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Summary

COX-2 and its product PGE2 enhance carcinogenesis and tumor progression, which has been
previously reported in melanoma. As most COX inhibitors cause much toxicity, the downstream
microsomal PGE2 synthase-1 (mPGESL1) is a consideration for targeting. Human melanoma
TMASs were employed for testing mPGESL protein staining intensity and percentage levels and
both increased with clinical stage; employing a different Stage 111 TMA, mPGESL intensity (not
percentage) associated with reduced patient survival. Our results further show that iNOS was also
highly expressed in melanoma tissues with high mPGES1 levels, and iNOS-mediated NO
promoted mPGES1 expression and PGE2 production. An mPGES1specific inhibitor (CAY10526)
as well as siRNA attenuated cell survival and increased apoptosis. CAY 10526 significantly
suppressed tumor growth and increased apoptosis in melanoma xenografts. Our findings support
the value of a prognostic and predictive role for mMPGES1, and suggest targeting this molecule in
the PGE2 pathway as another avenue toward improving melanoma therapy.
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Introduction

Melanoma is the most aggressive form of skin cancer. Although melanoma constitutes a
minority of skin cancers, it is considered to be the most deadly (Siegel et al., 2014). In the
past three years, developments in targeted- and immuno-therapy have significantly impacted
the lethality of melanoma (Shtivelman et al., 2014). Both the targeted- and immuno-therapy
advances indicate that melanoma is responsive to systemic manipulation, but that research is
urgently needed to address the molecular and biologic mechanisms that drive resistance.
This realization also highlights the need for development of novel combination treatment
strategies to overcome plasticity and resistance, such as intrinsic inflammatory ones.
Melanoma progression is strongly associated with chronic inflammation because melanoma
cells secrete high levels of proinflammatory cytokines and prostaglandins (PGs) (Hensler
and Mueller, 2013; Richmond et al., 2009; Singh and Katiyar, 2011). PGE2, the most
abundant PG in several types of human malignancies, is often associated with poor
prognosis, and PGE2 has been shown to enhance carcinogenesis, angiogenesis, tumor
growth, and metastasis (Brown and DuBois, 2005; Howe, 2007). Additionally,
cyclooxygenase-2 (COX-2), one of the enzymes responsible for PGE2 production, has been
correlated with the progression of melanoma (Johansson et al., 2009; Meyer et al., 2012).
Thus, there is substantial interest in COX-2/PGE2 pathways as therapeutic targets for
melanoma.

Nonsteroidal anti-inflammatory drugs (NSAIDs), such as aspirin and ibuprofen reduce the
biosynthesis of PGE2 by inhibiting both COX-1 and COX-2 activity (Funk, 2001).
Postmenopausal white women treated with aspirin had lower melanoma risk than those who
did not take aspirin (Gamba et al., 2013). However, long-term use of NSAIDs can cause life-
threatening side effects, such as gastrointestinal injury (Rainsford, 2007). COX-2-specific
inhibitors were designed to minimize these side effects, but a recent clinical study indicated
significantly increased risk for cardiovascular events such as sudden myocardial infarction
and thrombosis owing to imbalance in the levels of prostacyclin (PG12) and thromboxane
A2, which are downstream products of COX-2 (lyer et al., 2009). Because effective and safe
alternatives to reduce PGE2 levels are needed, the focus of research has shifted to devising
inhibitors for other downstream enzymes of COX-2, such as PGE2 synthase (PGES), as
potential anti-inflammatory and anti-tumor therapies.

Microsomal PGES1 (mPGES1), mPGES2, and cytosolic PGES have been identified as
potential inhibitors, but only mPGES1 is markedly induced by proinflammatory stimuli,
often with the concomitant induction of COX-2. mPGESL is functionally coupled with
COX-2 in PGE2 production (Hara et al., 2010). mPGES1 upregulation has been identified in
many cancers, including cancers of the lung and gastrointestinal tract (Yoshimatsu et al.,
2001a; Yoshimatsu et al., 2001b). The genetic deletion of mpgesZin mice reduced PGE2 and
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increased PGI2 in the circulation but had no effect on thromboxane biosynthesis,
thrombogenesis, or blood pressure (Cheng et al., 2006). Thus, mPGESL1 inhibition may
retain anti-inflammatory and anti-tumor effects by suppressing PGE2, while avoiding the
adverse cardiovascular consequences associated with COX-2 inhibitor-mediated PGI12
suppression. However, little is known about the expression and biological function of
mPGES1 in melanoma. Here, we investigated the role of mPGESL in melanoma progression
and explored the therapeutic potential of regulating mPGESL1 in melanoma.

MPGES1 expression is increased in a human melanoma progression TMA

To determine whether mMPGESL1 is expressed in human melanoma tissue, we performed
immunohistochemical (IHC) staining for mPGES1 protein on a melanoma progression
tissue microarray (TMA) comprising 480 tissue cores from clinically stratified melanoma
specimens from 164 patients (Table 1). We observed various levels of mMPGES1 expression
in tumor cells and scored for the percentage and intensity of positive staining (Figure 1A).
Twenty-seven percent (44/164) of the samples had no mPGES1 expression, while 12%,
41%, and 20% had mPGES1 percentage expression levels 1, 2, and 3, respectively. For
mPGES1 staining intensity, 20% of the samples had no expression, 43% had light intensity,
26% had medium intensity, and 11% had marked intensity. Table 1 presents frequencies of
mPGES1 expression by percentage and intensity scores and by disease stage. The majority
of samples with no expression were from patients with less advanced disease stage, while
the majority of those with the highest expression were associated with a more advanced
disease stage. The mean differences in mMPGES1 expression measures were compared
between patients with nevi, primary melanoma, and metastases; a significant difference in
mean MPGES1 percentage expression was noted for all pairwise comparisons, and a
significant linear trend was observed (P < 0.0001) (Figure 1B and C). Similarly, for
mPGESL intensity expression scores, significant pairwise differences were observed for nevi
compared with primary melanoma as well as with metastases. However, mean mPGES1
intensity expression did not significantly differ between primary melanoma and metastatic
samples (Figure 1B). Nonetheless, a significant linear trend was observed for mPGES1
intensity expression (P = 0.0002) (Figure 1C), suggesting that mPGESL1 could be a
progression marker for melanoma. Next, we assessed the prognostic effects (overall survival
(OS) and recurrence-free survival (RFS)) of mMPGES1 expression according to the
percentage and intensity of staining in tumor cells. We performed IHC staining on samples
from a TMA comprising lymph node metastases from 91 patients with stage 111B or 111C
metastatic melanoma (Supplementary Table 1). Patients with increased intensity of mPGES1
expression had significantly increased risk of death compared with patients with no
mPGES1 expression (hazards ratio [HR]=2.68; P = 0.014) (Table 2, top). As with OS,
patients with high mPGES1 intensity expression in their tumor cells had significantly
increased risk of recurrence and death compared with patients with no mPGES1 expression
(HR=2.90; P = 0.006) (Table 2, bottom). There was no statistically significant association
between mPGES1 percentage expression and OS and RFS (Table 2).
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Human melanoma cells with mPGES1 expression have higher PGE2 levels

To determine if human melanoma cells express MPGES1, we investigated mPGESI mRNA
and mPGESL1 protein expression in seven melanoma cell lines. Our RT-gPCR and Western
blotting results demonstrated that expression of mPGESI mRNA and mPGESL1 protein was
high in A375, SB2, HS294T, and WM793 cells but low in WM1361A, SK-MEL-28, and
MeWo cells (Figure 2A and B). We have analyzed the mPGESL1 expression in 61 human
melanoma cell lines which is from the Cancer Cell Line Encyclopedia (CCLE) database and
found that a subset of human melanoma cells has high mMPGES1 mRNA expression
(Supplementary Figure 1A). In addition, our lipid mass spectrometry analysis showed that
the four cell lines (A375, SB2, HS294T, and WM793) that had upregulation of mPGES1 had
higher PGE2 levels than the three cell lines that did not have mPGESL1 upregulation
(WM1361A, SK-MEL-28, and MeWo (Figure 2C).

Next, we investigated mPGES1 expression levels in normal epidermal melanocytes and
normal BJ fibroblasts. As shown in Figure 2D and supplementary Figure 1B, BJ cells and
melanocytes had low mPGES1 expression compared with A375, WM793, and SB2 cells.
These results suggest that some but not all melanoma cell lines, and none of the normal
cells, express high levels of mMPGES1 with PGE2 production.

iNOS signaling positively regulates mPGES1

It has been shown that COX-2 and inducible nitric oxide synthase (iNOS) can be produced
simultaneously in the same tissues in several inflammatory models (Cuzzocrea and
Salvemini, 2007). Our previous studies showed that iNOS expression was elevated during
melanoma progression and that high iNOS levels were strongly correlated with poor patient
survival (Ekmekcioglu et al., 2006). In the current study, we first investigated whether
mMPGESL is co-expressed with iNOS in melanoma patient tissues. Interestingly, we found
that about 90% of mMPGES1—positive samples also stained positive for the iNOS antibody
(Figure 3A and Supplementary Table 2). Additionally, we performed co-immunofluorescent
staining in three human melanoma patient specimens and analysis of the Manders’
Coefficients (value is between 0 and 1, 1 is high colocalization) using the Mander’s
Calculator ImageJ plugin. The Manders’ Coefficients for localization between iNOS and
mPGES2 staining in specimens tested were 0.865, 0.939 and 0.946, suggesting the co-
localized expression between mPGES1 and iNOS in melanoma specimens (Figure 3B).
Therefore, we hypothesized that cross-talk between mPGES1 and iNOS might regulate the
respective activities of these proteins. We specifically tested the effect of PGE2 on NO
production and also the effect of INOS and NO on PGE2 production in A375 and SB2
melanoma cells. We observed that PGE2 treatment did not affect INOS or NO levels in these
cells (Supplementary Figure 2). However, transient iNOS expression, which uses the gene-
induced expression of INOS to mimic the microenvironment driven up regulation,
significantly enhanced PGE2 production (Figure 3C). Moreover, NO donors, GSNO and
SNAP, significantly enhanced PGE2 production (Figure 3D). These results suggest that
iNOS and NO are upstream of PGE2 biosynthesis in melanoma cells.

Next, to determine the role of mMPGESL in this pathway, we examined the effect of mMPGES1
inhibition on NO-induced PGE2 production. We subjected cells to CAY10526, which
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inhibits PGE2 production through the selective modulation of mPGES1 expression but does
not affect COX-2 (Guerrero et al., 2007). CAY 10526 suppressed PGE2 production by
GSNO (Figure 3E). Consistent with these results, knockdown of mMPGES1 dramatically
blocked GSNO-mediated PGE2 production (Supplementary Figure 3). Further, INOS
expression and GSNO-mediated PGE2 production depended on mPGES1 expression in
HEK?293 cells (Figure 3F). Taken together, these data indicate that mPGES1 plays a key role
in the crosstalk between NO and PGE2.

Although several reports have shown that NO increases PGE2 levels through upregulating
COX-2 expression in various cells, including macrophages and colonic fibroblasts
(Salvemini et al., 1993; Zhu et al., 2012), we found that NO donors and iNOS expression did
not affect the expression of COX-2 or mPGESL1 in A375 and SB2 cells (Supplementary
Figure 4A and B). One study reported that iNOS binds, S-nitrosylates, and activates COX-2
(Kim et al., 2005). S-nitrosylation is a reversible and specific posttranslational modification
on cysteine caused by NO and regulates the activity of many targets, including metabolic,
structural, cytoskeletal, and signaling proteins (Gould et al., 2013). Therefore, co-
immunoprecipitation and biotin-switch assays were performed to test the interaction of
mPGES1 with iNOS and the S-nitrosylation of mMPGES1. mPGES1 formed a complex with
iNOS in HEK293 cells expressing both mPGES1 and iNOS (Figure 3G). However, our
biotin-switch assay results demonstrated that GSNO treatment did not increase S-
nitrosylation of MPGES1, whereas GSNO induced S-nitrosylation of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), which was used as a positive control (Supplementary
Figure 4C). Because nitration at tyrosine residues in proteins is a prominent posttranslational
modification caused by NO (Yakovlev and Mikkelsen, 2010), we investigated whether iINOS
caused tyrosine nitration of MPGESL. All proteins with tyrosine nitration were precipitated
with a specific anti-nitrotyrosine antibody, and mPGES1 was detected. We found that
mMPGES1 was tyrosine-nitrated as a function of iNOS expression (Figure 3H). Our data
imply that iINOS regulates mPGESL activity through a posttranslational nitration
modification, which ultimately enhances PGE2 production.

mPGES1 plays a critical role in cell survival

Because PGE2 has been reported to have a survival and proliferative effect in several types
of cancer (Wang and Dubois, 2010), we examined the contribution of mMPGESL1 in human
melanoma cell survival. Knockdown of mPGES1 dramatically suppressed cell viability in
A375 and SB2 melanoma cells (high mPGES1) but not SK-MEL-28 and WM1361A (low
mPGESL1) (Figure. 4A). Also, CAY 10526 inhibited cell viability (median inhibitory
concentration [ICsg] < 5 uM) in three melanoma cell lines expressing mPGES1 (A375, SB2,
and WM793). This effect was significantly lower (1Csq > 10 pM) in other melanoma cells
(SK-MEL-28 and WM1361A) as well as in normal fibroblasts (BJ) that had low expression
of mPGESL (Figure 4B). These results were confirmed with second mPGESL1 inhibitor,
MF63 (Supplementary Figure 5).

To explore the potential target proteins’ response to mPGESL1 inhibition, we used reverse
phase protein array (RPPA) to quantify the expression or phosphorylation of 217 proteins
involved in the cell cycle, apoptosis, angiogenesis, migration, and adhesion. Target proteins
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changed by CAY 10526 were selected according to statistical significance by Student #test (P
< 0.05). We found that CAY10526 changed the expression or phosphorylation of 69 proteins
in two mPGES1-dependent cell lines A375 and SB2 (Figure 4C and Supplementary Table
3). In addition, ingenuity pathway analysis (IPA) demonstrated that 60 of these 69 (87%)
proteins are involved in cell death and survival (Figure 4C).

RPPA and Western blotting results showed that CAY 10526 suppressed the phosphorylation
of Y-box binding protein 1 (YB-1), an oncogenic translation factor that regulates
proliferation, survival, and migration; the phosphorylation of YB-1 is important for nuclear
translocation and oncogenic function (Sinnberg et al., 2012). Additionally, CAY 10526
attenuated the expression of cyclin B1 (a positive target of YB-1) and increased the
expression of p21 (a negative target of YB-1) (Figure 4D). It reported that YB-1 inhibition
decreased proliferation and induced apoptosis in multiple myeloma (Chatterjee et al., 2008).
As shown in Figure 4 E, CAY 10526 reduced BCL-2 and BCL-XL (anti-apoptotic) protein
levels and increased BAX and BAK (pro-apoptotic) as well as cleaved caspase 3 levels.
These findings suggest that CAY10526-mediated inhibition of the YB-1 pathway may be
one of the mechanisms by which mPGESL inhibitor promotes apoptosis. Taken together,
these results suggest that mPGES1 production regulates melanoma cell growth via
enhancing cell survival.

MPGESL inhibition suppresses melanoma growth in mouse xenograft model

To validate our in vitro cell survival results, we tested mPGESL inhibition in a subcutaneous
xenograft mouse model by injecting A375 cells into the flanks of nude mice and treating the
resulting tumors with various concentrations of CAY10526. Consistent with the in vitro
results, CAY10526 (50 mg/kg) significantly reduced tumor volume and weight, by 43% and
48%, respectively (Figure 5A and B). Next, to confirm the molecular regulation by
CAY10526 in vivo, we performed IHC on tumor samples for phosphorylated YB-1 and
cleaved caspase 3. This analysis demonstrated that YB-1 phosphorylation was dramatically
decreased in tissues treated with CAY10526. In contrast, CAY10526 treatment resulted in
increased levels of cleaved caspase 3 (Figure 5C).

Discussion

Our study is the first to demonstrate the unique association between mPGES1 expression
and melanoma progression. We found that the mPGES1/PGE2 pathway is downstream of
iNOS signaling, which is one of the biomarkers and potential targets in melanoma.
Furthermore, mPGES1 inhibition suppressed melanoma cell survival. Our results suggest
that mPGESL1 could be a predictive marker and therapeutic target in melanoma.
Furthermore, inflammatory mediators should be considered not only in cancer prevention
but also as targets for cancer treatment.

Melanoma is among the most highly immunogenic cancers, often associated with massive
immune cell infiltration and sometimes exhibiting spontaneous regression (Krelin et al.,
2013; Tikoo and Haass, 2015). Consequently, inflammatory factors represent important
biomarkers in melanoma (Karagiannis et al., 2014). There is also a strong correlation
between PGE, mediated chronic inflammation and worse long-term outcomes associated
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with cancer (Wang and DuBois, 2013). Despite having this knowledge base, very little is
known about the role of the COX-2-mPGES1-PGE, axis in melanoma biology. Several
studies have supported that COX-2 is a biomarker that is often upregulated in melanoma.
Becker et al. showed a correlation between COX-2 staining intensity and Breslow thickness
in melanoma (Becker et al., 2009). Furthermore, Chwirot and Kuzbicki reported a higher
COX-2 staining intensity in melanoma lesions than in benign nevi (Chwirot and Kuzbicki,
2007). Similar to COX-2, mPGESL1 is an inducible factor regulated by proinflammotory
mediators and is upregulated in many cancers including lung and gastrointestinal cancers
(YYoshimatsu et al., 2001a; Yoshimatsu et al., 2001b). Therefore, we assessed the associations
between mPGESL1 expression measure and clinical characteristics in patients with stage 111
melanoma. There were no statistically significant associations between mPGES1 expression
measure and stage 111 diagnosis, ulceration, Breslow thickness, or BRAF mutations status
(Data not shown). However, our present findings show that mMPGES1 expression was lower
in nevi than in primary melanoma and metastatic samples (Figure 1B), and patients with
thick primary melanomas had a significantly higher mPGESL1 percentage expression than
patients with thin primary melanomas. These findings suggest that mPGESL, in concert with
COX-2 may be progression markers for melanoma.

Cross-talk between the NO and PG pathways has been reported (Uno et al., 2004; Weinberg,
2000). The NO and PG pathways share several similarities, and the two molecules were
produced simultaneously in the same tissues in several inflammation models (Cuzzocrea and
Salvemini, 2007). Several studies found that iNOS and COX-2 were induced in
macrophages and colonic fibroblasts treated with lipopolysaccharide to produce both NO
and PGE2; the iINOS and COX-2 activity was suppressed by an iNOS inhibitor (Salvemini et
al., 1993; Zhu et al., 2012). Another study found that COX-2 inhibitors attenuated
interleukin-1p—stimulated iNOS expression and NO production in osteoarthritic
chondrocytes (Fioravanti et al., 2012). Hence, the interaction between NO and PG is not
unidirectional and differs according to cell type and conditions. Our findings in human
melanoma cells showed that iNOS signaling was an upstream activator of the PG pathway.
Several mechanisms have been proposed to explain how NO mediates PG production,
including both transcriptional and posttranslational regulation. We found that NO increased
tyrosine nitration of mMPGESL. Peroxynitrite (ONOO-), a secondary oxide of NO, stimulates
nitration of tyrosine residues, which alters the structure and function of each target protein,
and mPGESL1 has 6 tyrosine residues (Y28, 58, 80, 89, 117, and 130). Our site-directed
mutagenesis approach showed that mPGES1 activity was partially attenuated by Y89F or

Y 130F mutation (Supplementary Figure 6). Three-dimensional protein structure homology
modeling was performed using SWISS-MODEL and AstexViewer (Bordoli et al., 2009;
Hartshorn, 2002). Tyrosine 89 is positioned in the second transmembrane domain (TM2)
near the luminal side of the membrane and does not engage GSH but when converted to
hydrophobic F may cause a structural closure that decreases substrate access. Tyrosine 130
is a key side chain that contributes to forming the binding pocket for glutathione (GSH),
which coordinates AA substrate entry into the enzyme. Therefore, these residues are located
in the putative active site of mPGESI, implying that NO may affect the ligand binding
affinity of mPGES1. However, we need to further characterize the contribution of the
individual tyrosine residues of mMPGES1 to NO-induced tyrosine nitration and
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mPGES1activation. Our previous studies showed elevated expression of iNOS in 60% of
human metastatic melanoma samples, and iNOS was strongly correlated with poor patient
survival (Ekmekcioglu et al., 2006). Our current findings showed that the iNOS expression
pattern was similar to that of mMPGES1 in human melanoma tissues (Figure 3). Therefore,
iNOS activates the mPGESL1 pathway and their cross-talk likely boosts inflammation,
favoring melanoma tumor progression.

PGE?2 is one of the major proinflammatory and carcinogenic PGs, as has been confirmed by
several animal studies (Isono et al., 2011; Zang et al., 2013). One study found that mMPGES1
knockdown suppressed hepatocellular carcinoma growth (Zang et al., 2013); another study
found that mPGES1-/- mice exhibited reduced tumor growth in bone marrow compared
with wild-type mice (Isono et al., 2011). These results, together with the findings of the
current study, indicate that mPGESL is an important target for cancer prevention and
treatment. Several studies have shown that CAY 10526 inhibited mPGES1 expression and
PGE2 production (Cavar et al., 2010; Yu et al., 2011) and also suppressed
cholangiocarcinoma cell proliferation and migration, which are regulated by PGE2
(Jongthawin et al., 2014). Our results support these findings: we found that CAY 10526
attenuated melanoma cell viability via enhancing the apoptotic pathway (Figure 4). Our
findings suggest that YB-1 signaling is one of the mechanisms through which CAY 10526
promotes melanoma cell apoptosis. YB-1 can function as an oncoprotein and is correlated
with progression in several malignancies, including melanoma (Bargou et al., 1997,
Gimenez-Bonafe et al., 2004). YB-1controls apoptosis and cell-cycle arrest by
transcriptionally repressing the gene encoding p53 (p21) and inhibiting p53-dependent
apoptosis by direct protein interaction. YB-1 activates transcription of E2F1 growth-
associated gene targets (cyclin B1), thus enhancing cell proliferation and survival
(Kosnopfel et al., 2014). Another mechanism of CAY 10526 could be PGE2 independent;
our study showed that the inhibitory effect of CAY 10526 on melanoma cell survival was
partially recovered by exogenous PGE2 treatment (Supplementary Figure 7), indicating
iNOS—independent regulation. Like PGE2, PGD?2 is also a predominant product of PGH2.
One study showed via enzymatic analysis that mMPGESL1 increased PGE2 but decreased
PGD2 levels in vitro (Yu et al., 2011). PGD2, unlike PGE2, has been demonstrated to have
anti-tumor effects on cancer cells (Yoshida et al., 1998). We postulate that CAY10526’s
antitumor effects are due to the downregulation of the PGE2 pathway and the upregulation
of PGD2. However, further investigation is needed to test this hypothesis.

In conclusion, our study is the first to show that the mPGESL is associated with melanoma
progression. Additionally, we demonstrated that iNOS signaling enhances the mPGES1/
PGE2 pathway, which indicates cross-talk between these two inflammatory pathways. Our
findings showed that mMPGES1 inhibition suppressed melanoma cell survival. Therefore,
mPGES1 could be a useful therapeutic target for treating melanoma. mPGES1’s function
and cross-talk with inflammatory mediators may further our understanding of how
inflammation promotes cancer progression.
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Materials and Methods

Reagents

Cell culture

Antibodies for iINOS, actin, p21, and cyclin B1 were purchased from Santa Cruz
Biotechnology. Antibodies for COX-2, mPGESL1, and PGE2were purchased from Cayman
Chemical. Antibodies for phosphorylated YB-1, BCL-XL, BCL2, BAX, BAK, and cleaved
caspase 3 were purchased from Cell Signaling Technology. S-nitrosoglutathione [GSNO] or
soluble N-ethylmaleimide-sensitive factor attachment proteins [SNAP] were purchased from
Enzo Life Sciences. Anti-nitrotyrosine antibody was obtained from Abcam. PGE2 inhibitor
CAY10526 was provided by Cayman Chemical.

Normal BJ fibroblasts; melanoma cell lines A375, HS294T, WM793, SK-MEL-28, and
MeWo; and human embryonic kidney HEK293 cells were purchased from the American
Type Culture Collection. SB2 melanoma cells were provided by Dr. Michael Davies at The
University of Texas MD Anderson Cancer Center (Houston, TX). WM1361A melanoma
cells were obtained from Dr. Meenhard Herlyn (Wistar Institute, Philadelphia, PA). Cells
were maintained in Dulbecco modified Eagle medium containing 10% fetal bovine serum in
a 5% carbon dioxide atmosphere.

Co-immunofluorescent staining

Paraffin-embedded specimens were treated with xylene and ethanol to remove the paraffin.
The slides were immersed in Borg Decloaker solution (Biocare Medical, Inc.) and boiled in
a pressure cooker at 125°C for 5 min for antigen retrieval. Endogenous peroxidase activity
was blocked by incubating the slides for 10 min in 3% hydrogen peroxide containing
phosphate-buffered saline solution. The slides were blocked with 5% normal goat serum and
were incubated with primary antibodies (iNOS monoclonal antibody; BD Biosciences and
mPGES1 polyclonal antibody; Novus Biologicals) overnight at 4°C. HRP-conjuated
secondary antibodies were then applied to the slides. Thereafter, Alexa Flour® 488 labeled
tyramide for iNOS and Alexa Flouro® 594 for mPGES1 were used to detect the specific
signals. The nuclei were stained with DAPI. Their localization and then have calculated the
Manders’ Coefficients using the Mander’s Calculator ImageJ plugin.

Melanoma tissue microarray

The Melanoma Progression TMA (Nazarian et al., 2010) was developed as a collaborative
effort of the Skin Specialized Programs of Research Excellence at Harvard University
(Cambridge, MA), MD Anderson Cancer Center, and University of Pennsylvania
(Philadelphia, PA). This TMA was designed to provide samples of tumors from each stage
in melanocytic tumor progression, according to the American Joint Committee on Cancer
staging system. This TMA contains 480 tissue cores from 170 patients, consisting of benign
nevi (132 cores from 36 patients), primary cutaneous melanomas (196 cores from 59
patients), melanoma metastases to lymph nodes (60 cores from 29 patients), and melanoma
metastases to visceral organs (92 cores from 46 patients). Six samples of 170 patients were
nonevaluable and were excluded from this analysis. The Melanoma Stage 111 TMA
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consisting of tumor samples from 118 patients with stage 111 melanoma, was also used. Of
these 118 patients, 27 patients were excluded from the outcome analysis due to nonevaluable
mMPGES1 expression measurements or lack of clinical data. Most of the patients represented
in this TMA were male, with a median age of 56 years at both initial and stage 111 diagnoses.
Seventy percent of the patients had died (63/91) while eleven (12%) patients were alive with
no progression of disease at the last evaluation date. The median follow-up time for all
patients was 2.3 years (range: 0.2 — 14.9) and for patients still alive was 5.6 years (range: 2.2
—-14.9).

Immunostaining was scored separately for two variables, first according to the percentage of
melanoma cells with positive staining (<5% = 0, 5%-25% = 1, 26%—75% = 2, and >75% =
3) and then according to the overall intensity of the immunoreactivity of positive cells (no
staining = 0, light staining = 1, moderate staining = 2, and marked staining = 3). Cases were
considered to be positive if either the percentage or intensity score was 1-3. The slides were
manually scored independently by two researchers without prior knowledge of tumor stage
or data.

Total RNA was isolated with an RNeasy Mini kit (QIAGEN). We synthesized cDNA from
total RNA (2 ug) by using High-Capacity cDNA Reverse Transcription kits (Applied
Biosystems) and then mixed the cDNA with SYBR Green PCR Master Mix (Applied
Biosystems), sterile water, and primers for mPGESI (Sense 5'-
CACAGCCTGGTGATGAGC-3’ and anti-sense 5’-CCGCTTCCCAGAGGATCT-3) or
GAPDH (Sense 5-TGCACCACCAACTGCTTAGC-3 and antisense 5'-
GGCATGGACTGTGGTCATGAG-3). Real-time PCR was performed using MasterCycler
RealPlex (Eppendorf), and the mMRNA expression of target genes relative to the mRNA of
GAPDH was calculated.

Western blotting

Total proteins were separated by loading total cell lysate (20 pg) on a 10% sodium dodecyl
sulfate polyacrylamide gel and were transferred to a nitrocellulose membrane. Membranes
were blocked with 5% non-fat dry milk and were incubated with primary antibodies.
Secondary antibody conjugated to horseradish peroxidase (1:2,000; Vector Laboratories,
Inc.) was used to detect primary antibodies, and enzymatic signals were visualized by
chemiluminescence.

Prostaglandin measurement

PGs were extracted and analyzed by lipid mass spectrometry, as previously described (Yang
etal., 2002). Also, a PGE2 Express EIA kit (Cayman Chemical) was used to measure PGE2
concentration.

DNA construction

INOS and mPGESI cDNA (OriGene) were amplified with pfuUltra Hotstart DNA
polymerase (Stratagene). The PCR products were digested with Kpnl and X#ol for INOS
and with £coR1 and Xhol for mPGESI and were cloned into the pCMV-Sport 6 vector
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(Addgene). Cells were transfected with plasmids using Lipofectamine 2000 (Invitrogen),
according to the manufacturer’s specifications.

RNA interference

Two siRNAs targeting mPGES1 were purchased from Sigma-Aldrich. Cells were transfected
with 20 nmol/L of mPGES1 siRNA or non-targeting siRNA using Lipofectamine
RNAIMAX (Invitrogen), according to the manufacturer’s specifications. The efficacy of
knockdown was confirmed by Western blot analysis.

Co-immunoprecipitation

Cell lysate (1 mg) was incubated with antibodies (2 ug) overnight. Protein A/G magnetic
beads (Pierce) were added to each immunoprecipitation reaction. After the
immunoprecipitation reaction, sodium dodecyl sulfate sample buffer (2x) was added, and the
samples were boiled and subjected to Western blotting as described above.

Cell viability assay

Cell viability was determined using PrestoBlue Cell Viability Reagent (Invitrogen). Cells
were seeded into 96-well plates at a density of 3,000 cells per well and were treated with
CAY10526for 3 days. Cells were incubated with PrestoBlue reagent for 30 min, and
fluorescence was read (excitation 560 nm and emission 615 nm).

Reverse phase protein array

A375 and SB2 cells were treated with CAY 10526 (5 uM) for 2 days. Samples were probed
with 217 validated primary antibodies by RPPA at the MD Anderson Cancer Center RPPA
Core Facility. Expression or phosphorylation of proteins changed by CAY 10526, were
selected according to statistical significance by Student ¢ftest (P < 0.05). The Ingenuity
Pathway Analysis program (Ingenuity Systems Inc., Redwood City, CA, USA) was used to
identify functional pathways associated with the differentially expressed or phosphorylated
proteins by CAY10526.

Xenograft mouse study

All mice were housed and treated in accordance with protocols approved by the Institutional
Animal Care and Use Committee at MD Anderson. 6-8-week-old male athymic ru/nu mice
were used for xenograft mouse study. A375 cells (1 x 106) were subcutaneously injected
into the flanks of nude mice. Seven days after injection, mice were randomized and started
on daily intraperitoneal treatment with CAY 10526 (25 mg/kg or 50 mg/kg, dissolved in 1%
Tween 80) or vehicle for 15 days. Tumor growth was monitored for 16 days, and then the
mice were euthanized using carbon dioxide asphyxiation. Tumors were excised and weighed
and measured.

Statistical analysis

Patient characteristics were summarized with descriptive statistics. Pairwise differences in
means for PGE2 were assessed using Student’s t test. For the assessment of mMPGESL in the
melanoma TMA, analysis of variance was used for pairwise differences and to test for linear
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trends. OS was computed from the date of stage Il diagnosis to the last known vital status
report. Patients alive at the last follow-up date were censored. RFS was computed from the
date of stage 111 diagnosis to the first date of a subsequent disease event (i.e., local/regional,
distant, or both) or death (if the patient died without disease progression) or to the last date
of follow-up for which the patient showed no evidence of disease. Patients with no evidence
of disease at the last follow-up date were censored. Associations between mPGES1 and OS
and RFS were evaluated using univariate Cox proportional hazards regression models.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Chronic inflammation is strongly associated with the progression of human melanoma,
and a clearer understanding of the molecular basis of this inflammation is greatly needed.
Our data provides the first evidence for the COX-2-linked PGE2 synthase (MPGES1) as a
novel marker and possible target for consideration of regulation. Cross-talk of mPGES1
with other inflammatory mediators, suggests a functional network, and the elucidation of
such networks in cancer is needed to increase our understanding of this poorly defined
system. Understanding inflammation’s role in melanoma progression and elucidating
novel translational insights is likely to provide new approaches for targeting melanoma
vulnerabilities.
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Il Percentage
[ Intensity

mPGES1 Percentage | (1) vs.(2) (1) vs. (3) (2) vs. (3) Linear
Diagnosis Grade n P value P value P value P value
Nevus (1) 37
Primary (2) $1 0.0085 <0.001 0.0028 <0.0001
Metastasis (3) 76
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n p-value p-value p-value p-value
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Figure 1. mPGES1 elevation according to melanoma progression
(A) Representative immunohistochemical (IHC) staining for mPGES1 in serial human

melanoma tissue cores. Scoring (0, 1, 2, or 3) for percentage (top) or intensity (bottom) of
mPGESL staining. (B) Mean intensity scores and percentage scores of mPGES1 staining by
disease stage in the Melanoma Progression Tissue Microarray. Columns, mean; error bars,
SD. P >0.001 (***) was considered statistically significant. (C) Pairwise differences in
mPGES1 expression by disease stage were assessed by analysis of variance.
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Figure 2. mPGESL and PGEZ2 levelsin human melanoma cells
We used Western blotting and real-time quantitative polymerase chain reaction to determine

the MRNA (A) and protein (B) levels of mMPGESL, respectively, in seven human melanoma
cell lines (C) Prostaglandin (PG) levels were measured in the culture media by lipid mass
spectrometry. (D) mPGES1 protein was detected in normal human epidermal primary
melanocytes and BJ fibroblasts and melanoma cells (A375, SB2, and WM793).

Abbreviation: TXB2, thromboxane B2.
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Figure 3. INOS expression and NO donor s regulate mPGES1 activity and PGE2 production in
melanoma

(A) Columns demonstrate N numbers of negative or positive staining of mPGES1 and iNOS.
(B) A representative images of the staining of mMPGESL1 (red), iNOS (green) and DAPI
(blue) in human melanoma specimens. (C) A375 and SB2 cells were transiently transfected
with vector or /NVOS construct. These cells were incubated in fresh medium for 2 days, and
then iINOS expression, total nitrite, and PGE2 levels were determined. P <0.05 (*), P <0.001
(**), and P >0.001 (***) was considered statistically significant. (D) Cells were exposed to
SNAP or GSNO (100 pM) for 24 h, and we performed an enzyme immunoassay to measure
PGE2 levels. (E) Cells were pretreated with CAY10526 (5 pM) for 1 h, and then PGE2
levels were determined in cells exposed to GSNO (100 uM). (F) HEK293 cells were
transfected with the indicated concentrations of mPGES1 construct and exposed to GSNO
for 24 h or co-transfected with /NOS construct, and the PGE2 levels were measured. Actin
and mPGES1 levels were determined using Western blotting. (G) HEK293T cells were co-
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transfected with /NOS and mPGESI constructs. Then cell extracts were subjected to
immunoprecipitation (IP) with immunoglobulin G (IgG) or anti-iNOS antibody, and the
precipitates were analyzed by Western blot using the indicated antibodies (H) The extracts
of HEK293T cells transfected with mPGES1 or mPGES1/iNOS constructs were subjected to
IP with anti-nitrotyrosine antibody (NT), and mPGESL1 levels were determined in the
precipitates. Abbreviations: WB, Western blotting; IP, immunoprecipitation.
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Figure 4. mPGESL inhibition suppresses cell survival in human melanoma cells
(A) A375, SB2, SK-Mel-28, and WM1361A cells were transfected with non-targeting and

two mPGESL1 siRNAs, respectively. After 72 h, viability of transfected cells was determined
using PrestoBlue cell viability assay. Cell lysates were subjected to Western blotting for
mPGES1 and actin (B) BJ fibroblast and melanoma cells were treated with the indicated
concentrations of CAY 10526 for 72 h and were subjected to a cell viability assay. The solid
and dotted columns show cell survival in cells with high expression (A375, SB2, and
WM793) or low expression (SK-MEL-28, WM1361A, and BJ) of mPGESL, respectively.
(C) A375 and SB2 cells were treated with CAY 10526 (5 uM) for 48 h and then were
subjected to reverse phase protein array analysis. A total of 69 proteins were identified as
significantly changed by CAY 10526 treatment in both A375 and SB2 cells (P < 0.005). (D
and E) Western blot analysis was performed in A375 and SB2 cells exposed to CAY 10526
(5 uM) for 48 h to determine the levels of phosphorylated Y-box binding protein 1 (p-YB-1),
YB-1, cyclin B1, p21 (D) BCL-XL, BCL2, BAX, BAK, and cleaved caspase 3 (E).
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Figure 5. mPGESL inhibition suppressed human melanoma cell survival
(A) A375 cells were injected subcutaneously into the flanks of nude mice. Mice were

randomized into the following treatment groups (n=7): Vehicle, CAY 10526 (25 mg/kg), or
CAY10526 (50 mg/kg). Mice were treated from day 7 after injection to day 15 and tumor
size was measured with an external caliper. (B) Tumor weight at the end of the experiment.
(C) Tumor tissues from mice treated with vehicle and CAY 10526 (50 mg/kg) were
immunostained for phosphorylated Y-box binding protein 1 (p-YB-1) and cleaved caspase 3
(CC3).
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Table 1

Frequency of mPGESL expression levels by disease stage

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

mMPGESI percentage
oMn=44) | 1(n=20) | 2(n=68) | 3(n=32)
Diagnosisstage | n (%) n (%) n (%) n (%)
Nevus
Thin (n=17) 8 (47) 2(12) 7(41) 0
Thick (n=20) | 10(50) | 6(30) 3(15) 1(5)
Both (n=37) 18(49) | 8(22) 1027 |10
Primary
Thin (n=31) 12(39) | 4(13) 1445 | 1(3)
Thick (n=20) | 3 (15) 2 (10) 10 (50) | 5(25)
Both (n=51) 15(29) | 6(12) 2447 | 612
Metastasis
LN (n=30) 4(13) 1(3) 10 (33) | 15 (50)
Viscera (n=46) | 7 (15) 5(11) 24(52) | 10(22)
Both (n=76) 11(14) | 6(8) 34 (45) | 25(33)
MPGESI intensity
0(n=33) | 1(n=70)n | 2(n=43) | 3(n=18)
Disease stage n (%) (%) n (%) n (%)
Nevus
Thin (n=17) 8 (47) 3(18) 6 (35) 0
Thick (n=20) | 10(50) | 6(30) 4(20) 0
Both (n=37) 18(49) | 9(29) 1027 |o
Primary
Thin (n=31) 6 (19) 11 (35) 12(39) | 2¢(6)
Thick (=20) | 2 (10) 9 (45) 7(35) 2 (10)
Both (n=51) 8 (16) 20 (39) 1937) | 4(8)
Metastasis
LN (n=30) 2(7) 19 (63) 6 (20) 3(10)
Viscera (n=46) | 5 (11) 22 (48) 8 (17) 11 (24)
Both (n=76) 7(9) 41 (54) 14 (18) | 14 (18)

Abbreviations: LN, lymph node.
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