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Patients with inflammatory bowel disease (IBD) face an increased lifetime risk of developing colorectal cancer (CRC). Independent
factors associated with increased risk include long disease duration, extensive colonic involvement, young age at onset of IBD,
severity of inflammation, primary sclerosing cholangitis, backwash ileitis, and a family history of CRC, thus emphasising the role
of intestinal inflammation as an underlying mechanism. This notion is also supported by the demonstration that the use of certain
drugs used to attenuate the ongoing mucosal inflammation, such as mesalazine, seems to associate with a reduced incidence of
colitis-associated CRC. In the last decade, work from many laboratories has contributed to delineate the mechanisms by which
mesalazine alters CRC cell behaviour. In this paper, we review the available experimental data supporting the ability of mesalazine
and its derivatives to interfere with intracellular signals involved in CRC cell growth.

1. Introduction

Ulcerative colitis (UC) and Crohn’s disease (CD), the major
forms of inflammatory bowel diseases (IBDs) in humans, are
chronic inflammatory disorders of the gastrointestinal tract
[1]. In UC, inflammation is restricted to the mucosa and
extends proximally from the rectum to involve all or part of
the colon. CD is typically a patchy, transmural, inflammatory
disease that can affect the gastrointestinal tract anywhere
from the mouth to the anus. Both IBDs are characterized by
episodes of remission and exacerbations in which the patient
experiences abdominal pain, diarrhea, blood in the stool, and
systemic symptoms [1]. Patients with long-standing disease
and severe inflammatory lesions involving the entire colon
have increased risk of developing colorectal cancer (CRC)
[2—4]. A family history of CRC, the presence of primary
sclerosing cholangitis, backwash ileitis, and, in some studies,
young age at onset of colitis increase further the risk of
IBD-associated CRC [5-8]. CRC complicating the natural
history of IBDs accounts for only 1-2% of all cases of CRC
[9]. Nonetheless, chronic colitis is among the top high-risk
conditions for CRC, and IBD patients are 6 times more likely
to develop CRC than the general population [10].

Unlike sporadic CRC in which the dysplastic precursor
is usually the adenomatous polyp, IBD-associated dysplasia
can be both polypoid and flat, localized or diffuse, and this
probably reflects the fact that carcinogenesis in the inflamed
colon follows a different sequence of genetic alterations
than that observed in sporadic CRC [11]. The goal of CRC
screening and surveillance colonoscopy in IBD population
is detection of premalignant changes early enough that
intervention can prevent complications of invasive cancer.
Unfortunately, however, surveillance programs have not sub-
stantially prolonged survival in IBD patients, due to the
technical limitations of recognizing dysplastic lesions in flat,
normal-appearing mucosa [12]. This clearly suggests the
need of alternative strategies of chemoprevention.

Over the last decades, the advent of sophisticated tech-
niques of molecular biology has contributed to the identi-
fication of key steps in the process of colon carcinogenesis,
thereby facilitating the development of new drugs that effi-
ciently target malignant cells. Some of these compounds,
such as nonsteroidal anti-inflammatory drugs (NSAIDs) and
selective inhibitors of cyclooxygenase (COX)-2, are effective
in attenuating the growth and diffusion of CRC cells [13, 14].



However, their use in the chemopreventive programs of IBD-
related CRC is not justified because the administration of
NSAIDs and COX2-inhibitors in IBD patients associates with
high risk of disease flare-ups [15, 16].

Mesalazine or 5-aminosalicylic acid (5-ASA) is a drug
widely used in IBDs, mainly UC, for the treatment of mild
relapses and maintenance of remission. Mesalazine is struc-
turally related to NSAIDs, but unlike these compounds, it
is safe and free of serious adverse effects. Epidemiological
observations indicate that mesalazine can be also chemopre-
ventive for IBD-associated CRC [4, 17, 18], even though
one study has documented no benefit [19]. Moreover studies
conducted in experimental models of carcinogenesis have
shown that the drug has many targets in cancer cells and
modulates multiple biological pathways that sustain CRC
[20]. In this paper we review the available experimental data
that demonstrate the ability of mesalazine and its derivatives
to interfere with intracellular signals involved in CRC cell
growth.

2. Mesalazine Inhibits CRC Cell
Growth and Survival

The process of carcinogenesis is facilitated by a complex
and dynamic interaction between genes and environmental
factors that ultimately affects cell growth and survival. As a
matter of fact, apoptosis progressively decreases and prolif-
eration increases in the sequential steps from normal colonic
mucosa to dysplasia and CRC. Therefore, compounds that
inhibit cell proliferation and/or enhance cell apoptosis could
find a place in the therapeutic armamentarium for CRC.
The initial demonstration that mesalazine can block the
growth and promote apoptosis of CRC cells comes from ex
vivo studies in patients with colonic adenoma. Reinacher-
Schick et al. showed that mesalazine administered orally to
patients with sporadic polyps increased the apoptotic rate
and decreased proliferation of cancer cells [21]. Bus et al.
demonstrated that rectal administration of mesalazine in
patients with sporadic CRC enhanced apoptosis of tumor
cells [22]. These observations were supported by studies
in the mouse model of colitis-associated CRC, induced by
administration of azoxymethane (AOM) followed by re-
peated oral administration of dextran sulfate sodium (DSS),
which showed that mesalazine reduced the number and size
of neoplasms [23, 24].

It is conceivable that the anti-neoplastic properties of
mesalazine are in part linked to the ability of the drug to
target mucosal immune cells and inhibit expression and/or
activity of various molecules involved in colon carcinogenesis
(e.g., COX-2, inducible nitric oxide synthase, reactive oxygen
species and nuclear factor-kB). However, mesalazine could
also regulate directly the activity of neoplastic cells. Indeed,
it has been shown that mesalazine inhibits the growth and
enhances the apoptosis of several CRC cell lines in a time-
and dose-dependent manner [25]. The anti-mitogenic effect
of mesalazine is also seen in COX-2-deficient cells raising the
possibility that mesalazine inhibits CRC cell growth via both
COX-2-dependent and independent mechanisms [26].
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Mesalazine-induced antiproliferative effect is associated
with modulation of replication checkpoints in CRC cells,
which ultimately alter cell cycle progression. In this context,
we have shown that increasing concentrations of mesalazine
(i.e., 5-30mM) cause a progressive accumulation of CRC
cells in S phase, thereby decreasing the percentage of cells in
G2/M and GO/G1 [27]. Mesalazine-treated cells exhibit a
reduced expression of the phosphatase CDC25A, but not
CDC25B or CDC25C, and inactivation of CDK2, a target
of CDC25A [27]. Since CDK2 binds to either cyclin E or
cyclin A and regulates the G1/S transition and S phase pro-
gression, respectively [28], mesalazine-induced CDK2 inac-
tivation could be responsible for cell cycle block in S-phase.
The exact mechanism by which mesalazine down-regulates
CDC25A expression is not yet known. It is unlikely that
CHKI1 and CHK2, two upstream kinases that phosphorylate
and promote degradation of CDC25A are involved in the
negative regulation of CDC25A, because mesalazine down-
regulates CDC25A, expression in CHK1- or CHK2-deficient
cells [27]. By contrast, we showed that cells treated with
mesalazine displayed enhanced ubiquitination and protea-
some-dependent degradation of CDC25A [27]. These find-
ings together with the demonstration that mesalazine does
not affect CDC25A RNA expression strongly suggest that
CDC25A is posttranscriptionally down-regulated in mesal-
azine-treated cells. These results are consistent with those
published by Luciani and colleagues, who show that exposure
of CRC cells to mesalazine causes a reversible accumulation
of cells in S-phase [29]. These authors showed that such
an effect was p53 independent and related with the acti-
vation of proteins involved in the ATM- and Rad3-related
kinase- (ATR-) dependent S-phase checkpoint response (e.g.,
Chk1, RAD17) [29]. Further work by other researchers has
confirmed the ability of mesalazine to interfere with cell
cycle progression [30, 31] and shown that CRC cells can
accumulate in various phases of the cell cycle in relation to
the dose and time of exposure to the drug.

3. Effects of Mesalazine on Replication Fidelity

Both sporadic and IBD-related CRC are characterized by a
very similar frequency of the two major types of genomic
instability, namely, chromosomal instability (CIN) and
microsatellite instability (MIN) [32]. CIN is characterized by
atypical segregation of chromosomes and abnormal DNA
content (aneuploidy), with consequent loss of whole (or part
of) chromosomes and function of critical tumor suppressor
genes (e.g., adenomatous polyposis coli, p53). MIN is charac-
terized by an increased rate of point mutations and is depen-
dent on defects in the mismatch repair system, a mechanism
involved in repairing DNA base-pair mismatches, which
occur in the normal DNA replication. During this process,
frameshift mutations, called microsatellites, tend to accumu-
late. Microsatellites occur mainly in intronic DNA sequences
thus resulting in no gene function alteration. However, when
microsatellites are located in exonic gene regions, there can
be a shift in the codon reading frame which results in a
loss of protein function [33]. Studies performed by Gasche
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and Campregher demonstrated that mesalazine improves
replication fidelity in cultured CRC cells independently of the
presence of mismatch repair system [34, 35]. The mechanism
by which mesalazine inhibits the generation of frameshift
mutations remains unknown, even though it could in part
rely on the ability of the drug to slow down DNA replication
and cell division [29], because cell cycle regulation is one of
the defense mechanisms that allow cells to either repair DNA
damage or eventually undergo apoptosis thus safeguarding
the integrity of the genome [36].

4. Mesalazine Inhibits Wnt/B-Catenin
Pathway and EGFR Activation

An intriguing possibility that emerges from the available
experimental data is that the antitumoral properties of
mesalazine reflect the ability of the drug to target several
pathways that are both early and common in colorectal car-
cinogenesis. The Wnt/f-catenin pathway, which is consti-
tutively activated in the majority of CRC, is one of such
targets. In this pathway, Wnt binds to the transmembrane
Frizzled receptor, leading to the activation of the cytoplasmic
disheveled (Dsh) protein. Dsh forms a complex with the
B-catenin degradation complex, which consists of the APC
gene product, glycogen synthase kinase-3 (GSK-3p), axin,
and f-catenin. In the absence of Wnt, GSK-3f phospho-
rylates -catenin, thereby promoting its ubiquitination and
degradation [37]. In response to Wnt signals, -catenin is
no longer targeted for degradation, and it accumulates in
the cytoplasm and subsequently translocates to the nucleus,
where it associates with the transcriptional enhancers of the
lymphoid enhancer-binding factor/Tcf family and stimulates
the expression of genes involved in tumor progression [37].
Bos and colleagues showed that mesalazine inhibits the
Wnt/B-catenin pathway in APC-mutated CRC cells with
intact B-catenin [38]. Mesalazine increases f3-catenin phos-
phorylation and consequently reduces nuclear accumulation
of B-catenin and expression of Wnt/f-catenin target genes
(e.g., cyclin DI, c-met, and c-Myc) [38]. The mechanism
by which mesalazine promotes -catenin phosphorylation
remains to be ascertained, but it is known that the drug
inhibits the activity of the protein phosphatase (PP)2A [38],
a known regulator of the 3-catenin phosphorylation status in
CRC cells [39].

Another important target of mesalazine in CRC cells
is epidermal growth factor receptor (EGFR), the activation
of which is followed by a range of intracellular events that
eventually stimulate CRC growth and survival [40]. EGFR
is overexpressed not only in sporadic CRC but also in the
premalignant lesions of IBD-associated carcinogenesis [41,
42]. We showed that mesalazine suppresses EGFR phospho-
rylation/activation in CRC cells, as a result of its ability to
enhance the activity of protein tyrosine phosphatases (PTPs)
that control EGFR activation [43]. In particular, mesalazine
induces Src homology (SH)-PTP2 to interact with and
promote dephosphorylation of EGFR [43].

3
5. Mesalazine Activates PPAR-y in CRC Cells
The peroxisome-proliferator-activated receptor gamma

(PPAR-y), a transcription factor belonging to the nuclear
hormone receptor superfamily, is highly expressed in the
colon where it regulates cellular proliferation, differentiation,
and apoptosis [44]. PPAR-y activation inhibits formation
of aberrant crypts foci and development of CRC in mice
[45, 46]. Rousseaux et al. showed that PPAR-y is a target
of mesalazine in CRC cells [47]. Specifically, mesalazine
enhances PPAR-y expression, promotes its translocation
from the cytoplasm to the nucleus, and increases its inter-
action with vitamin D3 receptor-interacting protein-205 in
CRC cells [47]. In competitive binding studies, mesalazine
displaces rosiglitazone and the selective PPAR-y ligand
GW1929 from their binding sites on the PPAR-y molecule
[47]. In immune-deficient mice engrafted with human CRC
cells, administration of mesalazine reduces the growth of
xenografts, via a PPAR-y-dependent mechanism [48].
Activation of PPAR-y by mesalazine is accompanied by
induction of the tumor suppressor gene PTEN, activation
of caspase-8 and caspase-3, and diminished expression of
survivin and X-linked inhibitor of apoptosis protein [49].

6. Antineoplastic Effects of
Mesalazine Derivatives

Before generally considering mesalazine as an antitumor
compound, it should be taken into consideration that the
majority of preclinical studies investigating the role of this
drug in CRC growth and survival have been conducted in
experimental models using very high doses which are not
commonly reached within the gut tissue under standard
oral treatment. Therefore, the validation of novel mesalazine
derivatives that exhibit similar safety profiles but enhanced
anticancer activity is highly desirable.

To this end, we have recently developed several mesal-
azine derivatives and focused our work on 2-methoxy-5-
amino-N-hydroxybenzamide (we termed 2-14), since this
compound displayed the more pronounced antimitogenic
effect and was ten times more potent than mesalazine
in blocking CRC cell growth [50]. Interestingly, 2—-14 did
not affect the growth of normal colonic intraepithelial
lymphocytes and fibroblasts [50]. Unlike mesalazine, 2—
14 induced endoplasmic reticulum stress (ERS) in CRC
cells thereby promoting downregulation of cyclin D1 and
accumulation of cells in GO/G1 phase of the cell cycle [50].
As expected, persistent block of 2—14-treated CRC cells in
GO0/G1 phase of cell cycle was accompanied by a caspase-
dependent cell death [50]. To translate these observations
in vivo, we assessed the anti-neoplastic effect of 2—14 in a
syngeneic CRC model, in which tumors were generated by
injecting the murine CRC cell line, CT26, into Balb/c mice.
Mice treated with 2-14 showed a remarkable dose-dependent
decrease in tumor volume compared to control mice [50].
The anticancer effects of 2—-14 was documented regardless
of whether the drug was administered subcutaneously or
systemically while in the same model mesalazine reduced



the growth of tumors only when given subcutaneously [50].
We further strengthened the in vivo anti-neoplastic effect
of 2-14 by using the AOM/DSS-induced colitis-associated
CRC. Mice given 2—14 developed fewer smaller tumors than
control mice and 2-14 treatment was not associated with
significant changes in the proliferation rate of normal colonic
cells [50]. More recently, we showed that 2—14 sensitized CRC
cells to TNF-related apoptosis-inducing-ligand- (TRAIL-)
driven death [51]. TRAIL-driven cancer cell apoptosis is
mediated by ligand-dependent activation of two functional
death receptors (DRs) (i.e., DR4 and DR5) [52]. Treatment of
TRAIL-resistant CRC cells (i.e., HT-29 and DLD-1) with 2—
14 but not mesalazine upregulated DR5 [51]. Moreover, 2—14
down-regulated the expression of survivin, an antiapoptotic
protein that interferes with TRAIL-induced cell death in
cancer cells [53]. These in vitro data were confirmed in a graft
model generated by TRAIL-resistant CRC cells (i.e., CT26) in
mice. In this model 2-14 synergized with TRAIL in inhibiting
the in vivo growth of CT26-derived tumors [51]. In line with
our results, Honeder and coworkers have recently showed
that mesalazine derivatives, including 2—14, inhibit CRC cell
growth [54].

7. Conclusion

In the last decade extensive research has been performed to
evaluate the anti-neoplastic action of mesalazine. Although
definitive conclusions from these studies cannot be drawn,
it seems that when used at very high doses the drug can
interfere with critical steps in the process of colon car-
cinogenesis. Even more promising seem to be the results
obtained with mesalazine derivatives. Among these, 2—14 is
more potent than mesalazine in inhibiting CRC cell growth
and survival, maintains its anti-tumor activity when admin-
istered systemically, and does not affect the proliferation
of normal gut cells. These observations and the fact that
2-14 is fully synthetic and has a fairly simple structure
suggest that this drug could be helpful in designing novel
CRC chemoprevention programs. Further experimentation
is however needed to define the pharmacokinetic properties
of the compound and evaluate the potential effects of 2—14
on vital functions of the host.
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