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Abstract

Elevated cyclooxygenase-2 (COX-2) and the associated inflammation within the brain contribute 

to glioblastoma development. However, medical use of COX inhibitors in glioblastoma treatment 

has been limited due to their well-documented vascular toxicity and inconsistent outcomes from 

recent human studies. Prostaglandin E2 (PGE2) has emerged as a principal mediator for COX-2 

cascade-driven gliomagenesis. Are PGE2 terminal synthases and receptors feasible therapeutic 

targets for glioblastoma?
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Cyclooxygenase Cascade and Glioblastoma

Glioblastoma multiforme (GBM) is the highest-grade astrocytoma in the World Health 

Organization (WHO) grading system and represents the most common primary malignant 

brain tumor in adults, yet it lacks satisfactory treatment [1]. A better understanding of the 

molecular biology of GBM is desired to develop novel therapeutics with improved outcomes 

(Box 1). As the first cancer type that has been systematically studied by The Cancer Genome 

Atlas (TCGA) consortium, GBM can be categorized in four transcriptomic groups – 

proneural, neural, classical and mesenchymal, each of which is associated with complex 

genetic and/or epigenetic alterations that lead to signaling and clinical specificity [2]. In the 

meantime, studies on human GBM patients and animal xenograft models have uncovered 

some common molecular events that are correlated with and might be involved in the 

initiation and progression of malignant gliomas. For instance, the induction of COX-2 has 

been widely reported in most human glioblastomas and proposed as a major factor 

promoting tumor development. However, the prospect of COX-2 as a therapeutic target for 
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GBM has been dampened by recent inconsistent outcomes from a number of population 

studies and the early termination of several clinical trials [3]. These differing results are not 

unexpected, given that five prostanoid products of COX-2 activate a total of nine G protein-

coupled receptors (GPCRs) to regulate a myriad of pro- and anti-inflammatory 

consequences [4]. Adverse effects from the broad impact of COX-2 inhibition also brought 

tremendous attention during the past decade, leading to the withdrawal of two legendary 

COX-2-targeted drugs – rofecoxib (Vioxx®) and valdecoxib (Bextra®) from the USA 

market. The Jekyll and Hyde nature of the COX-2 cascade suggests that targeting its 

downstream prostanoid synthases or receptors might provide more specificity [4, 5].

Prostaglandin E Synthases

The tumor-promoting effects of COX-2 induction are largely mediated by its prostaglandin 

product PGE2 [6]. As the terminal enzyme that synthesizes PGE2 from intermediate PGH2, 

prostaglandin E synthase (PGES) has three isoforms – membrane-associated PGES-1 

(mPGES-1 or PTGES), mPGES-2 (or PTGES2) and cytosolic PGES (cPGES or PTGES3) 

[7](Figure 1). Among these three isozymes, mPGES-1 is functionally coupled to COX-2 

and, similarly to COX-2, is rapidly induced to synthesize PGE2 from COX-2-derived PGH2 

in response to various detrimental stimuli [8]. Expression of mPGES-1 was found to be 

higher in recurred grade II gliomas that required a second surgical removal than in gliomas 

that were operated only once [9], suggesting a positive correlation between mPGES-1 level 

and the glioma grade. Also, mPGES-1 is elevated in human GBM cell lines as compared 

with human primary astrocytes. Genetic ablation or pharmacological inhibition of mPGES-1 

can block the PGE2 release from GBM cells and impede their growth. This anti-proliferative 

effect can be recapitulated by protein kinase A (PKA) inhibitor H89 and reversed by 

exogenous PGE2 [10], indicating that PGE2 mediates GBM cell activities – at least in part – 

via a cAMP/PKA pathway. In addition, conditioned glioma cell culture medium was shown 

to enhance the expression of both COX-2 and mPGES-1 in microglia by releasing some yet-

to-be-identified factor [11], suggesting another mechanism whereby gliomas increase local 

PGE2 levels engaging active microglia [12].

However, it was reported that a high level of mPGES-1 might also be associated with 

increased apoptosis in glioblastoma [13]. Ablation of mPGES-1 expression can increase the 

apoptotic sensitivity of human primary culture GBM cells and their proliferation in 

xenograft mice. Interestingly, intracellular PGE2 injection – but not the direct addition of 

PGE2 into the culture medium – induced Bax-dependent apoptosis in these GBM cells. 

These findings together suggest that the mPGES-1-mediated apoptotic effect is independent 

of cytoplasmic membrane-bound PGE2 receptors [13], and highlight the importance of 

balance between extracellular and cytosolic PGE2 in the regulation of apoptosis. These 

observations – if common in other GBM cells – also raise the concern that targeting 

mPGES-1 might curtail its beneficial effect on controlling GBM cell apoptosis.

Prostaglandin E2 Receptors

PGE2 mediates various physiological and pathological events via acting on four GPCRs – 

EP1–EP4. EP1 receptor is Gαq-coupled to mediate the mobilization of cytosolic Ca2+ and 
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activation of protein kinase C (PKC); EP2 and EP4 receptors are coupled to Gαs that 

activates adenylyl cyclase, resulting in the synthesis of cAMP from ATP; EP3 receptor is 

mainly coupled to Gαi and its activation downregulates the cytosolic cAMP levels. Among 

these four PGE2 receptors, EP1, EP2 and EP4 have widely been reported to facilitate tumor 

formation and growth; EP3 may be indirectly involved in tumorigenesis as its expression is 

often decreased in various tumor tissues (Figure 1) [4–6, 10].

EP1 selective antagonist SC51089 and non-selective EP antagonist AH6809 were reported 

to decrease the in vitro proliferation of COX-2-positive human GBM cells, and to slow the 

growth of tumor xenografts with these cells in mice. These results recapitulated the anti-

proliferative effect of COX-2 inhibition by NS398 in a similar model [14], and suggest that 

EP1 receptor might be involved in COX-2/PGE2-mediated GBM proliferation. In addition, 

PGE2 can increase the migration of human GBM cell lines in vitro, which can be largely 

blocked by selective inhibition on EP2 or EP4 receptor [15]. EP4 receptor expression in 

human GBM cells and low-grade glioma cells is regulated by COX-2 activity and appears to 

positively correlate with cell growth [16]. L-161982 – a selective antagonist of EP4 receptor, 

but not sulprostone – a selective EP3 agonist, was found to decrease GBM cells growth 

through activating type II PKA, suggesting the involvement of the PGE2/EP4 signaling in 

mediating the proliferative effects [10].

Both PGE2 and selective EP2 agonist – butaprost have recently been reported to enhance 

GBM cell survival and proliferation after radiation through trans-activating the epithelial 

growth factor receptor (EGFR) and β-catenin (Figure 1). Thus, EP2 receptor activation by 

PGE2 that is induced after radiotherapy might help to sustain GBM cell growth and survival, 

and hence contributes to the radiation-resistance of the tumors [17]. In addition, COX-2-

derived PGE2 can induce Id1, a transcriptional regulator important for the tumor cell self-

renewal and radiation resistance, via EP4 receptor-dependent activation of mitogen-activated 

protein kinase (MAPK) and early growth response protein 1 (EGR-1) [18], suggesting that 

EP4 receptor activation by PGE2 plays a critical role in GBM cell proliferation and 

resistance to radiation therapy as well. It appears that EP2 and EP4 receptors work 

synergistically to promote GBM activities as they share much of downstream cAMP 

signaling pathways (Figure 1), although they might be differentially expressed in various 

GBM cells [18].

Concluding Remarks

A better understanding of GBM biology will facilitate developing effective therapeutics for 

the most aggressive glioma. Identification of genetic and epigenetic alterations in GBMs to 

reveal the tumor heterogeneity will help develop specific therapies for different glioblastoma 

subtypes. Future efforts should also focus on the inflammatory nature of tumors to seek 

common molecular mechanisms that cause the genesis and progression of glioblastomas and 

might lead to new therapies that could benefit the majority of GBM patients (Box 1). Recent 

frustrations from efforts aimed at repurposing COX inhibitors in treating malignant gliomas 

suggest that COX-2 inhibition alone is unlikely to be a viable strategy to suppress 

glioblastomas due to its broad effects, although short-term exposure might provide some 

beneficial effects. The downstream PGE2 terminal synthases and EP receptors might provide 
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novel targets to develop next-generation therapeutics for GBM with more specificity than 

the generic blockade of COX-2. However, it will be critical to validate their candidacy as 

molecular targets in proof-of-concept studies using selective small-molecule inhibitors.
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BOX 1

Challenges for Current GBM Treatment

With an annual incidence rate of over five per 100,000 populations and nearly 17,000 

new diagnoses each year in the USA, GBM is typically associated with poor quality of 

life and dismal prognosis. The overall two-year survival rate is less than 10% and five-

year survive rate is below 5% in unselected patients. Surgical removal in combination 

with conventional chemotherapy and radiotherapy represent the mainstay of treatment for 

GBM. However, even with these standard therapies, the prognosis still remains poor with 

a median overall survival under 15 months [1]. There are several complicating factors 

that make GBM particularly difficulty to treat: i). GBM cells – especially those in 

recurrent GBMs – are extremely resistant to chemotherapy and radiotherapy; ii). The 

highly infiltrative nature of glioblastoma makes thorough surgical removal impossible; 

iii). The brain is vulnerable to damage caused by therapies and has limited capacity for 

self-repair; iv). Most anti-tumor drugs including many immunotherapeutic agents cannot 

reach the tumor sites due to their poor brain penetration; v). Traditional treatment does 

not distinguish the tremendous molecular heterogeneity among different GBM subtypes 

[2]. Future efforts to seek novel therapeutics for this lethal brain cancer must hinge on a 

better understanding of the biology underlying these contributory factors.
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Figure 1. PGE2 Signaling through EP Receptors Promotes Gliomagenesis
(A) Biosynthesis of prostaglandin E2 (PGE2). With various stimuli, arachidonic acid is 

liberated from membrane phospholipids by phospholipase A2 (PLA2), then converted into 

prostaglandin H2 (PGH2) – an intermediate molecule – by cyclooxygenase (COX). 

Unsteady PGH2 is further catalyzed by tissue-specific prostanoid synthases to five 

prostanoid products comprised of prostaglandins PGE2, PGD2 and PGF2α, thromboxane A2 

(TXA2), and prostacyclin PGI2. The COX is the checkpoint enzyme in the synthesis of 

prostanoids and in mammals has two isoforms – COX-1 and COX-2. The COX-1 is 

constitutively expressed in most normal tissues to synthesize homeostatic prostanoids that 

are essential for maintaining many physiological functions; whereas the COX-2 is present at 

low levels under normal conditions but is rapidly and robustly induced to mediate various 

pathological processes that are usually associated with severe inflammatory reactions in 

response to tissue injuries and other detrimental stimuli [7]. (B) Prostanoids through a suite 

of G protein-coupled receptors (GPCRs) regulate a diversity of physiological and 

pathological events, e.g., inflammatory responses by prostaglandins, particularly PGE2; 

vasodilation by PGI2; vasoconstriction by TXA2. Two receptors (DP1 and DP2) for PGD2 

have been identified up to date and four for PGE2 (EP1, EP2, EP3 and EP4), and each of the 

other three prostanoids acts on a single receptor – FP for PGF2α, IP for PGI2, and TP for 

TXA2. Multiple molecular signaling pathways have been proposed to mediate the effects of 

PGE2 on the regulation of glioblastoma cell survival, proliferation, migration, invasion, 
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angiogenesis, immunosuppression, etc. Only the major pathways are indicated here by 

different colors. Abbreviations: AC, adenylyl cyclase; ATP, adenosine triphosphate; β-cat, β-

catenin; cAMP, cyclic adenosine monophosphate; COX, cyclooxygenase; cPGES, cytosolic 

prostaglandin E synthase; DAG, diacylglycerol; EGFR, epidermal growth factor receptor; 

EPAC, exchange protein directly activated by cAMP; EPs, prostaglandin E2 receptors; ERK, 

extracellular signal-regulated kinase; F-actin, filamentous actin; GSK3β, glycogen synthase 

kinase 3β; IP3, inositol 1,4,5-trisphosphate; JNK, c-Jun N-terminal kinase; MEK, mitogen-

activated protein kinase kinase; mPGES, membrane-associated PGES; Pfn-1, profilin-1; 

PGE2, prostaglandin E2; PGH2, prostaglandin H2; PI3K, phosphoinositide 3-kinase; PIP2, 

phosphatidylinositol 4,5-bisphosphate; PKA, protein kinase A; PKC, protein kinase C; 

PLA2, phospholipase A2; PLC, phospholipase C; RAF, rapidly accelerated fibrosarcoma 

kinase.
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