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A B S T R A C T

Cyclooxygenase (COX)-2 is a pro-inflammatory immediate early response protein, chronically up-

regulated in many pathological conditions. In autoimmune diseases, it is responsible for degenerative

effects whereas in cancer, it correlates with poor prognosis. A constitutive expression of COX-2 is

triggered since the earliest steps of carcinogenesis. Consequently, strategies aimed at inhibiting COX-2

enzymatic activity have been clinically applied for the treatment of autoimmune disorders; in addition,

the same approaches are currently investigated for anti-cancer purposes. However, COX-2 protein

inhibitors (i.e., NSAIDs and COXIBs) are not amenable to prolonged administration since they may cause

severe side effects, and efforts are underway to identify alternative approaches for chemoprevention/

therapy. COX-2 expression is a multi-step process, highly regulated at transcriptional and post-

transcriptional levels. Defects in the modulation of one or both of these steps may be found in

pathological conditions. Targeting COX-2 expression may therefore represent a promising strategy, by

which the same preventive and therapeutic benefits may be gained while avoiding the severe side effects

of COX-2 enzymatic inhibition. Naturally occurring compounds derived from plants/organisms

represent a huge source of biologically active molecules, that remains largely unexplored. Derived

from plants/organisms used in traditional forms of medicine or as dietary supplements, these

compounds have been experimentally investigated for their anti-inflammatory and anti-cancer

potential. In this review, we will analyze how natural compounds may modulate the multistep

regulation of COX-2 gene expression and discuss their potential as a new generation of COX-2 targeting

agents alternative to the synthetic COX-2 inhibitors.
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1. COX-2 inhibitors: limitations and alternative strategies to
prevent aberrant COX-2 function

Cyclooxygenase-2 (COX-2) is one of the key enzymes implicat-
ed in the modulation of inflammation, and acts by catalyzing the
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rate-limiting step that leads to the formation of prostaglandins
(PGs) from arachidonic acid.

Two other COX isoenzymes, COX-1 and COX-3, are able to
catalyze the same kind of reaction. COX-1 is the other significantly
important cyclooxygenase family member, which is constitutively
expressed in cells and tissues. Exact roles/functions need still to be
established for COX-3, which appears expressed only in some
specific compartments including brain and spinal cord [1,2].

The direct product of the activity of COX enzymes, PGH2, is in
turn the precursor of other PGs, including PGE2, PGF2alpha, PGD2,
PGI2 (prostacyclin) and thromboxane A2 (TxA2), through the
action of cytosolic or microsomal PG synthases. Despite the fact
that all the COX isoforms generate the same PGH2 precursor, and
such classes of PGs have been implicated in the action of both COX-
1 and COX-2, the two enzymes control very different biological
processes. Whereas COX-2 is predominantly implicated in
inflammation, COX-1 is a critical regulator of homeostatic
functions. These differential functions may be attributed to the
following molecular mechanisms. Importantly, not all the classes
of PGs are necessarily produced in the same tissue and/or at the
same time. The preferential production of thromboxanes due to
COX-1 activity is known; COX-2 activity has been shown to lead to
the accumulation of prostacyclins. These findings suggest a
differential involvement of PG synthases depending on the COX
isoform expressed, the mechanisms of which have yet to be
elucidated. Nonetheless, specific combinations of PGs may
promote different intracellular signalling cascades.

Alternatively, the modality of expression of COX-1 vs. COX-2
may provide further explanation about their differential functions.
COX-1 is constitutively and stably expressed at low levels in many
tissues. This ensures a constant production of PGs, which normally
contribute to the maintenance of important physiological func-
tions, such as platelet aggregation, renal water balance and gastric
mucosal protection. In contrast, COX-2 is mostly silent but
expressed in response to non-self agents, such as pathogens.
When stimulated, its expression is high and transient. This leads to
a burst of PG production in a tightly regulated time-limited
manner. Thus, depending on the COX isoform, the production of
the same earlier precursor PGH2 greatly differs in terms of amount
and timing of production. This may be differentially decoded by the
cells, thus leading to the activation of such intracellular pathways
involving specific classes of PGs (i.e., thromboxanes rather than
prostacyclins) and, therefore, different responses, similar to the
events observed for other pleiotropic cell signalling mediators,
such as calcium ions.

The inflammatory paradigm of COX-2 expression is defined as
patho-physiological, since it is part of a complex physiological self-
regulating response to pathological conditions, carried on by
specific cell and tissue types.

However, COX-2 expression may surpass normal physiological
control, resulting in fatally pathological states: namely, autoim-
mune diseases and cancer. In each of these cases, an aberrant stable
expression and activation of COX-2 may be occurring.

In different examples of autoimmune diseases, such as
rheumatoid arthritis [3], systemic lupus erythematosus [4] or
some forms of diabetes [5,6], the hyperactivation of such sub-
populations of immune cells has been shown to be directly
dependent on the over-expression of COX-2. The hyperexpression
of COX-2 is the result of cross-talk between several mediators of
inflammation, including interleukins and cytokines (i.e., IL-1, IL-6
and TNFa), and it occurs via transcriptional activation [7].

Moreover, COX-2 has been found to be constitutively expressed
in a number of cancers [8]. Epidemiological and clinical studies
have shown that when COX-2 is expressed, a poor prognosis is
frequently associated [8,9]. Clear evidence has been collected from
models of adherent cancers, including colon [10,11], prostate
[12,13] and breast [14,15], where the expression of COX-2 is
paralleled by a higher incidence of chemotherapy failure.
Moreover, COX-2-deficient mice are more resistant to different
forms of cancers [16], as shown in models of colon [17,18] and skin
carcinogenesis [19,20]. This implies a multi-step role for COX-2 in
tumorigenesis, in early tumor promotion and in the late
development of chemoresistance and metastatic formation [21].
Different mechanisms regulating COX-2 expression appear to be
involved in this instance, with a transcriptional activation
implicated in early phases, and with post-transcriptional modula-
tion crucially contributing at late tumorigenic steps.

More recently, constitutive expression of COX-2 has been
shown also to occur in haematological malignancies; again, a poor
clinical outcome appears to be associated with this event [22].
Consequently, in the last decade, an upsurge of interest has arisen
towards characterizing the novel potential anti-cancer therapeutic
properties of modulated COX-2 functions.

So far, the clinical strategy to target COX-2 has been via

inhibition of its activity. Non-steroidal inflammatory drugs
(NSAIDs) have historically represented the first large class of
inhibitors of COXs available on the market. The majority of them
were used in clinics to inhibit the typical features of inflammation
and pain-related symptoms even prior to the identification of the
COX enzymes. Once the two COX isoforms were identified in the
early 90s, it became clear that COXs were the target of NSAIDs. The
elucidation of the protein sequence together with protein
modelling studies of COX-1 vs. COX-2 showed a preferential
ability of a number of NSAIDs in affecting COX-2, rather than COX-
1, activity. Eventually, it was found that the catalytic active site of
COX-2 was significantly larger than that of COX-1, thus generating
easier accessibility for NSAIDs [23]. These findings, together with
the discovery of the inducible nature of the COX-2 gene, lead to the
conclusion that the anti-inflammatory properties of NSAIDs were
exclusively due to COX-2 inhibition.

However, prolonged intake of NSAIDs was quickly recognized to
elicit severe side effects. Studies in the 60s had already clearly
identified the link between intake of salicylates and damage to the
gastric mucosa [24]. The preferential, but not exclusive, action of
NSAIDs on COX-2, coupled with the concomitant perturbation of
COX-1 activity, was considered responsible for these alterations;
this phenomenon was termed the COX-2 hypothesis [25], which
exclusively assigned acute pro-inflammatory roles to the inducible
COX-2 and homeostatic functions to the constitutively active
COX-1.

At the end of 90s, a second generation of NSAIDs were
developed based on this model; the so-called COXIBs family of
drugs promised to overcome these harsh side effects [23].
Compounds in this new synthetic group are composed of two
aromatic rings connected with different chemical groups which
require the presence of specific residues present only in the active
site of COX-2 for binding, ensuring high selectivity [23]. Their
introduction to the commercial market represented an alternative
to the traditional NSAIDs, which was anticipated to conjugate the
use of a selective COX-2 inhibitor with the absence of severe
gastrointestinal side effects. Unfortunately, an increased incidence
of cardiovascular diseases was found to develop in patients
exposed to a prolonged intake of some of these new agents [26].
This raised concerns about the use of COXIBs and led to their
removal from the market, specifically for rofecoxib and valdecoxib;
still other forms of the drugs, such as celecoxib, were subjected to
intense experimental re-evaluation to determine clinical risks vs.

benefits [27]. Such ongoing studies are still far from providing a
final definitive statement. However, careful clinical analyses have
indicated that restricted usage is not associated with severe side
effects. As a precaution, the current guidelines for those COXIBs
remaining on the market recommend limiting chronic or
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prolonged administration of COX-2 inhibitors, particularly impact-
ing their application for chemoprevention.

The cardiovascular effects associated with prolonged intake of
COXIBs have been attributed to the prevention of production of the
pro-vasodilator prostacyclins in the endothelial and smooth
muscle cells as a consequence of COX-2 inhibition [28]. Thus, this
effect is mechanism-based and implies that COX-2 is also
constitutively expressed in these tissues where it controls
important homeostatic functions [29]. As importantly, this finding
extended our knowledge of its spatial expression pattern, leading
to a significant re-evaluation of the established COX-2 hypothesis
[23].

These findings support the consideration that prolonged
administration of COX-2 inhibitors would be ineffectual for
chemopreventive and chemotherapic purposes since the risks
outweigh the benefits. Moreover, these findings raised the concern
that direct COX-2 enzymatic inhibition might not represent an
eligible strategy to be pursued in clinics to target COX-2, being
COX-2 inhibitors unable to discriminate between an aberrant
pathological vs. homeostatic functional activation state.

In contrast to COX-1, COX-2 is an early response gene, similar to
the genes encoded for cytokines, chemokines and proto-onco-
genes. Typically, these genes are subject to several mechanisms of
expression modulation, ranging from direct transcriptional effects
to post-transcriptional and translational levels and up to protein
stability of mediating transcription factors. The presence of such
multiple levels of modulation of COX-2 expression implies the
existence of multiple pathways/mechanisms, which may be
targeted to finely modulate COX-2 functions. This prompts the
consideration of COX-2 expression as a more versatile target to
modulate the wide array of its enzymatic functions, thus
potentially offering new perspectives in therapeutic and chemo-
prevention strategies.

Natural compounds represent a huge untapped source of
biologically active compounds. A keyword search of the PubMed
database for relevant publications in 2009 only yields more than
6000 papers on natural compounds. A large number of these
publications report anti-inflammatory and/or anti-cancer proper-
ties. Directly extracted or derived after partial chemical modifica-
tion techniques, biologically active molecules from plants and
micro-organisms (i.e., of marine origin) represent many of the
natural compounds historically used in traditional forms of
medicine. This offers the advantage that many of these compounds
have already been established as having a subtle or null toxicity
and have been successfully used in humans. Thus, their use is
established as adequately safe and provides a distinct advantage
over synthetically-derived chemical substances. Being compo-
nents of products frequently consumed for dietary reasons, these
molecules are generally well absorbed and metabolized. Finally,
most of these compounds require a relatively low cost for their
extraction/production in large amounts, characterizing them as
amenable to commercial objectives.

To date, a number of natural occurring compounds has been
proven as inhibitors of COX-2 expression. This indicates their
promise in future applications for prevention as well as for clinical
therapy of COX-2-related pathologies.

2. Determinants of COX-2 expression

2.1. Transcriptional regulation

COX-2 is one of the pro-inflammatory mediators whose
expression may be induced at the very early steps of carcinogenesis
[30]. This requires its transcriptional activation in pre-neoplastic
stages. The prevention of its aberrant expression could, therefore,
translate to prevention of the formation of cancer before of its
insurgence and may be a potent strategy for cancer prevention.
Accordingly, a regular intake of NSAIDs has been the focus of many
experimental studies and has been found to successfully reduce the
incidence of colorectal cancer in subjects bearing the gene mutation
responsible for familial polyadenomatosis (FAP) [31].

The transcriptional activation of the COX-2 gene has been
investigated in-depth [30,32,33]. The advancements in our
knowledge of this gene regulation have specifically benefited
the use of a few well-established cell/tissue models of normal
physiology and disease. These systems, mainly of mouse and rat
origin, include in vitro as well as in vivo models of activation of
COX-2 gene transcription. Appropriately stimulated with different
combinations of chemicals/physical stressors, they effectively
mimic the events of several physio-pathological conditions.
Accordingly, the cultured murine macrophages, RAW 264.7,
stimulated with LPS/INFg have become a common model of acute
inflammation [34]. The skin of mice treated with the potent
chemical carcinogens phorbol 12-myristate 13-acetate (PMA)
[35,36] or dimethylbenzanthracene (DMBA) [37] or exposed to
ultraviolet B irradiation (UVB) [38] generates the in vivo prototype
to study the early steps of skin carcinogenesis; used in parallel with
in vitro models based on non-carcinogenic cell lines, such as that
from the human breast MCF 10A treated with PMA [36] or the UVB-
irradiated human keratinocytes HaCaT [39], these experimental
systems have proved particularly informative. Moreover, these
systems represent examples of tissues/cells for which the
inflammatory processes accompanying aberrant COX-2 expression
has been widely documented, and is expected to mimic pre-
neoplastic stages. More recently, rat glial cells have been
considered as a model for neuroinflammation [40,41], which
contributes to determining the extent of neuronal damage in
neurodegenerative diseases.

Despite the fact that these systems have largely contributed to
our understanding of important modulatory aspects of COXs gene
transcription, the approach relies on stimulation of the few well-
known pathways, which are mainly related to a canonical
activation of the nuclear factor-kB (NF-kB) pathway (see below).
The COX-1 family member lacks characteristic TATA and GC boxes
in its promoter region, and generally acts as a house-keeping gene;
the few sequence elements for SP-1 binding have been suggested
to mediate COX-1 over-expression during pro-inflammatory
conditions [29]. In contrast, the COX-2 promoter contains a
number of upstream regulatory sequences specific for binding
with a variety of transcription factors, such as NF-kB, the SP-1
transcription factor (SP-1), the cAMP responsive element binding
protein (CRE), the transcription factor 4 (TCF4), the CCAAT/
enhancer-binding protein beta (c/EPB), and the activator protein 1
(AP-1) [33]. The majority of these transcription factors are
pleiotropic in nature, being the final executors for a myriad of
intracellular signalling pathways, whose activities may correlate to
the inflammatory response. Several kinase-mediated signals may
be implicated. They include those controlled by the protein kinase
C (PKC); the phosphatydil-inositol-3-kinase/protein kinase B
(PI3K/PKB); and the mitogen-activated protein kinases (MAPKs)
c-Jun NH2-terminal kinase (JNK), p38 and the extracellular signal-
regulated protein kinases 1/2 (ERK) [30,33]. Accordingly, a wide
range of stimuli may trigger these intracellular signalling path-
ways, and downstream transcription of COX-2. Some of these
pathways are known to be directly related to inflammatory
conditions stimulated by pathogens, nitric oxide, cytokines, and
the same PGs produced by COX-2, thus acting along a positive
feedback route; still others, more diversified, include growth
factors, stress factors, such as those involved in responses to
irradiation, redox imbalance and mechanical shear stress, and
oncogenes, such as those involved in the RAS pathway [32]. All
these factors act by eliciting COX-2 transcription.
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In a few cases, COX-2 expression may be transcriptionally
prevented. This is the case for signalling mediated by peroxisome
proliferator-activated receptors (PPARs) [42] and glucocorticoids
[43]. Both factors interfere with the binding of AP-1 and NF-kB to
the COX-2 promoter [32].

The presence of so many binding sites for such different
transcriptional factors reflects the complexity of COX-2 transcrip-
tional regulation. Dynamic combinations of transcriptional factors
may co-operate to differentially promote COX-2 expression,
depending on the cell type or the nature of the stimulus, to elicit
a specific intracellular signalling response. This may offer a
potential target for mediating distinct patho-physiologic modali-
ties of COX-2 expression.

Despite a canonical activation of COX-2 gene expression via

triggering of intracellular pathways to activate the binding of
specific transcriptional factors, recent studies have indicated that
COX-2 expression may be significantly modulated by chromatin
remodelling events. Indeed, the 50-flanking region of the COX-2
gene contains several cytosine-guanine-rich dinucleotides (CpG)
islands, which when hypermethylated are responsible for tran-
scriptional silencing [44,45]. Accordingly, hypomethylation of the
COX-2 promoter has been found in models of gastric carcinoma
[46], thus supporting the hypothesis that a loss of COX-2 promoter
methylation may play a key role in gastric carcinogenesis [45].
However, no hypermethylating agents are currently available as a
strategy to regulate aberrant COX-2 expression. Moreover, changes
in acetylation status of histones and non-histone proteins have
been identified as an alternative epigenetic event and similarly
implicated in the constitutive activation of the COX-2 gene, with
events of hyperacetylation promoting COX-2 expression [47].
Agents hampering the level of histone acetylation, such as histone
deacetylase inhibitors (HDACs), have been shown to suppress
COX-2 expression in cancer cell models [47]. However, data so far
collected are in favour of an indirect effect of HDAC inhibitors,
where their real target is not the COX-2 promoter but the
promoters of genes coding for transcription factors that regulate
the COX-2 promoter, i.e., c-Jun [47] and further studies are required
to prove an actual role of HDAC inhibitors.

The alterations induced by the methylation status of chromatin
proteins may affect the expression of the genes in multiple ways.
Directly, by modulating the three-dimensional conformation of
chromatin and by promoting the binding of free pools of
transcriptional factors. Indirectly, by interfering with the binding
of transcription suppressors and by making the promoter
accessible for the transcriptional factors; alternatively, by modu-
lating the expression of regulatory factors required to activate the
COX-2 promoter. NF-kB, for example, triggers COX-2 expression
early in the pre-neoplastic stages, and has been suggested as a
factor whose expression may be modulated by altered methylation
status [48].

2.2. Post-transcriptional regulation

2.2.1. Control of COX-2 mRNA stability and translational inhibition by

AU-rich elements (AREs)

Immediate-early response genes have evolved a sophisticated
system of post-transcriptional control of their expression, aimed at
ensuring a stringent time-limited production of the proteins they
encode. This system implies the existence of early mechanisms
which determine a rapid decay and/or a translational inhibition of
the mRNA transcripts and involve cis- and trans-acting elements
operating in a concerted fashion. On one side, the mRNA
transcripts of these classes of genes possess a 30-untranslated
region (30-UTR) which contains a number of copies of the highly
conserved cis-acting consensus motif AAUAAA (or strict close
variants of it), generally referred as AU-rich elements or AREs [49].
On the other side, several proteins are known to recognize and bind
these regions, the AREs-binding factors, to trans-modulate the
physical accessibility and stability of the target mRNAs for
translation [49,50]. COX-2, as well as other pro-inflammatory
genes, is known to undergo this kind of modulation. This form of
translational control is currently hypothesized as a central,
possibly decisive, checkpoint during the acute inflammatory
response. Barik and co-workers [51] have recently speculated
that it may represent an interesting system to rapidly produce
inflammatory-related modulators during the early phase of acute
inflammation. Likewise, the signal may be robustly and immedi-
ately switched off before it becomes detrimental. This intriguing
scenario implies that alterations in the 30-UTR-based mechanisms
may be responsible for many instances of chronic inflammation.
Besides, when constitutively activated, they might act as a
promoting mechanism of carcinogenesis.

Unlike COX-1, COX-2 mRNA possesses a complex 30-UTR,
containing multiple polyadenylation signals. Two of them appear
to be the most used, and are commonly referred to as the proximal
and distal signals, in accordance with their relative distance from
the stop codon. Consequently, two main COX-2 transcripts,
strikingly different in size (2.8 and 4.6 kb, respectively), may be
formed [32]. A bioinformatic approach, confirmed by in vivo

studies, has indicated that the distribution of the alternate COX-2
transcripts is tissue-specific, with the usage of the distal
polyadenylation signal occurring predominantly in colon, lung
and epithelial tissues [52]. The usage of either polyadenylation
signal depends on specific nucleotide variances in the proximal
consensus sequences, which render the proximal site sub-optimal.
Site-direct mutagenesis of the proximal consensus motif increases
its usage, and results in the formation of the shorter COX-2
transcript [52]. Further upstream cis-acting auxiliary elements
known as the upstream efficiency elements (USEs), exist and
modulate the efficiency of polyadenylation at the proximal site by
recruiting specific trans-acting protein factors [52,53]. To-date, the
physio-pathological outcomes of these alternate COX-2 transcripts
have not yet been elucidated. However, some theories have been
put forth. Several cancer cell types, commonly used as a model for
deciphering pro-carcinogenic roles of COX-2, such as the colorectal
cancer model HT-29, produce long transcripts [52]. The distance
between the proximal and the distal polyadenylation signal is
about 2000nt, and contains at least 22 identified additional AREs
[54], which are targets of additional factors modulating mRNA
silencing [49,54]. Finally, the shorter and the longer transcript have
been shown to present a differential half-life in different instances
[54,55]. However, such an unequivocal relationship may not be
assigned to the size of the transcript and its half-life. The presence
of the same sequences upstream of the COX-2 proximal
polyadenylation signal has been shown to confer increased [49]
or reduced [50] mRNA stability, depending on the studies. All these
pieces of evidence, even if conflicting, are strongly suggestive of a
direct role played by the additional 30-UTR in conferring a
differential mRNA stability. Moreover, it should be taken into
account that however mRNA stabilization takes place, this does not
imply that the downstream event of translation may also be
favoured. For example, in epithelial cells the CUG-binding protein
2 (CUGBP2) act as a trans-acting regulatory factor, binding to AREs
within the COX-2 30-UTR following stress signals. Once bound, it
potently inhibits COX-2 mRNA translation, even if it stabilizes and
increases the half-life of COX-2 transcripts [56].

Besides, it is conceivable that the choice of one or the other
polyadenylation signal, as well as the nature of the modulation
they exert, may reflect different metabolic status as well as states
of tissue differentiation, possibly mediating the recruitment of
different trans-acting protein complexes. From this point of view, a
future challenge will be to identify appropriate cell models to
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elucidate whether alternate COX-2 transcripts might be differen-
tially produced depending on the physiological (i.e., homeostatic)
vs. physio-pathological (i.e., inflammatory vs. carcinogenic) roles
played by COX-2. This will provide important information about
whether in transformed vs. normal tissues a differential abundance
of the shorter vs. longer COX-2 transcript form may be preferred.
These insights will also contribute to identify important factors
regulating aberrant COX-2 expression, possibly revealing novel
agents that mediate this level of COX-2 expression.

The HT-29 cell line represents a commonly used cancer cell
model for which a causative role of COX-2 is well documented in
early stages of cancer progression [10]. A comparison of the
mRNA transcript decay levels in COX-2-expressing colon cancer
cell lines and healthy primary cells with COX-2-induced
expression (i.e., primary human monocytes stimulated with
LPS) immediately shows a striking stability of COX-2 mRNA in
cancer environments, with a half-life of hours vs. a few minutes
in the healthy cells [50,57]. Dixon et al. have shown that this type
of deregulation depends on a cluster of six AREs residing in the
proximal region of the 30-UTR targeted by a complex of trans-
acting RNA binding factors whose expression appears to be
altered in colon cancer cells [50]. Moreover, these authors
demonstrated that the same region of the 30-UTR contributes to
the success of COX-2 mRNA translation [50]. By elucidating the
dynamic modulation of these factors and the effects that this
modulation may exert on COX-2 expression, a particularly high
potential for preventive and therapeutic approaches has been
realized. Four RNA binding proteins have been implicated as
crucial to this mechanism [57–59]. Two of them determine
opposite effects on mRNA stability in a dynamic equilibrium;
consequently, any aberrant expression of one of these two factors
may unbalance this delicate form of control, thus leading to an
uncontrolled COX-2 mRNA stabilization.

The protein HuR, which positively mediates COX-2 expression
in colon cancer cell lines [57], is also known to promote
stabilization of COX-2 mRNA by protecting the poly(A) tail from
degradation. Accordingly, ectopic over-expression of HuR by a
tetracycline-regulated expression system in COX-2-negative cells
promoted and stabilized endogenous COX-2 expression [57]. Other
studies, performed on different forms of cancer, including uterine,
cervical and breast [60,61], have further confirmed a causative
association between HuR up-regulation and COX-2 over-expres-
sion. This prompted the consideration of HuR over-expression as a
general biomarker of carcinogenesis related to aberrant COX-2
expression, and supports targeting of HuR as an attractive potential
strategy for future cancer therapies. The action of HuR, however, is
counteracted by tristetraproline (TTP) [58], a factor promoting
mRNA decay of a number of pro-inflammatory mediators,
including TNFa and GM-CSF, through exosome recruitment
[62,63]. HuR and TTP recognize and bind a sequence region of
multiple AREs that partially overlap [64], thus creating a competive
binding inhibition mechanism. Interestingly, TTP has been found
to be down-regulated in colon cancer [65]. The concomitant HuR
over-expression dramatically shifts the balance towards a
stabilizing effect of COX-2 transcripts. The same altered balance
has been suggested to exist in other tumors [66,67]. Finally, TTP
deficiency has been implicated in promotion of several autoim-
mune diseases in mouse models [68], thus confirming the general
relevance of this dynamic double control system in pathology.

Dixon et al. have also shown that the proximal 30-UTR is also
targeted by the other two common ARE-binding proteins, the T cell
intracellular Ag-1 (TIA-1) and the TIA-1-related protein (TIAR),
which control the efficiency of translation [59,69]. TIA-1 and TIAR
bind regions of RNA containing short stretches of uridylates [70]
and work downstream to HuR/TTP, by acting as translational
silencers of COX-2 expression; accordingly, their deficiency has
been proved in functional studies as causative for elevated levels of
TNFa and COX-2 [59,69,71].

Alterations in the level of expression of some of these factors are
only part of the malignant aberrations that may be found. HuR is,
for example, a well-known target of the stress-related kinases
MAPK p38 [39,72] and PKCs isoforms [72,73]. HuR phosphoryla-
tion promotes its translocation to the cytoplasm [72]; furthermore,
it contributes to increases in the binding affinity of HuR to mRNA
[72,73]. The relevance of post-translational modifications in
modulating trans-acting elements responsible for COX-2 mRNA
stability offers interesting points of discussion about the multi-
step action of such kinases in gene expression.

The 30UTR of COX-2 mRNA contains also some consensus
binding elements specific for the eukaryotic translation initiation
factor 5A-1 (eIF-5A) [74]. This factor has been implicated in RNA
turnover [75]. To become functional, it undergoes post-transla-
tional modifications mediated by polyamines, a pool of molecules
that appears aberrantly abundant in cancer patients [76]. The
chemopreventive agent DL-alpha-difluromethylornithine (DMFO),
which causes polyamines depletion, has been shown to increase
COX-2 steady state RNA levels, thus suggesting that polyamines
may paradoxically negatively regulate COX-2 and that the use of
DMFO should be thought in combination with COX-2 inhibitors to
magnify the different anti-cancer mode of actions of both
molecules [74,77]. However, the actual role of polyamines on
COX-2 mRNA stability/translation is still far from a definitive
statement.

Taken together, all these findings stress the relevance of the
modulator roles played by specific ARE clusters contained within
the 30-UTR of COX-2 mRNA and identify some of the trans-acting
proteins binding to this region as promising targets to mediate
transcript stability and translation involved in the formation of
some cancers.

2.2.2. Control of COX-2 mRNA stability and translational inhibition by

microRNAs

Recent studies have revealed that the 30-UTR of COX-2 mRNA
transcripts may be potently regulated by another class of trans-
acting elements, namely the small noncoding RNAs (generally
referred as microRNAs or miRNAs). This broad group of RNA
molecules binds to partially complementary sequences in the 30-
UTR of a number of genes, the miRNA response element (MRE) and
produces a dual modulatory mechanism of mRNA turnover and
translation in the same way as AREs-binding proteins. Their recent
discovery has revolutionized the knowledge about the actual
impact of post-transcriptional modulation in gene expression, thus
leading to a critical re-evaluation of the necessity of other
upstream regulatory mechanisms of gene expression. Consequent-
ly, significant efforts are being currently applied towards their
identification. These intensive investigations have so far contrib-
uted to the discovery of a number of miRNAs, which appear to be
implicated in regulating cellular processes such as cell prolifera-
tion, differentiation, metastasis formation, and apoptosis—all
crucial events affected in cancer. Accordingly, miRNAs are
currently suggested as a further class of tumor suppressors or
oncogenes.

Microarray analyses together with in vitro studies have
contributed to the identification of a first panel of miRNAs
implicated in the post-transcriptional control of COX-2 as well as of
other pro-inflammatory mediators. The first microRNA directly
implicated in the modulation of COX-2 expression was miR-101a
[78,79]. Such homeostatic processes as embryo implantation [79],
and mammary tissue development and time-limited differentia-
tion occurring during lactogenesis [80], where transient COX-2
expression occurs, have provided the first models for the
characterization of the role played by this small non-coding
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RNA. In both processes, a conserved inverse relationship between
the level of expression of miR-101a and COX-2 may be consistently
found, with up-regulation of miR-101a regularly fitting with COX-
2 silencing. The data so far collected are in favour of an inhibition of
translational events, as opposed to an increase in COX-2 mRNA
decay [78]. Subsequently, miR-101a has been characterized as
down-regulated in patients affected by endometrial serous
adenocarcinoma and colorectal forms of cancer [81]. Furthermore,
functional studies based on the restoration of miR-101a expression
have confirmed a significant reduction of COX-2 protein expres-
sion [80].

More recently, a correlation has been found between the
expression of other microRNAs and COX-2. miR-26b was examined
in a model of naso-pharyngeal carcinoma [82] and miR-16 in
tumor monocytes [83]. Luciferase constructs containing sub-
regions of the COX-2 30-UTR evidenced a direct ability of these
miRNAs to bind to the COX-2 30-UTR [78,82]; in addition, the up-
regulation of each specific micro-RNA corresponded to the down-
regulation of COX-2 protein.

Many of the trans-acting proteins that bind to AREs within the
COX-2 30-UTR may be in turn regulated at the post-transcriptional
level by such microRNAs. HuR, for example, is a known target of both
miR-519 [84,85] and miR-125a [86]. Accordingly, their aberrant
down-regulation has been associated with HuR over-expression in a
number of cancers, mainly classified as adenocarcinomas, where
HuR up-regulation is purported to be a prognostic factor [81,87].
Interestingly, this dual inverse altered pattern of expression of
microRNAs/HuR correlated with the deregulated increase of cell
proliferation, a phenomenon that is commonly associated with COX-
2 over-expression in cancer [9,84,86].

This scenario is further complicated by the observation that
such factors that normally bind the COX-2 promoter and trigger
COX-2 gene transcription may be regulated by miRNAs. miR-155
[88], miR-9 [89] and miR-146 [90], for example, have been
implicated in modulating the NF-kB pathway via translational
events.

These findings delineate the existence of a delicate, still largely
unexplored, dynamic interplay, modulated by a number of micro-
RNAs, which may act by controlling COX-2 expression through
multiple mechanisms in a direct as well as an indirect fashion.

2.3. Post-translational modulation

It has emerged that COX-2 protein may be subjected to different
post-translational modifications. They include events of N-
glycosylation [91–94]; S-nitrosylation [95]; phosphorylation
[96]; and acetylation [97]. Whether these modifications might
play a role in cancer, it is not clear. However, strong evidence of a
role played by these post-translational events in modulating COX-
2 protein stability/enzymatic activity is emerging. This prompts to
investigate the impact of this final step of COX-2 expression
modulation in carcinogenesis in the future. Results may imply the
potential identification of novel chemopreventive agents acting
through the modulation of the post-translational modifications.

COX-2, as well as COX-1, undergoes three events of N-
glycosylation at the level of specific residues of asparagine (Asn)
[91]. They take place concomitantly with the translation and are
absolutely required for the acquisition of the correct protein
folding permitting the downstream insertion of the heme group,
the formation of the dimer and the insertion into the membranes of
the endoplasmic reticulum of the mature protein [91]. Thus, they
are essential for the functionality of COXs enzymes. The modified
residues appear highly conserved in COX-1 and COX-2 amino acid
sequence [91,93].

These events of N-glycosylation are responsible for the gain of
the molecular weight of the COXs protein, which from the
complete inactive aglycosylated form of 66 kDa, detectable with
the inhibitor of N-glycosylation tunicamycin [98], reaches the
molecular weight of the active 72 kDa form.

COX-2, which possesses a 60% of homology in the sequence
with COX-1, differs from COX-1 for the presence of an additional C-
terminal sequence of 19aa. Within this sequence, a fourth residue
of asparagine (Asn-580) may be a further target of N-glycosylation
[91,92]. This modification does not occur systematically, thus
excluding a direct role in modulating COX-2 enzyme activity
[91,92]. The variability of N-glycosylation at Asn-580 is responsi-
ble for the production of two different glyco-isoforms of COX-2,
respectively of 72 and 74 kDa [98]. Sevigny et al. [92] have
provided first evidence that this modification is mostly important
for the protein turn over. Through experiments of mutagenesis,
consisting in the replacement of asparagine with glutamine, they
proved that the removal of the glycosylation site increased the
total COX-2 protein. This modification had also an impact on the
total activity that is higher in the mutated COX-2 form [92].
Mbonye et al. have confirmed these findings [93], providing strong
evidence about the existence of a proteasomal pathway which is
triggered upon the post-translational N-glycosylation and which is
modulated by an instability 27 amino acid motif upstream of the
N-glycosylated site [93]. Altogether, these findings have shed light
on the biological significance of COX-2-specific modifications, thus
indicating a further element of instability in COX-2 expression,
operating directly at COX-2 protein level.

The proteasomal pathway is part of a more complex modula-
tory network controlling COX-2 protein half-life. Mbonye et al.
have described, indeed, in the same study an alternative pathway
of COX-2 protein degradation activated by the substrate and
consisting in an irreversible suicide inactivation due to the damage
of the catalytic site [93] (further details may be found also in a
review from the same group [94]).

Besides, studies performed on cells of the nervous system have
shown that COX-2 may be subjected to S-nitrosylation [95] and
phosphorylation [96]. Whereas N-glycosylation occurs on newly
synthesized COX-2 protein molecules [98], these latter modifica-
tions target pre-existing COX-2 proteins, as demonstrated by the
use of cycloheximide [95,96]. S-nitrosylation appears due to the
direct interaction between neuronal nitric oxide synthase (nNOS)
and COX-2 enzyme and leads to an increased COX-2 activity [95].
Tyrosine phosphorylation also fits with an increased COX-2
activity in neuronal endothelial cells [96]. Accordingly, the tyrosine
kinase inhibitors genistein and tyrphostins reduced COX activity,
whereas phosphatase inhibitor phenylarsine oxide, vanadate and
benzylphosphonic acid further increase COX activity [96]. Inter-
estingly, both these modifications have been so far detected in
endothelial-neuronal tissues, where a constitutive expression of
COX-2 may be found. Thus, they may be relevant for the
characterization of neuro-inflammatory-mediated diseases; more-
over, they may also provide new elements characterizing the
differential homeostatic vs. pathological expression of COX-2.

Finally, acetylation may occur in the catalytic site of COX
enzymes [99]. This modification is responsible for the inactivation
of the COXs and represents the mechanism of action of aspirin, the
only non-steroidal anti-inflammatory drug that operates by
covalently modifying COXs [99]. Very recently, this kind of
modification has received increased interest. In the emerging
scenario of a complex interplay existing between COXs, LOXs and
lipid metabolism mediating inflammation, it has been found that
COX-2, once activated, may also trigger the production of
downstream oxidative metabolites of omega-3 poly-unsaturated
fatty acids (PUFAs), which participate to the resolution of the
inflammation [100,101]. This implies a dual role for COX-2 during
inflammation, thus COX-2 promoting both initiation and termina-
tion of the inflammatory response. When COX-2 is acetylated, the
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anti-inflammatory function of the enzyme appears particularly
exacerbated [100]. At the light of these very recent findings, some
attempts based on the design of aspirin-like molecules, but
presenting a preferential activity on COX-2 enzyme, might be re-
evaluated for therapeutic purposes [97].

3. Modulation of COX-2 expression by natural compounds

3.1. COX-2 transcriptional regulation by natural compounds

The availability of such established cell/tissue models, where
COX-2 transcription may be easily triggered, has contributed to the
identification of a number of natural occurring compounds acting
at this level of COX-2 gene expression (Fig. 1). Those plants
extensively used in traditional forms of medicine as well as those
used for dietary purposes, whose regular consumption correlated
with a lower incidence of cancer, have represented the first natural
arsenal from which to extract potentially therapeutically bio-
active molecules. Table 1 highlights the natural compounds known
to affect COX-2 expression.

Polyphenols represent the largest source of phytochemicals
with promising chemopreventive and chemotherapeutic potential.
Abundantly present in plants and fruits, this group is subdivided
among several sub-classes characterized for their anti-inflamma-
tory and anti-cancer properties (see Table 1). In particular, the NF-
kB inflammatory mediator has been identified as a target of many
polyphenols [30]; our lab has recently identified several of these
novel natural inhibitors of the NF-kB pathway [102–104].
Moreover, these molecules have been characterized for their
ability to affect COX-2 enzyme functions [30] via transcriptional
control of COX-2 gene expression. The inhibition of the NF-kB
pathway or the perturbation of such kinase-dependent signalling
events, i.e., those mediated by JNK, p38 or ERK, has been widely
depicted as the main mechanism [105].

Curcumin, a polyphenol mainly extracted by the rhizomes of the
turmeric Curcuma longa, is one of the major phytochemicals
[(Fig._1)TD$FIG]
Fig. 1. COX-2 transcriptional regulation by natural compounds. A simplified version of

(green arrows), showing the intracellular pathways known to be affected by natural co

cascade events were omitted. In most cases, the effects of natural compounds are due t

implicated in the modulation of a variety of transcriptional factors, including the key f
characterized for its anti-inflammatory and anti-cancer properties
[106]. Initially described for its ability to suppress PG production
[107], it has become clear that this compound plays multiple roles
towards COX-2 regulation, and directly prevents COX-2 gene
expression [107]. The analysis of the effects of curcumin on a wide
variety of cell models, appropriately stimulated to induce COX-2
expression, has lead to the converging observation that the
transcriptional machinery controlling COX-2 expression is affected.
The NF-kB pathway, in particular, appears to be strongly inhibited,
as evidenced in in vitro systems of stabilized cancer cell lines as well
as in in vivo mouse tumor models [108,109]. Accordingly, the
prevention of different NF-kB-related events has been described,
including the nuclear translocation of NF-kB subunits (i.e., p65), the
DNA binding activity and the degradation of the inhibitor IkBa
[108,110]. Similar inhibitory effects of curcumin have been shown in
relation to AP-1 [109,111], which also binds COX-2 promoter. In
many of these systems, curcumin prevents the activation of various
MAP kinases. This is the case for JNK and p38 in human keratinocytes
[111] and rat models of experimental colitis [112]. Besides, the
ability of curcumin to prevent PMA-induced phosphorylation of
ERK1/2 and p38 MAPK has been observed in the skin carcinogenetic
mouse model [108,111]. The activation of these kinases operates
upstream of NF-kB and AP-1, thus indicating an ability of curcumin
to act at very early steps in the stress signalling responses that lead to
COX-2 expression [108,110–112].

Curcumin can also act through another mechanism. For
example, curcumin is able to inhibit the expression of the
transcription factor Ets-1 in human endometrial carcinoma HEC-
1-A cells [113], which is described as a positive regulator of COX-2
transcription [114].

Besides curcumin, the phytoalexin resveratrol and the flavonoid
epigallocathechin gallate (EGCG) represent the most extensively
investigated polyphenols for which anti-cancer and chemopreven-
tive roles have been well documented.

Mainly present in red wine and grapes, resveratrol has been
evaluated for its chemopreventive effects by Pezzuto et al. using
the complex intracellular signalling network mediating COX-2 gene transcription

mpounds (red solid lines). Green dashed arrows indicate when some steps in the

o the inhibition of the activity of different kinases, which in turn control pathways

actors NF-kB and AP-1.



Table 1
Naturally occurring compounds affecting COX-2 expression.

Natural compounds Contained in Biological effects on COX-2 expression Tissues/cells models Concentrations tested References

Polyphenols

Curcumin (non-flavonoid

polyphenol)

Turmeric Curcuma longa Block of the nuclear translocation of NF-kB

subunits (i.e., p65); inhibition of the NF-kB

DNA binding activity; prevention of the

degradation of the inhibitor IkBa

Mouse skin; Rat microglia; Human primary

oral prelimagnant cells

1–25 mM; 2–16 mM;

50 mM

[108–110]

Inhibition of the AP-1 DNA binding activity Human gastrointestinal cancer cell lines 0.5–20 mM [106,109,110]

Rat microglia 2–16 mM

Human keratinocytes 5–10 mM

Prevention of JNK, p38 MAPK, ERK1/2 activation Mouse skin; Human keratinocytes; Colon 1–25 mM; 5–10 mM;

50–100 mg/kg

[108,111,112]

Down-regulation of Ets-1 transcription factor Endometrial adenocarcinoma 16–60 mM [113]

Resveratrol (non-flavonoid

polyphenol; phytoalexin)

Red wine; grapefruit Inhibition of the NF-kB DNA binding activity Mouse skin 25–50 mg/kg [35]

Inhibition of the AP-1 DNA binding activity Human mammary epithelial cells;

Human lymphoma

5–100 mM ; 0.1–25 mM [118]

Prevention of PKC, p38 MAPK, ERK1/2 activation Human mammary epithelial cells 2.5–30 mM [105,116]

Epigallocathechin gallate (EGCG)

(catechin)

Green tea Inhibition of the NF-kB DNA binding activity Murine macrophages 5–15 mM [119]

Inhibition of the AP-1 DNA binding activity Human keratinocytes 5.45 nM–54.5 mM [120,105]

Prevention of PKC, p38 MAPK, ERK1/2 activation Mouse skin; Human mammary

epithelial cells

20–50 mg/kg; 5–100 mM [36]

Increased COX-2 mRNA decay (HuR down-regulation;

TTP up-regulation)

Colon carcinoma; Human

promyelocitic cells

50–300 mM; 0.3–30 mM [133–135]

Rat liver/muscles 1–2 g/kg

Apigenin (flavone) Chamomile Prevention of the IkBoc degradation via inhibition

of IkB kinase (IKK)

Murine macrophages 1–25 mM; 3–100 mM [122,123]

COX-2 mRNA stabilization; translation inhibition

(increased HuR/TIAR shuttling)

Murine keratinocyte 50 mM [133]

Genistein (isoflavone) Lupin; fava beans; soybean Prevention of IkBoc degradation via inhibition

of IkB kinase (IKK)

Murine macrophages 1–25 mM [122]

Kaempferol (flavonoid) Tea; broccoli; grapefruit;

apple; brussel sprouts

Prevention of IkBoc degradation via inhibition

of IkB kinase (IKK)

Murine macrophages 1–25 mM [122]

Chrysin (flavonoid) Honey; propolis Inhibition of NF-IL-6 DNA binding activity Murine macrophages 10 mM [125]

Fisetin (flavonoid) Onion; cucumber; apple;

persimmon; strawberry

Inhibition via phosphorylation of the

(3-catenin pathway

Colon Carcinoma 60–120 mM [126]

Sulfur compounds

Sulforaphane Garlic; onion Inhibition of the NF-kB DNA binding activity Various Leukemia/Carcinoma

cell lines

5–20 mM [127]

Diallyl trisulfide (DATS) Garlic; onion Inhibition of PMA-dependent activation of c-jun and

c-fos; reduction of JNK activity and AKT phosphorylation.

Mouse skin 25 mM [37]

Miscellaneous phytochemicals

Bromelain (protease enzyme) Pineapple stems Inhibition of the phosphorylation of NF-kB p65/relA;

activation of AKT phosphorylation; inhibition of

ERK1/2 activation

Mouse skin 52 mg–1 mg/animal [129]

Schisandrin Fruit of the five taste

(Schisandra chinensis)

Inhibition of IkB degradation; inhibition of LPS-induced

phosphorylation of JNK and p38 MAPK

Mouse macrophages; Mouse skin 10–50 mM;

100–200 mg/ml

[130]
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mouse models of carcinogenesis; their findings indicated an ability
of this compound to prevent skin tumor formation [115]. Further
studies have confirmed the ability of resveratrol to inhibit COX-2
transcription and activity in a mammary epithelial cell model
mimicking tumor promotion via PMA-treatment [116].

EGCG, particularly abundant in green tea, was initially proposed
as having anti-cancer properties based on several epidemiological
studies showing an inverse correlation between a regular
consumption of tea and the incidence of different forms of cancer
in humans [117]. The anti-cancer potentials of EGCG have been
directly correlated to the ability of EGCG to repress COX-2
expression, as confirmed in in vivo models of tumor promotion
using PMA-treated mouse skin and in the in vitro human non-
carcinogenic mammary cell line MCF 10A [36].

The mechanisms of action of resveratrol and EGCG appear very
similar to those of curcumin. Indeed, the ability of these
compounds to affect COX-2 transcription has been linked to the
perturbation of the activities of NF-kB and AP-1 [35,36,118–120]. A
large body of evidence, furthermore, has clearly indicated the
inhibition of kinase-dependent signalling events, including those
mediated by PKCs, ERK or p38 MAP kinases, as the early molecular
events modulated by resveratrol and EGCG [105]. The presence of a
resorcin-type moiety may play an active role in the chemopreven-
tive potentials. Accordingly, different polyphenolic natural com-
pounds presenting this structure have been found amongst the
most active suppressors of COX-2 promoter activity in colon cancer
cells [121].

A study from Liang et al. [122], has shown that the flavone
apigenin and the related flavonoids genistein and kaempferol are
potent transcriptional inhibitors of COX-2 in mouse macrophages
RAW 264.7 stimulated with LPS or INFg [122]. The mechanism of
action occurs via the perturbation of the NF-kB pathway, and as a
consequence of these compounds preventing the degradation of
the IkBa inhibitor, due, in turn, to the inhibition of IkB kinase (IKK)
activity. Similar results have been obtained in a study from Woo
et al. [123] with a derivative of apigenin (20,800-biapigeninin),
extracted from the plant Selaginella tamariscina, which is a
principal constituent of oriental medicines with anti-inflammatory
capabilities.

Apigenin derivatives are abundant in chamomile. In a study
from Srivastava et al. [124], aqueous chamomile extracts were
reported as able to reduce the levels of both COX-2 mRNA and
protein in the RAW 264.7 murine macrophages. This compound
did not affect COX-1 expression. HPLC analysis of chamomile
extract revealed the presence of two major compounds, apigenin
7-O glucoside and apigenin 7-O neohespridoside, responsible for
these biological activities.

Besides flavones, flavonoids have also been described as
inhibitors of COX-2 expression. Chrysin, a flavonoid from honey,
and propolis inhibit LPS-induced COX-2 expression at both the
mRNA and protein levels [125]. One study revealed decreased
COX-2 promoter activity due to an inhibition of DNA binding
activity of the transcriptional binding factor NF-IL-6. Fisetin, a
flavonoid found normally in onion, cucumber, apple, persimmon
and strawberry, has been shown to reduce the level of COX-2
expression in the colon cancer cell line HT29 by inhibiting the b-
catenin pathway [126]. Indeed, fisetin increases the phosphoryla-
tion of b-catenin, thereby leading to its proteasomal degradation.
The ultimate consequence is an inhibition of the translocation of
this protein to the nucleus together with its functional partner Tcf-
4. Moreover, the fisetin compound is also able to reduce the
expression of Tcf-4 itself. These two effects together inhibit the
transcription of COX-2.

In addition to the polyphenols, a broad spectrum of phyto-
chemicals with different chemical and functional properties is
known to affect COX-2 expression at the transcriptional level.
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Sulfur compounds, derived from garlic or onions, represent the
largest group. Sulforaphane, a biologically active compound
extracted from cruciferous vegetables inhibits DNA binding activity
of NF-kB in several cell types, including THP-1, U937 (human
monocytic leukemia), HL-60 (human acute myeloblastic leukemia),
K562 (human erythroid chronic myeloid leukemia), PC-3 (human
prostate carcinoma), MCF-7 (human breast carcinoma) and Hep-G2
(human hepatoma) cell lines [127]. In this study, the inhibition of
NF-kB in THP-1 is due to the inhibition of TNF-a-dependent IkBa
degradation and, therefore, leads to inhibition of p65 nuclear
translocation and the reduction of COX-2 transcription.

Other phytochemical compounds from garlic appear to also
have COX-2 transcription inhibition potential. A study from
Shrotriya et al. demonstrated that diallyl trisulfide (DATS)
suppressed PMA-induced COX-2 expression in mouse skin [37].
This effect was correlated with an inhibition of PMA-dependent
activation of c-jun and c-fos, paralleled by a reduction of JNK
activity and AKT phosphorylation. In this study, the authors
hypothesized that DATS modified the cystein residues present in
the DNA binding domains of c-jun and c-fos, thus leading to the
inactivation of AP-1.

It has been recently suggested that bromelain, a molecule from
pineapple stems, is able to decrease DMBA-induced COX-2
transcription by inhibiting the phosphorylation of p65/relA of
NF-kB in RAW 264.7 macrophage cells [128]. This effect is
attributable to an inhibition of the activating phosphorylation of
AKT. Moreover, bromelain is also able to inhibit ERK activation,
another positive regulator of COX-2 transcription. An inhibition of
ERK phosphorylation has been observed in another study focused
on b-carotene [129]. This molecule reduces the transcription of
COX-2 in the human colon adenocarcinoma LS-174 cell line,
stimulated with heregulin-a, a growth factor, which activates
HER2/HER3 receptors and, thus, the MAPK pathway.

Schisandrin suppresses COX-2 transcription by inhibiting IkB
degradation, leading to an inhibition of NF-kB. This molecule also
acts to inhibit LPS-induced phosphorylation of JNK and p38 MAPK
in RAW 264.7 macrophage cells [130].

Finally, olive oil extract, which is mainly composed of
hydroxytyrosol, tyrosol and secoiridoid oleuropein, inhibits
Caco-2 cell growth. This effect is related to a reduction of COX-2
transcription through an inhibition of p38 MAPK and CREB
phosphorylation [131].

The natural compounds mentioned in this section appear to
affect COX-2 expression at the transcriptional level. Interestingly,
all of them work by perturbing cell signalling events mediated by
kinases and the NF-kB/AP-1 system, aberrant activation of which
characterizes the earliest steps of carcinogenesis. This strongly
supports the feasibility and necessity of future efforts to evaluate
the use of different naturally occurring compounds to determine
their applicability in chemoprevention.

3.2. COX-2 post-transcriptional regulation by natural compounds

It is becoming clear that aberrations in mRNA stability and in
translation efficiency play a determinant role in stabilizing COX-2
expression in different pathological conditions, from autoimmune
diseases to cancers. For example, colorectal cancer models, which
represent the best documented forms of cancer for which the
carcinogenic roles of COX-2 have been ascertained, typically show
increased COX-2 mRNA stability. This makes the post-transcrip-
tional modulation of COX-2 a promising future target in clinics and
prompts investigations into new and previously unrecognized
agents that can act to regulate this level of COX-2 gene expression.

To-date, very few studies have been published dealing with
compounds regulating this level of COX-2 expression. Likewise,
cell models and experimental approaches specifically aimed at
verifying any modulation of the functions of COX-2 transcripts has
also been very limited. The belief is that when concerted efforts are
put forth to assay naturally occurring compounds for their ability to
regulate COX-2 gene expression new effective regulatory molecules
identified; moreover, these types of studies will lead to a critical re-
evaluation of the mechanism of action of such phytochemicals, so far
assumed to act exclusively at the transcriptional level. Undoubtedly,
this will provide important additional details on the post-
transcriptional modulation of COX-2.

The case of apigenin and EGCG are particularly intriguing
(Fig. 2). Tong et al. [132] showed that the flavone apigenin, known
as a modulator of COX-2 transcription, was able to exert specific
effects on COX-2 mRNA, by reducing the efficiency of COX-2 mRNA
translation in a mouse model of keratinocytes irradiated with UVB.
This mechanism was found to be associated with the massive
translocation of the trans-acting translational silencer TIAR to the
cytosol. Interestingly, the authors also found that the translocation
to the cytosol of HuR, which normally stabilizes COX-2 transcripts,
was increased by apigenin. Accordingly, apigenin increased COX-2
mRNA stability. This seemingly paradoxical effect is not new in the
known functions of COX-2 transcripts, since the 30-UTR RNA-
binding protein CUGBP2 had been previously shown to increase
COX-2 mRNA stability while inhibiting its translation [56].
However, this finding was suggestive of more complicated levels
of regulation of COX-2 mRNA functions, which still need to be
elucidated.

Peng et al. have found that the green tea polyphenol EGCG can
affect COX-2 mRNA stability in colorectal cancer, in addition to
reducing the activity of the COX-2 promoter (Fig. 2) [133]. This
activity depends on the ability of EGCG to modulate the level of
expression of the trans-acting elements HuR/TTP. The mRNA
stabilizing protein HuR is indeed down-regulated by EGCG [134];
in contrast, the mRNA destabilizing factor TTP has been found to be
up-regulated [135]. This suggested that the actual mechanism of
action of natural compounds targeting COX-2 expression encom-
passes a multi-step modulatory process.

It is conceivable that when more studies are conducted to
analyze the effects of curcumin on COX-2 mRNA stability or
translation efficiency a similar pattern of alterations will be
observed. Some pieces of evidence encourage this hypothesis. For
example, curcumin and resveratrol prevent p38 MAPK activation
[35,111]. The aberrant activation of p38 promotes COX-2 expres-
sion, playing a multi-step modulator role. It functions upstream of
COX-2 transcription, by controlling NF-kB/AP-1 activation [111]. It
also operates downstream, by phosphorylating HuR [39]. This
activity promotes nuclear-cytoplasmic shuttling of HuR, thus
enhancing COX-2 mRNA stabilization [72].

The strong effects that such natural compounds have on COX-2
expression may, therefore, be the result of multiple inhibitory
effects converging at both transcriptional and post-transcriptional
levels. It is conceivable that natural agents may exist that
exclusively modulate the post-transcriptional events. In line with
this hypothesis is the finding that mangiferin, a glucosylxanthone
abundant in the bark of the mango tree (Mangifera indica L.)
drastically reduces the stability of COX-2 transcripts without
modifying the efficiency of COX-2 transcription in LPS-stimulated
microglial cells [40].

COX-2 mRNA functions are regulated by trans-acting proteins
binding to AREs or mRNAs recognizing the consensus sequence
MREs. The first data to support such an ability to affect microRNAs
levels are starting to be collected for several natural agents.
Intriguingly, curcumin, resveratrol and EGCG are among those
agents (see the very recent review from Sarkar and colleagues
[87]). However, to-date, the classes of microRNAs found to be
modulated by natural agents do not correspond to the particular
ones that have been directly implicated in COX-2 post-transcrip-
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Fig. 2. COX-2 post-transcriptional regulation by natural compounds. COX-2 transcripts present two alternative sites of polyadenylation, generally referred to as proximal and

distal, leading to the formation of transcripts of 2.8 and 4.6 kb, respectively. The long transcript contains an additional sequence of>2000nt comprising 22 known additional

AU-rich elements (AREs). The exact roles played by these two isoforms have not yet been elucidated. The proximal 116nt region containing 6 AREs has, however, been

characterized as a modulator of mRNA turnover and translation [50]. The trans-acting factors HuR and TTP compete for binding to partially overlapping sequences, thus

promoting mRNA stabilization or decay depending on their abundance and level of activity. The two translational silencers TIA-1 and TIAR recognize and bind sequences

contained in the same regions, as do some microRNAs. All these factors are believed to form a multimeric protein complex [49]. Effects of natural compounds are indicated by

solid red lines with arrowheads (positive) or capped (negative). The green dashed lines indicates a suggested model of action through which curcumin may post-

transcriptionally affect COX-2.
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tional control, with the exception of miR-16 which has also been
implicated in controlling the Bcl-2 apoptosis related family
members [136].

Investigations focusing on the mechanisms of micro-RNAs and
COX-2 are still in their infancy. The identification of the
comprehensive miRNA cohort is still in progress, and our
knowledge about the impact of each on COX-2 expression is
likewise limited. To date, only a few miRNAs have been directly
implicated in modulation of COX-2. Moreover, it is likely that
additional miRNAs exist that may control COX-2 in an indirect
manner, such as trans-acting elements controlling COX-2 mRNA
functions. The potential of these unknown functions and molecules
encourage speculation that micro-RNA regulation may represent a
future strategy by which to target COX-2 expression.

3.3. COX-2 post-translational modulation by natural compounds

The discovery and the investigation of post-translational
modifications that COX-2 may undergo is still a very recent field.
Consequently, the knowledge about the physiological meaning the
majority of them may play is still to be ascertained, especially in
carcinogenesis. However, some preliminary findings encourage us
to think that some chemopreventive agents acting at this level of
COX-2 expression might be identified among natural products.

An intriguing case concerns the omega-3 fatty acids. Mainly
contained in cold water oily fish or in plants such as flaxseeds,
nowadays they are also present as dietary supplements in other
foods, due to their generally accepted preventive effects on the
cardiovascular diseases.

A large body of evidence is accumulating also for an anti-cancer
effect of omega-3 fatty acids. The two main 3-PUFAs docosahex-
aenoic acid (DHA) and eicosaopentainoic acid (EPA) have been
found to exert anti-proliferative effects and/or to impact cell
viability in cancer models, including colon [137–139], prostate
[140], and hepatocellular carcinomas [141]. Some investigations
point out the chemopreventive roles of 3-PUFAs [138–140,142].
For example, an epidemiological study has established an inverse
correlation between the frequency to develop aggressive forms of
prostate cancer and the regular dietary consumption of 3-PUFAs
[140]. This suggests an ability of 3-PUFAs to reduce chronic
inflammation, which are believed one of the main pro-carcinogen-
ic factors for prostate cancer. Besides, studies based on skin
carcinogenesis models have shown that the administration of DHA,
EPA or the omega-3 fatty acid 11,14,17-eicosatrienoic acid (ETA)
[142] suppresses the expression of pro-inflammatory mediators
and prevents skin damages. In all reports, the targeting of COX-2
functions has been found. Interestingly, both inhibition of COX-2
activity and downregulation of COX-2 expression appear to be
targeted by 3-PUFAs treatment [137,139,143].

Omega-6 and -3 fatty acids represent potent mediators in the
cellular lipid metabolism, which, in turn, orchestrates a complex
inflammatory signalling network [138], composed of different
actors [101]. The recent findings that omega-3 fatty acids may be
released during inflammation and contribute to the resolution of
the inflammatory response with a mechanism exactly controlled
by COX-2 [100] may offer novel insights for multiple roles of COX-2
during inflammation; at the same time, they provide an interesting
tool to target COX-2 protein for anti-cancer purposes.

Besides 3-PUFAs, another molecule of potential interest is the
amino sugar glucosamine. Naturally present in the exoskeletons of
crustaceans and in some fungi, it is a product frequently used in
alternative forms of medicine for the treatment of osteoarthritis,
where its beneficial effect is associated to its property to prevent
cartilage degeneration, being the precursor for some major
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cartilage constituents. Osteoarthritis is one of the chronic
inflammatory diseases best characterized for a determinant role
of COX-2 [144]. The recent finding showing that glucosamine
hydrocloride impairs the N-glycosylations of COX-2 [98], there-
fore, blocking its activity and affecting also its stability [145], is
suggestive of specific anti-inflammatory properties exhibited by
this naturally occurring molecule, of potential interest for cancer
chemoprevention.

4. Conclusions

Aberrant COX-2 expression is commonly found in different
pathologies, where it may play a significant role in disease onset
and progression. The fact that COX-2 is expressed at the earliest
stages of carcinogenesis makes the targeting of COX-2 a favourable
strategy for chemopreventive and chemotherapeutic purposes.
Among the pro-inflammatory enzymes COX-2 has the highest
number of specific inhibitors available on the market; however, the
clinical use of non-selective and selective COX-2 inhibitors has
revealed that inhibition of COX-2 enzymatic activity is not
amenable to long-term treatment regimens [29]. Development
of severe disorders, such as gastrointestinal bleeding or thrombosis
and stroke, has impeded their chronic usage for preventive and
therapeutic purposes.

On the other hand, the complex multi-step regulation of COX-2
gene expression offers a valid alternative to the challenges of COX-
2 enzymatic inhibition and may be a preferable strategy for
targeting COX-2 to treat pathological conditions. This method is
especially plausible since mediators of COX-2 expression are often
altered in their expression or activity in autoimmune diseases and
in COX-2 expressing cancers.

Although several determinants of COX-2 gene regulation have
been identified and the involved mechanisms have begun to be
delineated, further studies are required. Of particular challenge
will be the elucidation of the differential mechanisms regulating
COX-2 homeostatic gene expression vs. aberrant expression in
pathological conditions. This will provide answers to important
questions not yet clarified, such as defining the role played by
alternative COX-2 transcripts comprised of differential 30-UTRs.
Moreover, these studies will contribute to our knowledge of the
differential impact achieved by modulation of the transcriptional
vs. post-transcriptional steps of COX-2 gene expression in physio-
pathological conditions.

In this context, those naturally occurring compounds that target
COX-2 gene expression may play a dual role. On one side, they may
represent a novel class of COX-2-targeting molecules to be
exploited for preventive and therapeutic purposes, due to their
low or null toxicity. On the other side, they may represent a
suitable tool by which to decipher the underlying molecular
aspects contributing to the complexity of COX-2 gene regulation.
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