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Abstract

Cyclooxygenase (COX)-2 enzyme catalyzes the rate-limiting step of prostaglandin formation in
pathogenic states, and overexpression of COX-2 occurs at multiple stages of colon carcinogenesis,
allowing elevated prostaglandin synthesis to occur in the tumor microenvironment. In normal cells,
COX-2 expression levels are potently regulated at the posttranscriptional level through various RNA
sequence elements present within the mRNA 3’ untranslated region (3'UTR). A conserved AU-rich
element functions to target COX-2 mRNA for rapid decay and translational inhibition through
association with various RNA-binding proteins to influence the fate of COX-2 mRNA. The 3'UTR
contains alternative polyadenylation signals that result in a shortened 3'UTR and loss of regulatory
elements. Specific microRNASs have been identified to bind regions within the COX-2 3'UTR and
control COX-2 expression. Recent evidence demonstrates the functional significance of the COX-2
3'UTR and how improper recognition of the 3’'UTR can contribute to COX-2 overexpression in
colorectal cancer.

Keywords
COX-2; Colon cancer; Posttranscriptional regulation; AU-rich element

Introduction

Cyclooxygenase (COX) enzymes perform the rate-limiting step in the conversion of free
arachidonic acid into prostaglandins and facilitate normal homeostasis in the gastrointestinal
tract [1]. Two primary COX enzyme isoforms (COX-1 and COX-2) have been identified to
play distinct roles in physiologic and pathologic conditions. COX-1 (PTGS1) is constitutively
expressed in most cell types, and COX-1—derived prostaglandins are necessary for protecting
gastric mucosa and maintaining vascular tone. In contrast to the expression pattern of COX-1
is COX-2 (PTGS2). Normally absent in most cells, COX-2 is an immediate-early response
gene whose expression is rapidly induced by a variety of proinflammatory and growth-
associated stimuli. Elevated COX-2 expression often is associated with many chronic
inflammatory diseases and cancers, making it a clinically important target for pharmacologic
intervention.

The relationship between COX-2 expression and colorectal cancer was first suggested by
studies demonstrating the efficacy of aspirin and nonsteroidal anti-inflammatory drugs in
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reducing the relative risk of colon cancer and promoting tumor regression in both humans and
experimental animal models of colon cancer [1]. Investigation of the molecular basis of these
observations showed that high levels of COX-2 protein were present in both human and animal
colorectal tumors, whereas the normal intestinal mucosa had low to undetectable COX-2
expression [1]. This association between COX-2 overexpression and carcinogenesis was
established further in genetic studies demonstrating a significant reduction in intestinal
polyposis in mice deficient in the PTGS2 gene [2]. These findings clearly indicate that chronic
elevation of COX-2 is pathologic and suggest that inhibition of COX-2 via pharmacologic
means or regulation of its expression can limit the development or progression of colorectal
cancer.

A variety of evidence gathered from epidemiologic, experimental animal, and cellular studies
indicates that unregulated COX-2 expression is an important step in colorectal cancer, and it
is generally well accepted that transcriptional activation of COX-2 may occur early in
tumorigenesis [3]. Current efforts now indicate the significance of COX-2 regulation at the
level of MRNA decay and translational control, and demonstrate that loss of posttranscriptional
regulation promotes COX-2 overexpression in colorectal tumors. This review summarizes the
current advances in the area of COX-2 posttranscriptional regulation in colorectal cancer,
focusing largely on the mMRNA 3’ untranslated region (3'UTR) and associated regulatory factors
that play a role in controlling COX-2 expression at the posttranscriptional level.

The COX-2 mRNA 3’ Untranslated Region Mediates Posttranscriptional
Regulation

A characteristic feature regulating the expression of inducible genes in response to growth
stimulation, inflammation, and cellular stress signaling occurs through mechanisms of
posttranscriptional regulation that control mMRNA stability and subsequent translation [4]. The
impact of this level of regulation is evident, as microarray analysis has determined that 40%
to 50% of the changes in inducible gene expression occur at the level of mMRNA stability [5].
Eukaryotic mRNAS contain two characteristic features integral to their function, a 5’ 7-
methylguanosine cap and a 3’ poly(A) tail. In mammalian cells, most mRNA decay is initiated
by shortening of the poly(A) tail (deadenylation). At this point, degradation initiated at the 5’
end involves removal of the 5’ cap by decapping enzymes, followed by 5'-to-3' exonucleolytic
decay. Alternatively, the mRNA can be degraded by 3'-to-5’ exonucleolytic degradation
through a complex of exonucleases known as the exosome [4]. These two decay pathways are
not mutually exclusive, and there appears to be overlap between the pathways, although the
relative contribution of each mechanism is under debate [4]. Many of these MRNAs targeted
for degradation are localized to processing (P)-bodies, which are small cytoplasmic foci
containing components of both 3'-to-5" and 5’-to-3’ decay machinery, suggesting these decay
pathways converge at P-bodies [4]. An alternative fate of MRNAS observed under situations
of cellular stress is their trafficking to cytoplasmic stress granules, where they are
translationally silenced, and current work now indicates a functional interaction between P-
bodies and stress granules, suggesting that mMRNAs destined for decay are sorted at stress
granules and delivered to P-bodies for degradation [6].

mMRNA regulatory elements that play a critical role in identifying specific transcripts for
posttranscriptional regulation typically reside within the 3'UTR of the transcript [4].
Identification of multiple mMRNA regulatory elements present within the COX-2 3'UTR was
the first evidence suggesting that COX-2 might be regulated at a posttranscriptional level [3].
Exon 10 of the human PTGS2 gene contains the entire 3'UTR, and within this region are
multiple polyadenylation signals, two of which are used primarily to yield transcripts
approximately 4.6 and 2.8 kb in length [7]. Observed in most cells is the larger 4.6-kb COX-2
transcript that results from processing at a distal canonical (AAUAAA) polyadenylation site.
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However, a proximal noncanonical polyadenylation signal (AUUAAA) can yield transcripts
with shortened 3'UTRs [7]. The significance of this alternative mRNA processing event has
been shown in colorectal cancer cells, as a polyadenylation variant of COX-2 mRNA lacking
the distal region of the 3'UTR was selectively stabilized upon cell growth to confluence [8].
These findings suggest that COX-2 mRNA can escape rapid decay through alternative
polyadenylation site use, resulting in deletion of potential 3'UTR regulatory elements, and this
phenomenon of shortening of MRNA transcripts appears to be a widespread feature occurring
in cancer cells [9ee].

A characteristic feature controlling the expression of many inflammatory cytokines, growth
factors, and protooncogenes is their inherent ability to be targeted for rapid mMRNA decay.
These growth-related immediate-early gene transcripts are unstable because of the presence of
a common cis-acting element known as the AU-rich element (ARE) [10]. The importance of
this particular RNA element is evident within the human genome, because it is estimated that
approximately 8% of transcripts contain putative AREs [11]. AREs are organized into several
classes and often are composed of multiple copies of an AUUUA sequence motif [11]. Within
the 3'UTR of COX-2 mRNA, the ARE is composed of a 116-nucleotide region containing a
cluster of six AUUUA sequence elements located near the stop codon of COX-2 [12].
Posttranscriptional regulation has been shown to depend on this conserved ARE, because its
presence confers rapid decay of a normally stable reporter mRNA [12]. Furthermore, this AU-
rich region is highly conserved in both sequence and location among various species of COX-2,
implying that ARE function has been evolutionarily conserved [3].

Normal cellular growth is associated with rapid decay of ARE-containing mRNAs, and
targeted mRNA decay is an essential way to control their pathogenic overexpression. This
aspect of COX-2 regulation is observed in non-transformed intestinal epithelial cells, where
rapid degradation of COX-2 mRNA occurs (half-life, ~13 minutes) [13]. However, several
observations have implicated the loss of ARE-mediated posttranscriptional regulation in the
neo-plastic transformation of cells [10], and recent findings have demonstrated that this subset
of transcripts is enriched during colon tumorigenesis. Gene expression profiling comparing
adenomas with late-stage adenocarcinomas showed a three-to four-fold enrichment in ARE-
containing genes compared with the genome as a whole, and a similar enrichment is observed
in tumors as early as stage | [14¢]. With regard to COX-2 regulation, similar findings have
been observed in human colon carcinoma cells [13,15-17]. As a result of the inability of the
COX-2 ARE to function properly, enhanced stability of COX-2 mRNA was detected, and
increased expression of a reporter gene containing the COX-2 3'UTR also was observed. Based
on the inherent genetic instability of tumor cells, it might be expected that mutations in AREs
occur that allow for dysregulated protein expression. However, few naturally occurring
mutations in ARESs have been described, and the ARE region of the PTGS2 gene is intact in
healthy individuals as well as in colon tumor cells [3]. This implies that loss of ARE function
in colon tumors is caused primarily by altered ARE recognition by cellular trans-acting
regulatory factors.

COX-2 ARE-Binding Proteins

ARES mediate their regulatory function through the association of trans-acting RNA-binding
proteins that display high affinity for AREs. The best-studied ARE-binding proteins can
promote rapid mRNA decay, mRNA stabilization, or translational silencing [4]. Through these
mechanisms, ARE-binding proteins exhibit pleiotropic effects on gene expression, as a single
ARE-binding protein can bind to multiple mRNAs [10].

Various cytoplasmic proteins have been observed to bind the COX-2 ARE, and similar RNA/
protein complexes are seen between the AREs from COX-2 and granulocyte-macrophage
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colony-stimulating factor [12]. When cross-linked to the COX-2 ARE, this complex is
composed of several distinct proteins, with sizes ranging from 35 to 90 kD. To date, 16 different
RNA-binding proteins have been reported to bind the COX-2 3'UTR (Table 1). This review
focuses on the most well-documented RNA-binding proteins that regulate COX-2 expression
in the gastrointestinal tract and their potential impact on colorectal cancer.

The HuR protein is a ubiquitously expressed member of the ELAV (Embryonic-Lethal
Abnormal Vision in Drosophila) family of RNA-binding proteins [18]. The human Hu proteins
(ubiquitously expressed HUR and neuronal-specific HuB, HuC, and HuD) originally were
discovered as antigens in patients displaying paraneo-plastic disorders, such as cerebrellar
carcinoma. The cloning and characterization of HUR demonstrated that it contains three RNA
recognition motifs with a high affinity and specificity for AREs and that its overexpression
stabilizes ARE-containing transcripts and promotes their translation [18].

The ability of HuR to function as an ARE-stability factor appears to be linked to its subcellular
localization [19]. HuR is localized predominantly in the nucleus (>90%) and can shuttle
between the nucleus and cytoplasm. It is hypothesized that the ability of HUR to promote
MRNA stabilization requires its translocation to the cytoplasm, and overexpression of HUR
promotes localization to the cytoplasm, where it binds target ARE-containing mRNAs and
interferes with their rapid decay [18,19]. A variety of cellular signals known to activate MAPK
pathways involving p38 and ERK kinases, the PI-3 kinase pathway, and the Wnt signaling
pathway have been shown to trigger cytoplasmic HuR localization and promote ARE-
containing mRNA stabilization [20-22]. Insight into the mechanism of HUR-mediated mRNA
stabilization has advanced with the identification of low molecular weight inhibitors of HUR
[23e¢]. These compounds interfere with the formation of HUR dimers and RNA binding,
indicating that HUR homodimerizes before ARE binding. Furthermore, these compounds
inhibit HUR cytoplasmic localization, suggesting that an HUR dimer is the active species
involved in nucleocytoplasmic trafficking.

Based on its ability to bind the COX-2 ARE, HUR has been identified as a trans-acting factor
involved in regulating COX-2 expression [15]. The enhanced stabilization of COX-2 mRNA
observed in colon cancer cells is partly the result of elevated HuR levels [15,24+¢]. Recent work
evaluating HUR expression in colon tissue demonstrates that in normal tissue, HUR is expressed
at low levels and is located in the nucleus, whereas HUR overexpression and cytoplasmic
localization have been observed in colon adenomas, adenocarcinomas, and metastases;
consistent with these observations, overexpression of COX-2 colocalized with elevated HUR
[24+<]. Furthermore, several studies indicate that HUR overexpression and cytoplasmic
localization are a marker for elevated COX-2 that is correlated with advancing stages of
malignancy and poor clinical outcome [3]. Based on its recognized role as a regulator of COX-2
and other genes promoting cell proliferation, angiogenesis, metastasis, and cell survival,
elevated HUR has been indicated to contribute to the malignant phenotype.

Tristetraprolin

Tristetraprolin (TTP, ZFP36, TIS11) is a member of a small family of tandem Cys3His zinc
finger proteins consisting of TTP, ZFP36L1, and ZFP36L2 [25]. TTP originally was identified
asan immediate-early response gene whose expression was transiently induced by extracellular
stimuli such as serum or phorbol ester. These early studies implicated a role for TTP as a
transcription factor; however, it now is known that TTP acts on a posttranscriptional level to
promote rapid decay of ARE-mRNAs by direct ARE binding [26]. The binding of TTP to
ARES targets the transcript for rapid degradation through association with various decay
enzymes [27,28].
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The ability of TTP to promote rapid ARE-mRNA decay has been shown to be controlled by
several mechanisms. The subcellular localization of TTP has been observed to occur in both
nuclear and cytoplasmic regions; however, treatment of cells with growth factor or mitogen
results in enhanced translocation of TTP to the cytoplasm, presumably through increased
nucleocytoplasmic shuttling of TTP [25]. When present in the cytoplasm, TTP localizes to P-
bodies [29], suggesting a critical role in ARE-mRNA delivery to the decay machinery residing
within P-bodies [30]. TTP also is a target of phosphorylation by the ERK and p38 MAPK
pathways both in vitro and in vivo, and the phosphorylation state likely plays arole in regulating
TTP function [25]. Phosphorylation via the p38 MAPK pathway allows TTP to interact with
14-3-3 adaptor proteins, which in turn promotes TTP cytoplasmic localization and protein
stabilization; however, phosphorylation of TTP compromises its ability to promote ARE-
mediated decay.

Efforts to characterize the function of TTP have focused primarily on its regulation of
inflammatory mediators, such as tumor necrosis factor (TNF)-a [26]. The physiologic
consequences of TTP loss are evident, as TTP knockout mice develop multiple inflammatory
syndromes resulting from increased inflammatory factors, including COX-2, due to defects in
rapid mRNA turnover [31], and recent work has shown COX-2 to be a target of TTP [8,
24se¢]. With regard to its role in controlling COX-2 expression in colon cancer, TTP expression
is low or not apparent in colon cancer cell lines and adenoma and adenocarcinoma tissue
[24+¢]. This is in contrast to normal tissue, in which TTP expression is highest in normal
epithelium and localized predominantly to the cytoplasm. Furthermore, adenoviral-mediated
delivery of TTP to colon cancer cells resulted in downregulation of COX-2 expression coupled
with a dramatic reduction in cell growth and proliferation [24e¢]. These findings indicate that
the presence of TTP in normal colon epithelium serves a protective role by controlling
expression of various inflammatory mediators, including COX-2, whereas the loss of TTP
expression in tumors allows HuR to promote the stabilization and translation of COX-2 mRNA.

CUGBP2 is an RNA-binding protein containing three RNA recognition motifs and is a member
of the CELF (CUGBPETR-3—like factors) family [32,33]. Work investigating COX-2
regulation in colon cancer cells and intestinal epithelium subjected to ionizing radiation
elucidated a novel role for CUGBP2 in regulating COX-2 expression on a posttranscriptional
level [32,33]. CUGBP2 resides predominately in the nucleus; however, its expression is rapidly
induced in response to radiation, leading to increased cytoplasmic trafficking and CUGBP2
inhibition after radiation treatment leads to increased cellular survival associated with increased
COX-2 expression. Further work demonstrated that CUGPB2 has a high affinity for the COX-2
ARE, and this interaction serves to repress COX-2 translation through the disruption of
polysomal loading of the COX-2 mRNA [32]. Interestingly, the radiation-induced
overexpression of CUGBP2 led to COX-2 mRNA stabilization similar to overexpression of
HuR protein. Given that HUR enhances and CUGBP2 inhibits COX-2 protein expression, this
indicates that these two ARE-binding proteins differ in their regulation of COX-2 mRNA
translation. Although both proteins have similar affinities for the COX-2 ARE, CUGBP2 was
effective in competing with HuR for ARE binding, leading to a translational block in COX-2
expression [34]. While demonstrating the ability of CUGBP2 to regulate the opposing
functions of COX-2 mRNA stabilization and translational repression, these findings suggest
a possible role for CUGBP?2 in the early stages of tumorigenesis, counteracting the effects of
HuR overexpression to repress COX-2 protein synthesis.

T-Cell Intracellular Antigen 1

T-cell intracellular antigen 1 (TI1A-1), originally identified in activated T lymphocytes, is an
RNA-binding protein containing three RNA recognition motifs with specificity to mRNAs
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containing short sections of uridylate repeats [35]. Under normal cellular conditions, this
protein is predominantly nuclear and in response to cellular stress, trans-locates to the
cytoplasm, where it is associated with untranslated mMRNAs in discrete cytoplasmic stress
granules, implicating a role in translational regulation [6,29]. Consistent with these
observations, TIA-1 has been shown to specifically bind the COX-2 ARE and regulate its
expression through translational inhibition without altering COX-2 mRNA turnover [16].
However, in colon cancer cells, deficiencies in TIA-1 binding to the COX-2 ARE were
observed, allowing for increased polysome association with the COX-2 mRNA. The
significance of TIA-1—mediated regulation of COX-2 expression was observed in TIA-1—
deficient fibroblasts that produced significantly more COX-2 protein and prostaglandins than
wild-type fibroblasts. Similarly, deletion of TIA-1 in mice led to elevated COX-2 levels and
the development of arthritis [31]. These findings implicate TIA-1 as a translational silencer of
COX-2 expression and suggest that loss of TIA-1 function may be a contributing factor
promoting enhanced expression of COX-2 in neoplasia.

Apobec-1 is a sequence-specific cytidine deaminase named for its ability to catalyze C-to-U
editing of apolipoprotein B mRNA. In the context of ARE-binding proteins, Apobec-1 binds
the AREs of COX-2 in addition to other inflammatory mediator and oncogene mRNAs and
promotes their respective mRNA stabilization [36]. The importance of Apobec-1 expression
in intestinal epithelium is seen in the acute response to radiation injury; in Apobec-1—deficient
mice, COX-2 expression is suppressed, leading to increased levels of radiation-induced
apoptosis [36]. With regard to colon cancer, Apobec-1 overexpression occurs in human
colorectal cancer, and current results using the Apc™"* mouse model of gastrointestinal
tumorigenesis demonstrate that Apobec-1 deletion in the Apc™"*+ background is associated
with reduced COX-2 expression in adenomas of Apc™"* apobec-1-"mice, leading to an
overall reduction in polyp number in these compound mice [37]. These findings identify
Apobec-1 as a critical regulator of COX-2 through ARE-mediated mRNA stabilization in
different pathologic situations.

MicroRNA-Mediated Regulation of COX-2

MicroRNAs (miRNAs) are small noncoding RNAs that have emerged as fundamental global
regulators of gene expression via posttranscriptional mechanisms. Within the genome,
miRNAs may reside within gene exons or introns and may be transcribed as part of a protein-
coding gene, or their transcription may be regulated independently [38¢]. Once transcribed, the
primary miRNA transcript is processed in the nucleus by the RNase 111 endonuclease Drosha
into a precursor miRNA stem-loop. The precursor miRNA is actively transported by exportin-5
to the cytoplasm, where it is processed a second time by another endonuclease, Dicer, to form
a double-stranded miRNA duplex. The miRNA duplex is incorporated into the RNA-induced
silencing complex (RISC), and the mature miRNA strand is preferentially retained in the RISC
complex, where it can negatively regulate target mMRNA expression [38].

In humans, miRNAs alter most gene expression by binding to complementary sites in the 3’
UTR of its target mRNA and inhibiting its translation or promoting MRNA cleavage. Although
similar in nature to short interfering RNAs, which bind target mRNA regions with 100%
complementarity and promote mRNA degradation, miRNAs can bind imperfectly to the 3’
UTR of targeted transcripts to attenuate target gene expression. Based on this characteristic, a
single miRNA can potentially affect expression of many proteins with various cellular
functions. To date, 721 human miRNAs have been identified, and they are proposed to regulate
an estimated 30% of human mRNAs [38¢]. Because of the substantial amount of control they
have over several putative mRNA targets, it is of considerable interest how alterations in
miRNA expression in cancer can contribute to tumorigenesis. In colorectal cancer, differential
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expression of several miRNASs has been observed, and current efforts have demonstrated that
specific miRNA loss or overexpression may have an impact on various cellular pathways
associated with colon tumorigenesis [38+,39]. Currently, three miRNAs are reported to target
COX-2 mRNA and attenuate its expression.

miR-16
miR-16, part of an miRNA cluster that also includes miR-15a, was discovered via its loss of
expression in chronic lymphocytic leukemia resulting from genomic deletion, and this miRNA
can serve in a tumor suppressor capacity through targeting of the antiapoptotic gene Bcl-2
[39]. Based on its RNA sequence, miR-16 displays complementarity to AU-rich regions, and
it has been demonstrated that miR-16 can target ARES, particularly those of TNF-a, interleukin
(IL)-6, IL-8, and COX-2, to alter their mRNA stability [40]. Interestingly, the same studies
determined that miR-16 works in conjunction with TTP to promote decay of ARE-containing
mMRNAs, through interactions between TTP and components of the RISC complex. More recent
work in inflammatory cells has determined that miR-16 and the RNA-binding protein hnRNP
K play opposing roles in COX-2 mRNA stabilization and that hnRNP K can compete with
miR-16 for binding to the COX-2 3'UTR [41]. Taken together, these findings emphasize the
significance of this ARE-targeting miRNA and highlight the dynamic nature of miRNA-
mediated posttranscriptional regulation.

miR-101 and miR-199

In work investigating the role of COX-2 during embryo implantation, the murine miRNASs
miR-101a and miR-199a were identified to posttranscriptionally regulate murine COX-2, and
expression of these miRNAs is inversely correlated with uterine COX-2 protein levels [42].
Further work in human cells established the ability of miR-101a and miR-199a to target human
COX-2 [42]. In the context of colon cancer, an inverse correlation between human miR-101
and COX-2 expression in colon cancer cell lines and colon tumors has been shown, along with
the ability of miR-101 to inhibit COX-2 translation when ectopically expressed in cells [43].
Along the same lines, COX-2—expressing colon cancer cells do express miR-199 [42],
indicating that limited expression of these miRNASs in colon cancer may contribute to observed
COX-2 overexpression.

Conclusions

Posttranscriptional gene regulatory events involving mRNA decay and translational silencing
is emerging as a fundamental and effective way to alter the expression of COX-2 and other
cancer-associated genes that are functionally related on the mRNA level (Fig. 1). The
identification and characterization of RNA-binding proteins that interact with the COX-2 3’
UTR are fundamental for understanding the mechanisms allowing COX-2 overexpression to
occur in colorectal cancer. By virtue of their altered expression and function in colon tumors,
allowing for enhanced mRNA stabilization and translation, these RNA-binding proteins hold
great promise as candidates for therapeutic targeting to allow the nascent cellular RNA
degradation machinery to counteract the oncogenic effects of mMRNA stabilization.
Furthermore, continued investigation in the area of miRNA-mediated posttranscriptional
regulation undoubtedly will elucidate the role of miRNAs in colorectal tumor development
and identify new COX-2—targeting miRNAs whose expression may be altered during
tumorigenesis.
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Fig. 1.

Posttranscriptional regulation of cyclooxygenase 2 (COX-2) within the 3’ untranslated region
(3'UTR). COX-2 expression is tightly regulated at the posttranscriptional level by RNA-
binding proteins that promote mRNA stability (HUR, CUGBP2, and Apobec-1), mRNA decay
(tristetraprolin [TTP]), and translational inhibition (T-cell intracellular antigen 1 [TIA-1] and
CUGBP?2) through their binding of the COX-2 AU-rich element. The presence of alternative
polyadenylation signals may lead to a shortened 3'UTR and subsequent loss of regulatory
elements and microRNA binding sites within the 3'UTR. Specific microRNAs have been
determined to bind the COX-2 3'UTR and attenuate COX-2 expression
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