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Abstract
Background Epigenetic processes and miRNAs have been
recognized as new targets for anticancer drug design. Howev-
er, old multi-target drugs such as aspirin may also target
epigenetic processes.
Aim This review aims to provide an overview of our current
knowledge on themodulation of epigenetic processes by aspirin
and other non steroidal anti-inflammatory agents (NSAIDs) and
their implications for cancer treatment and chemoprevention.
Synthesis In vitro and in vivo studies, as well as primary patient
data, suggest that aspirin and other NSAIDs reverse tumour
suppressor gene hypermethylation in cancer tissues. It must be
emphasized that, at this point in time, patient data are limited and
DNA hypermethylation reversal has been investigated, but not
tumour suppressor gene activation. In addition, evidence from
experimental and patient data suggests that aspirin and NSAIDs
may also reverse global DNA hypomethylation. At the histone
level, both induction and inhibition of deacetylases by aspirin
have been reported. Also, direct acetylation of histones by
aspirin has been reported, while the natural salicylate anacardic
acid has been found to inhibit histone acetyltransferase p300
both in vitro and in vivo, and to regulate gene expression
through modulation of histone acetylation. Salicylates and other
NSAIDs may also down-regulate miRNAs with oncogene-like
functions or up-regulate miRNAs with tumour suppressor-like
functions. Up till now, clinical trials have been aimed at inves-
tigating the effect of salicylates and NSAIDs on a limited
number of miRNAs.
Conclusion So, although the existing evidence is still limited,
evidence is accumulating that epigenetic targets may represent

nodal targets for the anti-proliferative actions of salicylates and
NSAIDs. This, in turn, may have implications for cancer che-
moprevention and treatment. Undoubtedly, this notion requires
further investigation, but if proved correct, it could lead to the
design of less toxic agents that target epigenetic processes as part
of existing or novel multi-targeted treatment modalities.

Keywords Aspirin . NSAIDs . Epigenetic processes . DNA
hypermethylation . Global DNA hypomethylation . Histone
modification

1 Introduction

The term epigenetics refers to heritable traits in cells and organ-
isms that do not involve changes in the underlying DNA se-
quence, i.e., that result in changes in gene expression commonly
caused by environmental factors [1] These changes may persist
through cell division and for the remainder of the organism’s
life. Epigenetic processes include gene promoter hypermethyla-
tion, global DNA hypomethylation, histone acetylation, phos-
phorylation, ubiquitylation and sumolyation, and nucleosome
remodelling [2]. The net effect of these processes is activation or
silencing of genes. Modulation of expression of key genes by
epigenetic processes can lead to the initiation, progression or
maintenance of carcinogenesis, and even to drug resistance. On
the other hand, microRNAs may regulate protein expression of
specific genes, either by inhibiting mRNA translation through
binding to their 3 untranslated regions, or by destabilizing target
mRNAs [3–5]. Thus, up-regulation of a miRNA is expected to
enhance the silencing of its target mRNAs, while miRNA
down-regulation is expected to result in up-regulation of its
target mRNAs. However, this is not a one-to-one relationship.
Several miRNAs may bind to one mRNA and co-operate to
silence gene expression. Conversely, a single miRNA may
affect several mRNAs [6–8]. Epigenetic and miRNA functions
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are highly interconnected, since miRNA genes themselves can
be epigenetically regulated and miRNAs can repress key
enzymes that drive epigenetic remodelling [9]. Based on the
evolving knowledge, epigenetic processes and miRNAs have
been recognized as new targets for anticancer drug design [2,
10]. Currently, several epigenetic drugs are under evaluation
in pre-clinical and clinical trials, or have already been FDA
approved. They can be classified into two groups, those
inhibiting DNA methyltransferases (DNMT) and those
inhibiting histone deacetyltransferases (HDAC). It has been
recognized, however, that both DNMT and HDAC inhibitors
may activate oncogenes due to lack of specificity, resulting in
accelerated tumour progression [11]. In addition, epigenetic
states, once corrected, may revert to the original state due to
the reversible nature of specifically DNA methylation pat-
terns. In addition, currently approved epigenetic agents are
known to be associated with significant toxicities. Therefore,
there is a need for more specific and safer drugs. Despite
hundreds of clinical trials for anti-cancer drugs that are cur-
rently in progress, most of these trials fail to pass Phase I.
Previously developed drugs with novel anti-tumour proper-
ties, however, offer a viable and cost-effective alternative,
since these drugs have known pharmacokinetic and safety
profiles [12]. Furthermore, silencing of tumour suppressor
genes has been recognized as an important (early) step in
carcinogenesis. Reversal of this process by epigenetic drugs
could serve as an effective chemotherapeutic strategy for
pat ients wi th mul t ip le tumour suppressor gene
hypermethylations [13]. Aspirin and other non steroidal anti-
inflammatory agents (NSAIDs), i.e., old drugs currently being
investigated for identifying novel targets for their action,
would be good candidates for such an approach. Epidemio-
logical studies have shown that regular use of NSAIDs re-
duces the risk of the development of at least some cancers [14,
15]. So far, however, the mechanisms underlying the anti-
tumour activities of NSAIDs remain to be elucidated. Known
targets for aspirin and other NSAIDs include COX-I and
COX-II, pathways regulating cell cycle, apoptosis, cell differ-
entiation, cell response, proteasome and redox-mediated sig-
naling, transcription factors such as NF-κΒ and the estrogen
receptor, tumor suppressor genes such as p53, growth factors
such as VEGF-A, VEGF-C and VEGF-D, and intracellular
regulatory enzymes [16, 17]. Epigenetic processes may also
define novel targets for aspirin and other NSAIDs. So, inves-
tigation of the effect of aspirin and other NSAIDs on epige-
netic targets is expected to reveal novel insights into the
mechanisms underlying the anticancer activities of these
agents, and into appropriate dosage regimen and duration of
treatment when used as epigenetic modulators in cancer treat-
ment and chemoprevention. In the field of cancer therapeutics,
nucleoside inhibitors of DNA methylation, i.e., azacitidine
and decitabine, now part of standard care for the treatment
of patients with myelodysplastic syndrome (MDS), provide

good examples of old, and even abandoned, drugs that have
taken a novel role in cancer therapy. This review aims to
investigate epigenetic processes as novel putative targets for
aspirin and NSAIDs, and to gain insights into the clinical
implications of these novel targets for cancer treatment and
chemoprevention.

2 Targeting DNA methylation

Silencing of the expression of gatekeeper or mismatch repair
genes promotes growth in the affected cells. Classical knowl-
edge stipulates that mutation or deletion of coding regions is
responsible for gene inactivation. However, more recently
alternatives have been defined, of which DNA promoter
methylation represents an important mechanism for the induc-
tion of gene silencing. Methylation of tumour suppressor
genes is thought to be an early event in carcinogenesis [18].
The CpG island methylator phenotype is characterized by
hypermethylation of the promoters of several tumour suppres-
sor genes and is associated with the inactivation of various
pathways involved in tumourigenesis [19]. This methylator
phenotype has amply been documented in e.g. gastric cancer
tissues, precancerous lesions, Helicobacter pylori infected
non neoplastic mucosa and in colon adenomatous polyps.
DNA methylation is brought about by DNA methyltransfer-
ases (DNMT). The human genome harbours four genes that
encode DNMTs (DNMT1, DNMT2, DNMT3A and
DNMT3B) with DNMT1 and DNMT3B being the more
potent ones [20].

Evidence is now emerging suggesting that salicylates, i.e.,
aspirin and other NSAIDs, can modulate DNA methylation
(Table 1 and 2). Recent data obtained from molecular model-
ling studies have shown that the salicylates 5,5-
methylenedisalicylic acid and trimethylaurintricarboxylic acid
(NSC97317) can inhibit DNMT1 [21, 22]. Specifically, Kuck
et al. [21] conducted a virtual screening of more than 65,000
lead-like compounds selected from the National Cancer Insti-
tute collection using a multistep docking approach with a
previously validated homology model of the catalytic domain
of human DNMT1. Experimental evaluation of top-ranked
molecules led to the discovery of novel small molecule
DNMT1 inhibitors. The virtual screening hits were further
evaluated for DNMT3B inhibition, revealing several com-
pounds with selectivity towards DNMT1. Among those, 5,5-
methylenedisalicylic acid was found to have detectable, al-
though weak, inhibitory effect on DNMT1 in biochemical
assays. Yoo et al. [22] investigated trimethylaurintricarboxylic
acid (NSC97317), a compound structurally related to 5,5-
methylenedisalicylic acid, and found a low micromolar inhib-
itory effect on DNMT1 (IC(50)=4.79 μM). Docking studies
of the new inhibitor with the catalytic domain of DNMT1
suggested that NSC97317 can bind to the catalytic site.
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However, the impact of the above studies is as yet limited,
since the biological relevance of the findings has not been
evaluated.

Experimental data indicate that NSAIDs may induce pro-
moter demethylation and reactivate the expression of some
metastasis-related suppressor genes in lung cancer cells, im-
plying that NSAIDs may serve as a resource for the develop-
ment of a new class of demethylating agents [23]. Pan et al.
first demonstrated that NS398, a NSAID, can inhibit lung
cancer cell invasion through the up-regulation of a number
of genes, including the secreted protein acidic and rich in
cysteine (SPARC) gene. In addition, these investigators dem-
onstrated that up-regulation of SPARC expression by NS398
in human lung cancer cells was mediated by promoter de-
methylation. In the same study, sulindac sulphide and indo-
methacin were also found to reduce promoter methylation.
This demethylation was associated with a decrease in DNA
methyltransferase expression. Based on their results, the au-
thors suggested that NSAIDs induce promoter demethylation
by repressing DNMT expression. [23]. However, equating
inhibition of DNA methyltransferase activity and actual
hypomethylation induction may not be that straightfor-
ward. DNA methyltransferase activity is proliferation de-
pendent and cell cycle regulated. Thus, any insult that
leads to proliferation arrest may also lead to a measurable
decrease in DNA methyltransferase activity, but in this
setting decreased activity has not been conclusively shown
to affect methylation [11].

In agreement with experimental data, an epidemiological
study has shown that chronic aspirin use may be associated
with a lower prevalence of E-cadherin (CDH1) promoter
methylation in non-neoplastic gastric mucosa [24]. E-
cadherin is a cell adhesion molecule that is involved in tumour
invasion/metastasis. In addition, it is thought to act as a
tumour suppressor. E-cadherin can indeed be silenced epige-
netically, i.e., silencing of the CDH1 gene by promoter CpG
island methylation has been observed in precancerous lesions,
Helicobacter pylori-infected chronic gastritis and gastric can-
cer. Tahara et al. [24] assessed the CDH1methylation status in
noncancerous gastric mucosa in chronic aspirin users. To this
end, gastric mucosa samples were obtained from 217 cancer–
free subjects, including 37 chronic aspirin users and 180
subjects with no history of chronic or occasional intake of
aspirin. Methylation–specific polymerase chain reaction
(MSP) was performed and CDH1 gene promoter methylation
was detected in 69 subjects (31.7 %). Chronic aspirin use was
found to be associated with a significantly lower rate ofCDH1
methylation [nonuser versus user 36.1 % versus 10.8 %; odds
ratio (OR)=0.21, 95 % confidence interval (CI)=0.07–0.63,
P=0.005]. From their results, the authors concluded that as-
pirin may have a suppressive effect on methylation-related
gastric carcinogenesis [24]. The same group of investigators
has shown that chronic NSAID use suppresses the CpG islandTa
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methylation phenotype of the p14(ARF), p16(INK4a), death-
associated protein kinase (DAPK) and CDH1 tumour suppres-
sor genes in human gastric mucosa [25].

In contrast with the two previous studies, two other epide-
miological studies on rectal and colon cancer [26, 27] have
failed to show any association between aspirin and/or NSAID
use and the CpG island methylator phenotype. However, it
must be emphasized that these studies were aimed at investi-
gating the effect of a number of factors on the CpG island
methylator phenotype, with aspirin or NSAID use being one
of them. In addition, in the study on rectal cancer [26] a low
number of patients with CpG island methylator phenotype
was included, resulting in a low power for the detection of
an association between chronic aspirin/NSAID use and the
CpG island methylator phenotype. In the latter study, Slattery
et al. investigated associations between inflammation and
specific tumour markers, including the association between
regular aspirin or NSAID use and the CpG island methylator
phenotype. A total of 1,505 rectal cancer patients was identi-
fied, of which 982 were reviewed. Specimens obtained
through preoperative biopsies or paraffin embedded tissues
from the resections were retrieved. Information on regular
aspirin or NSAID use was obtained through appropriate ques-
tionnaires. Regular use was defined as use of at least 3 times a
week for one month. No association was found between
aspirin or NSAID use and the CpG island methylator pheno-
type, but the investigators pointed out that the measures of
association were imprecise because of the limited number of
CpG island methylation positive tumours [26]. In another
study, Slattery et al. [27] used data from a population-based
case control study to evaluate whether diet and lifestyle factors
are associated with the CpG island methylator phenotype.
Regular use of aspirin or NSAIDs was one of the factors
included. Eligibility criteria for the cases included diagnosis
with first-primary incident colon cancer between October 1,
1991 and September 30, 1994, between 30 and 79 years of age
at the time of diagnosis and mentally competent to complete
the interview. In addition to the eligibility criteria for the cases,
at the time of recruitment the controls had no previous history
of colorectal cancer. The CpG island methylator phenotype
was assessed for the following markers: MINT1, MINT2,
MINT31, p16 and hMLH1. The criterion for CpG island
methylator phenotype (CIMP)-high was methylation of the
CpG islands of two or more of these markers. CIMP-low was
defined as zero or one of the five markers methylated. By
doing so, the NSAIDs evaluated were found to be inversely
associated with both CIMP-low and CIMP-high tumours [27].
Thus, also this study failed to reveal a specific association of
aspirin/NSAID use with a high CpG methylator phenotype.
Some of the parameters included in the study design, however,
such as markers selected for DNA methylation assessment
and the classification of CpG island methylator phenotypes,
may have affected the outcome.

To the best of our knowledge, only one trial has included
the possible modulation of DNA methylation by aspirin and
NSAIDs as a tertiary outcome. The Chemoprevention for
Barrett’s Esophagus Trial (CBET) was a phase IIb multi-
centre randomized placebo-controlled trial of celecoxib in
patients with Barrett’s esophagus and low- or high-grade
dysplasia [28]. Patients were randomly assigned to treatment
with 200 mg of celecoxib or placebo, both administered orally
twice daily. The primary outcome was the change from base-
line to 48 weeks of treatment in the proportion of biopsy
samples with dysplasia between the celecoxib and placebo
arms. It was found that celecoxib did not prevent the progres-
sion of Barrett’s dysplasia to cancer. Reversal in promoter
methylation of the tumour suppressor genes p16, APC and
CDH1 was one of the tertiary outcomes [28]. Paired baseline
and post-treatment samples were available from 22 patients
for comparison with methylation of all three genes. Among
the 10 celecoxib-treated patients, six showed no change in
methylation of any of the three genes examined, two had a
gain in methylation in one gene, and two had a loss of
methylation in one gene. Among the 12 placebo-treated pa-
tients, six showed no change in the methylation in any gene,
three had a gain in methylation in one gene, and another three
had a loss of methylation in one gene. Thus, no net change in
methylation was observed in either the celecoxib or the pla-
cebo arms [28].

In another study, DNA methylation data were collect-
ed as part of a randomized double blind, placebo-
controlled trial testing the efficacy of aspirin, folic acid,
or both in the prevention of colorectal adenomas [29].
Eligible individuals met at least one of the following
criteria: one or more histologically-confirmed adenoma
removed within 3 months prior to recruitment, one or
more histologically-confirmed adenoma removed within
16 months prior to recruitment and a lifetime history of
two or more histologically-confirmed adenomas, or a
histologically-confirmed adenoma at least 1 cm in diam-
eter removed within 16 months prior to recruitment. The
study had a three-by-two factorial design, comparing
81 mg and 325 mg of aspirin per day with placebo and
comparing 1 mg of folic acid per day with placebo. The
investigators examined the association between aspirin,
folate and other dietary and lifestyle factors with CpG
island methylation of the ERα and SFRP1 genes in both
the right colon and the rectum. Three hundred eighty-
eight subjects were included in the methylation analyses
out of the 1,121 subjects participating in the parent study.
It was found that aspirin was not statistically significant-
ly associated with ER-α or SFRP1 methylation. Howev-
er, subjects assigned to the aspirin treatment exhibited a
slightly lower ERα methylation status in the right colon
compared to the placebo, implying a possible protective
role of aspirin against promoter DNA methylation [29].
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However, this study may not be really informative since
(i) it was based on a convenience sample of specimens
and (ii) there was a low intra-class correlation between
biopsies in a given individual.

3 Targeting global hypomethylation

Global DNA hypomethylation is an early event in the
neoplastic progression of most human and animal cancers,
including colon cancer [30]. Animal data have indicated
that a 7 day treatment with NSAIDs, i.e., piroxicam,
sulindac and celecoxib, reverses global DNA hypomethy-
lation in azoxymethane-induced colon tumors in male
F344 rats [31, 32]. Tao et al. [31] investigated DNA
hypomethylation in colon cancer as a surrogate end-
point biomarker for the evaluation of the efficacy of
chemopreventive agents. Agents that were either effective
or ineffective in preventing colon cancer were evaluated
for their ability to modulate DNA hypomethylation in
azoxymethane-induced colon tumours in male F344 rats.
DNA methylation was determined using a mouse mono-
clonal anti-5-methylcytosine antibody. Colon tumours
were found to exhibit a 70 % reduction in DNA methyl-
ation relative to normal colonic mucosa. DNA methyla-
tion in the tumours was found to be increased after 7 days
of treatment with agents that have previously been shown
to prevent colon cancer (i.e., calcium chloride, alpha-
diflouromethylornithine [DFMO], piroxicam and
sulindac), whereas agents previously shown not to prevent
colon cancer in rats (low dose aspirin, 2-carboxyphenyl
retinamide [2-CPR], quercetin, 9-cis retinoic acid and
rutin) did not increase DNA methylation [31]. In the same
experimental model, Pereira et al. [32], investigated the
ability of celecoxib and alpha-difluoromethylornithine
(DFMO) to modulate DNA hypomethylation. Celecoxib
(500 mg/kg), DFMO (100, 1,000 and 3,000 mg/kg) or
celecoxib+1,000 mg/kg DFMO were administered for 7
or 28 days prior to sacrifice at week 37. Treatment with
celecoxib or DFMO for 7 days was found to reverse the
DNA hypomethylation level. Both celecoxib and
1,000 mg/kg DFMO were more effective in reversing
DNA hypomethylation after 28 days of treatment than
after 7 days, and after 28 days of treatment the level of
DNA methylation in the tumours was no longer different
from that in normal mucosa. Although the mechanism by
which NSAIDs reverse global DNA hypomethylation has
not been elucidated yet, increase in the activity of DNMT
and/or increase in the level of the methyl donor, S-
adenosyl methionine (SAM), have been proposed. In the
same experimental model, it was found that celecoxib
reversed the hypermethylation of the ER-α gene, probably
through reduction of histone acetylation [32].

Shen et al. [33] investigated whether celecoxib could re-
verse aberrant methylation in human colorectal cancers. To
this end, biopsies were obtained from four colorectal lesions
(one hyperplastic polyp, two adenomatous polyps and one
adenocarcinoma) of patients before and after treatment with
200 mg celecoxib per day for 30 days, and were analysed for
global DNA methylation and promoter methylation of the
ER-α gene. Global DNA methylation was found to be de-
creased in the adenomatous polyps and adenocarcinomas
before treatment, whereas methylation of the ER-α gene pro-
moter was increased. After a 30-day treatment with celecoxib,
global DNAmethylation was increased and hypermethylation
of the ER-α gene promoter was decreased in the adenomatous
polyps, but not in the adenocarcinomas, indicating that the
drug was able to reverse global DNA hypomethylation and
hypermethylation of the ER-α gene in adenomatous polyps,
but not in adenocarcinomas [33].

Thus, experimental and primary human data suggest that
aspirin and other NSAIDs may reverse tumour suppressor
gene hypermethylation in tumour tissues. However, it must
be emphasized that, as of yet, the human data are limited.
Furthermore, the human studies were aimed at investigating
hypermethylation reversal, but not tumour suppressor gene
activation. Hypermethylation reversal may not always lead to
tumour suppressor gene activation due to the involvement of
other downstream processes. In addition, evidence from ex-
perimental and human data suggests that aspirin and NSAIDs
also reverse global DNA hypomethylation. However, the
mechanism underlying the dual action of aspirin and of the
other NSAIDs on DNA methylation, i.e., reversal of tumour
suppressor gene hypermethylation and reversal of global
DNA methylation, seems difficult to define. Although direct
modulation of both DNMTs and demethylases may be at
work, modulation of targets upstream of epigenetic processes
such as the cellular redox state may also be relevant.

4 Histone modifications

Post-translational histone modifications influence the access
of transcription factors to DNA target sites to affect gene
activity. Specifically, histone acetylation destabilizes chroma-
tin through charge neutralization of the basic lysine residues
leading to changes in the chromatin structure and, ultimately,
the transcription of genes. Histone modifications are brought
about by several enzymes, including histone acetyl transfer-
ases (HATs), histone deacetylases (HDACs), histone methyl-
transferases (HMTs) and histone demethylases (HDMTs).
HATs activate and HDACs suppress gene activity, while
HMTs and HDMTs either activate or inhibit gene expression,
depending on the site and the extent of the methylation in-
duced [34]. HDAC inhibitors represent a new class of
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promising anti-neoplastic agents, while there is an ongoing
interest in inhibitors of HATs, HMTs and HDMTs [35].

5 Targeting histone deacetylases

Current experimental evidence on the modulation of HDACs
by salicylates is limited. However, it is interesting to note that
both induction and inhibition of HDACs by aspirin have been
reported. In a very recent study, Kamble et al. [36] reported
that treatment of liver cells with acetylsalicylic acid and
salicylic acid induced the HDAC Sirtuin 1 via the production
of hydrogen peroxide [36]. There is, however, also one report
of HDAC inhibition by sodium salicylate, which is based on
data of a study on the teratogenic effect of sodium salicylate
on axial abnormalities induced in embryo models [37]. Di
Renzo et al. [37] aimed to verify whether the inhibition of
embryonic HDAC enzymes, and the consequent tissue
hyperacetylation, could underlie axial skeletal defects ob-
served after the exposure of pregnant rodents to sodium salic-
ylate. To this end, pregnant mice were intra-peritoneally treat-
ed with sodium salicylate (0-150–300–450 mg/kg) and
sacrificed at 1, 3, 5 h after treatment or at term of gestation.
A significant sodium salicylate dose-related HDAC inhibitory
effect, compatible with a mixed-type partial inhibition mech-
anism, was detected. A clear dose-related hyperacetylation of
histones was observed in embryos exposed in utero to sodium
salicylate. A similar HDAC inhibitory activity of salicylates
has, however, the not yet been established in adult tissues and/
or cancer cells.

An additional in vitro study, aimed at investigating the
interact ion of the histone deacetylase inhibi tors
suberoylanilide hydroxamic acid and sodium butyrate with
aspirin revealed their synergy in the induction of cell death in
the ovarian cancer cell line A2780, but failed to demonstrate
inhibition of HDACs by aspirin. Treatment with aspirin had
no effect on the acetylation status of histones, neither in the
presence nor in the absence of HDAC inhibitors [38]. In fact,
it has been found that salicylates and aspirin can modulate
HDAC activity by mechanisms not involving enzymatic inhi-
bition. Thus, these agents may epigenetically regulate gene
expression through modulation of the interactions of HDACs
with transcription factors. In agreement with this notion,
Deckmann et al. [39] recently reported that treatment of HeLa
cells with dimethylcelecoxib, a non COX2 inhibiting deriva-
tive of celecoxib, leads to an enhanced formation of a complex
consisting of NF-κB and HDAC1 that binds to the EGR1 gene
promoter, resulting in down-regulation of EGR1 expression
[39]. The implications of this finding for anticancer drug
targeting require further investigation, since (i) NSAIDs have
also been reported to up-regulate EGR1 and (ii) EGR1 is a
transcription factor, that regulates the expression of about 30
genes and seems to have dual roles in promoting cell survival

and apoptosis, depending on the downstream targets involved.
In addition, its role in tumourigenesis seems to be cell type-
specific. EGR1 has often been reported to be a tumour sup-
pressor gene that induces the up-regulation of a member of the
transforming growth factor-β superfamily, i.e., NSAID-
activated gene 1 (NAG-1), a protein with an anti-
tumourigenic and pro-apoptotic activity [40]. However, other
reports have indicated that EGR1 down-regulation may pro-
mote tumour cell death.

An interesting question that remains to be addressed is
whether salicylates can both induce and inhibit HDACs. In
fact, it could be hypothesized that salicylates modulate the
fine-tuning of the action of HDACs through redox signalling.
This hypothesis remains to be tested and its putative implica-
tions for anticancer research remain to be established.

6 Targeting histone acetyltransferases

Since aspirin acetylates proteins, it could be hypothesized that
aspirin may also acetylate histones. Indeed, experimental data
based on mass spectrometry have shown that aspirin, among
other cellular proteins, acetylates histones in HCT-116 colon
cancer cells [41]. Using anti-acetyl lysine antibodies,
Marimuthu et al. [41] demonstrated that aspirin causes the
acetylation of multiple proteins whose molecular weight
ranges from 20 to 200 kDa. The identity of these proteins
was subsequently determined using immuno-affinity purifica-
tion, mass spectrometry and immunoblotting. A total of 33
cellular proteins were identified as potential targets of aspirin-
mediated acetylation, including enzymes of the glycolytic
pathway, cytoskeleton proteins, histones, ribosomal and mi-
tochondrial proteins. In another study, it was found that low
concentrations of aspirin induce lysine acetylation of eNOS,
and that histone deacetylase 3 antagonizes this action of
aspirin. Although this study aimed to investigate cardiovascu-
lar actions of aspirin, the authors postulated that the interaction
of aspirin and HDAC might act in an antagonistic fashion to
regulate gene expression with implications for the anticancer
effects of aspirin [42]. It remains to be established, however,
whether direct histone acetylation by aspirin can modulate the
epigenetic regulation of gene expression. On the other hand, a
natural salicylate, anacardic acid (6-pentadecyl salicylic acid),
has been shown to inhibit histone acetyl-transferase p300 both
in vitro and in vivo, and to regulate gene expression through
modulation of histone acetylation [43–45]. More importantly,
anacardic acid has been shown to have anti-tumour activities
through its histone acetyltransferase inhibition and other
mechanisms, including the regulation of histone acetyltrans-
ferase p300 transcript and protein levels and NF-κΒ inhibition
[43]. Sung et al. [44] investigated the effect of anacardic acid
on the NF-κB pathway and found that anacardic acid sup-
presses NF-κB activation mediated by a variety of stimuli. In
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addition, anacardic acid was found to inhibit constitutive
NF-κB activity. Furthermore, the experimental data suggested
that anacardic acid might suppress TNF-induced NF-κB acti-
vation via suppression of TNF-induced p65 acetylation
through inhibition of histone acetyltransferase activity [44].
Sun et al. [45] also found that anacardic acid can inhibit the
Tip60 histone acetyltransferase in vitro, and can block Tip60-
dependent activation of the ATM and DNA-PKCS protein
kinases by DNA damage in vivo. Furthermore, anacardic acid
was found to sensitize human tumour cells to the cytotoxic
effects of ionizing radiation [45]. In addition, a very recently
published in vitro study has shown that aspirin can regulate
DNMT1 via down-regulation of the expression of the acetyl-
transferase Tip60 in antigen-stimulated RBL2H3 cells [46].
The mechanism of down-regulation of Tip60 by aspirin was
not investigated. However, the authors suggested proteasome-
dependent degradation of Tip60 by aspirin or transcriptional
regulation of the expression of Tip60 by aspirin [46].

Thus, evidence, although limited, supports the notion that
salicylates and other NSAIDs can modulate histone modifica-
tions. Data from plant studies, however, indicate that histone
modification does not play a role in salycilate-mediated regu-
lation of gene expression [47]. In fact, existing experimental
data provoke more questions than answers: (i) Are all histone
modifications mediated by aspirin and other NSAIDs? Up till
now, evidence suggests that salicylates modulate histone acet-
ylation. However, Tanaka et al. [48] have reported that NO-
releasing aspirin induces histone H2AX phosphorylation and
apoptosis in S-phase cells through the generation of reactive
oxygen species (ROS). Although this study aimed to report a
potentially cytotoxic effect of NO-aspirin, it remains to be
established whether NO-aspirin and/or other salicylates and
NSAIDs modulate gene transcription through histone phos-
phorylation. (ii) Is histone modification a drug effect or a class
effect for salicylates and other NSAIDs? Up till now, only
salicylates, aspirin and dimethylcelecoxib have been reported
to modulate histone modification. (iii) What is the mechanism
of histone modification by salicylates and other NSAIDs? (iv)
How does histone modification combine with the other mech-
anisms of anticancer activity of salicylates and other NSAIDs?
Salicylates and other NSAIDs have been shown to inhibit
NF-κB activity. In fact, Deckman et al. [35] have shown that
dimethylcelecoxib modulates the NFkB-HDAC1 interaction.

7 Targeting microRNAs

Current evidence suggests that microRNAs (miRNAs) act in a
manner equivalent to oncogenes or tumour suppressor genes
during cancer development and progression. miRNAs gener-
ally decrease mRNA expression or translation levels and,
therefore, miRNAs targeting an oncogene exhibit a tumour
suppressor activity via the reduction of gene expression and a

subsequent control of cellular growth. On the other hand,
certain miRNAs may have oncogene-like functions, with high
miRNA expression levels inducing oncogenic transformation.
Since miRNA expression levels are known to change in
cancer cells, inhibition of over-expression of an oncogene-
type miRNA or enhancement of under-expression of a tumor
suppressor-type miRNA may have therapeutic effects [49].
Thus, studies aimed at therapeutically targeting of miRNAs
have in the recent past been initiated. Generally, up-regulation
of miRNAs can be achieved through the administration of
synthetic miRNAs or the administration of miRNA express-
ing vectors. Down-regulation of miRNAs can be achieved
through the administration of anti-sense nucleotides, often
chemically modified to ensure stability and specificity. There
are multiple potential limitations associated with the develop-
ment and testing of miRNA-based therapies. These include,
but are not limited to, off-target effects, avoidance from inter-
nal nucleases and toxicity. Experimental evidence suggests
that salicylates and other NSAIDs can also down-regulate
oncogene-type miRNAs and up-regulate tumour suppressor-
type miRNAs. Up till now, the effect of salicylates and
NSAIDs has been investigated for a limited number of
miRNAs. Since the research field of miRNAs is rapidly
evolving and novel technologies for high throughput measure-
ment of miRNA expression levels become available, the effect
of salicylates onmiRNA expression regulation and its putative
anticancer implications are expected to be defined soon.

A very recent in vitro study showed that sulindac can
inhibit the invasion of human MDA-MB-231 breast and
HCT116 colon tumour cells in vitro at concentrations less
than those required to inhibit tumour cell growth [15]. In an
attempt to elucidate the underlying mechanism, the investi-
gators evaluated the effect of sulindac on miRNAs and, by
doing so, found that 132 miRNAs were affected by sulindac
treatment, including miR-9, miR-10b, miR-17 and miR-21,
four miRNAs that had been previously implicated in tumour
invasion and metastasis. Suppression of NF-κB-mediated
transcription of miRNAs was thought to be the underlying
cause. Indeed, it was found that NF-κB suppresses the ex-
pression of the four miRNAs at the transcriptional level by
binding to the respective promoters. In addition, sulindac was
found to inhibit the translocation of NF-κB to the nucleus by
decreasing the phosphorylation of IKKβ and IκB. Analysis
of the promoter sequences of the four miRNAs revealed that
81 out of 115 sequences tested contained NF-κB-binding
sites [15]. In addition, aspirin has been reported to be able
to down-regulate miR-21 [50]. Lan et al. [50] investigated
potential transcription factor 7 like 2 (TCF7L2/TCF4) target
miRNAs through a bioinformatics approach. They discovered
26 miRNA transcription start sites within close proximity to
TCF4 chromatin occupancy sites, and validated these sites as
TCF4 targets in LS174Tcolon carcinoma cells, MCF-7 breast
cancer cells and U87 glioma cells by ChIP-PCR. Triggered
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by the poorly understood preventive effect of aspirin on
colorectal cancer incidence and mortality, they demonstrated
down-regulation of miR-21 upon administration of aspirin in
LS174T colon carcinoma cells [50]. Interestingly, miR-21 is
up-regulated in nearly all epithelial cell-derived solid tu-
mours, including breast, pancreas, lung, stomach, prostate,
colon, head and neck and oesophageal cancers. In addition, it
has been shown that miR-21 is involved in both the initiation
and progression of human cancers. miR-21 is also up-
regulated in several haematological malignancies, including
leukemias, lymphomas and multiple myelomas. miR-21 has
also been found to be over-expressed in glioblastomas, oste-
osarcomas and spermatocytic seminomas. miR-21 is a nega-
tive regulator of p53 signalling, whereas NF-κB signalling is
promoted by miR-21. Most of the evidence suggests that
miR-21 suppresses the expression of a number of genes that
participate directly or indirectly in extrinsic or intrinsic apo-
ptosis pathways to promote tumourigenesis. miR-21 has also
been shown to affect the expression of theWNT1 gene as well
as that of the tumour suppressor genes PTEN, RECK and
PDCD4, and to induce tumourigenesis [51–53], suggesting a
central role for miR-21 in cancer. A very recent publication
has reported, for the first time, that targeting miR-21 may
inhibit pancreatic cancer tumour growth both in vitro and
in vivo [54]. Thus, therapeutic targeting of miR-21 may be
beneficial for a large number of targets. However, global
over-expression of miR-21 does not induce tumours, whereas
tissue-specific over-expression does, leading to confusion on
whether miR-21 acts as a driver or as a passenger of
tumourigenesis.

Ιn a very recently published study, Saito et al. [55] deter-
mined miRNA expression profiles in 53 gastric tumours,
including gastric adenomas (atypical epithelia), early gastric
cancers and advanced gastric cancers, and in gastric cancer
cells treated with celecoxib. miR-29c was found to be signif-
icantly down-regulated in gastric cancer tissues relative to
non-tumour gastric mucosa, and this down-regulation was
most prominent in advanced gastric carcinomas. Accordingly,
miR-29c has been reported to exhibit tumour suppression
functions in gastric carcinoma cells [55]. Celecoxib treatment
resulted in miR-29c up-regulation in human gastric cancer
cells. In addition up-regulation of miR-29c by celecoxib in-
duced suppression of the oncogene MCL-1, one of the puta-
tive miR-29c targets, and a concomitant apoptosis in gastric
cancer cells [55].

Chen et al. [56] investigated alterations in miRNA
expression patterns in colorectal cancer cells following
celecoxib treatment. By doing so, celecoxib was found to
inhibit HT-29 cell growth in vitro, and this growth inhi-
bition was partly attributable to the altered expression of
miRNAs. Of the 28 aberrantly expressed miRNAs found,
20 were up-regulated and 8 were down-regulated in the
HT-29 cells treated with celecoxib compared to the

matched control cells. Additionally, the aberrantly
expressed miRNAs in HT-29 cells treated with celecoxib
were found to modulate multiple target genes involved in
several essential cell survival pathways [56].

Since miRNAs can target multiple genes, the anticancer
effect of miRNA modulation is not always straightforward.
For example, it was recently reported that delivery of the pro-
apoptotic miR34a in p53-deficient Saos2 cells did not increase
the cell’s sensitivity to apoptosis due to a down-regulation of
SIRT1 by miR34a and a subsequent increase in NF-κB activ-
ity. Co-treatment with miR34a and aspirin, however, promot-
ed Saos2 cell death [57]. This finding suggests that, although
the effect of isolated modulation of a miRNA cannot always
be predicted, a synergistic interaction between miRNA mod-
ulation by aspirin and a concurrent action of aspirin on e.g.
NF-κΒ inhibition can impose anticancer effects.

8 Conclusions and perspectives

Evidence suggests that salicylates and NSAIDs can modulate
gene expression, either by silencing or by up-regulating gene
expression. As yet, however, the mechanisms by which salic-
ylates and NSAIDs modulate gene expression are not fully
known. Current literature data suggest mechanisms for gene
silencing by aspirin and NSAIDs through NF-κB and MAPK
modification. The mechanisms underlying gene up-regulation
are, however, more difficult to delineate. One possibility could
be through epigenetic modulation. Current data indeed sug-
gest that epigenetic modulation of gene expression by these
agents may play such a role. Moreover, it appears that salic-
ylates and NSAIDs target multiple epigenetic processes.
Targeting of multiple epigenetic processes by the same drug
is anticipated to be less toxic and more efficient via the
establishment of balances between reversal of DNA hyperme-
thylation of tumour suppressor genes and reversal of global
DNA hypomethylation. Existing data are, however, limited
and most of them are based on statistical associations, without
firm in vivo validated cause-effect relationships. So, alterna-
tive mechanismsmight also explain the observed associations.
In any case, the targeting of epigenetic processes may underlie
the action of multi-target salicylates and NSAIDs, with puta-
tive clinical implications for cancer treatment and chemopre-
vention. As yet, however, the existing data on the modulation
of epigenetic processes by aspirin and NSAIDs are scarce and
conflicting, and further research is needed before firm conclu-
sions can be drawn. This research could lead, not only to novel
applications of salicylates and NSAIDs in cancer treatment
and chemoprophylaxis, but also to the treatment and/or pre-
vention of other diseases and physiological conditions, such
as ageing, in which epigenetic processes are known to be
involved. In addition, this research could lead to the design
of less toxic agents that target epigenetic processes. In this
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respect, the natural salicylate anacardic acid has already been
used as a lead compound for the design of novel acetyl-
transferase inhibitors [58].

Another interesting question to be addressed is how impor-
tant epigenetic targets are in relation to the other, already
known, conventional targets of aspirin and NSAIDs. It could
be hypothesized that epigenetic targets are the nodal targets of
aspirin and NSAIDs. Epigenetic modifications represent ways
by which cells may effectively translate multiple signaling
inputs into phenotypic outputs. In other words, epigenetic
changes may elicit an adaptive response to various events,
rather than to one a priori event that controls gene expression
[59]. Research on plant physiology has provided valuable
information on the mechanism of action of salicylates. Salic-
ylates are phyto-hormones that modulate plant stress re-
sponses to various environmental stressors, i.e., salicylic acid
enhances plant adaptation to environmental stress through
modulation of the expression of a vast number of genes, at
least partly through DNA methylation [60]. Aspirin and other
NSAIDs are multi-target agents that are known to modulate
multiple signaling pathways [61]. In addition, salicylates and
NSAIDs modulate cellular redox states and induce cellular
stress responses. Reactive oxygen species (ROS) are known
inducers of epigenetic changes [61]. Thus, it could be sug-
gested that salicylates produce reactive oxygen species, mod-
ulate ROS signaling and affect gene expression through epi-
genetic alterations. Although further research is required to
integrate the multiple mechanisms of action of salicylates into
a central mechanism, existing evidence supports the interplay
among redox regulation, epigenetic alterations and pathway
signalling [59, 62]. The net effect of these mechanisms is the
modulation of gene expression. Down-regulation of tumour
suppressor genes seems to be one of the primary steps in
carcinogenesis, whereas advanced tumour stages are rather
associated with alterations in the expression of genes that
promote invasion and metastasis. Salicylates and NSAIDs
have been shown to up-regulate the expression of tumour
suppressor genes [60], although the molecular mechanisms
underlying this up-regulation have not yet been clearly de-
fined. One theory could be that salicylates and NSAIDs mod-
ulate gene expression through direct interactions with diverse
intracellular signal transduction pathways. Growing evidence,
however, supports the epigenetic regulation of tumour sup-
pressor genes such as e.g. PTEN [63]. Also, at pharmacolog-
ical concentrations, salicylates inhibit COX2 expression
through transcription based mechanisms, i.e., by blocking
C/EBPβ phosphorylation, activation and binding to the
COX2 promoter via p90 ribosomal S6 kinase 1/2 (RSK1/2)
[64]. On the other hand, it is known that COX2 expression is
regulated through epigenetic mechanisms [65]. Thus, it may
be suggested that, apart from enzymatic inhibition, salicylates
and NSAIDs regulate COX2 via both mechanisms targeting
signalling pathways and epigenetic mechanisms. To the best

of our knowledge, there are no mechanistic studies available
that directly support this hypothesis for salicylates. However,
this dual mechanism of gene regulation, involving both direct
interaction with intracellular signalling pathways and modu-
lation of epigenetic mechanisms, is supported by curcumin
and the regulation of NAG-1 by the HDAC inhibitor
trichostatin A [66, 67]. Since a single epigenetic factor is able
to orchestrate the expression of a large number of genes,
modulation of epigenetic processes by aspirin and NSAIDs
is expected to have implications for cancer chemoprevention
and treatment. In this respect, it would be interesting to gain
further insight into the contribution of the modulation of
epigenetic mechanisms in the overall mechanisms of action
of aspirin and NSAIDs as chemopreventive agents. A further
step could be to e.g. investigate to what extent the epigenetic
mechanisms are involved in the up-regulation of tumour sup-
pressor genes. In addition, further research might be aimed at
unraveling the possible synergistic anti-proliferative effects of
aspirin and other NSAIDs with other compounds that modu-
late epigenetic processes, with already approved epigenetic
drugs and/or with conventional chemotherapeutics and small
molecules designed for targeted cancer treatment.

In conclusion, although the existing evidence is still limit-
ed, a picture is emerging that epigenetic targets potentially
represent essential nodes for the anti-proliferative action of
salicylates and NSAIDs. This may have implications for can-
cer chemoprevention and treatment.
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