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ABSTRACT

Cyclooxygenase2 (COX2) has been associated with cell growth, invasiveness,
tumor progression and metastasis of colorectal carcinomas. However, the downstream
prostaglandin (PG)-PG receptor pathway involved in these effects is poorly
characterized.

We studied the PG-pathway in gene expression databases and we found that
PTGS2 (prostaglandin G/H synthase and cyclooxygenase) and PTGES (prostaglandin
E synthase) are co-expressed in human colorectal tumors. Moreover, we detected
that COX2 and microsomal Prostaglandin E, synthase 1 (mPGES1) proteins are both
up-regulated in colorectal human tumor biopsies.

Using colon carcinoma cell cultures we found that COX2 overexpression
significantly increased mPGES1 mRNA and protein. This up-regulation was due to
an increase in early growth response 1 (EGR1) levels and its transcriptional activity.
EGR1 was induced by COX2-generated PGF, . A PGF, receptor antagonist, or EGR1
silencing, inhibited the mPGES1 induction by COX2 overexpression. Moreover,
using immunodeficient mice, we also demonstrated that both COX2- and mPGES1-
overexpressing carcinoma cells were more efficient forming tumors.

Our results describe for the first time the molecular pathway correlating PTGS2
and PTGES in colon cancer progression. We demonstrated that in this pathway mPGES1
is induced by COX2 overexpression, via autocrine PGs release, likely PGF, , through
an EGR1-dependent mechanism. This signaling provides a molecular explanation to
PTGS2 and PTGES association and contribute to colon cancer advance, pointing out
novel potential therapeutic targets in this oncological context.

INTRODUCTION resection, 40—50% relapse and die of metastases, being

the overall 5-year survival less than 60% [2]. Thus, the

Colorectal cancer is the most common malignancy currently available treatments do not achieve the desired

and the second most common cause of cancer death in efficiency and development of new therapeutic strategies
Europe [1]. Even in patients who have undergone tumor is required.
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Clinical trials and epidemiological studies have
suggested that cyclooxygenase 2 (COX2) is involved
in colorectal cancer development and its inhibition can
reduce the risk of cancer in general and more specifically
of colorectal cancer [3-7].

The activity of cyclooxygenases (COX) is coupled
to several terminal synthases that produce the different
PGs [8]. The major PGs produced are the PGE,, PGD,,
PGF, , PGI, by their respective synthases and are present
in the healthy colon as well as in colorectal cancer [9].
PGE, has been proposed as the principal prostanoid
associated to colorectal tumors since PGE, levels are
elevated in patients with colon cancer and correlate
with tumor size [10]. Three PGE, synthases have been
described [11], two microsomal, mPGES1, mPGES-2 and
the cytoplasmic cPGES, encoded by the PTGES, PTGES?2
and PTGES3 genes, respectively. mPGESI1 expression
has been associated to colorectal cancer incidence and
prognosis [12, 13] and has been proposed to cooperate
with COX2 to enhance tumor growth [14].

Early growth response 1 (EGR]I) is a transcriptional
regulator that belongs to the EGR family of the
C2H2-type zinc finger proteins. EGR/ is rapidly induced by
a variety of stimuli, such as lipopolysaccharide, cytokines
and growth factors, and regulates gene expression of
proteins required for mitosis, inflammatory responses and
differentiation [15]. It has been established that several
prostanoids and more particularly PGF, and PGE, can
induce EGRI expression [16, 17]. EGRI can also activate
mPGESI1 expression coordinately with NF«B or by itself
in a variety of cell types [18-20]. Finally, EGR! has been
shown to induce apoptosis in cancer cells when up-regulated
by NSAIDs [21, 22], thus the role of EGR1 is controversial.

In contrast to the wealth of data relating COX2 and
colon cancer, there is little direct experimental evidence
demonstrating that the expression/activity of COX2 or
mPGES]1 is causally linked to tumor progression and
metastasis, in colorectal cancer. Besides, the PGs pathways
downstream of COX2 mediating its pro-tumoral effects
are mostly unknown. Thus, to further investigate the
direct effects of the COX2/prostanoids pathway by itself
in colorectal tumor progression, we generated stable colon
carcinoma cell lines that overexpressed the human COX2
gene. These cell lines have increased tumorigenic capacity
both in vitro and in vivo and we found altered expression
levels of various components of the PG pathway including
mPGESI1. Notably, we found co-localization of COX2
and mPGESI1 in human colorectal cancer biopsies and
human tumor array data sets. Besides, overexpression of
mPGES]1 was enough to provide cells with an increased
tumorigenic capacity in immunodeficient mouse xenograft
models. This is the first report to demonstrate that high
levels of any of the two enzymes are sufficient to enhance
colorectal tumor growth and that COX2 activity induces
mPGES] expression through EGR].

RESULTS

PGs pathway in colorectal cancer tumors

To study the implication of the COX-
prostaglandin(s)-PG receptor(s) genes in colorectal cancer,
we collected information on their mRNA expression levels
using the OncoMine database (http://www.oncomine
.org; Compendia Bioscience, LifeTechnologies). These
analyses showed that several members of this pathway
are up-regulated in different human tumors (a summary is
shown in Fig. 1A). Regarding colorectal tumors PTGS2,
PTGES and PTGER3 were found up-regulated in many
datasets. PTGS?2, the gene that encodes for COX2 was
significantly (p < 0.0001) up-regulated in 3 distinct
datasets comparing tumor to normal tissue. Moreover,
it was expressed at high levels in a subset of the tumor
samples of the 21% of the collections (outlier analysis,
as defined by Oncomine, expression profile analysis
where high or low gene expression is seen in a fraction of
samples of the total population/tumor collection without
affecting significantly the average value of the population,
but receives a high score from Oncomine’s algorithm).
PTGES on the other hand, which encodes mPGES1, was
found significantly increased in 3 analyses of colorectal
cancer vs. normal tissue, as well as in 8 other cancer
type datasets. After outlier analysis high expression was
found in samples of the 13% of the collections. PTGS2
and PTGES are both up-regulated in colorectal tumors
when compared to normal tissue, while the PG receptor
genes expression levels vary considerably, not correlating
with the expression of PTGS2 and PTGES (not shown).
We then analyzed whether the PTGS2 and PTGES are
co-expressed/co-induced in cancer cells calculating the
Pearson correlation coefficient of their gene expression
values for each tumor sample. There is a very strong
correlation between the two genes expression levels in two
independent collections of colorectal tumor specimens,
Skrzypczak Colorectal 2 and Gaedcke Colorectal, 0.836
and 0.714, respectively (Fig. 1B). Similar results were
obtained when we analyzed the data generated by the
TCGA Research Network [29] (http://cancergenome.
nih.gov/) using the cBioportal for Cancer Genomics [30]
(http://www.cbioportal.org/): PTGS2 and PTGES show
a tendency towards co-occurrence (p < 0.001). On the
other hand, cell-line gene expression analysis, using the
Cancer Cell Line Encyclopedia [31] tools (http://www.
broadinstitute.org/ccle/home) also resulted in a strong
correlation of the expression levels of the two genes
(Pearson’s correlation = 0.45). All these in silico findings
strongly support the coordinated involvement of the
PTGS2-PTGES axis in colorectal cancer development.
Moreover, we analyzed the mRNA levels of various cell
lines to find a similar correlation between the levels of the
two genes (Fig. 1C).
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Figure 1: PG Partway gene expression analysis in human tumors. A. Summary from the data obtained from the “Gene summary
view” of the Oncomine database (Oncomine 2014, Compendia Bioscience) for each of the genes. The number of tumor collections where
each gene was found significantly up- or down- regulated in tumor vs normal analyses is shown in the red and blue boxes respectively. In the
pink and light-blue boxes are shown the number of collections that contain a subset of samples with very high or very low expression of the
gene, respectively (outlier analysis). In parentheses, the number of colorectal cancer collections relative to the previously mentioned results
are shown. B. Graphical representation of the PTGS2 and PTGES mRNA relative levels (as analyzed in the Oncomine database) dispersion,
linear regression, and Pearson correlation coefficient. C. Graphical representation of the PTGS2 and PTGES ACt (Ct,, ., or proes — Cliuprr)
dispersion, linear regression, and Pearson correlation coefficient, as calculated after qRT-PCR on RNA samples from the cell lines shown.
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mPGES1 and COX2 are co-expressed in human
colorectal tumor biopsies

To confirm if COX2 and mPGESI are co-expressed
in human tumors, we tested by immunohistochemistry
their expression in human colorectal tumor biopsies with
different location, differentiation state, mucin expression
and clinical stage. COX2 was expressed in most of the
tumors tested, and almost always accompanied by mPGES1
expression (Table 1 and Fig. 2). Thus, COX2 and mPGESI
are co-expressed in human colorectal tumors as predicted in
silico and found in colorectal cancer cell lines.

COX2 overexpression in colon adenocarcinoma
cells results in PGs production and mPGES1
increase

To address the mechanism mediating this coordinate
expression, as well as its biological significance,
we tested whether overexpression of COX2 enhances
tumor progression and if this correlates with mPGES1
up-regulation. For this, we generated several colon
carcinoma cell lines, namely SW480ADH, Caco2,
SW620, HT29 and HT29-lucD6, stably expressing COX2
and compared them with control cells carrying the empty
vector (EV), to avoid any possible artifact attributable to
a single cell line. As expected, all COX2-overexpressing
cell line expressed more P7TGS2 mRNA, and COX2
protein (not shown). For example, HT29-COX2 express
9 fold more PTGS2 mRNA than the EV cells (Fig. 3A)
and in HT29-lucD6-COX2, COX2 protein levels were
higher than HT29-lucD6-EV control cells (Fig. 3B). This
overexpression of COX2 resulted in much higher release
(1.2 pg/ml/pg of protein for EV cells vs 14.1 pg/ml/pg
of protein for COX2-overexpressing HT29 cells) of PGE,
released to the supernatant (Fig. 3C) demonstrating that
overexpressed COX2 is functional.

COX2-overexpression confers an enhanced
pro-tumorigenic phenotype

PG production is associated to higher migration
of colon tumor cells [25]. Thus, we next evaluated the
effect of COX2 overexpression on cell migration. For
this, Boyden chamber assays were performed for the
HT29, Caco2 and SW480ADH -EV and -COX2 cell
lines. In all cases COX2-overexpressing cells showed a
significant tendency (p < 0.05, n = 3 for each cell line) to
migrate more than the EV cells. For the HT29 cell line, an
average of 20 + 3 EV and 29 + 4 COX2-overexpressing
cells migrated in 48 h. This comparison resulted in 28 +
4 EV and 69 + 6 COX2-overexpressing Caco?2 cells and
24 +3 EV and 33 + 5 COX2-overexpressing SW480ADH
cells. Migration was strongly increased when cells were
pretreated with PMA Interestingly, in all the cases, COX2-
overexpressing cells migrated significantly more than their

EV counterparts (Fig. 3D-3E). PMA treatment did not
affect COX2 protein levels (not shown).

We next sought to test if COX2 overexpression
favored tumor growth in vivo. HT29-COX2 cells produced
larger tumors than the EV cells in the nude mice xenograft
cancer progression model (Fig. 4A). Similar experiments
were performed in SCID mice using the HT29-lucD6
derivatives and evolution of the tumors was monitored by
bioluminescence. Again, COX2-overexpressing cells grew
faster than the EV cells (Fig. 4B and 4C). These results
indicate that COX2 overexpression promoted faster tumor
growth in vivo.

Moreover, we were able to detect metastatic tumors
21 days after the surgical removal of primary HT29-lucD6-
EV cells derived tumor in a minor fraction of the mice
(17%). On the contrary, in mice inoculated with HT29-
lucD6-COX2 cells we detected metastasis were detected
earlier and 5 weeks post inoculation half of the animals had
metastasis (Fig. 4D). All metastases occurred in the lung
and were always found near a blood vessel (not shown).
This supports the role of COX2 in favoring lung metastasis
as it has been reported for mammary tumors [5, 32, 33].

COX2 overexpression induces PTGES
through EGR1

Interestingly, we found that mPGES1 was
significantly up-regulated in all COX2-overexpressing
colorectal carcinoma cell lines tested (an example of HT29
and SW480ADH is shown in Fig. 5A and for Caco2-COX2
a 14 + 3 fold increase of PTGES was observed when
comparing to EV cells). This gene induction by COX2
overexpression is specific to PTGES since the levels of
other components of the PG pathway, such as PTGES?,
PTGES3 or PGFS remained unchanged (Fig. 5B). More
interestingly, in vivo subcutaneous tumors in nude mice
express higher levels of mPGES1 when they originate
from COX2-overexpressing cells (Fig. 5C). Additionally,
we analyzed mRNA levels of several components of the
COX-PG synthases-PG receptors pathway both in vitro, in
cells in culture, as in vivo, in the tumors extracted from the
nude mice to find a 2-fold increase of PTGES levels in the
COX2 tumors (Fig. 6). These data confirmed that COX2
overexpression in colon carcinoma cells concomitantly
leads to the up-regulation of mPGES1-PGE, pathway.
Interestingly, PTGS2 expression was increased in control
HT29-EV xenotransplanted cells derived tumors as
compared to the levels of these cells in culture. This may
explain the lower differences between the lines found
in vivo.

Next, we studied the molecular mechanisms
responsible for mPGES1 up-regulation. Inhibition of COX2
enzymatic activity with Aspirin or Etoricoxib reverted
the induction of mPGESI- in COX2-overexpressing
cells (Fig. 7A), confirming that it was due to enhanced
COX2 activity in those cells. We then examined the
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Table 1: Expression of mPGES1 and COX2 in human tumor samples and clinical characteristics of
the human tumors analyzed (Location, Differentiation state Mucin expression and clinical stage)

BIOPSY Location Differentiation = Mucinous Stage COX2 staining mPGES-1
NUMBER state staining
1 Rectum/sigmoid moderate no PT3N2MO = ++

2 Cecum well no T3NIMx + ++

3 Rectum well no NA ++ ++

4 Rectum well no uT3uN2M1 - 4+

5 Ascending well yes T3N2M1 A=F ++

6 Rectum/sigmoid well yes PT3N2Mx + +

7 Cecum well no PT3N2bMx ++ ++

8 Transverse moderate no Pt3n0m0 Immune Czllﬁ'SNo tumor ++

9 Transverse/right well no PT4ANOMx ++ +++
10 Transverse moderate no PT3NOMO + ++

11 Transverse moderate no PT3NOMO ++ +++

Biopsy number

Figure 2: COX2 and mPGESI expression in human colorectal tumor biopsies. Samples from colorectal tumors were processed
for immunohistochemistry using antibodies specific for COX2 and mPGES1. Magnification 200 x.
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COX2-derived prostanoid(s) involved in the up-regulation
of mPGESI1. PGE, treatment of HT29 cells did not affect
PTGES mRNA levels (not shown) while PGF, caused a
6-fold increase (Fig. 7B). Besides, treatment with PGF,
receptor (FP) antagonist AL8810 significantly reduced the
PTGES mRNA induction in COX2-overexpressing cells,
indicating a COX2/PGF, dependent induction. Similar
results were obtained in SW480ADH cells (not shown). To
identify the signaling pathways involved, we transfected
the EV and the COX2 HT29 cells with luciferase reporter
constructs containing the “full length” PTGES promoter,
construct A (=631 to — 1 bp), or just the proximal promoter
region, construct B (—177 to — 1 bp) [27] as shown in
Fig. 7C. Luciferase activity was high when any of the two
constructs were transfected in the COX2-overexpressing
cells (Fig. 7D). This confirms that COX2 activates the
PTGES promoter and indicates that the transcription factor
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binding sites responsible for this PTGES transcriptional
up-regulation are localized in the proximal promoter region,
where three EGRI response elements have been identified
[19]. Similar results were obtained with SW480ADH
and Caco2 cells (not shown). In agreement with these
results, we found that EGRI mRNA is up-regulated in
COX2-overexpressing cells and that an EGRI-reporter
construct was more active in COX2-overexpressing cells
(Fig. 7E and 7F). Similar results were obtained in Caco2
cells (not shown). Conversely, PGF, treatment increased
2-fold this reporter construct activity in SW480ADH (£0.1)
and HT29 (2.2 + 0.3) cells. Additionally, we tested what
PGs were able to induce EGRI1 in different colorectal
cancer cell lines (Fig. 7G for mRNA and 7H for protein).
Finally, EGR1 overexpression caused a great increase in
PTGES mRNA in HT29 (14.26 +2.15, p < 0.01) and Caco2
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cells (8.3 £ 2.9, p <0.05), supporting the direct regulation panel), EGRI knockdown reduced the PTGES mRNA

of PTGES expression by EGR1. levels in COX2-overexpressing HT29 cells without

To further confirm this, we tested whether RNA affecting PTGS?2 levels (similar results were obtained
interference for FGRI would reduce the expression in SW480ADH cells, not shown). Besides, EGRI1
levels of PTGES. As it can be observed in Fig. 8 (upper knockdown also reduced mPGES1 protein levels induced
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Figure 5: COX2 overexpression induces mPGES1 up-regulation. A. PTGES mRNA levels are higher in HT29-LucD6
or SW480ADH cells overexpressing COX2 comparing to EV cells, as estimated by qRT-PCR. B. mRNA levels of different genes
encoding for key enzymes of the prostanoid biosynthesis pathway in HT29-EV and COX2 cells. No significant differences were found.
C. Immunohistochemistry for mPGES1 on tumor samples generated after subcutaneous injection of the cells, showed that COX2 tumors
express 23 fold more mPGES] than the EV ones. Magnification 200 x.
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by COX2 as shown by immunofluorescence (Fig. 8, lower
panels and graph). Although EGR1 knockdown does not
significantly affect neither EGR1 nor mPGESI levels in
EV cells, probably due to their already low EGR1 levels,
it prevents the up-regulation of EGR1 and mPGESI in
COX2-overexpressing cells. This was observed both at the
mRNA and protein level. Furthermore, strong correlations
of PTGS2 or PTGES and EGRI mRNA levels in several
cancer datasets were found, and particularly in Skrzypczak
Colorectal 2 dataset, Pearson’s correlation was 0.84 for
PTGS2 and EGRI and 0.647 for PTGES and EGRI mRNA

levels (Table 2). Altogether these results demonstrate
that mPGES1 is induced by COX2 overexpression,
via autocrine PGs release, likely PGF, , through an
EGRI-dependent mechanism.

207

mPGESI1 overexpression promotes tumor
growth in vivo

The above results suggested that mPGES1 induction
is a key point in the pro-tumorigenic activity of COX2.
To confirm this we generated a HT29-lucD6 cell line
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Figure 6: The Cyclooxygenases-PGE, pathway gene expression analysis after COX2 overexpression. Expression of PG
pathway genes in vitro, in cells in culture, in vivo, in the tumors extracted from nude mice. Summary from the gene expression data obtained
by qRT-PCR for each of the genes of the pathway analyzed, averages of three independent experiments in culture and for the tumors of
4 mice are shown. -: undetectable. *the mRNA levels of these genes were found induced in the EV cells derived tumors as compared to the

levels of the EV cells in culture.
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Table 2: Pearson’s correlation coefficient calculated from the gene expression data for the genes shown
in the two colorectal tumor collections (Gaedcke colorectal and Skrzypczak Colorectal 2; Oncomine)

PTGES vs PTGS2 PTGES vs EGR1 PTGS2 vs EGR1
Skrzypczak Colorectal 2 0.836 0.647 0.840
Gaedcke Colorectal 0.714 0.408 0.235

carrying the PTGES gene, expressing more than 500-fold
higher mRNA levels and confirmed the overexpression of
the protein (Fig. 9A). mPGES]1 overexpression was not
as effective as COX2 to increase the total PG levels but
increased the proportion of PGE, in the total PGs while it
reduced the proportion of PGF,_ (Fig. 9B).

We then compared the in vivo tumorigenic activity
of both mPGES1 and COX2 expressing lines in mouse
xenograft experiments. As shown in Fig. 9C, COX2 tumors
grew faster than the EV ones, as expected. Interestingly,
the mPGES1-overexpressing cells formed tumors much
faster that grew larger than the other two groups, with much
higher bioluminescence signal, indicating higher numbers
of living cells. Histological observations of the tumors
showed more necrotic regions in the ones derived from the
control cell line. Remarkably, the mPGES1 tumors were less
compact, with less stroma, composed mainly of mucinous
cells indicating higher degree of cell differentiation into the
tumor. Immunohistochemical staining of the sections with
an mPGES] antibody showed stronger staining in HT29-
COX2 derived tumors than in the HT29-EV generated
tumors and as expected very strong staining in the HT29-
mPGES]1 tumors (Fig. 9D). This staining was specifically
localized in the tumor cells, while no staining was observed
for other cell types like immunologic infiltrate or stroma.

DISCUSSION

Epidemiological studies as well as experimental
models have long suggested that COX2 plays an
important role in colorectal tumorigenesis [6, 7, 34-36].
However, despite the wealth of data on COX2 and cancer,
very few direct evidence of COX2 overexpression in
colon carcinoma cells with tumor properties in vivo
have been published. More importantly, no studies
have comprehensively addressed the downstream PGs/
PG receptors pathways involved. Several studies have
attributed COX2 effects to PGE,. Not withstanding this,
the 2 published reports on the effect of genetic deletion
of mPGESI in mice on colon cancer are contradictory
indicating that the mPGES1 deficient mice have either
reduced [37] or accelerated [38] intestinal tumorigenesis,
probably due to differences in the inflammatory responses.

Thus, we studied the possible downstream COX?2
effectors, as PG synthases-PG receptors, both in human
colorectal cancer samples and in animal models. Data
analysis from numerous collections of human tumors
indicated that PTGS2 and PTGES expression correlated

strongly, while for the rest of the members of the
mentioned pathway we did not find any correlation.
Importantly, we confirmed the in silico results in human
colorectal tumor biopsies, being the first evidence of
a relationship between COX2 activity and mPGESI1
expression levels in the same tumor settings.

To address the mechanism and consequences of this
association, we overexpressed COX2 in several human
carcinoma cell lines. Our results agree with previous
work from our group and other groups, which have
reported enhanced cell migration in cells with spontaneous
up-regulation of COX2 and in cells that overexpress
COX2 [25, 39-42]. Besides, we report for the first time
that COX2 overexpression alone increased tumor growth
and the number of metastases in mice, confirming that the
overexpression of COX2 plays an important role in colon
cancer progression and dissemination.

The tumorigenic effects of COX2 are considered
to be due to the production of PGs [43], particularly
PGE, [44, 45]. The PGE, synthase mPGES], has been
associated with carcinogenesis and proposed as marker
of poor prognosis [13, 14, 46]. Both PTGS2 and PTGES
genes share a similar transcriptional regulation by certain
growth factors and pro-inflammatory stimuli [28, 47,
48]. However, the possible link between these enzymes
in colon cancer was not addressed before.

Interestingly, we found that COX2 overexpression
caused the up-regulation of mPGESI thus leading to
increased PGE, and PGF, synthesis. We were able to
demonstrate that this up-regulation depended directly
on COX2 activity using specific and non-specific COX2
inhibitors. Interestingly, mPGESI induction depends, at
least partially, on PGF, , since an FP antagonist, AL8810,
could revert it, giving a previously unrecognized role of
this PG/FP in colon cancer. AL8810 is a PGF,_ receptor
antagonist that would only avoid activation of the receptor
by newly synthetized PGF, . However, this compound has
itself a low level intrinsic capacity to activate the receptor,
thus allowing low level induction of EGR1 and mPGESI.
On the other hand, PGE, is also able to induce EGR1 in
certain circumstances and cell lines, thus the contribution
of both PGs to the observed effect cannot be discarded. In
this regard, it is well established that both PGF, and PGE,
can induce EGRI [16, 17]. Further studies are necessary
to evaluate the effect of PGF, on tumor progression and
metastasis.

Using the PTGES promoter reporter constructs
we confirmed the EGR1 and discarded NF-kB or CREB
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activation since the binding sites identified for these factors
are present in the “full length” but not in the “proximal
promoter” construct. EGR1, a transcription factor known
to be important for the transcriptional regulation of PTGES
in other cell types [19, 28] is responsible for the induction
of mPGES1 by COX2. More importantly, silencing EGR/
gene with RNA interference abrogated COX2-mediated
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levels of the three genes, in colorectal tumors. Our results
are also in agreement with reports of EGR1 down-
regulation by NSAIDs [27, 49] and up-regulation by PGE,
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Figure 9: mPGESI1 overexpression in colon cancer cells. A. UP: mRNA levels of PTGES in control or mPGES| overexpressing
cells as estimated by qRT-PCR. DOWN: WB against mPGES1 and HSP90 in samples of the above mentioned cells. B. PGE,, PGF, and
total PG levels in supernatants of EV, COX2 and mPGES]1 transduced HT29-Luc-D6 cells, quantified by ELISA immunoassay. The graph
shows means and standard error of three independent experiments. C. Quantification of tumor produced bioluminescence of HT29-LucD6-
EV, -COX2 and —-mPGES]I cells inoculated subcutaneously in nude mice (5 per group). One Nude mouse had developed metastasis before
week 9 post injection in the axillar lymph node (shown in the lower part). D. At the end of the experiment mice were sacrificed, tumors were
extracted and processed for immunohistochemistry using antibodies specific for COX2 and mPGES1. Magnification 200 x.
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[50]. Besides, there are some reports implicating EGR 1
in colorectal and gastric cancer cell proliferation and
metastasis [51, 52]. Moreover, EGRI has been proposed to
be one of the genes with increased expression early in the
development of colorectal cancer [53] and to be implicated
in stem cell marker regulation [54].

We also found that mPGES1-overexpressing colon
carcinoma lines grow tumors faster, even faster than the
COX2-overexpressing ones, indicating that mPGESI1
activity alone would be sufficient to promote tumor
growth. In vitro, mPGES]1 overexpression increases PGE,
levels by taking advantage of the basal PGH, production,
conversely reducing the levels of other PGs like PGF, .
The change of the balance between the different PGs
towards PGE, may be enough to stimulate faster tumor
growth.

In conclusion, we found here that COX2
overexpression confers a more aggressive tumor
phenotype in colon carcinoma cells and that this phenotype
can be mimicked by mPGES1 overexpression. Besides,
COX2 overexpression was functionally and casually
linked to mPGES|1 in human tumor samples and in all cell
lines tested in vitro and in vivo derived tumors. Finally,
our results unraveled a new molecular mechanism for this
association involving COX2*PGF2a*EGRI*mPGESI
that likely makes the sustained expression of COX2 the
principal event necessary for tumor promotion by this
cascade.

MATERIALS AND METHODS

Cell lines

The Caco-2, HCT116, SW620 and HT29 cell lines
were obtained from the ATCC (LGC Standards, Barcelona,
Spain). HT29-lucD6, stably expressing Firefly Luciferase,
obtained from Caliper Life Sciences. The SW480ADH
and SW480R cells [23] were a kind gift from Dr. Alberto
Muiloz, Madrid, Spain. The Caco2 and HCT116 cells were
obtained from the Centro de Investigaciones Biologicas
Tissue culture Repository (Madrid, Spain). Cell lines were
validated with the StemElite ID system (Promega). Cells
were grown as described [24, 25].

The COX2-overexpressing cell lines and the empty
vector controls (EV) were generated by transfection with
the pPBABE-puro vector carrying or not the human COX2
gene, using Lipofectamine 2000 (Life Technologies)
according to the instructions of the manufacturer. Cells
were selected for one week with 2 pg/ml puromycin and
then several independent mass cultures were obtained.
COX2- and mPGES1-overexpressing cell lines were also
generated by transduction with lentiviral particles carrying
the mentioned genes or the empty vector, after subcloning
to the pPSMPUW-IRES-Bsd (Cell Biolabs) following the
manufacturer’s instructions. Cells were grown under
blasticidin (Invivogen) selection (4 pg/ml).

Aspirin and phorbol myristate acetate (PMA) were
acquired from Sigma-Aldrich. Etoricoxib, from Merck
Sharp & Dohme. AL8810, PGE, and PGF, were from
Cayman Chemicals.

Tumor growth in immunodeficient mice

We used three strains of immunodeficient mice,
Swiss Nude (Crl:NU(Ico)-Foxnl™, Charles River
Laboratory) and SCID (BALB/cJHan Hsd-Prkdescid) or
NOD-SCID (NOD.CB17-Prkdcscid/NCrHsd) from Harlan
Laboratory. In the experiments with nude and NOD-SCID
mice, groups of 4-6 animals were injected with 0.5% or
3 x 106 cells from generated cell lines. For the SCID mice
experiments, groups of 10 animals were injected with
3 x 10° HT29-lucD6-COX2 or HT29-lucD6-EV cells
in each flank of the back. Tumor volume was estimated
with calipers by the following calculation: ([width]?
x [length])/2. For HT29-LucD6 cell lines, bioluminescence
acquisition on anesthetized mice (isofluorane gas, 1.5%,
Abbott, Madrid, Spain) was performed using an IVIS
Lumina II (Caliper Life Sciences) after intraperitoneal
injection of 150 mg/kg of body weight of D-Luciferin
(Promega). The luminescent signal was quantified with
Living Image 3.2 software and expressed as photons/s
(Average radiance). The animal experimentation complied
with National and European Union legislation and was
supervised by the center’s Ethics Committee.

Histological analysis and immunohistochemistry

Tumors from mice were fixed in 4% phosphate-
buffered formalin (pH 7.4), and 3 um paraffin-embedded
sections were stained with hematoxylin-eosin or
immunostained as described previously [26]. Antibodies
used for immunohistochemistry: anti-COX2 (Sigma-
Aldrich) or anti-mPGES1 (Cayman Chemicals Europe)
and secondary antibody conjugated with HRP (Envision +
Dual link System HRP, Dako). Finally, sections were
developed using DAB solution (Liquid DAB + substrate
chromogen system, DAKO K3468), counterstained
with hematoxylin and images were taken with a
LEICA DMD108 Digital Microimaging Device (Leica
Microsystems). Human tumor biopsies were obtained after
the approval of the Ramon y Cajal University Hospital
Ethics Committee according to Spanish and EU laws.

In vitro cell migration assay

Migration assays were carried out basically as
described [25]. Briefly, 2 x 10* cells were placed in 8 pm
pore size transwell filter chambers in MEM without
serum, prior 0.5 h treatment with PMA, 100 nM. The
inserts were placed in wells filled with MEM 20% FBS.
After 48 h at 37°C, they were processed and quantified as
described [25].
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Table 3: Oligonucleotide primers used in this study

Gene Primer Sequence
HPRT CTGGAAAGAATGTCTTGATTGTGG
CATCTTTGGATTATACTGCCTGAC
PTGSI GAAACCCTACACCTCCTTCC
GCATCAATGTCTCCATACAATTCC
PTGS2 CGAGGTGTATGTATGAGTGTG
GTGTTTGGAGTGGGTTTCAG
PTGES CTGGTCATCAAGATGTACGTG
GGGTAGATGGTCTCCATGTC
PTGES?2 TCGCAACAACTAAATGACTCC
CTGGGTAGTAGGTGATGATCTC
PTGES3 AGAAAGGGCAAAGCTTAATTGG
ATCATCTGCTCCATCTACTTCTG
HPGD GCAGTTTGAACCTCAGAAGAC
CACTCCAGCATTATTGACCA
PHDS GCATGACGGAACAATAGGAC
GAACAGAGCAGAGACATCCA
HPGDS GGGAGAGCAGAAATTATTCGT
AGAGTAAGTCCATCAACTTCCA
PGFS (AKRIC3) TTCTCCAATGTCTCTAAAGCCA
ATCCTGCATCCTTACACTTCTC
PGIS AGAAATCTACACAGACCCAGAG
TGTAATTCTTCAGCCGTTTCC
PTGERI GTCGGTATCATGGTGGTGTC
CGCAGTAGGATGTACACCCA
PTGER?2 GTCTGCTCCTTGCCTTTCAC
TGAACGCATTAGTCTCAGAACAG
PTGER3 TCAACCTTGATGTGGAGCGA
GCAAATTCAGGGAAGCAGGA
PTGER4 TCTTACTCATTGCCACCTCCC
GTTGACGAATACTCGCACCAC

mRNA extraction and quantitative
real time PCR

Total RNA was prepared from colon carcinoma cell
lines by the TRIzol reagent (Invitrogen, Alcobendas, Spain)
according to the manufacturer’s instructions. Total RNA was
reverse transcribed into cDNA and the quantitative PCR
was performed using the GoTaq 2-Step RT-PCR system
(Promega). Relative mRNA levels to the housekeeping HPRT
gene and to the experimental control point were calculated

using the 2-24T formula from the values obtained. A list of the
gene specific primers used can be found in Table 3.

Prostaglandin quantification

PGE,, PGF, and total PGs were quantified using
ELISA kits from Cayman Chemicals Europe, following
the manufacturer’s instructions. The quantifications were
performed on serum free medium incubated with cells
during 4 hours at 37°C.
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Luciferase reporter assays

Cells were transfected with luciferase reporter
constructs, namely PTGES-A-Luc, PTGES-B-Luc [27]
or EGRI-pro36-Luc [28] together with the SV40-Renilla
plasmid at a 80:1 proportion, with Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions.
6 h after transfection, media were replaced and 48 h later
cells were lysed and processed using the Dual Luciferase
Assay kit (Promega) and bioluminescence was measured
in a Sirfus manual luminometer (Berthold Detection
Systems).

RNA interference

For stable RNA interference, the following Mission
shRNA lentiviral vector constructs (Sigma Aldrich)
were used: TRCN0000273910, TRCNO0000013836,
TRCNO0000013833. Viruses were produced and
cells were transduced following the manufacturer’s
instructions. For transient knockdown, these constructs
were transfected with Metafectene (Biontex Laboratories,
GmbH) following the manufacturer’s instructions.
Knowdown efficiency was evaluated by RT-PCR and
immunofluorescence.

Western blot analysis

Western blots (WB) were carried out as described
previously [24]. Membranes were incubated with specific
antibodies against COX2, mPGES1 (Cayman Chemicals
Europe) or anti-EGR/ (sc-189) or anti-HSP90 (sc-7947)
antibody (Santa Cruz Biotechnology).

Immunofluorescence

Cells were plated on 12 mm diameter cristal
coverslips the day after transfection. 48 h later cells were
washed with PBS and fixed with 4% paraformaldehyde
in PBS for 20 min. Cells were permeabilized with 0.1%
Triton X-100 for 20 min and blocked with 2% BSA in
PBS for 1 h. Antibody incubations were done in 1% BSA
in PBS. Anti-mouse and anti-rabbit secondary antibodies
(Alexa 488 and 555) were from Life Technologies. Images
were acquires with a LSM510 laser confocal microscope
(Zeiss) all in the same conditions and fluorescence
intensity was calculated with the Fiji software (adapted
version of Image J).

Statistical analysis

Results are expressed as means = SEM. The
Student’s t test were used for comparisons. *p < 0.05 and
**p < 0.01 denote statistical significance. The statistical
analysis was performed using the GraphPad Prism
4.0 statistical software.

ACKNOWLEDGMENTS AND FUNDING

The authors are grateful Maria Chorro, Maika
Maza, Carmen Punzén, Cristobal Moreno and Ana Flores
for technical assistance and to Dr. Miguel A. Iiiguez
for scientific discussion. The PTGES promoter reporter
constructs were a kind gift from Dr. S. Grosch (Goethe-
University/Institute of Clinical Pharmacology. Frankfurt/
Main, Germany).

Ministerio de Ciencia e Innovacion (SAF2010—
18733, SAF2013-42850-R), Comunidad de Madrid S2010/
BMD-2332, RED RICET RD12/0018/004, PIE13/00041
and an institutional grant from Fundacion Ramon Areces to
ME. FIS PS12/00094 to MLGB. RLP was supported by an
I3P-CSIC contract. KS is recipient of Asociacion Espaiiola
contra el Cancer (AECC) postdoctoral fellowship and was
recipient of Sara Borrell fellowship of the ISCIIIL. AJS is
the holder of a FPU fellowship.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

Author contributions

K.S., R.L.-P. and M.F. conceived and designed
the experiments. K.S., M.J.-M., A.J.-S., 1.C.-C. and
B.B. established the animal models and obtained the
tumor growth results. K.S., R.L.-P., J.R., M.J.-M,,
AJ.-S. and J.G.-M. performed de gene expression
analysis experiments, Western blots and in vitro cell
assays. E.C. and M.L.G.-B. did the histology and
immunohistochemistry  experiments and analysis.
M.L.G.-B. and A.P. did the histopathology evaluation and
biopsy selection. K.S. performed the data analysis, results
evaluation and in silico analysis. K.S. and M.F. wrote the
manuscript.

REFERENCES

1. Ferlay J, Parkin DM, Steliarova-Foucher E. Estimates of
cancer incidence and mortality in Europe in 2008. Eur J
Cancer. 2010; 46:765-781.

Kang H, O’Connell JB, Maggard MA, Sack J, Ko CY. A
10-year outcomes evaluation of mucinous and signet-ring
cell carcinoma of the colon and rectum. Dis Colon Rectum.
2005; 48:1161-1168.

3. Eberhart CE, Coffey RJ, Radhika A, Giardiello FM,
Ferrenbach S, DuBois RN. Up-regulation of cyclooxygen-
ase 2 gene expression in human colorectal adenomas and
adenocarcinomas. Gastroenterology. 1994; 107:1183—1188.
Mizuno S, Kato K, Hashimoto A, Sugitani M, Sheikh A,
Komuro S, Jike T, Iwasaki A, Arakawa Y, Nemoto N.
Expression of cyclo-oxygenase-2 in gastrointestinal carci-
noid tumors. J Gastroenterol Hepatol. 2006; 21:1313-1319.

www.impactjournals.com/oncotarget

39956

Oncotarget



10.

12.

13.

15.

16.

17.

Bos PD, Zhang XH, Nadal C, Shu W, Gomis RR,
Nguyen DX, Minn AJ, van de Vijver MJ, Gerald WL,
Foekens JA, Massague J. Genes that mediate breast cancer
metastasis to the brain. Nature. 2009; 459:1005-1009.

Baron JA, Sandler RS, Bresalier RS, Quan H, Riddell R,
Lanas A, Bolognese JA, Oxenius B, Horgan K, Loftus S,
Morton DG. A randomized trial of rofecoxib for the chemo-
prevention of colorectal adenomas. Gastroenterology. 2006;
131:1674-1682.

Rothwell PM, Fowkes FG, Belch JF, Ogawa H, Warlow CP,
Meade TW. Effect of daily aspirin on long-term risk of
death due to cancer: analysis of individual patient data from
randomised trials. Lancet. 2011; 377:31-41.

Salvado MD, Alfranca A, Haeggstrom JZ, Redondo JM.
Prostanoids in tumor angiogenesis: therapeutic intervention
beyond COX-2. Trends in molecular medicine. 2012;
18:233-243.

Cathcart M-C, O’Byrne KJ, Reynolds JV, O’Sullivan J,
Pidgeon GP. COX-derived prostanoid pathways in gastroin-
testinal cancer development and progression: Novel targets
for prevention and intervention. Biochimica et Biophysica
Acta (BBA) - Reviews on Cancer. 2012; 1825:49-63.

Pugh S, Thomas GA. Patients with adenomatous polyps and

carcinomas have increased colonic mucosal prostaglandin
E2. Gut. 1994; 35:675-678.

. Hara S, Kamei D, Sasaki Y, Tanemoto A, Nakatani Y,

Murakami M. Prostaglandin E synthases: Understanding
their pathophysiological roles through mouse genetic
models. Biochimie. 2010; 92:651-659.

Sasaki Y, Kamei D, Ishikawa Y, Ishii T, Uematsu S,
Akira S, Murakami M, Hara S. Microsomal prostaglandin
E synthase-1 is involved in multiple steps of colon
carcinogenesis. Oncogene. 2012; 31:2943-2952.

Seo T, Tatsuguchi A, Shinji S, Yonezawa M, Mitsui K,
Tanaka S, Fujimori S, Gudis K, Fukuda Y, Sakamoto C.
Microsomal prostaglandin E synthase protein levels corre-
late with prognosis in colorectal cancer patients. Virchows
Archiv: an international journal of pathology. 2009;
454:667-676.

Kamei D, Murakami M, Nakatani Y, Ishikawa Y, Ishii T,
Kudo 1. Potential role of microsomal prostaglandin E
synthase-1 in tumorigenesis. The Journal of biological
chemistry. 2003; 278:19396—19405.

Thiel G, Cibelli G. Regulation of life and death by the
zinc finger transcription factor Egr-1. J Cell Physiol. 2002;
193:287-292.

Hara S, Arai M, Tomaru K, Doi H, Koitabashi N, Iso T,
Watanabe A, Tanaka T, Maeno T, Suga T, Yokoyama T,
Kurabayashi M. Prostaglandin F2alpha inhibits SERCA2
gene transcription through an induction of Egr-1 in cultured
neonatal rat cardiac myocytes. International heart journal.
2008; 49:329-342.

Fujino H, Xu W, Regan JW. Prostaglandin E2 induced
functional expression of early growth response factor-1 by

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

EP4, but not EP2, prostanoid receptors via the phosphati-
dylinositol 3-kinase and extracellular signal-regulated kinases.
The Journal of biological chemistry. 2003; 278:12151-12156.

Diaz-Munoz MD, Osma-Garcia IC, Cacheiro-Llaguno C,
Fresno M, Iniguez MA. Coordinated up-regulation of
cyclooxygenase-2 and microsomal prostaglandin E
synthase 1 transcription by nuclear factor kappa B and
early growth response-1 in macrophages. Cell Signal. 2010;
22:1427-1436.

Naraba H, Yokoyama C, Tago N, Murakami M, Kudo I,
Fueki M, Oh-Ishi S, Tanabe T. Transcriptional regulation of
the membrane-associated prostaglandin E2 synthase gene.
Essential role of the transcription factor Egr-1. J Biol Chem.
2002; 277:28601-28608.

Subbaramaiah K, Yoshimatsu K, Scherl E, Das KM,
Glazier KD, Golijanin D, Soslow RA, Tanabe T, Naraba H,
Dannenberg AJ. Microsomal prostaglandin E synthase-1 is
overexpressed in inflammatory bowel disease. Evidence for
involvement of the transcription factor Egr-1. J Biol Chem.
2004; 279:12647-12658.

Lee SH, Bahn JH, Choi CK, Whitlock NC, English AE,
Safe S, Baek SJ. ESE-1/EGR-1 pathway plays a role in
tolfenamic acid-induced apoptosis in colorectal cancer cells.
Molecular cancer therapeutics. 2008; 7:3739-3750.

Vaish V, Piplani H, Rana C, Vaiphei K, Sanyal SN.
NSAIDs may regulate EGR-1-mediated induction of reac-
tive oxygen species and non-steroidal anti-inflammatory
drug-induced gene (NAG)-1 to initiate intrinsic pathway
of apoptosis for the chemoprevention of colorectal cancer.
Molecular and cellular biochemistry. 2013; 378:47—-64.
Palmer HG, Gonzalez-Sancho JM, Espada J, Berciano MT,
Puig I, Baulida J, Quintanilla M, Cano A, de Herreros AG,
Lafarga M, Munoz A. Vitamin D(3) promotes the
differentiation of colon carcinoma cells by the induction
of E-cadherin and the inhibition of beta-catenin signaling.
J Cell Biol. 2001; 154:369-387.

Duque J, Fresno M, Iniguez MA. Expression and function
of the nuclear factor of activated T cells in colon carcinoma
cells: involvement in the regulation of cyclooxygenase-2.
J Biol Chem. 2005; 280:8686—8693.

Corral RS, Iniguez MA, Duque J, Lopez-Perez R, Fresno M.
Bombesin induces cyclooxygenase-2 expression through
the activation of the nuclear factor of activated T cells and
enhances cell migration in Caco-2 colon carcinoma cells.
Oncogene. 2007; 26:958-969.

Saenz-Morales D, Conde E, Escribese MM, Garcia-Martos M,
Alegre L, Blanco-Sanchez I, Garcia-Bermejo ML. ERK1/2
mediates cytoskeleton and focal adhesion impairment in
proximal epithelial cells after renal ischemia. Cell Physiol
Biochem. 2009; 23:285-294.

Deckmann K, Rorsch F, Steri R, Schubert-Zsilavecz M,
Geisslinger G, Grosch S. Dimethylcelecoxib inhibits

mPGES-1 promoter activity by influencing EGR1 and
NF-kB. Biochemical Pharmacology. 2010; 80:1365-1372.

WWw

.impactjournals.com/oncotarget

39957

Oncotarget



28.

29.

Diaz-Munoz MD, Osma-Garcia IC, Cacheiro-Llaguno C,
Fresno M, Iniguez MA. Coordinated up-regulation of
cyclooxygenase-2 and microsomal prostaglandin E
synthase 1 transcription by nuclear factor kappa B and
early growth response-1 in macrophages. Cell Signal. 2010;
22:1427-1436.

Muzny DM BM, Chang K, Dinh HH, Drummond JA,
Fowler G, Kovar CL, Lewis LR, Morgan MB, Newsham IF,
Reid JG, Santibanez J, Shinbrot E, Trevino LR, Wu YQ,
Wang M, Gunaratne P, Donehower LA, Creighton CJ,
Wheeler DA, Gibbs RA, Lawrence MS, Voet D, Jing R,
Cibulskis K, Sivachenko A, Stojanov P, McKenna A,
Lander ES, Gabriel S, Getz G, Ding L, Fulton RS,
Koboldt DC, Wylie T, Walker J, Dooling DJ, Fulton L,
Delehaunty KD, Fronick CC, Demeter R, Mardis ER,
Wilson RK, Chu A, Chun HJ, Mungall AJ, Pleasance E,
Robertson A, Stoll D, Balasundaram M, Birol 1,
Butterfield YS, Chuah E, Coope RJ, Dhalla N, Guin R,
Hirst C, Hirst M, Holt RA, Lee D, Li HI, Mayo M,
Moore RA, Schein JE, Slobodan JR, Tam A, Thiessen N,
Varhol R, Zeng T, Zhao Y, Jones SJ, Marra MA, Bass AJ,
Ramos AH, Saksena G, Cherniack AD, Schumacher SE,
Tabak B, Carter SL, Pho NH, Nguyen H, Onofrio RC,
Crenshaw A, Ardlie K, Beroukhim R, Winckler W, Getz G,
Meyerson M, Protopopov A, Zhang J, Hadjipanayis A,
Lee E, Xi R, Yang L, Ren X, Zhang H, Sathiamoorthy N,
Shukla S, Chen PC, Haseley P, Xiao Y, Lee S, Seidman J,
Chin L, Park PJ, Kucherlapati R, Auman JT, Hoadley KA,
Du Y, Wilkerson MD, Shi Y, Liquori C, Meng S, Li L,
Turman YJ, Topal MD, Tan D, Waring S, Buda E, Walsh J,
Jones CD, Mieczkowski PA, Singh D, Wu J, Gulabani A,
Dolina P, Bodenheimer T, Hoyle AP, Simons JV,
Soloway M, Mose LE, Jefferys SR, Balu S, O’Connor BD,
Prins JF, Chiang DY, Hayes D, Perou CM, Hinoue T,
Weisenberger DJ, Maglinte DT, Pan F, Berman BP, Van
Den Berg DJ, Shen H, Triche T Jr, Baylin SB, Laird PW,
Getz G, Noble M, Voet D, Saksena G, Gehlenborg N,
DiCara D, Zhang J, Zhang H, Wu CJ, Liu SY,
Shukla S, Lawrence MS, Zhou L, Sivachenko A, Lin P,
Stojanov P, Jing R, Park RW, Nazaire MD, Robinson J,
Thorvaldsdottir H, Mesirov J, Park PJ, Chin L, Thorsson V,
Reynolds SM, Bernard B, Kreisberg R, Lin J, Iype L,
Bressler R, Erkkild T, Gundapuneni M, Liu Y, Norberg A,
Robinson T, Yang D, Zhang W, Shmulevich I, de Ronde JJ,
Schultz N, Cerami E, Ciriello G, Goldberg AP, Gross B,
Jacobsen A, Gao J, Kaczkowski B, Sinha R, Aksoy B,
Antipin Y, Reva B, Shen R, Taylor BS, Chan TA,
Ladanyi M, Sander C, Akbani R, Zhang N, Broom BM,
Casasent T, Unruh A, Wakefield C, Hamilton SR, Cason R,
Baggerly KA, Weinstein JN, Haussler D, Benz CC,
Stuart JM, Benz SC, Sanborn J, Vaske CJ, Zhu J, Szeto C,
Scott GK, Yau C, Ng S, Goldstein T, Ellrott K, Collisson E,
Cozen AE, Zerbino D, Wilks C, Craft B, Spellman P,
Penny R, Shelton T, Hatfield M, Morris S, Yena P,
Shelton C, Sherman M, Paulauskis J, Gastier-Foster JM,
Bowen J, Ramirez NC, Black A, Pyatt R, Wise L, White P,

30.

31.

32.

33.

34.

35.

36.

37.

Bertagnolli M, Brown J, Chan TA, Chu GC, Czerwinski C,
Denstman F, Dhir R, Dorner A, Fuchs CS, Guillem JG,
Tacocca M, Juhl H, Kaufman A, Kohl B 3rd, Van Le X,
Mariano MC, Medina EN, Meyers M, Nash GM, Paty PB,
Petrelli N, Rabeno B, Richards WG, Solit D, Swanson P,
Temple L, Tepper JE, Thorp R, Vakiani E, Weiser MR,
Willis JE, Witkin G, Zeng Z, Zinner MJ, Zornig C,
Jensen MA, Sfeir R, Kahn AB, Chu AL, Kothiyal P,
Wang Z, Snyder EE, Pontius J, Pihl TD, Ayala B, Backus M,
Walton J, Whitmore J, Baboud J, Berton DL, Nicholls MC,
Srinivasan D, Raman R, Girshik S, Kigonya PA, Alonso S,
Sanbhadti RN, Barletta SP, Greene JM, Pot DA, Shaw KR,
Dillon LA, Buetow K, Davidsen T, Demchok JA, Eley G,
Ferguson M, Fielding P, Schaefer C, Sheth M, Yang L,
Guyer MS, Ozenberger BA, Palchik JD, Peterson J, Sofia HJ,
Thomson E. Comprehensive molecular characterization of
human colon and rectal cancer. Nature. 2012; 487:330-337.

Gao J, Aksoy BA, Dogrusoz U, Dresdner G, Gross B,
Sumer SO, Sun Y, Jacobsen A, Sinha R, Larsson E,
Cerami E, Sander C, Schultz N. Integrative analysis of
complex cancer genomics and clinical profiles using the
cBioPortal. Science signaling. 2013; 6:pl1.

Barretina J, Caponigro G, Stransky N, Venkatesan K,
Margolin AA, Kim S, Wilson CJ, Lehar J, Kryukov GV,
Sonkin D, Reddy A, Liu M, Murray L, Berger MF,
Monahan JE, Morais P, et al. The Cancer Cell Line
Encyclopedia enables predictive modelling of anticancer
drug sensitivity. Nature. 2012; 483:603-607.

Citterio C, Menacho-Marquez M, Garcia-Escudero R,
Larive RM, Barreiro O, Sanchez-Madrid F, Paramio JM,
Bustelo XR. The rho exchange factors vav2 and vav3 con-
trol a lung metastasis-specific transcriptional program in
breast cancer cells. Science signaling. 2012; 5:ra71.

Gupta GP, Nguyen DX, Chiang AC, Bos PD, Kim JY,
Nadal C, Gomis RR, Manova-Todorova K, Massague J.
Mediators of vascular remodelling co-opted for sequential
steps in lung metastasis. Nature. 2007; 446:765-770.
Arber N, Eagle CJ, Spicak J, Racz I, Dite P, Hajer J,
Zavoral M, Lechuga MJ, Gerletti P, Tang J, Rosenstein RB,
Macdonald K, Bhadra P, Fowler R, Wittes J, Zauber AG,
et al. Celecoxib for the prevention of colorectal adenoma-
tous polyps. N Engl J Med. 2006; 355:885-895.

Chulada PC, Thompson MB, Mabhler JF, Doyle CM,
Gaul BW, Lee C, Tiano HF, Morham SG, Smithies O,
Langenbach R. Genetic disruption of Ptgs-1, as well as
Ptgs-2, reduces intestinal tumorigenesis in Min mice.
Cancer Res. 2000; 60:4705-4708.

Oshima M, Dinchuk JE, Kargman SL, Oshima H,
Hancock B, Kwong E, Trzaskos JM, Evans JF, Taketo MM.
Suppression of intestinal polyposis in Apc delta716 knock-
out mice by inhibition of cyclooxygenase 2 (COX-2). Cell.
1996; 87:803-809.

Nakanishi M, Montrose DC, Clark P, Nambiar PR,
Belinsky GS, Claffey KP, Xu D, Rosenberg DW. Genetic

www.impactjournals.com/oncotarget

39958

Oncotarget



38.

39.

40.

41.

42.

43.

44.

45.

46.

deletion of mPGES-1 suppresses intestinal tumorigenesis.
Cancer Res. 2008; 68:3251-3259.

Elander N, Ungerback J, Olsson H, Uematsu S, Akira S,
Soderkvist P. Genetic deletion of mPGES-1 accelerates
intestinal tumorigenesis in APC(Min/+) mice. Biochem
Biophys Res Commun. 2008; 372:249-253.

Banu N, Buda A, Chell S, Elder D, Moorghen M,
Paraskeva C, Qualtrough D, Pignatelli M. Inhibition of
COX-2 with NS-398 decreases colon cancer cell motility
through blocking epidermal growth factor receptor transac-
tivation: possibilities for combination therapy. Cell Prolif.
2007; 40:768-779.

Glinghammar B, Skogsberg J, Hamsten A, Ehrenborg E.
PPARdelta activation induces COX-2 gene expression and
cell proliferation in human hepatocellular carcinoma cells.
Biochem Biophys Res Commun. 2003; 308:361-368.

Sheng H, Shao J, Kirkland SC, Isakson P, Coffey RJ,
Morrow J, Beauchamp RD, DuBois RN. Inhibition of
human colon cancer cell growth by selective inhibition of
cyclooxygenase-2. J Clin Invest. 1997; 99:2254-2259.

Singh B, Berry JA, Shoher A, Ramakrishnan V, Lucci A.
COX-2 overexpression increases motility and invasion of
breast cancer cells. Int J Oncol. 2005; 26:1393-1399.
Konturek PC, Kania J, Burnat G, Hahn EG, Konturek SJ.
Prostaglandins as mediators of COX-2 derived carcinogen-
esis in gastrointestinal tract. J Physiol Pharmacol. 2005;
56:57-73.

Greenhough A, Smartt HJ, Moore AE, Roberts HR,
Williams AC, Paraskeva C, Kaidi A. The COX-2/PGE2
pathway: key roles in the hallmarks of cancer and adap-
tation to the tumour microenvironment. Carcinogenesis.
2009; 30:377-386.

Backlund MG, Mann JR, Dubois RN. Mechanisms for the
prevention of gastrointestinal cancer: the role of prostaglan-
din E2. Oncology. 2005; 69:28-32.

Yoshimatsu K, Golijanin D, Paty PB, Soslow RA,
Jakobsson PJ, DeLellis RA, Subbaramaiah K, Dannenberg
Al. Inducible microsomal prostaglandin E synthase is
overexpressed in colorectal adenomas and cancer. Clin
Cancer Res. 2001; 7:3971-3976.

47.

48.

49.

50.

51.

52.

53.

54.

Murakami M, Naraba H, Tanioka T, Semmyo N,
Nakatani Y, Kojima F, Ikeda T, Fueki M, Ueno A, Oh S,
Kudo I. Regulation of prostaglandin E2 biosynthesis by
inducible membrane-associated prostaglandin E2 synthase
that acts in concert with cyclooxygenase-2. The Journal of
biological chemistry. 2000; 275:32783-32792.

Catley MC, Chivers JE, Cambridge LM, Holden N,
Slater DM, Staples KJ, Bergmann MW, Loser P, Barnes PJ,
Newton R. IL-1beta-dependent activation of NF-kappaB
mediates PGE2 release via the expression of cyclooxygen-
ase-2 and microsomal prostaglandin E synthase. FEBS Lett.
2003; 547:75-79.

Szabo IL, Pai R, Soreghan B, Jones MK, Baatar D,
Kawanaka H, Tarnawski AS. NSAIDs inhibit the activa-
tion of egr-1 gene in microvascular endothelial cells. A
key to inhibition of angiogenesis? J Physiol Paris. 2001;
95:379-383.

Subbaramaiah K, Benezra R, Hudis C, Dannenberg AlJ.
Cyclooxygenase-2-derived prostaglandin E2 stimulates Id-1
transcription. The Journal of biological chemistry. 2008;
283:33955-33968.

Kobayashi D, Yamada M, Kamagata C, Kaneko R, Tsuji N,
Nakamura M, Yagihashi A, Watanabe N. Overexpression of
early growth response-1 as a metastasis-regulatory factor in
gastric cancer. Anticancer Res. 2002; 22:3963-3970.
Myung DS, Park YL, Kim N, Chung CY, Park HC, Kim JS,
Cho SB, Lee WS, Lee JH, Joo YE. Expression of early
growth response-1 in colorectal cancer and its relation to
tumor cell proliferation and apoptosis. Oncol Rep. 2014;
31:788-794.

Hong Y, Ho KS, Eu KW, Cheah PY. A susceptibility gene
set for early onset colorectal cancer that integrates diverse
signaling pathways: implication for tumorigenesis. Clin
Cancer Res. 2007; 13:1107-1114.

Ernst A, Aigner M, Nakata S, Engel F, Schlotter M,
Kloor M, Brand K, Schmitt S, Steinert G, Rahbari N,
Koch M, Radlwimmer B, Weitz J, Lichter P. A gene signa-
ture distinguishing CD133 hi from CD133- colorectal can-
cer cells: essential role for EGR1 and downstream factors.
Pathology. 2011; 43:220-227.

www.impactjournals.com/oncotarget

39959

Oncotarget



