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Abstract

The cyclooxygenase-2 (COX-2) enzyme and major lipid product, prostaglandin E, (PGE,) are
elevated in many solid tumors including those of the breast and are associated with a poor
prognosis. Targeting this enzyme is somewhat effective in preventing tumor progression, but is
associated with cardiotoxic secondary effects when used chronically. PGE» functions by signaling
through four EP receptors (EP1-4), resulting in several different cellular responses, many of which
are pro-tumorigenic, and there is growing interest in the therapeutic potential of targeting EP4 and
EP2. Other members in this signaling pathway are gaining more attention. PGE; is transported out
of and into cells by two unique transport proteins. Multiple Drug Resistance-Associated Protein 4
(MRP4) and Prostaglandin Transporter (PGT) modulate PGE; signaling by increasing or
decreasing the levels of PGE; available to cells. 15-hydroxyprostaglandin dehydrogenase (15-
PGDH) metabolizes PGE, and silences the pathway in this manner (Figure 1). The purpose of this
review is to summarize the extensive data supporting the importance of the COX-2 pathway in
tumor biology with a focus on more recently described pathway members and their role in
modulating PGE, signaling. This review describes evidence supporting roles for MRP4, PGT and
15-PGDH in several tumor types with an emphasis on the roles of these proteins in breast cancer.
Defining the importance of these latter pathway members will be key to developing new
therapeutic approaches that exploit the tumor-promoting COX-2 pathway.

Introduction

Currently, cancer is the cause of 1 in 4 deaths in the United States (1). Breast cancer is the
most frequently diagnosed cancer among women accounting for 23% of total cancer
diagnoses and 14% of cancer-related deaths (1). Metastatic disease is the primary cause of
cancer-related death, and therefore, components of the metastatic process are attractive
therapeutic targets (2). Elevated expression of both the cyclooxygenase-2 (COX-2) enzyme
and its major lipid product, prostaglandin E; (PGE») is detected in many solid tumors,
including breast cancer (3-6). Elevated expression of these two molecules is associated with
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a poor prognosis. PGE, initiates multiple signaling pathways upon binding to a family of
four G-protein-coupled receptors (EP1-EP4). EP4 and/or EP2-signaling promotes several of
the steps in the metastatic process (3, 4, 6, 7). Additionally, PGE, signaling is one pathway
that has been implicated in the formation and maintenance of cells responsible for
repopulating a tumor after surgery and/or chemotherapy eradicates the majority of tumor
cells; i.e tumor initiating or cancer stem-like cells (8-12). Much of the effort to exploit the
COX-2 pathway therapeutically has focused on direct inhibition of the COX-2 enzyme or,
more recently, on inhibition of EP4 signaling. Although non-steroidal anti-inflammatory
drugs (NSAIDs) that inhibit COX enzymes show tumor preventative effects, long-term use
of these therapies has been shown to increase the risk for severe cardiotoxic side effects.
Tumors also adapt to these therapies by activating compensatory mechanisms such as
modulating expression of pathway member proteins or diverting the COX-2 substrate,
arachidonic acid, to lipoxygenases, another inflammatory pathway not targeted by COX
inhibitors (13). Therefore, new therapeutic targets in this oncogenic pathway need to be
identified.

Other components of the COX-2 pathway regulate the intracellular and extracellular levels
of PGE2 available to mediate cell signaling. Multiple Drug Resistance-Associated Protein 4
(MRP4) and Prostaglandin Transporter (PGT) modulate PGE; signaling by respectively
increasing or decreasing the levels of extracellular PGE, available to cells. 15-
hydroxyprostaglandin dehydrogenase (15-PGDH) metabolizes PGE; intracellularly into an
inactive form and silences the signaling pathway in this manner (Figure 1). The purpose of
this review is to briefly summarize the extensive literature supporting the importance of the
COX-2 pathway to tumor biology with a focus on describing our more limited
understanding of the role that MRP4, PGT and 15-PGDH may play in tumor progression.

Cyclooxygenase-2 and Prostaglandin E»

The cyclooxygenase enzyme is expressed in two forms, cyclooxygenase (COX)-1 and
COX-2 (3-5). While COX-1 is constitutively expressed in most tissues, COX-2 is induced
by inflammatory stimuli; moreover, aberrant expression of COX-2 is commonly found in
solid tumors (3, 4, 14). COX-2 is responsible for the rate-limiting step in the conversion of
arachidonic acid to prostaglandins. Both COX-1 and COX-2 enzymes are targets for
NSAIDs (e.g., aspirin, ibuprofen, and indomethacin) while COX-2 is uniquely inhibited by
drugs in the coxib family (e.g., celecoxib, rofecoxib, valdecoxib). Elevated COX-2
expression is found in nearly half of all breast cancer samples and is associated with a worse
prognosis (15, 16). A more recent analysis confirmed that COX-2 is often elevated, but did
not detect significant differences in COX-2 expression among different molecular subtypes
of breast cancer, suggesting that COX-2 targeting may be broadly applicable in diverse
breast cancers (5, 17).

Prostaglandin E, EP Receptor Signaling

PGE; initiates diverse signaling pathways in cells upon binding to four G-protein coupled
receptors, termed EP1 through EP4 (18). Gaq is activated upon PGE; binding to the EP1
receptor while EP2 and EP4 receptors activate Gas, and EP3 is linked to Gai. EP activation
is linked to multiple effector pathways including phosphoinositide-3-kinase (P13K), protein
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kinase B (AKT), protein kinase A (PKA), epidermal growth factor receptor (EGFR), Src
kinase and Ras/MEK/ERK (18). EP4 and EP2 are strongly implicated in multiple processes
that contribute to cancer progression (18). Downstream cellular responses induced by PGE,
signaling include angiogenesis, anti-apoptosis, proliferation, migration, invasion, immune
evasion, epithelial-mesenchymal transition (EMT), and support of a cancer stem-like cell
phenotype, all of which are associated with the established or emerging hallmarks of cancer
(3, 12, 18-21). Kundu et al. reported increased levels of COX-2, PGE, and EP4 in
malignant and metastatic breast cells with stem-like properties compared to the bulk
population (12). The ability of tumor cells to form mammospheres (an indication of breast
cancer stem cell phenotype) was disrupted by several EP4 antagonists corresponding to a
loss of phenotypic markers of stem-like behavior (12). The tumor-initiating capacity of
putative breast cancer stem cells was markedly reduced in mice treated with EP4 antagonists
(12). The vast majority of signaling through EP receptors has been described in plasma
membrane bound receptors; however, there is growing evidence of functional nuclear or
perinuclear localized EP receptors (18, 22). Nuclear localization of EP receptors has been
detected in both normal and malignant tissues and tissue context may play an important role
in determining the function of these receptors. When detected by immunohistochemistry in
malignant breast cancer, nuclear EP1 correlated with a better prognosis than malignancies
with no nuclear staining (23). Conversely, in cholangiocarcinoma nuclear EP1 was shown to
enhance the activation of signal transducer and activator of transcription-3 (STAT3) and
induce tumor cell growth (24).

MRP4

Multiple Drug Resistance-associated Protein 4 (MRP4/ABCC4) is the fourth member of the
C subfamily of ATP-binding cassette (ABC) proteins (25, 26). MRP4 was discovered for its
role in mediating drug resistance in several tumor types. MRP4 exports a wide range of
exogenous compounds including anti-retroviral compounds, anti-HIV compounds,
camptothecins, methotrexate, and ceftins (27, 28). Endogenous substrates for MRP4 include
prostaglandins, leukotrienes, cyclic nucleotides (CAMP and cGMP) and glutathione-
conjugated molecules such as bile acids and steroid hormones (27-29). Elevated expression
of MRP4 has also been detected in drug-naive tumors including neuroblastoma, prostate
cancer, pancreatic cancer, and acute myeloid leukemia, all in which MRP4 expression is
associated with a worse prognosis (28-32). While some of these tumor types utilize MRP4
in defined mechanisms such as exporting identified substrates, the role of MRP4 in other
malignancies remains elusive (29, 32). MRP4 has been identified as the main efflux
transporter of PGEj, but whether this function is important to malignant behavior is not
known (4, 27, 29, 33). Autocrine signaling by PGE, promotes cell survival and proliferation
in neuroblastoma, one of the tumor types strongly associated with elevated MRP4
expression (28, 30, 34). We have detected a gradient of MRP4 expression in breast cancer
cell lines that parallels metastatic potential, suggesting that MRP4 contributes to malignant
behavior in breast cancer (unpublished observations). MRP4 is able to transport other
prostanoids, but since PGE; is the main product of COX-2 in breast cancer, we and others
have hypothesized that altering the expression or activity of MRP4 in breast cancer should
modulate the impact of PGE; in this disease (27, 29, 35, 36).
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MRP4 Regulation

ABCCH4 is the gene that encodes MRP4 (27, 29, 37). Transcription of ABCC4 mRNA is
regulated by several signaling pathways including the aryl hydrocarbon receptor (AhR),
glucocorticoid receptor (GR), nuclear factor (erythroid-derived 2)-like 2 (Nrf2), peroxisome
proliferator-activated receptor alpha (PPARa), and the N-myc oncogene (34, 38, 39).
Interestingly, the anti-inflamatory lipid lipoxin A4 (LXA4) inhibits MRP4 mRNA and
protein expression through estrogen receptor alpha (40). Micro-RNAs (miRNAs) miR-124a
and miR-506 suppress MRP4 protein translation in a tissue-specific manner (41). MRP4
expression is also regulated by alternative splicing and nonsense mediated decay of a
truncated mRNA transcript (42). Once translated, MRP4 is localized to the apical membrane
of polarized cells, following interaction with Na*/H* Exchanger Regulatory Factor 1
(NHERF1) (43). In the absence of NHERF1 expression, MRP4 is found at the basolateral
membrane of polarized cells. It should be noted that loss of epithelial cell polarity is one of
the key characteristics of tumor progression (44). Interestingly, in non-polarized cells,
NHERF1 protein controls MRP4 internalization from the membrane through interaction
with the C-terminal PDZ domain on MRP4 (45). Sorting nexin 27 (SNX27) is another
protein shown to interact with the PDZ domain on MRP4 in a similar mechanism (46). This
internalization mechanism attenuates the activity of MRP4 by removing MRP4 from the cell
membrane and trafficking it to the late endosome (45).

MRP4 Inhibition

Numerous pharmacologic inhibitors have been identified for MRP4, but like other multidrug
resistance (MDR) inhibitors, none have shown clear clinical benefit in reversing drug
resistance (29). Inhibitors of MRP4 include NSAIDs such as indomethacin and sulindac,
cyclic nucleotide analogs such as thiopurines, and phosphodiesterase inhibitors including
sildenafil and dipyridamole (27, 28). These inhibitory molecules are assumed to function by
competing with the substrate-binding site of MRP4 to prevent the transport of the intended
substrate. The leukotriene D4 antagonist MK571 inhibits the activity of MRP4 possibly by
stimulating internalization (27, 28, 45, 47). Recently, two additional MRP4 inhibitors have
been identified from a compound library and are under investigation for specificity and off-
target effects (48).

PGT: PGE> Import

While MRP4 exports PGE; to the extracellular space, internalization and inactivation of
PGE; is performed by two distinct proteins. PGE, is imported into cells via the
prostaglandin transporter (PGT) and subsequently oxidized to 15-keto-PGE, by the NAD™-
dependent 15-hydroxyprostaglandin dehydrogenase (15-PGDH, Fig. 1). Both of these steps
are required for efficient inactivation of PGE, and suppression of signaling (49). PGT
functions as an antiporter by exchanging a lactate anion for PGE,, which is negatively
charged at physiological pH (50). Since most tumor cells have high intracellular lactate as a
byproduct of glycolysis, the efflux of lactate facilitates the influx of PGE, from the
pericellular space (3, 33). Importing PGE, from the pericellular space attenuates signaling
by preventing PGE, from binding to and activating EP receptors on the cell surface (33, 51).
PGT could function in a tumor cell autonomous manner; however, transport function in
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other cells in the tumor microenvironment may also be important in controlling the
extracellular levels of PGE,. In fact, PGT expressed on adipocytes decreased the levels of
extracellular PGE, and subsequent PGE,-induced gene transcription in vitro (51). Since
adipocytes comprise a large proportion of the non-tumor cells in the breast cancer
microenvironment, PGT expression could be tumor-preventative by suppressing PGE,
signaling (52).

PGT Regulation

Since the role of PGT is to assist in the resolution of PGE; signaling, it is often expressed
during resolution of an inflammatory response. However, in the environment of chronic
inflammation, PGT is expressed at lower levels than in normal tissue (53). It is unclear
whether the reduction of PGT expression causes chronic inflammation by decreasing PGE»
clearance, or is a result of the sustained pro-inflammatory environment. Cancer is often
referred to as “a wound that never heals” since many wound healing pathways are
consistently activated in a tumor. PGT expression is increased in diabetic skin and
contributes to slower healing in this tissue (53). Hyperglycemia induced PGT expression in
human dermal microvascular endothelial cells, and increased clearance of PGE, from a
wound site suppressed the rate of healing (53). Inhibition of PGT with T26A, a recently
developed novel inhibitor of PGT, increased wound healing in a dose-dependent manner
(53, 54). p-catenin has also been associated with decreased PGT expression in intestinal
epithelium and colorectal tumor cells (55). Aberrant f-catenin signaling is found in many
solid tumors and contributes to proliferative and migratory phenotypes found in aggressive
cancer. In colorectal cancer cell lines in which PGT expression was lower than in normal
cells, PGT expression was induced by treatment with the DNA demethylating agent 5-
aza-2’-deoxycytidine and the histone deacetylase inhibitor trichostatin A (33). This suggests
that PGT expression is suppressed in colorectal tumors by an epigenetic mechanism in a
direct or indirect manner. Since PGT is a mediator of intracellular lactate, it would be
reasonable to expect PGT to be highly expressed in cells with overly active glycolysis;
however, other lactate transporter proteins such as monocarboxylate transporter 1 (MCT1)
that cotransport lactate molecules along with H* ions are highly expressed in cancer thereby
relieving lactate stress in the tumor cell and avoiding the clearance of PGE, from the
microenvironment (56).

MRP4 and PGT: PGE, Export and Import

Holla, et al. recognized the inverse relationship between PGT and MRP4 in the regulation of
PGE, transporters in colorectal cancer (33). They examined colorectal tumor samples and
found that MRP4 is increased and PGT is decreased, when compared to adjacent normal
tissue. Eruslanov et al. show that tumor-derived factors in conditioned media not only
suppressed the expression of PGT and 15-PGDH, but also enhanced the expression of
MRP4 in myeloid cells (57). The identity of the molecule(s) in the conditioned media
responsible for these effects has not been elucidated. These changes in PGE, transporter
expression led to increased levels of PGE; in the microenvironment and enhanced PGE,
signaling and consequently led to the conversion of myeloid cells into M2-polarized
macrophages or myeloid-derived suppressor cells (MDSCs), both of which support an
immune-tolerant tumor microenvironment.
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15-PGDH: PGE; Inactivation

15-hydroxyprostaglandin dehydrogenase (15-PGDH) is considered to be a tumor-suppressor
since decreased expression of this enzyme is associated with increased tumorigenesis in
breast, colon, lung, and pancreas (58, 59). In breast cancer, 15-PGDH expression is
correlated with estrogen receptor (ER) expression, and loss of 15-PGDH in tumors may be
due to 15-PGDH promoter hypermethylation (58). Loss of 15-PGDH expression in the colon
attenuates the effect of celecoxib, a specific COX-2 inhibitor, on PGE, concentration (60).
This combinatory effect is likely due to celecoxib not binding to the COX-1 enzyme which
would still be able to produce low levels of PGE; in the colon. This pharmacogenetic
interaction is important to consider when pharmacologically targeting PGE, levels. 15-
PGDH and COX-2 have been shown to be reciprocally regulated, likely at the post-
transcriptional level (59). Recently, miR-21 has emerged as a PGE,-induced micro-RNA
negative regulator of 15-PGDH expression in cholangiocarcinoma (61). 15-PGDH
expression is enhanced by increasing transcription and mRNA stability as well as decreasing
protein turnover. The diverse range of inducers of 15-PGDH expression includes growth
factors (TGF-), interleukin-4 (IL-4), steroids, NSAIDs, mitogen activated protein kinase
kinase (MEK) inhibitors, histone deactylase (HDAC) inhibitors, and DNA demethylating
agents (62-64).

Conclusion

There is abundant evidence to support the targeting of COX-2 and PGE, signaling in cancer
therapy; however, prolonged inhibition of the COX-2 enzyme itself increases the risk for
cardiotoxic secondary effects (3, 4, 65). This brings to the forefront the necessity to discover
new, more specific targets in this oncogenic pathway.

Elevated PGE; in aggressive tumors could arise from an imbalance in COX-2 and 15-PGDH
expression as well as MRP4 and PGT expression in multiple cell types in the tumor
microenvironment. Preventing activation of the EP4 receptor by PGE, decreases the
metastatic potential of breast cancer cells and reduces tumor-initiating potential of breast
cancer stem cells in a preclinical model (7, 12). Since EP4 activation occurs when
extracellular PGE, binds the EP4 receptor, decreasing the level of PGE; in the extracellular
space should attenuate signaling through this receptor as well as metastatic activity of the
tumor cell. Inhibiting MRP4 expression and activity should decrease PGE, export from cells
reducing the pro-tumor effects of PGE; in the tumor microenvironment. As an alternative
approach, Subbaramaiah et al. have shown that decreasing extracellular PGE, by
overexpressing the prostaglandin transporter (PGT) in adipocytes suppresses gene
transcripts downstream of EP receptor activation (44).

Elevated COX-2 is detected in approximately 50% of primary breast tumors, but in spite of
this widely reported finding, PGE, can be detected in the majority of malignant breast
tissues suggesting that additional factors other than COX-2 levels determine tissue PGE,
concentrations (3, 5, 6). Elevated MRP4 expression, or reduced PGT or 15-PGDH activity
could provide a mechanism for sustained PGE, signaling in the tumor microenvironment
even in the context of low COX-2 expression. The recent literature supports the further
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investigation of MRP4, as well as PGT and 15-PGDH as potential therapeutic targets in
breast and other malignancies.
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Figure 1. Schematic of PGE5 synthesis, transport, signaling, and metabolism
The cyclooxygenase-2 (COX-2) enzyme is the rate-limiting step in the production of

prostaglandin E, (PGEy) from arachidonic acid. PGE; is exported from the cell via multiple
drug resistance-associated protein 4 (MRP4). In an autocrine or paracrine manner,
extracellular PGE; binds any of its four cognate EP receptors, EP1-4, and initiates diverse
signaling pathways via activation of G-proteins. Alternatively, PGE; is imported via the
prostaglandin transporter (PGT) and inactivated by 15-hydroxyprostaglandin dehydrogenase
(15-PGDH). The bold arrows indicate members of this pathway up-regulated in cancer while
the dotted arrows indicate members of this pathway down-regulated in cancer.
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