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Background: Prostaglandin E, (PGE,) levels are frequently elevated in colorectal carcinomas. PGE, is perceived via four
transmembrane G protein coupled receptors (EP1-4), among which the EP4 receptor is most relevant. PGE,/EP4-receptor
interaction activates CREB via the ERK/MEK pathway. However, the downstream target genes activated by this pathway
remained to be investigated.

Methodology/Principal Findings: Here, we have identified S100P (an EF-hand calcium binding protein) as a novel
downstream target. We show by realtime RT-PCR that STOOP mRNA levels are elevated in 14/17 (82%) colon tumor tissues
as compared to paired adjacent normal colonic tissues. ST00P expression is stimulated in the presence of PGE, in a time
dependent manner at mRNA and protein levels in colon, breast and pancreatic cancer cells. Pharmacological and RNA -
mediated inhibition of the EP4 receptor attenuates PGE -dependent ST00P mRNA induction. RNA-mediated knockdown
of CREB inhibits endogenous S100P expression. Furthermore, using luciferase reporter analysis and EMSA we show that
mutation and/or deletion of the CRE sequence within the S100P promoter abolished PGE -mediated transcriptional in-
duction. Finally, we demonstrate that RNA -mediated knockdown of ST00P compromised invadopodia formation, colony
growth and motility of colon cancer cells. Interestingly, endogenous knock down of S100P decreases ERK expression
levels, suggesting a role for ERK in regulating ST00P mediated cell growth and motility.

Conclusions/Significance: Together, our findings show for the first time that ST00P expression is regulated by PGE_/
EP4-receptor signaling and may participate in a feedback signaling that perpetuates tumor cell growth and migration.
Therefore, our data suggest that dysregulated S100P expression resulting from aberrant PGE,/EP4 receptor signaling may

have important consequences relevant to colon cancer pathogenesis.

PGE, is an important prostaglandin that has been implicated
in colorectal carcinogenesis (CRC)." PGE, is elevated in famil-
ial adenomatous polyposis (FAP) patients as well as in APC™M™N
mice in a polyp-size dependent manner.? In addition, exogenously
administered PGE, enhances the growth of intestinal adenomas
and worsens CRC.> PGE, also protects APC™M™ mice against
NSAID-induced intestinal polyp reduction.? In conjunction with
COX-2, PGE, plays a multitude of roles in CRC development by
deregulating various hallmarks of cancer.’ The effects of PGE,
on cellular responses are mediated by its overall second messen-
ger response. Intracellular signal transduction of PGE, occurs via
four G protein coupled receptors (GPCRs) namely EP1, EP2,
EP3 and EP4, among which the EP4 receptor appears to play
a significant role in colon cancers. Ligand binding assays show
that the EP4 receptor has the highest affinity towards pro-tumor-
igenic PGE, ligand.® There has been a growing appreciation
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forthe EP4 receptor in recent years, as an important transducer of
PGE, signals leading to cell invasion and motility during tumor-
igenesis. The EP4 receptor is overexpressed in several different
cancers including CRC.” In addition, the EP4 receptor was deter-
mined to be a genetic risk factor in both ulcerative colitis as well
as Crohn’s disease as determined by genome-wide associations.®
In vitro studies by our group and others indicate that PGE,/
EP4-receptor signaling via ERK activation promotes tumori-
genic behavior in colon cancer cells.” Constitutive expression of
EP4 receptor promotes proliferation and anchorage-independent
growth, demonstrating that the EP4 receptor may also be a key
regulator of tumor progression.' PGE, stimulates cell prolifera-
tion and motility in LS174T colon adenocarcinoma cells through
the EP4 receptor-dependent activation of PI3K/AKT signaling.!!
It also inhibits apoptosis in human Caco-2 colon cancer cells in
an EP4 dependent pathway.'? In addition, a growing quest for the
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identification of drugs against colorectal and other cancers has
encouraged pharmaceutical establishments to consider selective
EP4 antagonists as novel therapeutic targets. However, exactly
how PGE,/EP4-receptor activation contributes to colorectal can-
cer development in vivo remains to be determined. The down-
stream effector genes that are regulated via this pathway are an
active area of investigation.

S100P is a member of the S100 family of calcium binding
proteins, which share consensus EF-hand motifs. There is con-
siderable evidence implicating S1I00P in cancer. However, exactly
how S100P contributes to colon cancer remains to be clarified.
The expression of S100P is upregulated in a number of cancers

such as pancreatic,® breast,' prostate” and lung.'®

Interestingly,
microarray profiling on frozen colon cancer tissue specimens
showed elevated S100P levels.'”*® In addition, S100P expression
was shown to be enhanced at least 4 fold in a DNA microarray
study performed on inflamed colonic tissue from ulcerative coli-
tis and Crohn’s disease patients compared to normal volunteers,
indicating the relevance of this protein in inflammation-induced
colorectal carcinogenesis.”” S100P is a secreted protein and its
presence in fine-needle biopsy specimens and pancreatic juice
has been positively correlated with extent of cancer spread. Thus
elevated levels of S100P has been proposed to be used as an early
prognostic indicator for pancreatic cancers.” Despite this fact,
there is limited information available on the upstream signal-
ing components that regulate S100P expression. For instance, in
prostate cancers, IL-6 was shown to transcriptionally induce the
expression of S100P in an androgen-refractory manner.? S100P
mRNA and protein levels were stimulated in the presence of
BMP4 (a member of the TGF superfamily), in pancreatic can-
cers.”? In addition, high concentrations of the selective COX-2
inhibitor, celecoxib, induce S100P expression in human gastric
cancer cell lines.” These studies indicate that SI00P can be regu-
lated by transcriptional mechanisms in cancer cells. However, no
studies have as yet investigated the mechanism by which S100P
expression is regulated in colorectal cancers.

In the present study we show that the expression of S100P in
human colorectal tumors is significantly elevated as compared
to normal colonic tissues from the same individuals. We further
demonstrate that PGE,/EP4-receptor signaling can induce the
expression of S100P in a time dependent fashion in LS174T colon
cancer cells and in human embryonic kidney (HEK293) cells
that overexpress the EP4 receptor. We also provide evidence that
the EP4 receptor is essential for SI00P expression. Colon can-
cer cells, in which the EP4 receptor expression is ablated, fail to
show S100P induction. In our previous studies we showed that
PGE,/EP4-receptor signaling activates CREB via the ERK/
MEK pathway.” Here we show that knockdown of CREB by
RNA. drastically reduces endogenous S100P levels. We also show
that binding of CREB to the promoter region of s/00p gene is
required for PGE -mediated S100P transcription. Finally, we
demonstrate that knockdown of S100P decreases endogenous
ERK protein levels possibly associated with a decrease in the abil-
ity to sustain invadopodia, colony growth and motility in colon
cancer cells. Together our findings reveal a novel target of the
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PGE,/EP4-receptor signaling pathway which may provide an
alternative avenue for the management of colorectal cancers.

Results

Intracellular PGE,/EP4-receptor signaling. Previous studies
in our laboratory have shown that PGE,/EP4-receptor signal-
ing activates the transcription factor CREB via the ERK/MEK
pathway.” However, the downstream target genes activated by
the PGE,/EP4 — CREB mechanism have not been fully iden-
tified. We wanted to investigate what downstream genes may
be induced by the PGE /EP4/ERK/CREB pathway in colon
cancer cells. In order to understand the function of CREB pro-
tein in colon cancer cell lines, we asked the question whether
the transcription factor could affect the growth of colon cancer
cells. Two colon cancer cell lines (LS174T and HCA?7) were sta-
bly transfected with vector control or a dominant negative con-
struct against CREB. The dominant negative protein, termed
ACREB, dimerizes with wild-type CREB protein and prevents it
from binding DNA sequences. Colon cancer cells stably express-
ing either pPCM V500 vector alone (control) or ACREB construct
were plated under G418 selection and allowed to colonize for
3 weeks. Supplemental Figure 1A shows a significant decrease
in the number of methylene blue stained colonies in cells trans-
fected with non-functional CREB protein as compared to those
transfected with vector alone. We then wanted to investigate the
mechanism of growth inhibition. We used LS174T cells trans-
fected with pCMV500 vector alone (control) or ACREB con-
struct and performed Caspase-Glo 3/7 assay. Supplemental
Figure 1B shows that apoptotic luminescence, resulting from the
specific cleavage of caspases 3 and 7, increases significantly at 48
and 72 hrs in ACREB containing cells compared to those con-
taining vector alone (control). This suggests that knockdown of
the transcription factor CREB can significantly diminish colony
growth by inducing apoptosis.

Next, in order to identify target genes which are activated by
the transcription factor CREB in response to PGE /EP4-receptor
signaling, we performed a microarray. The microarray experi-
ment was designed to identify genes that were differentially regu-
lated in the presence of 1 wuM PGE, on HEK293 cells that have
stable ectopic expression of EP4 receptor, a model system used to
elucidate signaling events by prostanoid receptor signaling (Sup.
Fig. 1C).**?¢ A total of 39 genes were significantly upregulated at
least 3 fold in PGE -treated cells (p < 0.001). The data were a cul-
mination of three independent experiments. Among these genes,
s100p, a gene encoding for a calcium binding protein, was cho-
sen for further validation because (1) S100P plays an important
role in carcinogenesis, (2) S100P shows aberrant expression in
gastrointestinal cancers including gastric and pancreatic cancers
and (3) the promoter region of the s100p gene contains a CREB
Recognition Element (CRE) sequence. These data show, for the
first time, that the knockdown of transcription factor CREB can
significantly diminish colony growth in colon cancer lines and
that S100P could be a potential downstream target of the PGE /
EP4-receptor signaling pathway.
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Figure 1. ST00P expression is elevated in colon tumors. Human colon tissue from 17 colon cancer patients were obtained from the Arizona Cancer G.I.
SPORE tissue resource. The matched normal (open bars) and tumor (filled bars) tissue specimens were processed for RNA and subjected to gRT-PCR
analysis for ST00P and -actin. Values represent mean + SD (*p < 0.05, ***p < 0.001).

Expression of S100P is elevated in colon tumors. Studies
involving microarray profiling of frozen colon cancer specimens
as well as tissues from patients with inflammatory bowel disease,
have revealed elevated S100P levels.'”" In order to investigate the
expression of S1I00P in CRC patients, we obtained frozen tumor
tissues from surgically resected clinical specimens. We performed
quantitative realtime analysis on levels of SI00P mRNA from
colon tumors and compared it to adjacent normal colonic tissues
from 17 patients. Overall, 14 out of 17 (82%) cases displayed
an increase in SI00P mRNA levels relative to paired normal tis-
sue. Nine of the seventeen cases showed a marked increase of
more than 5-fold (cases: 270, 308, 309, 314, 251, 259, 260, 297
and 298). Five cases showed a moderate increase of less than
5-fold (cases: 207, 271, 290, 323 and 234). Finally, three cases
(cases: 284, 280 and 285) showed a decrease in SI00P mRNA
levels compared to adjacent normal tissue from the same indi-
vidual (Fig. 1). Studies have also shown that SI00P protein lev-
els are elevated in epithelial cells during colon cancer.”” We then
extracted protein from a subset of patients shown in Figure 1
and confirmed by western blot and ELISA that levels of S100P
protein were also elevated in colon tumors as compared to normal
colonic tissue (data not shown). Our data suggest that increased
mRNA levels of S1I00P may account for the increased protein
levels of S1I00P seen in colon cancer patients.

Exposure to PGE, induces the expression of SI00P. In order
to validate our microarray findings, human embryonic kidney
HEK?293 cells stably expressing high levels of EP4 receptor were
treated with either DMSO (vehicle control) or with 1 wM PGE,
for 1, 3, 6, 12 and 24 hours. Drug treatments were performed
after at least 20 hours of serum starvation. Realtime analysis of
S100P transcripts revealed that SI00P message is significantly
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elevated in the presence of 1 WM PGE, at 12 and 24 hrs (Fig.
2A). Second, in order to investigate PGE, dependent response in
colon cancer cells, LS174T cells were treated with 1 uM PGE,
for 12 and 24 hours. Figure 2B shows that exposure of LS174T
cells to 1 WM PGE, could induce the expression of the S100P
gene by 2.5-fold after 12 hours and up to 4-fold after 24 hours. A
similar magnitude of mRNA induction has been observed for the
Id-1 and CXCLI1 genes in response to PGE, levels in breast and
colon cancer cells respectively.?®* In addition, SI00P protein lev-
els were also induced to high levels at 24 hours (Fig. 2B). Third,
to ensure that the induction is universal and not cell-line specific,
we demonstrate that S1I00P is induced in breast and pancreatic
cancer cell lines in the presence of PGE, as well as PGE, OH (EP4
agonist) (Fig. 2C).

Inhibition of the EP4 receptor suppresses PGE,-dependent
S100P induction. Next, we wanted to establish whether the EP4
receptor plays a role in PGE -mediated induction of S100P. For
this purpose, LS174T cells were exposed to PGE OH, an EP4-
receptor agonist. In addition, cells were exposed to two selec-
tive EP4 receptor antagonists: GW627368X and L-161,982.
Exposure to PGE OH alone showed a 2-fold increase in the
S100P relative transcript levels, similar to PGE, mediated induc-
tion, whereas treatment with EP4 receptor antagonists repressed
the induction of S100P to levels comparable to vehicle control
(Fig. 3A). Moreover, exposure to PGE, resulted in diminished
S100P response in shRNA-treated LS174 T cells (shEP4) (Fig.
3B). These levels were comparable to shEP4 cells treated with
DMSO (vehicle). By contrast, in shCrtl cells (scrambled control)
S100P levels were induced to 2-fold when treated with PGE,
compared to treatment with DMSO. Figure 3C confirms the
knockdown of EP4 receptor protein in shEP4 expressing LS174

Volume 10 Issue 10
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Figure 2. PGE, stimulates ST00P expression. (A) HEK293 cells stably expressing EP4 receptor were
treated with 1 wM PGE, for indicated time points. RNA was extracted from cells and subjected to
gRT-PCR analysis for ST00P and B-actin. (B) LS174T colon cancer cells treated with 1 uM PGE, for
indicated time. RNA was extracted and subjected to gRT-PCR analysis for ST00P and B-actin (left).
Total cell protein was extracted from LS174T cells treated for indicated time and analyzed by SDS-
PAGE. Western blot was performed using polyclonal S100P antibody (1:1,000). Equal loading was
confirmed by probing against a-tubulin (right). (C) MCF7 breast cancer and Panc1 pancreatic cancer
cells were also treated as indicated and qRT-PCR was performed. Changes in transcript levels after
gRT-PCR are shown as mean * SD. (**p < 0.01, ***p < 0.001).

expression, we knocked down CREB
using RNA.. We then determined the
levels of S100P protein in LS174T cells
transfected with empty vector (control)
or two independent constructs express-
ing shRNA against CREB (shCREB-1
and shCREB-2) by western blot. Figure
4A shows that knockdown of CREB pro-
tein results in a decrease in endogenous
S100P protein levels, suggesting that
CREB directly regulates SI00P.

Next, in order to identify specific
sequence elements within the s100p pro-
moter that are responsible for the induc-
tion of the gene, we conducted promoter
reporter assays. Three cis-acting elements
(SMAD, STAT and CRE) have been
reported to be important for the tran-
scription of the s100p gene. The sequence
of the core s100p promoter is depicted in
Supplemental Figure 2. Functional anal-
ysis of the promoter was performed by
transient transfection of three promoter
deletion constructs that were cloned into
a pGL3-based reporter vector upstream
of the firefly luciferase gene (Fig. 4B):
(-236/+58) that contains SMAD, STAT
and CRE sequences, (-124/+58) lack-
ing all three sequences and (-236/-14)
that contains SMAD, STAT and CRE
sites, but lacks the proximal region of
the s100p promoter. In order to inves-
tigate whether SMAD, STAT or CRE
sequences are involved in response to
PGE, levels, the three constructs were
exposed to vehicle control (DMSO)
or 1 uM PGE,. Figure 4B shows that
constructs (-236/+58) and (-236/-14)
could significantly induce luciferase
gene expression in the presence of PGE,
(~2-fold). However, construct (-124/+58)
could not induce luciferase activity. This
indicates that SMAD, STAT or CRE
sequences could be important for gene
expression. Previous studies in Hela
cells show that S100P promoter activa-
tion is primarily mediated by the STAT/
CRE binding sites.® In addition, in
Pancl pancreatic cancer cell lines, induc-
tion of S100P expression was shown to

be independent of SMAD4 binding.*

T cells compared to shCrl cells. Taken together these results sug- ~ As the PGE,/EP4-receptor mediated signaling has been shown
gest that PGE -dependent induction of S100P is mediated via the  to activate CREB, we hypothesized that the disruption of the
EP4 receptor. CRE-binding site would abolish luciferase activity. As STAT and

Loss of CREB function depletes S100P. First, in order to  CRE sequences are juxtaposed in the SI00P promoter region, we
establish whether CREB is important and/or required for S100P  wanted to clarify which sequence is responsible for driving S100P
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Figure 3. Inhibition of the EP4 receptor suppresses PGE,-dependent ST00P induction. (A) LS174 T cells were treated with EP4 agonist (1 uM PGE,OH)
or EP4 antagonist (1 .M GW627368X or 2 uM L-161,982) for 24 hrs. RNA was subjected to qRT-PCR analysis for ST00P and B-actin. (B) shRNA-expressing
(shEP4) and scrambled control-expressing (shCtrl) LS174 T cells were serum starved and treated with 1uM PGE, for 24 hrs and qRT-PCR was performed.
Differences in relative transcripts are shown as mean + SD (**p < 0.01, ***p < 0.001). (C) Concentration dependent silencing of the EP4 receptor in
shEP4 and shCtrl-expressing LS174T cells is shown by western blotting using EP4-specific primary antibody (1:1,000). Equal loading was confirmed by

transcription. We created mutants of STAT and CRE binding
sites by site directed mutagenesis (nSTAT: TGC CAC TG and
mCRE: GCC CA). These mutated sequences (underlined) have
been shown to effectively abolish binding of STAT and CREB in
mammalian, Drosophila and yeast systems.?'** Figure 4B shows
that while mSTAT did not affect luciferase activity, mCRE
decreased both basal as well as PGE,-induced S100P expression.
It is also important to note that although SMAD-binding site
was not mutated in any of the constructs, mCRE alone could
completely abolish luciferase activity.

We wanted to further determine whether PGE, influences
CREB binding on the S100P promoter. We generated a radio-
labeled 16-mer probe sequence of the SI00P promoter, contain-
ing the CRE binding site. We then treated LS174T cells with 1
WM PGE, for various time points, extracted nuclear proteins and
performed electrophoretic mobility shift assay (EMSA). We per-
formed a time course experiment and determined that exposure
to PGE, for 30 min resulted in significant nuclear factor binding
to S100P promoter (Sup. Fig. 3). We then performed competitive
binding assays with non radio-labeled probes containing wild-
type (S100P¥TCRE) and mutant (SI00PMUTCRE) CRE-binding
sequences in order to confirm CREB binding. Figure 4C shows
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a dose-dependent loss of nuclear factor binding in the pres-
ence of increasing concentrations of SI00P¥“RE, By contrast,
S100PMUT-CRE did not show any loss in binding. Finally, the
presence of CREB antibody (Ab) resulted in a supershift of the
specific band, indicating the oligo occupancy of CREB. Taken
together, these data indicate that CREB protein directly regulates
S100P levels and PGE, enhances the promoter activity of S100P
via the binding of CREB.

Knockdown of S100P protein levels compromises invado-
podia formation, colony growth and tumor cell motility and is
associated with reduction in endogenous ERK protein levels. In
order to establish the physiological relevance of S100P in colon
cancer cells we knocked down the expression of S100P protein
by RNA. technology. We transfected LS174T cells with empty
pLKOLI vector (control) or two independent shRNA constructs
against S100P (sh1-S100P and sh2-S100P). We confirmed the
reduction of SI00P protein by western blot analysis (Fig. 5A).
Next, we seeded LS174T cells stably expressing control or shl-
S100P or sh-2 S100P plasmids on collagen gels and looked for
changes in morphology and growth. We observed a dramatic cel-
lular effect in 3D collagen cultures including: smaller colony size,
a more rounded phenotype and loss of invadopodia formation

Volume 10 Issue 10
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Figure 4. Loss of CREB function depletes S100P. (A) LS174T cells expressing control, shCREB-1 or shCREB-2 were subjected to western blot analysis
using polyclonal ST00P-specific antibody (1:1,000). Effective knockdown of CREB and equal loading of total proteins was confirmed by probing against
CREB and GAPDH respectively. (B) LS174T cells were transfected with wild-type (solid boxes), deletion or mutant (hashed boxes) ST00P promoter con-
structs. Cells were treated with 1 uM PGE, (filled bars) or vehicle (DMSO; open bars) after serum starvation. Relative luminous units represent the ratio
of luminescence generated by Firefly Luciferase over Renilla Luciferase. Values represent mean + SD (**p < 0.01). (C) EMSA was performed on nuclear
lysates of LS174T cells that were treated with 1M PGE, for 30 min. Competitive binding with wild-type (S100P"™¢) and mutant (ST00PYV"¢) probes
are shown at increasing concentrations. Gel shift is shown in the presence of 3 g polyclonal anti-CREB antibody (Ab).
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in LS174T cells lacking S100P protein compared to controls
(Fig. 5B). To confirm that S1I00P regulates colony growth, we
performed methylene blue colony formation assay and observed
a drastic decrease in the number of colonies in shl- and sh2-
expressing LS174T cells (sh1-S100P: 5 + 2 and sh2-S100P: 7 +
2) compared to control (21 £ 4), p < 0.01 (Fig. 5C). Finally, we
analyzed tumor cell motility in a transwell motility assay. After 2
days of incubation, the number of cells penetrating through the
membrane (stained purple with crystal violet) were counted and
reported as percentage values. The data shows a marked decrease
in the percentage of motile tumor cells expressing sh1-S100P
(55% = 3) and sh2-S100P (50% + 2) compared to control (100%
+ 2) (Fig. 5D). Furthermore, in order to determine whether loss
of S100P modifies signaling changes within cells, we performed a
western blot analysis to look for changes in ERK levels. Figure 5SE
shows distinct loss of both the subunits (p42 and p44) of endog-
enous ERK MAP kinase. Together with cell morphology, colony
formation and motility assays, these data indicate that loss of
S100P modulates downstream signaling that are associated with
changes in morphology, colony growth and motility. Thus, we
propose that regulation of S100P by the PGE,/EP4 receptor sig-
naling pathway may constitute a feedback regulatory mechanism
by which tumor cells perpetuate growth and migration during
colon carcinogenesis (Fig. 6).

Discussion

The PGE,/EP4-receptor signaling is implicated in colon tumor
progression and metastasis. Thus it is essential to understand
how PGE,/EP4-receptor signaling mediates cellular functions
in normal physiology and pathologic states such as cancer.
Previous studies from our laboratory suggest that the PGE,/
EP4-receptor, via ERK, leads to the activation of the transcrip-
tion factor CREB. Studies employing genetic as well as pharma-
cological inhibition of CREB have shown that it can suppress
growth of cancer cell lines, including endometrial and colon can-
cer.>*% However, whether or not CREB activation contributes
to colon cancer cell growth has not been previously investigated.
We provide new evidence that suppression of CREB activity, by
a well-characterized dominant negative mutant construct, sup-
presses colon cancer cell growth by inducing apoptosis. In the
present study, we also focused on identifying the downstream
target genes of the PGE,/EP4-receptor in colon cancer cells. We
used microarray analysis to find a novel PGE,/EP4-receptor tar-
get gene. The gene for calcium binding protein, SI00P, was iden-
tified as being significantly upregulated by PGE,. This finding
is the first of its kind and sheds light on the regulatory mecha-
nisms of this pro-tumorigenic pathway. Altered expression of
S100P has been observed in a wide variety of human cancers.
Consistent with this literature, we also observed an increase in
S100P expression levels in human colon cancers compared to
normal specimen.?” Despite this evidence, the upstream regula-
tor of SI00P expression, in colon cancer, had not been clari-
fied until now. Our present results reveal that the PGE,/EP4/
CREB pathway can upregulate SI00P expression in colon as
well as other cancer cells (i.e., breast and pancreatic cancer).
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We further show that PGE, -dependent induction of S100P
occurs in the presence of a functional CRE-binding sequence
in the promoter region of S100P. Interestingly, we noted an
incomplete clearing of the S100P probe in the presence of
CREB antibody in our EMSA. This suggests that other tran-
scription factors may also bind the CRE sequence within the
S100P promoter. The C/EBP family of transcription factors has
been shown to bind the CRE region within the CCR7 promoter
in human monocytes.?*® Thus, the ability of C/EBP transcrip-
tion factor to regulate S1I00P expression in response to PGE,
needs to be further investigated.

Exactly how S100P contributes to the patho-physiology of
colorectal cancers remains to be clarified. However, we observed
a decrease in colony growth, cell motility and loss of invadopo-
dia formation in colon cancer cells lacking S100P. We also show
for the first time a decrease in endogenous levels of ERK MAP
kinase with loss of SI00P by RNAI. Activation of ERK1/2 is well
known to contribute to tumor cell proliferation, invasion and
motility. Also, several published reports on pancreatic cancers
have shown increased ERK activation (by phosphorylation) by
S100P. *~ Our data suggest that SI00P may regulate the expres-
sion of ERK and further studies are required to address this issue.
Collectively, these studies suggest that elevated S100D levels may
participate in tumor cell invasion and migration.

With respect to molecular function, S1I00P interacts with
RAGE and influences intracellular signaling via mitogenic path-
ways (Fig. 6). The administration of exogenous S100P ligand was
shown to increase proliferation (via ERK MAP kinase pathway) as
well as cell survival (by constitutive NFkB activation).?”*® At the
intracellular level, interaction of S100P with ezrin is necessary for
cellular movement via the trans-endothelial passages in lung can-
cer cells.® Ezrin is a component of the ERM family of proteins,
which crosslink plasma membrane to filamentous actin (F-actin)
and needs to be activated in the presence of Ca?* ions.'® Thus, it
is possible that activation of dormant ezrin molecules, by Ca?*
binding S100P protein, assists tumor cells to migrate through
otherwise difficult cellular contexts such as the endothelium.

In summary, we have identified S100P as a downstream
target gene within the PGE,/EP4-receptor signaling pathway.
Transcriptional upregulation of S100P appears to account for
increased S100P protein and is mediated by CREB. Combinatorial
therapeutic strategies involving the inhibition of the EP4 receptor
and S100P activity warrant further investigation.

Materials and Methods

Cell culture and maintenance of cell lines. LS174T, HCA?7,
HEK?293, MCF7 and Pancl cell lines (ATCC) were maintained
in 1X DMEM (Invitrogen) supplemented with 10% fetal bovine
serum (FBS) and 5 mg/mL penicillin-streptomycin. HEK293
cells stably overexpressing EP4 receptor were maintained in
I1X DMEM under 200 pg/mL G418 selection. Cells were
plated and allowed to grow for 24 hrs and then serum starved
in OptiMEM® I Reduced Serum Medium (Invitrogen) for 20
hrs before drug treatments. All transient transfections were
performed using Lipofect AMINE 2000 (Invitrogen). PGE,,
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Figure 5. Silencing of S100P diminishes invadopodia formation, colony growth and cell motility and is associated with decrease in endogenous ERK
levels. LS174T cells were stably transfected with empty pLKO1 vector (control) or two independent shRNA constructs against S100P (sh1-S100P and
sh2-S100P). (A) Silencing of S100P protein is confirmed by western blotting using S100P-specific antibody (1:1,000). Equal loading was confirmed by
probing against a-tubulin. (B) LS174T cells expressing control and sh-S100P constructs were allowed to grow on collagen gels for 8 days and viewed
under light microscope (20x magnification). (C) Methylene blue colony formation assay was performed on control or sh-S100P-expressing LS174T cells
after 3 weeks of growth. Methylene blue stained colonies were photographed (left) and counted manually (right). Values represent mean + SD, (**p <
0.01). (D) Transwell motility assay was performed on cells and the filters were photographed after 2 days of incubation (left). Motile cells (crystal violet
positive) were counted after 2 days and are shown as a percentage (right). Values represent mean percentage + SD (**p < 0.01). (E) Endogenous levels
of downstream signaling molecule ERK is shown after western blot analysis of LS174T cells transfected with control, sh1- or sh2-S100P constructs.
GAPDH levels indicate equal loading.
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PGE OH, GW627368X, L-161,982 (Cayman Chemicals) were
prepared in DMSO and maintained at concentrations lower than
0.1%.

Cell survival and colony formation assays. Cell survival
was monitored by seeding 8 x 10* in 6-well plates in triplicate
and measured by SRB assay as previously described. Apoptosis
was measured using Caspase Glo 3/7 Assay (Promega) as per
manufacturer’s guildelines. Colony formation assay was per-
formed by seeding 500 cells in 10 cm plates and incubating at
37°C for 3 weeks to allow for colonies to form. Media was then
removed and colonies were stained in methylene blue dye (0.5%
methylene blue and 50% methanol) at room temperature for 10
min. Plates were gently rinsed in water and visible colonies were
counted.

DNA constructs and plasmids. Short hairpin RNA
(shRNA) plasmids against a scrambled sequence (shCtrl) or
the EP4 receptor (shEP4) were purchased from SuperArray
Bioscience Corporation. Dominant negative ACREB plasmids
(along with empty vector) and two shRNA plasmids against
CREB (with empty vector) were gifts from Dr. Charles Vinson,
National Institutes of Health (Bethesda, MD) and Dr. Kathleen
Sakamoto, Department of Pathology and Laboratory Medicine,
UCLA (Los Angeles, CA). Plasmids (pLKOI1) containing
shRNA against S100P (with empty vector) were generously
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donated by Dr. Thiruvengadam Arumugam, Department of
Cancer Biology, University of Texas, MD Anderson Cancer
Center (Houston, TX).

RNA isolation and realtime RT PCR analysis. A block of
~0.5 cm from surgically resected colorectal adenomas or car-
cinomas was homogenized using Trizol reagent (Invitrogen).
RNA was extracted using Qiagen kit reagents. Reverse transcrip-
tion was performed using 1 pg of RNA from either frozen tis-
sues or cell lines using the iScript cDNA synthesis kit (BioRad
Pharmaceuticals). For realtime analysis, 1 pnL (50 ng) of the
c¢DNA mix was added to a 25 pL reaction mix containing 1X
Roche premix, 0.5 pM forward and reverse primers (S100P-F:
5-GAT ATT CGG GCA GCG AGG G-3'; S100P-R: 5-GCA
TCC TTG TCT TTT CCA CTC TGC-3'; Bactin-F: 5-GCA
AAG ACC TGT ACG CCA A-3; Bactin-R: 5-GGA GGA
GCA ATG ATC TTG ATC TTC-3"). Realtime RT-PCR was
performed using Roche SyBr-Green reagents in the LC480 Light
Cycler (Roche Diagnostics). Relative quantification was per-
formed using the 244t method as described.”!

Protein extraction and western blot analysis. Total protein
was isolated from cells or tissue sections using protein cell lysis
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
NP-40, 0.5% sodium deoxycholate and 1% Protease Inhibitor
Cockrtail: 1 mM phenyl methane sulphonyl fluoride, 1 mM
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sodium ortho vanadate and sodium fluoride). Equal amount
of proteins were resolved by electrophoresis in a 15% SDS-
polyacrylamide gel. Western blotting was performed as previously
described.” S100P-(R & D Systems) or EP4 receptor-(Cayman
Chemicals) specific antibodies were used at 1:1,000 followed by
horseradish-peroxidase-linked secondary antibody (Santa Cruz
Biotechnology) at 1:10,000. CREB-(Santa Cruz) and ERK-
(Cell Signaling) specific antibody was used at 1:500 dilution.

Site-directed mutagenesis of S100P promoter. To assess the
promoter activity of the s100p gene, pGL3 based deletion con-
structs were used.’® The -236/+58 construct containing STAT
and CRE binding sites were mutated using the QuikChange
Lightning Site-Directed Mutagenesis Kit (Stratagene). Mutated
oligos (Sigma-Genosys) were designed based on previous studies
(MutSTAT-F: 5-GGG GAA AGG TGC CAC AAA CGT CAT
CACAAC-3', MutSTAT-R: 5-GTT GTGATGACGTTTGTG
GCA CCT TTC CCC-3, MutCRE-F: 5-GGG GAA AGG
TTC CAG AAA GCC CAT CACAAC-3', MutCRE-R: 5' GTT
GTG ATG GGC TTT CTG GAA CCT TTC CCC-3").31

Dual luciferase promoter reporter assay. Transient transfec-
tions were performed in LS174T cells. After 24 hrs of transfec-
tion, cells were serum starved in OptiMEM medium for 20 hrs
and treated with 1 WM PGE, for an additional 24 hrs. Luciferase
activity was assayed using the Dual Luciferase Reporter™ Assay
(Promega) according to manufacturer’s directions and lumines-
cence was measured using the Sirius Luminometer (Berthold
Detections Systems).

Electrophoretic mobility shift assay (EMSA). Nuclear pro-
tein extracts were prepared from LS174T cells treated with 1
wM PGE, for indicated time points as described previously.*
For
(Sigma-Genosys), containing wild-type and mutant CRE bind-
ing sequences (SIOOPVTCRE; 5"CCA GAA ACG TCA TCA;
SI00PMUT-CRE. 5> CCA GAA AGC CCA TCA-3’) were added
to the binding reaction 1 hr prior to addition of radio-labeled
probe. For antibody supershift assay 3 pg of CREB-specific anti-
body (Millipore) were incubated with nuclear protein 1 hr prior
to probe binding.

Tumor cell morphology. Colon cancer cells (LS174T) stably
expressing empty vector (control) or shRNA plasmids against
S100P (sh-S100P) were grown in complete medium for 24 hrs.
Subsequently, collagen gels were prepared as previously described
using rat tail collagen.”® 4 x 10 cells were seeded on collagen gels

competition experiments, unlabeled oligonucleotides

in 16 mm multiwell dishes (Nunc). Cells were allowed to grow
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