative and pro-
invasive activities place them among the oncogenic ETS factors. PDEF likely plays a role in
regulating processes related to proliferation, differentiation, or apoptosis in the colon.
Dysregulation of these processes occurs in cancer whereby cells can assume a more
undifferentiated state and become resistant to apoptosis. In support of the model of PDEF as
a tumor suppressor ETS factor, we have shown that PDEF mRNA and protein are lost or
significantly reduced in the majority of colon cancer tissue specimens compared to non-
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tumor tissue. This data is consistent with the findings of loss of PDEF protein expression in
prostate [Nozawa et al., 2000], breast [Feldman et al., 2003a] and ovarian [Ghadersohi et al.,
2008] cancer tissues. Interestingly, PDEF loss in colon cancer is predominantly regulated at
the transcriptional level, unlike the posttranscriptional regulation described in prostate
[Nozawa et al., 2000] and breast [Feldman et al., 2003a; Findlay et al., 2008] cancer. The
possibility that the PDEF promoter may become methylated in colon cancer remains to be
examined.

We find an inverse correlation between PDEF protein expression and uPA and MMP-7
mRNA expression in colon cancer clinical samples. Elevated expression of uPA [Zlobec et
al., 2008] and MMP-7 [Roeb et al., 2004] are a characteristic of colon cancer and are
correlated with significantly poorer prognosis. The functional significance of uPA in colon
cancer tumor growth and progression has been demonstrated in mice. Tumor formation in
APC/Mmin+ mice was reduced in a uPA null background [Ploplis et al., 2007]. MMP-7
expression has been shown to enhance metastatic potential of human colon cancer cells in
mice [Kioi et al., 2003]

In summary, PDEF is an epithelial tissue specific ETS transcription factor that is down-
regulated during colon carcinogenesis. Recent studies have demonstrated an inverse
correlation between PDEF expression in human breast [Ghadersohi et al., 2007] and ovarian
[Ghadersohi et al., 2008] tumor specimens and cancer patient survivability. Cancer death is
due in large part to metastases, leading to one of the more interesting challenges to
understand cellular changes that promote progression to invasive cancer. The studies
reported here and these clinical studies further support the role of PDEF as a negative
regulator of progression to invasive and metastatic cancer. These observations also support
the notion that PDEF has a significant role in maintaining proper homeostatic balance in the
colon epithelium.
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Figure 1. PDEF is lost in invasive colon cancer cell lines and re-expression of PDEF leads to
growth changes in colon cancer cells
(A) Northern and Western blot analyses of RNA and protein prepared from the indicated
colon cancer cell lines. Ethidium bromide staining of 28S and 18S rRNA or actin levels are
provided as a controls. (B) Western blot analysis of PDEF expression level after infection of
DLD-1 colon cells and endogenous expression level observed in HT-29 cells. Actin levels
provided as a control. (C) CaCo-2, LoVo-2, SW680 and DLD-1 cells were untreated
(control), or infected with either Ad-GFP or Ad-PDEF and cellular growth was monitored
by MTT assay for 5 days. (D) Western blot analysis of PDEF protein expression in HT-29
colon cancer cells and in HT-29 expressing vector (RNAi control) and short hairpin RNA
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(shRNA) PDEF. Actin levels provided as a control. (E) Number of HT-29 colon cancer cells
expressing vector alone or PDEF shRNA measured after 72 hours (p<0.05).
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Figure 2. PDEF expression results in altered cell cycle progression and expression of cell cycle
regulatory genes
(A) Cell cycle analysis of untreated DLD-1 cells or cells treated with Ad-GFP or Ad-PDEF
and harvested 36 hours after infection. (B) Western blot analysis of total protein isolated
from cells infected with Ad-GFP or Ad-PDEF using antibodies against the indicated cell
cycle proteins. Blots were re-hybridized using antibodies against PDEF and β-Actin. Control
lanes represent uninfected cells. (C) PDEF is bound to the p21 expression in vivo.
Chromatin immuno-precipitation (CHIP) analysis using chromatin prepared from the HT-29
cell line. Q-PCR analysis using primers for the p21 promoter and chromatin
immunoprecipitation with a PDEF-specific antibody, compared to IgG control antibody.
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Figure 3. PDEF expression increases apoptosis
(A) Quantitation of trypan blue cell viability assays of parental (uninfected) DLD-1 cells, or
cells infected with Ad-GFP or Ad-PDEF. The columns represent the average values for
apoptotic index, the percentage of apoptotic vs. total cell number. Results are statistically
significant with a p-value <0.05. (B) Western blot analysis of procaspase 3 and PARP
expression levels in DLD-1 cells infected with Ad-GFP or Ad-PDEF. Actin levels provided
as a control.
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Figure 4. PDEF expression levels alter cell migration
The effect of PDEF expression on the migration of colon cancer cells was measured by
transwell assay. (A) DLD-1 cells were untreated or infected with Ad-GFP or Ad-PDEF and
migration measured by transwell assays. Data is representative of three experiments
performed in triplicate. (B) LoVo, CaCo-2, and SW620 cells were infected with Ad-GFP or
Ad-PDEF. Cell migration was measured by transwell migration assay. (C) Western blot
analysis of PDEF protein expression in HT-29 colon cancer cells and in HT-29 expressing
short hairpin RNA (shRNA) PDEF and control vectors. Actin levels provided as a control.
(D) Cell migration of HT-29 colon cancer cells and of HT-29 cells expressing PDEF
shRNA. Each of the measured differences were statistically significant with a p-value <0.05
by students t-test.
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Figure 5. PDEF expression is reduced in colon cancer tissue
(A) Immunohistochemical analysis of PDEF expression in colon tissue: (i) non-tumor, (ii)
tumor and (iii) invasive mucinous portion of tumor. Panels are from the same section.
(Magnification, X400). Data representative of 5 of 6 cases. (B) Northern blot analysis for
PDEF mRNA in a series of matched tumor (T) and non-tumor (N) tissues from the same
patient (indicated by numbers). Data representative of 25 matched tumor/non-tumor
samples. Ethidium bromide staining of 28S and 18S rRNA provided as control. (C) Western
blot analysis of PDEF protein in 7 tumors that retain PDEF mRNA expression. Actin levels
provided as a control.
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Figure 6. PDEF loss alters the expression of the cancer associated genes, uPA and MMP-7
(A) Northern blot analysis of RNA prepared from tumor tissue and matched adjacent non-
tumor tissues. 28S and 18S RNA provided as control for loading and RNA integrity. Data is
representative of 25 tumor and non-tumor pairs examined. (B) Northern blot analysis of
RNA prepared from parental DLD-1 cells and DLD-1 cells infected with Ad-GFP or Ad-
PDEF. Ethidium bromide staining of 28S and 18S provided as a control. (C) Chromatin
immuno-precipitation (CHIP) analysis using chromatin prepared from the HT-29 cell line.
Q-PCR analysis using primers for the uPA promoter and chromatin immunoprecipitation
with a PDEF-specific antibody, compared to IgG control antibody. (D) RT-PCR analysis
MMP-7 mRNA in RNA prepared from tumor tissue and matched adjacent non-tumor
tissues. GAPDH RT-PCR provided as a control. Data representative of 25 matched samples.
(E) RT-PCR analyses of MMP-7 mRNA in RNA prepared from uninfected DLD-1 cells and
cells infected with Ad-GFP or Ad-PDEF. GAPDH provided as control.
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