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Abstract

We previously reported that knock-down of tumor suppressor Pdcd4 (Programmed Cell Death 4)
down-regulates E-cadherin expression and activates p-catenin/Tcf (T cell factor) dependent
transcription in colon tumor cells. However, the underlying mechanism of these observations
remains unknown. In this study, we demonstrated that knock-down of Pdcd4 down-regulates E-
cadherin expression through elevated protein level of Snail. Over-expression of Pdcd4 up-
regulates E-cadherin expression and inhibits B-catenin/Tcf dependent transcription. We then
showed that knock-down of E-cadherin activates p-catenin/Tcf dependent transcription.
Conversely, over-expression of E-cadherin in Pdcd4 knock-down cells inhibits 3-catenin/Tcf
dependent transcription. In addition, Pdcd4 knock-down stimulates u-PAR and c-Myc expression,
while u-PAR and c-Myc expression can be reversed by over-expressing E-cadherin in Pdcd4
knock-down cells. Using chromatin immunoprecipitation, we demonstrated that p-catenin/Tcf4
directly binds to the promoters of u-PAR and c-myc in Pdcd4 knock-down cells. Futhermore,
knock-down of u-PAR or c-Myc inhibits invasion in Pdcd4 knock-down cells, suggesting that
both u-PAR and c-Myc contribute to invasion induced by Pdcd4 knock-down. Taken together, our
data demonstrated that elevated Snail expression by Pdcd4 knock-down leads to down-regulation
of E-cadherin resulting in activating B-catenin/Tcf dependent transcription and stimulating the
expression of c-Myc and u-PAR, thus providing molecular explanation of how Pdcd4 suppresses
tumor invasion.
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Introduction

Programmed Cell Death 4 (Pdcd4) is a novel tumor suppressor that frequently exhibits
down-regulated expression in several types of cancer. In colon cancer tissues, expression
level of Pdcd4 is continuously down-regulated in the order of normal-adenoma-carcinoma
(Mudduluru et al., 2007). Over-expression of Pdcd4 has been demonstrated to inhibit 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced transformation (Yang et al., 2001) and
tumor phenotype (Yang et al., 2003b). Knock-down of Pdcd4 inhibits retinoic acid induced
terminal differentiation in NB4 cells (Ozpolat et al., 2007) and UV radiation-induced
apoptosis in HeLa cells (Bitomsky et al., 2008). In addition to cultured cells, Pdcd4
transgenic mice that over-express Pdcd4 in the epidermis show significant reductions in
7,12-dimethylbenz(a)anthracene (DMBA)/TPA induced skin papilloma formation and
carcinoma incidence (Jansen et al., 2005). Knock-out of Pdcd4 expression in mice resulted
in induction of lymphomas with frequent metastases to the liver and kidneys (Hilliard et al .,
2006), and an increase in DMBAJ/TPA induced skin papilloma formation and carcinoma
incidence (Schmid et al., 2008). These findings suggest that Pdcd4 suppresses
carcinogenesis not only at an early stage (tumor promotion), but also at a late stage (tumor
progression) in both cultured cells and transgenic mice.

Ectopic expression of pdcd4 cDNA in invasive colon RKO cells inhibited invasive capacity
and AP-1 dependent transcription (Yang et al., 2006), and tumor cell intravasation (Leupold
et al., 2007). Inhibition of AP-1 dependent transcription by Pdcd4 is believed to contribute
to invasion inhibition since many AP-1-regulated genes are involved in tumor invasion and
metastasis (Ozanne et al., 2000). Recently, we found that Pdcd4 knock-down in colon tumor
HT29 cells led to a fibroblast-like morphological change and promoted invasion (Wang et
al., 2008). Concurrently, Pdcd4 knock-down in HT29 cells resulted in down-regulation of E-
cadherin expression, accumulation of f-catenin in the nucleus, and activation of 3
catenin/Tcf (T cell factor) and AP-1 dependent transcription (Wang et al., 2008). In
addition, transient knock-down of Pdcd4 increased expression of endogenous urokinase-type
plasminogen activator receptor (u-PAR) (Leupold et al., 2007), a glycosylated membrane
protein that mediates degradation of extracellular matrix components and promotes invasion
and metastasis (Laufs et al., 2006). However, the mechanism by which Pdcd4 knock-down
activates B-catenin/Tcf dependent transcription and promotes invasion remains unclear.

E-cadherin is a transmembrane glycoprotein whose cytoplasmic domain interacts with actin,
a-catenin, p120, and p-catenin (Kemler, 1992). It has been proposed that loss of E-cadherin-
mediated cell-cell adhesion is an essential event for the invasion of epithelial tumor cells
(Cavallaro and Christofori, 2004). Upon loss of binding with E-cadherin, free f-catenin is
rapidly phosphorylated by glycogen synthase kinase-3p (GSK-3B) in the complex of
adenomatous polyposis coli (APC)-axin-GSK-3p-casein kinase | (CKI), and degraded by the
proteasome pathway. If the APC is mutated or GSK-3 activity is blocked by Wnt signaling,
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f3-catenin will not be phosphorylated, and will translocate into the nucleus (Gregorieff and
Clevers, 2005). Subsequent to nuclear translocation, p-catenin binds to a member of Tcf
family to form the p-catenin/Tcf complex, which activates -catenin/Tcf dependent
transcription. Numerous target genes of f-catenin/Tcf dependent transcription have been
shown to be involved in colon tumor invasion (Fuchs et al., 2005).

In the present study, we investigated the mechanism by which Pdcd4 knock-down activates
[3-catenin/Tcf dependent transcription and identified its downstream target genes. We
demonstrated that E-cadherin is a mediator for activating -catenin/Tcf dependent
transcription to stimulate u-PAR and c-Myc expression, which promotes invasion in Pdcd4
knock-down cells.

Pdcd4 knock-down in GEO cells activates B-catenin/Tcf dependent transcription despite of
the decreased B-catenin level

Previously, we have demonstrated that Pdcd4 knock-down in HT29 cells resulted in down-
regulation of E-cadherin and a slight decrease in B-catenin protein level (Wang et al., 2008).
Although Pdcd4 knock-down in GEO cells also down-regulated E-cadherin expression, the
protein level of B-catenin decreased dramatically with more than 70% relative to GEO-
shlLacZ cells (Figure 1a). The GEO-shLacZ and parental GEO cells had similar levels of -
catenin protein (Figure 1a). This finding thus raises a question as to whether Pdcd4 knock-
down is able to activate -catenin/Tcf dependent transcription in GEO cells. To address this
question, we transfected TOPflash and FOPflash luciferase reporter constructs into GEO-
shLacZ and GEO-shPdcd4 cells. The TOPflash and FOPflash contain the wild type and
mutated p-catenin/Tcf binding site, respectively. As shown in Figure 1b, p-catenin/Tcf
dependent transcription was approximately 3-fold-higher in GEO-shPdcd4 cells relative to
GEO-shLacZ cells (filled bars). To confirm the specificity of this induction, the FOPflash
plasmid was transfected into GEO-shLacZ and GEO-shPdcd4 cells. There was no
significant difference in luciferase activity between the GEO-shLacZ and GEO-shPdcd4
cells (Figure 1b, open bars). In addition, we found that knock-down of Pdcd4 in GEO cells
also led to translocation of B-catenin into nucleus (Supplementary Figure S1) and promotion
of invasion (Supplementary Figure S2). These data clearly show that knock-down of Pdcd4
expression activates -catenin/Tcf dependent transcription and promotes invasion in GEO
cells. The extent of activation of -catenin/Tcf dependent transcription in GEO-shPdcd4
cells is lower compared to that of the HT29-shPdcd4 cells (Wang et al., 2008); this might be
due to reduced accumulation of f-catenin in the nuclei of GEO-shPdcd4 cells as a
consequence of decreased [3-catenin protein level.

Elevated Snail expression contributes to the down-regulation of E-cadherin in Pdcd4
knock-down cells

To understand the mechanism by which Pdcd4 knock-down leads to down-regulation of E-
cadherin expression, the E-cadherin promoter-luciferase plasmid (E7) was transfected into
GEO-shLacZ and GEO-shPdcd4 cells. The E7 construct comprises E-cadherin promoter
region from —-38 to +135 bp (containing two E-box sites) fused with luciferase reporter (Liu
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et al., 2005). The luciferase activity in GEO-shPdcd4 cells was approximately 35% of that in
GEO-shLacZ cells (Figure 2a), indicating that E-cadherin promoter activity is inhibited by
Pdcd4 knock-down. To test whether the E-boxes mediate the inhibition of E-cadherin
promoter activity in Pdcd4 knock-down cells, we mutated both E-box sites and transfected
the mutated construct (E7-m) into GEO-shLacZ and GEO-shPdcd4 cells. The E7-m
exhibited approximately 70% of the basal level of E-cadherin promoter activity (Figure 2a,
filled bars). However, the luciferase activity transfected with E7-m construct was similar in
GEO-shLacZ and GEO-shPdcd4 cells (Figure 2a, E7-m filled vs open bar), indicating that
mutation of E-boxes abolished the inhibition of E-cadherin promoter activity in Pdcd4
knock-down cells. It has been known that transcription factor Snail can binds to E-boxes on
the E-cadherin promoter and inhibits E-cadherin expression (Batlle et al., 2000; Cano et al.,
2000). To determine whether Pdcd4 knock-down leads to the up-regulation of Snail
expression, the protein level of Snail was examined. As shown in Figure 2b, the Snail
protein level in GEO-shPdcd4 cells was dramatically induced while the Snail protein was
undetectable in GEO-shLacZ cells. We then knocked down Snail expression and tested
whether Snail knock-down can restore the E-cadherin promoter activity in GEO-shPdcd4
cells. The level of Snail protein in Snail knock-down cells (si-snail) was approximately 50%
of that in GEO-shPdcd4 cells expressing control siRNA (control) (Figure 2¢) whereas the E-
cadherin promoter activity in Snail knock-down cells was approximately 180% of that in
control cells (Figure 2d). These results indicate that Snail contributes to the inhibition of E-
cadherin expression in GEO-shPdcd4 cells. Our findings indicate that Pdcd4 knock-down
leads to up-regulation of Snail resulting in inhibition of E-cadherin expression.

Over-expression of Pdcd4 up-regulates E-cadherin and inhibits g-catenin/Tcf dependent
transcription

If E-cadherin expression is regulated by Pdcd4, over-expression of Pdcd4 should increase E-
cadherin expression. To test this, we stably expressed Pdcd4 in human colon tumor LoVo
cells (LoVo-Pdcd4) using the lentivirus-mediated expression system. As shown in Figure 3a,
the protein levels of Pdcd4 and E-cadherin in LoVo-Pdcd4 cells were approximately 8-fold
and 2-fold higher than those of cells transduced with lentivirus-empty vector (LoVo-
control), respectively. These results suggest that over-expression of Pdcd4 induces E-
cadherin expression. To test whether over-expression of Pdcd4 inhibits B-catenin/Tcf
dependent transcription, LoVo-control and LoVo-Pdcd4 cells were transfected with
TOPflash and FOPflash plasmids. As shown in Figure 3b, the B-catenin/Tcf dependent
transcription reduced approximately 50% in LoVo-Pdcd4 cells relative to LoVo-control
cells (filled bars). In contrast, a similar luciferase activity was observed when FOPflash was
transfected into LoVo-control and LoVo-Pdcd4 cells (open bars). In addition, we found that
Pdcd4 inhibited p-catenin/Tcf dependent transcription in a concentration dependent manner
when Pdcd4 expression plasmid (pcDNA-Pdcd4) and TOPflash were transiently transfected
into LoVo cells (Figure 3c, filled bars). The p-catenin/Tcf dependent transcription was
inhibited approximately 60% when 1.5 ug of pcDNA-Pdcd4 was transfected while Pdcd4
does not affect the luciferase activity when FOPflash was co-transfected with either pcDNA-
Pdcd4 or control plasmid (Figure 3c). Our findings indicate that not only knock-down of
Pdcd4 activates p-catenin/Tcf dependent transcription (Figure 1), but also over-expression of

Oncogene. Author manuscript; available in PMC 2010 August 12.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al. Page 5

Pdcd4 inhibits B-catenin/Tcf dependent transcription (Figure 2). Thus, Pdcd4 regulates the
expression of E-cadherin and activation of 3-catenin/Tcf dependent transcription.

Knock-down of E-cadherin activates p-catenin/Tcf dependent transcription

We demonstrated herein that Pdcd4 knock-down led to E-cadherin down-regulation and
activation of p-catenin/Tcf dependent transcription (Figure 1). However, it is unclear
whether down-regulation of E-cadherin is necessary for activating -catenin/Tcf dependent
transcription when Pdcd4 is knocked down. To address this issue, E-cadherin sShRNA
expression plasmid (pRS-shEcad) was transiently transfected into HT29 cells along with
either TOPflash or FOPflash construct. Knock-down of Pdcd4 in GEO and HT29 cells
results in similar changes in cell morphology as well as the cellular functions including
down-regulation of E-cadherin (Figures 1 and Supplementary Figure S2) (Wang et al.,
2008). Thus, these two cell lines are interchangeable for the experiment of knocking-down
E-cadherin. Since the transfection efficiency is very low for GEO cells, HT29 cells were
used in the experiment of transiently knocking down E-cadherin. The luciferase activity in
cells transfected with pRS-shEcad and TOPflash was approximately 2-fold higher than that
in cells transfected with pRS-shGFP (a plasmid expressing GFP shRNA) and TOPflash
(Figure 4a, filled bars). In contrast, co-transfection of pRS-shEcad or pRS-shGFP with
FOPflash showed no significant difference in -catenin/Tcf dependent transcription activity
(Figure 4a, open bars), indicating that knocking down E-cadherin specifically activates p-
catenin/Tcf dependent transcription rather than activates transcription in general.

To further confirm the essential role of E-cadherin in inhibiting f-catenin/Tcf dependent
transcription in Pdcd4 knock-down cells, an E-cadherin expression plasmid (pCMV6-Ecad)
was co-transfected with TOPflash into GEO-shPdcd4 cells. Transient co-transfection of
pCMV6-Ecad and TOPflash plasmids inhibited B-catenin/Tcf dependent transcription in a
concentration dependent manner in Pdcd4 knock-down cells (Figure 4b). -catenin/Tcf
dependent transcription was inhibited approximately 60% when 0.1 pg of pCMV6-Ecad
plasmid was transfected. On the contrary, no significant difference in -catenin/Tcf
dependent transcription was observed when pCMV6-Ecad was co-transfected with FOPflash
(Figure 4c). Inhibition of p-catenin/Tcf dependent transcription by E-cadherin is specific
since transient expression of p-galactosidase did not inhibit f-catenin/Tcf dependent
transcription (Figure 4d). Therefore, activation of f-catenin/Tcf dependent transcription by
Pdcd4 knock-down can be reversed by over-expressing E-cadherin. These results
collectively indicate that down-regulation of E-cadherin is essential in activating -
catenin/Tcf dependent transcription in Pdcd4 knock-down cells.

Pdcd4 knock-down stimulates the expression of u-PAR and c-Myc

In order to understand how Pdcd4 knock-down promotes invasion, we evaluated some target
genes of B-catenin/Tcf dependent transcription that are involved in colon tumor cell
invasion. It has been reported that u-PAR and c-Myc are the target genes of B-catenin/Tcf
dependent transcription (He et al., 1998; Mann et al., 1999). u-PAR is frequently over-
expressed in the invasion front of colon cancer (Laufs et al., 2006), whereas c-Myc
expression is elevated at both early and late stages of colon carcinogenesis (Smith et al.,
1993). To test whether Pdcd4 knock-down elevates u-PAR and c-myc mRNAs, we
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performed quantitative real-time PCR (gPCR) using total RNAs isolated from GEO-shLacZ
and GEO-shPdcd4 cells. As shown in Figure 5a, the u-PAR mRNA level in GEO-shPdcd4
cells was approximately 2.3-fold higher comparing to that in the GEO-shLacZ cells; this is
in agreement with a previous report wherein Pdcd4 was transiently knocked-down (Leupold
et al., 2007). In addition, the level of c-myc mRNA in GEO-shPdcd4 cells was about 1.7-
fold higher comparing to that in GEO-shLacZ cells (Figure 5a). The protein levels of u-PAR
and c-Myc in GEO-shPdcd4 cells were approximately 5- and 2.5-fold higher than that in
GEO-shLacZ cells, respectively (Figure 5b). These results indicate that Pdcd4 knock-down
stimulates the expression of u-PAR and c-Myc.

As over-expression of E-cadherin in Pdcd4 knock-down cells inhibited B-catenin/Tcf
dependent transcription (Figure 4), over-expression of E-cadherin should repress the
expression of u-PAR and c-Myc. To test this, we performed gPCR to determine the mRNA
levels of u-PAR and c-myc in E-cadherin expression plasmid (E-cad) or empty vector
(control) expressing GEO-shPdcd4 cells. As shown in Figure 5¢, the mRNA level of E-
cadherin was approximately 84-fold higher in the E-cad cells than that in the control cells.
However, the mRNA levels of u-PAR and c-myc in E-cad cells decreased approximately
50% and 30%, respectively, compared with that in control cells (Figure 5d). These findings
demonstrate that E-cadherin plays a key role in regulating u-PAR and c-Myc expression in
Pdcd4 knock-down cells.

To determine the functional significance of B-catenin/Tcf complex in the elevated
expression of u-PAR and c-Myc in Pdcd4 knock-down cells, we performed chromatin
immunoprecipitation (ChIP) assays to examine the binding of the B-catenin/Tcf complex to
the u-PAR and c-myc promoters. We have demonstrated that -catenin binds with Tcf4 in
the nucleus of Pdcd4 knock-down cells (Wang et al., 2008). We therefore used Tcf4
antibody in the ChIP assay and the primers specifically amplify the B-catenin/Tcf4 binding
site on the u-PAR and c-myc promoters at position -517 bp and -1001 bp, respectively,
upstream of translation initiation codon ATG. The input chromatin before
immunoprecipitation was used as a control in the PCR reaction. A high level of PCR
products (185 bp) was observed using Tcf4 antibody precipitated chromatin from lysates of
GEO-shPdcd4 cells (Figure 5e, lane 6). However, using Tcf4 antibody precipitated
chromatin from GEO-shLacZ cell lysates, the same primers only generated a low level of
PCR products (Figure 5e, lane 3). A similar background level of PCR products was also
observed using the pre-immune serum precipitated chromatin (Figure 5e, lanes 2 and 5),
thus this background might be due to the non-specific binding of the magnetic beads used in
the immunoprecipitation. Similarly, when u-PAR specific primers were used, a 247 bp DNA
fragment was generated from lysates of GEO-shPdcd4 cells (Figure 5f, lane 6), but only a
background level of PCR product was generated from the lysates of GEO-shLacZ cells
(Figure 5f, lane 3). These results indicate that Pdcd4 knock-down leads to the binding of 8-
catenin/Tcf4 complex to the promoters of u-PAR and c-myc to stimulate their expression.

Sp and Tcf4 binding sites regulate u-PAR promoter activity

We have shown that the Sp binding sites located at -185 bp and -405 bp relative to the
translational initiation codon of the u-PAR promoter mediate Pdcd4-regulated u-PAR
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expression (Leupold et al., 2007). To access the relative strength of Sp binding motifs and
Tcf4 binding site in mediating Pdcd4 regulation of u-PAR promoter activity, we mutated
these motifs individually and used in the reporter assays. Using pu-PAR-1469 (wild-type) as
the template, Sp binding sites at -185 bp (CGCGGCC) and -405 bp (AGGAGGG), and the
Tcf4 binding site at -517 bp (CTTTGCT) were mutated to AGAGGAA, ATTATTT, and
CTGTCGC, respectively. The mutated and wild-type promoter constructs were then
transfected into GEO-shPdcd4 cells. As shown in Figure 5g, the mutation of Sp site at -185
bp (-185 Sp) decreased the u-PAR promoter activity to 30% of wild-type promoter while
mutation of Sp site at -405 (-405 Sp) and Tcf4 site at -517 (-517 Tcf) reduced the u-PAR
promoter activity about 50%. These results suggest that Tcf4 binding site along with two Sp
motifs are mediators for Pdcd4-regulated u-PAR promoter activity.

Pdcd4 knock-down induced invasion promotion can be reversed by knocking down u-PAR

or c-Myc

To test whether elevated u-PAR and c-Myc expression contributes to the promotion of
invasion in Pdcd4 knock-down cells, we knocked down u-PAR or c-Myc by transient
transfection of u-PAR or c-myc siRNA into GEO-shPdcd4 cells. After 7 days, the u-PAR or
c-Myc knock-down cells were then assayed for the capacity to pass through a Matrigel
barrier in a modified Boyden chamber assay using FBS (0.5%) and EGF (20 ng/ml) as
attractants. As shown in Figure 6a, u-PAR knock-down (si-u-PAR) and c-Myc knock-down
(si-Myc) cells displayed about 50% and 80% reduction of u-PAR and c-Myc expression,
respectively. The ability of si-u-PAR and si-Myc cells to invade through Matrigel was
reduced to 50% and 30% of that in control cells, respectively (Figure 6b). These results
indicate that both u-PAR and c-Myc contribute to the invasion induced by Pdcd4 knock-
down, providing molecular explanation of how Pdcd4 suppresses tumor invasion.

Discussion

Our previous study showed that Pdcd4 knock-down activates -catenin/Tcf dependent
transcription and promotes invasions in colon tumor cells (Wang et al., 2008). In this study,
we demonstrated that Pdcd4 knock-down up-regulates Snail resulting in down-regulation of
E-cadherin expression. In addition, we showed that down-regulation of E-cadherin is a key
event for activating f-catenin/Tcf dependent transcription. Activation of B-catenin/Tcf
dependent transcription subsequently leads to the expression of invasion promoting genes,
u-PAR and c-myc. Thus, our previous (Wang et al., 2008) and present studies collectively
reveal the mechanism by which Pdcd4 knock-down promotes invasion in colon tumor cells.
Our model shows that (1) Pdcd4 knock-down leads to down-regulation of E-cadherin
through up-regulating Snail expression, (2) decreased E-cadherin expression changes cell
morphology and releases p-catenin, and (3) the free 3-catenin then translocates into the
nucleus, binds to Tcf4 transcription factors, and activates p-catenin/Tcf dependent
transcription to stimulate the expression of u-PAR and c-Myc, which promote tumor cell
invasion (Figure 7).

[3-catenin is an important mediator for Wnt/p-catenin signaling pathway. Deregulation of the
Whnt/B-catenin signaling pathway occurs in approximately 90% of colorectal cancer patients
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(Vogelstein and Kinzler, 2004). Given that E-cadherin is a binding partner of B-catenin, a
decrease in E-cadherin expression results in an increase of free B-catenin. Non-sequestered
free p-catenin is rapidly phosphorylated by GSK-3f in the APC-axin-GSK-33-CKI complex,
and subsequently degraded by the ubiquitin-proteasome pathway. Mutations in the proteins
of APC-axin-GSK-3p-CKI complex prevent proteasomal degradation of -catenin, thereby
leading to translocation of B-catenin into the nucleus and activation of $-catenin/Tcf
dependent transcription (Gregorieff and Clevers, 2005). Our data show that Pdcd4 knock-
down led to an approximate 70% decrease in p-catenin protein levels in GEO cells (Figure
1a). Although B-catenin level is dramatically decreased, p-catenin is still able to translocate
into the nucleus (Supplementary Figure S1), and activate p-catenin/Tcf dependent
transcription (Figure 1b) in GEO cells with Pdcd4 knock-down. These results suggest that a
small portion of non-sequestered p-catenin escapes proteasomal degradation and translocates
into nuclei. Meanwhile, these results also indicate that the APC-axin-GSK-3p-CKI complex
is, at least in part, functional in GEO cells. It is noteworthy that no mutation was found in
exon 15 of the APC gene in GEO cells (Wang and Yang, unpublished data), since exon 15
of the APC gene is highly mutated in colon cancer patients (Miyaki et al., 1994). However,
it is unknown whether other exons of APC in GEO cells contain mutations.

Clinical and experimental studies have shown that E-cadherin expression is frequently
down-regulated during colon cancer progression (Birchmeier and Behrens, 1994). E-
cadherin can be down-regulated through promoter methylation and/or transcriptional
repression. Several transcriptional repressors have been identified to inhibit E-cadherin
expression including zinc finger factors Snail and Slug, ZEB1/2, and basic helix-loop-helix
transcription factors Twist (Peinado et al., 2007; Yang et al., 2004b) Snail and E-cadherin
expression is inversely correlated in different carcinoma and melanoma cell lines (Cano et
al., 2000; Poser et al., 2001). Over-expression of Snail in epithelial cells promotes invasion
(Cano et al., 2000). Conversely, Knock-down of Snail up-regulates E-cadherin expression
and inhibits invasion (Olmeda et al., 2007). These findings indicate that Snail is a key
transcription factor for regulation of E-cadherin expression. Our findings showed that Pdcd4
knock-down up-regulates Snail expression and knock-down of Snail activates E-cadherin
promoter activity (Figure 2) indicating that Snail mediates the down-regulation of E-
cadherin by Pdcd4 knock-down. These findings provide a mechanism of how knock-down
of Pdcd4 down-regulates E-cadherin expression. Pdcd4 is able to bind with translation
initiation factor elF4A and inhibits protein translation (Yang et al., 2004a; Yang et al.,
2003a). Thus, it is possible that Pdcd4 translationally regulates Snail expression. Whether
Pdcd4 translationally regulates Snail expression needs to further investigate.

Our results indicate that Pdcd4 regulates B-catenin/Tcf dependent transcription through
modulating E-cadherin expression (Figures 3 and 4). How does activation of -catenin/Tcf
dependent transcription promote invasion in Pdcd4 knock-down cells? It is well known that
many target genes of -catenin/Tcf dependent transcription are involved in cell migration,
invasion, and proliferation, including u-PAR and c-Myc (He et al., 1998; Mann et al., 1999).
u-PAR, a 45-60 kD glycosylated membrane protein, exhibits elevated protein levels in
advanced tumors that correlate with tumor progression (Memarzadeh et al., 2002; Nestl et
al., 2001). Indeed, over-expression of u-PAR cDNA in human osteosarcoma cells enhances
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invasion (Kariko et al., 1993), whereas antisense-mediated down-regulation of u-PAR
expression suppresses invasion (Ahmed et al., 2003). By binding to its ligand, uPA, u-PAR
triggers the degradation of extracellular matrix components, thereby resulting in the
promotion of invasion and metastasis. c-Myc is a transcription factor that activates genes
involved in cell growth, protein synthesis, and mitochondrial function. In addition, c-Myc
represses expression of genes that are involved in anti-proliferation and anti-metastasis
(O'Connell et al., 2003). We demonstrated that both u-PAR and c-myc are up-regulated in
the GEO-shPdcd4 cells (Figure 5). Over-expression of E-cadherin in Pdcd4 knock-down
cells inhibits u-PAR and c-Myc expression (Figure 5), suggesting that down-regulation of E-
cadherin contributes to the stimulation of u-PAR and c-Myc expression in Pdcd4 knock-
down cells. In addition, up-regulation of u-PAR and c-Myc is achieved by direct binding of
the B-catenin/Tcf4 complex to the u-PAR and c-myc promoters (Figure 5). Indeed, when
knock-down of u-PAR or c-Myc expression in GEO-shPdcd4 cells inhibit invasive capacity
(Figure 6). These observations suggest that Pdcd4 knock-down promotes invasion, at least in
part, through stimulating u-PAR and c-Myc expression. In previous studies, it was shown
that Pdcd4 regulates u-PAR gene expression via Sp1/Sp3 (Leupold et al., 2007). Our
promoter analyses and ChlP assays (Figure 5) demonstrate for the first time that the -
catenin/Tcf4 complex directly binds to the u-PAR promoter and regulates u-PAR promoter
activity in GEO-shPdcd4 cells. In addition, the B-catenin/Tcf4 binding site along with two
Sp motifs mediates the Pdcd4-regulated u-PAR promoter activity. Whether or how Sp1/Sp3
and p-catenin/Tcf4 transcription factors cooperatively regulate u-PAR expression in colon
tumor cells need to be further investigated.

In summary, our results reveal that down-regulation of E-cadherin is an important event for
activating p-catenin/Tcf dependent transcription and expressing u-PAR and c-Myc in Pdcd4
knock-down cells, thus providing molecular explanation of how Pdcd4 suppresses tumor
invasion in colon cancer cells.

Materials and Methods

Cell culture

GEO (kindly provided by Dr. Douglas Boyd, MD Anderson Cancer Center) and HT29
(ATCC, Manassas, VA, USA) cells were grown in McCoy's medium containing 10% FBS,
2 mM L-glutamine, and 500 U/ml penicillin-streptomycin. LoVo (ATCC) cells were grown
in RPMI-1640 medium containing 10% FBS, 2 mM L-glutamine, and 500 U/ml penicillin-
streptomycin. Cells were incubated at 37°C with 5% CO, in a humidified incubator.

Matrigel invasion assay

Matrigel invasion assay was carried out as described previously (Yang et al., 2006). FBS
(0.5%) and EGF (20 ng/ml) was used as attractant and added to the lower well. After 48 h,
the number of cells that had traversed the filter into the lower compartment was determined.

Western blot analysis

Aliquots containing 20 or 40 ug of protein were separated on a SDS-PAGE, and transferred
to nitrocellulose membranes as described previously (Yang et al., 2001). Subsequently, the
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membrane was incubated with antibodies against E-cadherin (Santa Cruz Biotechnology,
Santa Cruz, USA), p-catenin (Chemicon, Temecula, CA, USA), Pdcd4 (Wang et al., 2008),
c-Myc (Santa Cruz Biotechnology), u-PAR (Santa Cruz Biotechnology), GAPDH (Cell
Signaling, Danvers, MA, USA), or Snail (Cell Signal) followed by horseradish peroxidase-
linked secondary antibody. The target protein was visualized by chemiluminescence (Pierce,
Rockford, IL, USA).

Transient transfection and luciferase activity assays

gPCR

ChlIP assay

Cells (3 x 10* cells/well in 24-well plates) were transiently transfected with 0.2 pg of
TOPflash or FOPflash (Upstate, Lake Placid, NY, USA) along with 10 ng of pRL-SV40
(Promega, Madison, WI, USA) by using TransIT-LT1 reagent (Mirus, Madison, W1, USA).
After 48 h, the cells were lysed and the luciferase activity was determined as described
previously (Wang et al., 2008). The luciferase activity of each sample is normalized against
Renilla luciferase activity for monitoring transfection efficiency. Various amounts of E-
cadherin expression plasmid (pCMV6-Ecad, Origene, Rockville, MD, USA), E-cadherin
shRNA plasmid (pRS-shEcad, Origene), f-galactosidase expression plasmid (pSV-B-gal,
Promega), and Pdcd4 expression plasmid (pcDNA-Pdcd4) were co-transfected with
TOPflash or FOPflash reporter (as indicated in the corresponding figure legends).

For over-expression of E-cadherin, 10 ug of E-cadherin expression plasmid was transiently
transfected into GEO-shPdcd4 cells (5 x 10°) using Fugene 6 reagent (Roche Applied
Science, Indianapolis, IN, USA). After 72 h, cells were collected for qPCR. For over-
expressing Pdcd4, LoVo cells were infected with lentivirus particles containing Pdcd4
expression plasmid at MOI=5 as described previously (Yang et al., 2006)

The total RNA isolation and gPCR were performed as described previously (Wang et al.,
2008). The primers used for amplifying E-cadherin, u-PAR, c-myc, and GAPDH were
purchased from SA Biosciences (Frederick, MD, USA).

GEO-shLacZ and GEO-shPdcd4 cells were grown to 70-80% confluency and fixed with
formaldehyde. ChIP assay was performed using ChIP-IT™ Express kit according to the
manufacturer's instruction (Active Motif, Carlsbad, CA, USA). The Tcf4 antibody (Santa
Cruz) was used to precipitate $-catenin/Tcf-DNA complex and the pre-immune rabbit serum
was used as the negative control. The sequence of primers for amplifying u-PAR and c-myc
promoters is available upon request. The input DNA before immunoprecipitation was used
as a control in the PCR reaction. PCR products were analyzed on 2% agarose/Tris-borate
EDTA gels.

Site-specific Mutagenesis

The Sp and Tcf4 binding sites on u-PAR promoter were mutated using pu-PAR-1469 as the
template. The E-box sites on E-cadherin promoter were mutated using E7 construct as
template. The site-specific mutagenesis was performed using QuikChange Il XL Site-
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Directed Mutagenesis Kit (Stratagene, La Jolla, CA, USA) according to manufacturer's
instruction.

Knock-down of Snail, u-PAR, and c-Myc

GEO-shPdcd4 cells (2 x 10° cells on a 60-mm plate) were transfected with 6 pl of 10 uM
snail siRNA (Santa Cruz Biotechnology), u-PAR siRNA (Santa Cruz Biotechnology), or c-
myc siRNA (Santa Cruz Biotechnology) using siRNA Transfection Reagent (Santa Cruz
Biotechnology) according to manufacturer's protocol. After 7 days, cells were collected for
Western blot, transfection, or Matrigel invasion assays.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Knock-down of Pdcd4 down-regulates E-cadherin and activates -catenin/Tcf dependent

transcription in GEO cells. (a) Knock-down of Pdcd4 down-regulates E-cadherin. Western
blot was performed using antibodies against E-cadherin, -catenin, and GAPDH. The ratios
of E-cadherin/GAPDH and p-catenin/GAPDH in GEO cells are designated as 1.0. The
number indicates the relative level of E-cadherin or -catenin protein. (b) Knock-down of
Pdcd4 activates p-catenin/Tcf dependent transcription. GEO-shLacZ and GEO-shPdcd4
cells were transfected with either 0.2 pug of TOPflash or FOPflash along with 10 ng of pRL-
SV40. TOPflash and FOPflash constructs are widely used to evaluate -catenin/Tcf
dependent signaling events that regulated by TCF/LEF family. TOPflash construct driven by
thymidine kinase minimal promoter contains 6 wild-type Tcf binding sites upstream of a
luciferase reporter gene. FOPflash is similar as TOPflash except that it contains 6 mutated
Tcf binding sites. FOPflash is used as a specificity control for TOPflash activity. The
luciferase activity was normalized against Renilla activity, and the activity of GEO-shLacZ
cells transfected with either TOPflash or FOPflash plasmid is designated as 1. These
experiments were repeated three times, each with five independent transfections;
representative data are shown. Results are expressed as mean = standard deviation (SD). The
asterisk denotes a significant difference compared with GEO-shLacZ cells transfected with
TOPflash, as determined by one-way ANOVA (p < 0.0001).
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Figure 2.
Knock-down of Pdcd4 inhibits E-cadherin expression through elevated Snail expression. (a)

Pdcd4 knock-down inhibits E-cadherin promoter activity. The E-cadherin promoter reporter
constructs (0.2 pg), wild-type (E7) and E-box mutant (E7-m) were transfected into GEO-
shLacZ and GEO-shPdcd4 cells along with 10 ng of pRL-SV40. The luciferase activity was
normalized against Renilla activity. The activity of GEO-shLacZ cells transfected with E7 is
designated as 100%. The asterisk denotes a significant difference as determined by one-way
ANOVA (p< 0.005). (b) Snail expression is up-regulated in GEO-shPdcd4 cells. Western
blot was performed using antibodies against Snail and GAPDH as described in Materials
and Methods. (¢) Knock-down of Snail expression in GEO-shPdcd4 cells. The snail sSiRNA
(si-snail) and control siRNA (control) was transfected into GEO-shPdcd4 cells. Western blot
was performed using antibodies against Snail and GAPDH. The ratios of Snail/GAPDH in
control cells are designated as 1.0. The number indicates the relative level of Snail protein.
(d) Knock-down of Snail in GEO-shPdcd4 cells activates E-cadherin promoter activity. The
wild-type E7 promoter reporter construct (0.2 ug) along with 10 ng of pRL-SV40 were
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transfected into control and si-snail cells. The luciferase activity was normalized against
Renilla activity. The activity of control cells transfected with E7 is designated as 100%. The
asterisk denotes a significant difference compared with GEO-shLacZ cells transfected with
E7 as determined by one-way ANOVA (p < 0.05).
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Figure 3.
Over-expression of Pdcd4 up-regulates E-cadherin and inhibits -catenin/Tcf dependent

transcription. (a) Over-expression of Pdcd4 in LoVo cells up-regulates E-cadherin
expression. Western blot was performed using antibodies against E-cadherin, Pdcd4, and
GAPDH. The ratios of E-cadherin/GAPDH and Pdcd4/GAPDH in LoVo-control cells are
designated as 1. The number indicates the relative level of either E-cadherin or Pdcd4
protein. (b) Pdcd4 inhibits B-catenin/Tcf dependent transcription. TOPflash (0.2 g, filled
bar) and FOPflash (0.2 ug, open bar) along with 10 ng of pRL-SV40 were transfected into
LoVo-control and LoVo-Pdcd4 cells. The luciferase activity was normalized against Renilla
activity. The activity of LoVo-control cells transfected with TOPflash and FOPflash is
designated as 100%. The asterisk denotes a significant difference compared with cells
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transfected with TOPflash as determined by one-way ANOVA (P < 0.005). (c) Pdcd4
inhibits B-catenin/Tcf dependent transcription in a dose-dependent manner. Increasing
amount (0-1.5 pg) of pcDNA-Pdcd4 plasmid was transfected along with 0.2 g of TOPflash
(filled bar) or FOPflash (open bar) into LoVo cells. The luciferase activity was normalized
against Renilla activity. The total DNA was maintained at 1.7 pg by adding empty vector
pcDNA3.1 DNA. The activity of cells transfected with TOPflash or FOPflash plasmid but
without pcDNA-Pdcd4 plasmid is designated as 100%. The asterisk denotes a significant
difference compared with cells transfected with TOPflash but without pcDNA-Pdcd4
plasmid, as determined by one-way ANOVA (P < 0.005). The experiments in (b) and (c)
were repeated three times each with five independent transfections and representative data
are shown. Results are expressed as mean + SD.
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Figure4.
E-cadherin modulates p-catenin/Tcf dependent transcription in Pdcd4 knock-down cells. ()

Knock-down of E-cadherin activates 3-catenin/Tcf dependent transcription in HT29 cells.
One microgram of either E-cadherin ShRNA (pRS-shEcad) or control ShRNA (pRS-shGFP)
was transfected into HT29 cells along with either 0.2 pug of TOPflash (filled bar) or
FOPflash (open bar) plus 10 ng of pRL-SV40. The luciferase activity was normalized
against Renilla activity, and the activity of cells transfected with pRS-shGFP plasmid is
designated as 1.0. The asterisk denotes a significant difference compared with cells
transfected with pRS-shGFP, as determined by one-way ANOVA (p < 0.001). (b) and (c)
Over-expression of E-cadherin inhibits $-catenin/Tcf dependent transcription in Pdcd4
knock-down cells. Increasing amounts (0-0.1 pg) of pPCMV6-Ecad plasmid were transfected
into GEO-shPdcd4 cells with either 0.2 pg of TOPflash (b) or FOPflash (c) reporter as
described in (a). The total DNA for each transfection was maintained at 0.3 pg by adding
empty vector pcDNA3.1 DNA. The activity of cells transfected with either TOPflash or
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FOPflash but without pPCMV6-Ecad plasmid is designated as 100%. The asterisk denotes a
significant difference compared with cells transfected 0.1 ug of pPCMV6-Ecad plasmid, as
determined by one-way ANOVA (p < 0.005). (d) p-Galactosidase does not inhibit -
catenin/Tcf dependent transcription. One tenth microgram of pcDNA3.1, pCMV6-Ecad or
pSV-p-gal plasmid was transfected into GEO-shPdcd4 cells with 0.2 pg of TOPflash plus 10
ng of pRL-SV40. The luciferase activity was normalized against Renilla activity, and the
activity of the cells transfected with pcDNA3.1 is designated as 100%. The asterisk denotes
a significant difference compared with cells transfected with pcDNA3.1, as determined by
one-way ANOVA (p < 0.001). These experiments were repeated three times each with five
independent transfections, and representative data are shown. Results are expressed as mean
+ SD.
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Figureb5.

Pdcd4 knock-down stimulates the expression of u-PAR and c-Myc. (a) The mRNA levels of
u-PAR, c-myc, and GAPDH were determined by gPCR using total RNA isolated from GEO-
shLacZ and GEO-shPdcd4 cells. The ratio of u-PAR/GAPDH or ¢c-myc/GAPDH in GEO-
shlLacZ cells is designated as 1.0. The asterisk indicates a significant difference, as
determined by one-way ANOVA (p < 0.01). (b) The protein levels of u-PAR, c-myc, and
GAPDH were determined by Western blotting analysis using cell lysates from GEO-shLacZ
and GEO-shPdcd4 cells. The ratio of u-PAR/GAPDH and c-Myc/GAPDH in GEO-shLacZ
cells is designated as 1. The number indicates the relative level of u-PAR or c-Myc protein.
(c) and (d) Over-expression of E-cadherin inhibits u-PAR and c-Myc expression. Either
pCMV6-Ecad (E-cad) or pcDNA3.1 (control) was transfected into GEO-shPdcd4 cells.
After 72h, the total RNA was isolated and the mRNA levels of E-cadherin, u-PAR and c-
myc were determined by qPCR. The ratio of E-cadherin/GAPDH in cells transfected with
pcDNAS3.1 is designated as 1 (c). The ratio of u-PAR/GAPDH or c-myc/GAPDH in cells
transfected with pcDNA3.1 is designated as 100% (d). The asterisk denotes a significant
difference, as determined by one-way ANOVA (p < 0.01). (e) and (f) The B-catenin/Tcf4
complex directly binds to the promoters of u-PAR and c-myc in Pdcd4 knock-down cells.
ChIP assays were performed with cell lysates from either GEO-shLacZ or GEO-shPdcd4
cells using anti-Tcf4 antibody (Tcf4) or control IgG (Pre). ChIP enriched DNA and input
samples (Input) analyzed with PCR using primers for amplifying -catenin/Tcf4 binding site
on promoters of c-myc (e) and u-PAR (f). PCR products were resolved onto 2% agarose gels.
M indicates the DNA markers. (g) B-catenin/Tcf4 binding site mediates Pdcd4-regulated u-
PAR promoter activity. Wild-type and mutated u-PAR promoter reporter constructs were
transiently transfected into GEO-shPdcd4 cells. Luciferase activity was assayed 48 h post-
transfection. The luciferase activity was normalized against Renilla activity, and the activity
of cells transfected with pu-PAR-1469 plasmid is designated as 100%. These experiments
were repeated three times each with five independent transfections, and representative data
are shown. Results are expressed as mean + SD. The asterisk denotes a significant difference
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compared with cells transfected with pRS-shGFP, as determined by one-way ANOVA (p <
0.001).
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Figure®6.
Knock-down of u-PAR or c-Myc inhibits invasion in Pdcd4 knock-down cells. (a) Knock-

down of u-PAR and c-Myc in GEO-shPdcd4 cells. The u-PAR and c-Myc expression was
knocked down by transfection with u-PAR siRNA and c-myc siRNA, respectively. The u-
PAR and c-Myc protein levels from control siRNA (control), u-PAR siRNA (si-u-PAR), and
c-myc siRNA (si-Myc) expressing cells were determined by Western blot using antibodies
against u-PAR, c-Myc, and GAPDH. The ratio of u-PAR/GAPDH and c-Myc/GAPDH in
control cells is designated as 1. The number indicates the relative protein level of u-PAR or
c-Myec. (b) Knock-down of u-PAR and c-Myc inhibits invasion. Matrigel invasion assays
were performed with the indicated cells for 48 h using FBS (0.5%) and EGF (20 ng/ml) as
attractants. Each value is the mean £ SD of three independent experiments. The asterisk
denotes a significant difference compared with control cells as determined by one-way
ANOVA (P < 0.05).
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A model depicting the pathway involved in invasion promotion caused by Pdcd4 knock-

down. See text for details. E: E-cadherin; [3: B-catenin.
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