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Abstract

Ulcerative colitis (UC), a chronic and relapsing idiopathic
inflammatory disease of the colon, although not associated with an
increased mortality compared to the general population, has a sub-
stantial morbidity leading to sizable health care costs, as it carries
an increased risk for development of colorectal cancer (CRC). The
pathophysiology behind this carcinogenic pathway is multifactori-
al. This review summarizes the major pathogenetic steps from
which the inflamed colonic epithelium is transformed to a dysplas-
tic and/or cancerous one. The role of the inflammatory and
immune system, the oxidative stress generated as well as the
genomic stability observed in UC-associated CRC is presented so
as to provide a more spherical view of the tumorigenic process and,
if possible, offer new diagnostic approaches for the early detection
of CRC. (Acta gastro enterol. belg., 2012, 75, 293-299).
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Introduction

Ulcerative colitis (UC) is a chronic and relapsing idio-
pathic inflammatory disease of the colon, which belongs
to the group of inflammatory bowel diseases (IBDs). UC
is not associated with increased mortality compared to
that of the general population. However, its morbidity is
substantial leading to sizable health care costs (1,2).
Epidemiological data suggest that the incidence and
prevalence of UC vary with geographic location and eth-
nicity. In the USA, incidence rates range from 6.0 to
15.6 cases per 100,000 persons/years, while in Europe
from 1.5 to 20.3 cases per 100,000 persons/years. As far
as prevalence is concerned, figures range from 38 to
246 cases per 100,000 persons in the USA and 21 to
243 cases per 100,000 persons in Europe (1,3).

As early as 1925, physicians had recognized that
patients with UC have an increased risk for the develop-
ment of colorectal cancer (CRC) (4,5). Eaden et al. not
only reported that the overall prevalence of CRC in any
patient with UC is 3.7%, but, also, that that the risk of
CRC for any patient with UC is estimated to be 2% after
10 years, 8% after 20 years and 18% after 30 years of
disease (6). Others estimate the exponential incidence of
CRC in UC to be approximately 7-10% at 20 years of
disease and as high as 30% after 35 years of disease (7).
In general, the risk of CRC is increased within the range

of 0.5% to 1.0% per year after 8 to 10 years of disease in
patients with extensive UC (1,7).

Pathophysiology of carcinogenesis in ulcerative
colitis

Unlike sporadic CRC developing from a distinct ade-
nomatous precursor outgrowing the mucosa as a polyp,
cancer in UC patients arises from a focal or multifocal
dysplastic mucosa (abnormalities in crypt architecture
and cytological detail) in areas of inflammation (8).
These mucosal areas can represent either flat lesions (the
majority of cases) or raised lesions, called dysplasia-
associated lesions or masses (DALMs) (9).

Any neoplastic progression in UC patients involves a
stepwise progression of pathological changes that begin
with an inflamed and hyperplastic epithelium that is,
finally, transformed to adenocarcinoma. The histological
alterations in between these two ends include, firstly,
indefinite dysplasia, and, afterwards, flat dysplasia (low
or high-grade). However, it remains unclear whether
tumor progression can skip one or more of these steps or
if one grade of dysplasia may progress to another
grade (10,11). 

Moreover, many questions, relating to the process of
cancer formation described, need to be answered. What
is known for sure involves a sequence of events (muta-
tions in somatic cells followed by their clonal expansion)
arising in an inflammatory epithelium, such as that seen
in UC patients. Scientists have not revealed the exact
mechanism by which these genetic abnormalities con-
tribute to the mutator phenotype (i.e. how and when
mutated cells expand into dysplasia/cancer) and how
clonal succession is associated with tumor progression
(i.e. if the mutation load increases as cells become
increasingly dysplastic) (12-14). 
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microbe, binds to these receptors, the nuclear factor κB
(NFκB) and mitogen-activated protein kinase (MAPK)
pathways are activated, promoting the inflammatory
response (15). The pro-inflammatory cytokines secreted
by the aforementioned inflammatory and immune cells,
like tumor necrosis factor-α (TNF-α), bind to the recep-
tor TNF-receptor (TNF-R) and promote inflammation
and UC-associated CRC via upregulation of genes
involved in prostaglandin synthesis to mediate tissue
repair, such as cyclo-oxygenase 2 (COX-2), which in
turn induces angiogenesis promoting tumor growth (21).

Oxidative stress

In parallel, this inflammatory process induces
nitrosative stress and lipid peroxidation by generating an
excess of radical reactive oxygen and nitrogen species
(ROS and RNS, respectively), released by cells of the
innate immune system, favoring tumor growth (22). Both
ROS and RNS are highly reactive free radicals that can
affect many metabolic processes, including those that
regulate DNA, RNA, proteins, and lipids ; they are capa-
ble of causing potentially carcinogenic changes to DNA,
such as single and double strand breaks and base modifi-
cations or affect regulation of genes that encode factors
that prevent carcinogenesis (p53, DNA mismatch repair
proteins and base excision-repair proteins) (11,20,23). 

ROS produced by neutrophils and macrophages in the
colonic mucosa, under the influence of pro-inflammato-
ry cytokines, penetrate neighboring epithelial cells and
causes DNA damage. ROS formation can, also, be trig-
gered by TLR-mediated sensing of microbial antigens
and through the activity of inducible nitric oxide syn-
thase (iNOS), described below. DNA is damaged which
in turn leads to telomere shortening and the induction
of senescence in cells ; this mutagenic phenotype ulti-
mately leads to dysplasia and carcinogenesis (15).

Cytokines released upregulate iNOS in macrophages
and epithelial cells, resulting in increased local produc-
tion of nitric oxide (NO). NO, while, on its own, has no
effect on DNA, can react with oxygen and superoxide
yielding highly reactive byproducts (dinitro gen trioxide
and peroxynitrite, respectively), which are responsible
for DNA mutations and breaks, through deamination
of DNA bases (15,24,25). It is this oxidative stress
(amongst other factors) that is responsible for cellular
damage, through the genomic instability described in
detail below, contributing to the pathogenesis of the
inflamed colon and the formation of cancerous cells
(Fig. 1) (26).

Genomic instability

Even though sporadic CRC and UC-associated CRC
have different molecular pathophysiology due to differ-
ences in mucosal origin they share common genetic fea-
tures as they are both the result of genomic instability
(chromosomal instability – CIN – and microsatellite
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Chen et al., using PCR-based DNA fingerprinting
techniques in three UC patients with high-grade dyspla-
sia, revealed that crypts from UC-associated
dysplasia/cancer showed alterations in 10-20% of DNA
fingerprint sites, regardless of whether the crypts were
dysplastic or non-dysplastic and whether the DNA came
from one crypt or thousands of crypts. When single
crypts with a mutational change were examined,
researchers revealed that, almost, half were clonally
expanded to adjacent crypts and/or to the thousands of
crypts in a single biopsy. Data were also revealing when
fluorescent in-situ hybridization was used to examine
p53 alterations in individual crypt cells ; DNA alterations
were initiated in colonic crypts and expanded to adjacent
crypts through crypt fission. Their paradigm suggested
that a continuous process of DNA mutations, clonal
expansion through crypt fission and clonal succession
can initiate the development of inflammatory-associated
CRC (12).

The role of the immune and the inflammatory response

While no direct genetic cause has been found, so far,
for the increased risk of CRC in patients with UC, the
role of the inflammatory response and immune cells and
their products has been shown to be pivotal in the initia-
tion and progression of UC-associated CRC (15). This
comes as no surprise since more and more data suggest
that the chronic inflammatory environment in the colon
of UC patients is responsible not only for the develop-
ment of CRC but, also, for its progression (9,16). This is
the rationale behind the experimental use of non-
steroidal anti-inflammatory drugs (NSAIDs), like
mesalamine, in the prevention of CRC (17). However,
only a handful of studies have directly investigated
whether the level of inflammation correlates with the
risk of developing adenocarcinoma in UC patients ; dis-
ease activity has not been shown to correlate with the
incidence of UC-associated CRC (11). On the other
hand, the degree of active inflammation, assessed by his-
tological criteria, has been found to be an independent
risk factor for developing advanced CRC among patients
with long standing UC (18,19).

The same deregulated immune response responsible
in the pathogenesis of UC seems to be implicated in the
formation of precancerous and cancerous cells. This
response includes the loss of tolerance against luminal
antigens, such as commensal bacteria residing in the
intestinal lumen, due to transient breaks in the mucosal
barrier and the concomitant increase of the epithelial per-
meability ; bacteria are allowed to infiltrate the subep-
ithelial tissue where an inflammatory response against
them is generated (20).

The colonic mucosa in UC patients is infiltrated by
neutrophils and macrophages (both phagocytic cells) as
well as by B cells and T cells, all of which express trans-
membrane Toll-like receptors (TLRs), which are specific
microbial recognition receptors. When an antigen, like a
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instability – MSI –) (9,27). While both molecular
 mechanisms of MSI and CIN have been identified in
both categories of patients and while both are responsi-
ble in the same percentage for the development of CRC
(85% for CIN and 15% for MSI in both sporadic and
UC-associated CRC), it is the time and the frequency
with which these alterations take place that seems to be
of the essence (Table 1) (27-37). Furthermore, CRC in
UC patients have widespread genomic instability in their
colon ; these genetic alterations have been identified
long before any histologic evidence of dysplasia or can-
cer. On the other hand, there is no instability in the
colonic mucosa of UC patients who are cancer/dyspla-
sia-free (38-40).

Chen et al., using two polymerase chain reaction
(PCR)-based DNA fingerprinting methods, assessed the
DNA sequence variation in biopsies across the spectrum
of cancerous, dysplastic, and nondysplastic mucosa in
UC patients. Showing that the degree of genetic instabili-
ty in nondysplastic tissue was similar to that of dysplas-
tic/cancerous mucosa from the same patient, their data
suggested that UC patients who develop dysplasia or
cancer have an underlying process of genomic instabili-
ty in their colonic mucosa whereas UC patients who are
dysplasia-free do not (38). The presence of genetic alter-
ations has, also been detected in the stroma of the colon
of UC patients from an early stage of carcinogenesis,
accompanied by a stepwise increase in the genetic insta-

bility of the colonic epithelium with progression to can-
cer, indicating not only that stromal genetic instability
might contribute to tumorigenesis of UC-associated
CRC but, also, a possible distinct carcinogenesis path-
way of UC (41,42).

Microsatellite instability

Microsatellites, which are short repeated nucleotide
sequences (as short as one or two nucleotides) are inter-
spersed throughout the human genome (43). MSI
involves the primary loss of function of genes that usual-
ly repair DNA base-pair mismatches that occur during
the normal process of DNA replication in dividing cells
and is characterized by the accumulation of somatic
alterations in these microsatellites (due to the presence of
insertions or deletions in these repetitive sequences) (44).

A study involving 57 UC patients revealed MSI in 4
of 11 cancer cases (36%), 5 of 15 dysplasia cases (33%),
5 of 11 indefinite cases (45%). No MSI was detected
amongst the 20 UC patients with no dysplasia or cancer
(0%) (45). While some researchers have shown that
MSI+ phenotypes were present not only in UC-associat-
ed CRCs, high grade dysplasias and low grade dysplasias
(67%, 67%, and 33%, respectively) but, also, in 25% of
patients with inflamed UC mucosa without colonic neo-
plasm (46), others suggest that MSI is rare in UC-related
CRC as well as non-neoplastic lesions, and, therefore,
does not contribute to the progression of the colitis-
 dysplasia sequence (47,48).

hMLH1 is part of the mismatch repair system, a
 protein which, along other proteins (hMSH2, hPMS1,
hPMS2, hMSH6, and hMLH3), forms specific het-
erodimers to coordinate DNA repair (49). Methylation of
the hMLH1 promoter causes MSI in patients with
 sporadic CRC, via the transcriptional silencing of
hMLH1 (9). 

Kuismanen et al. investigated 46 sporadic MSI+
CRCs for changes in hMSH2 and hMLH1 protein
expression. The majority of cases (78%) showed lost or
reduced hMLH1 expression ; among these, 83% was
associated with hMLH1 promoter hypermethylation,
while the rates of loss of heterozygosity (LOH) and
somatic mutation of hMLH1 were 24% and 13%, respec-
tively. As for hMSH2, its expression was lost in 15% of
CRC cased out of which, 29% showed LOH and/or
somatic mutation of hMSH2 (50).

A study of 148 patients with UC/Crohn's-associated
CRC, out of which the vast majority (80%) were
microsatellite stable, revealed that hMLH1 promoter
hypermethylation occurred frequently in the setting of
MSI. hMLH1 hypermethylation was observed in 46% of
patients with high levels of MSI (instability at two or
more loci), in 16% of patients with low levels of MSI
(instability at only one locus), and in 15% of microsatel-
lite stable patients (no instability at any loci). Perhaps,
hMLH1 promoter hypermethylation may cause MSI or
contribute to its development (51). The pivotal role of
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Fig. 1. — The sequence of events leading from normal to
 cancerous colonic epithelium along with major pathogenetic
triggers. 
Environmental factor can be any toxin like a bacterial or viral
infection or a drug (e.g. non-steroidal anti-inflammatory
drugs) ; the range of dysplasia can be wide (from indefinite to
high grade).
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Aust et al. reported losses on chromosomes 18q, 8p,
17p, and gains on 8q, 20q, and 13q on patients with
CRC, either UC-related or sporadic. However, differ-
ences in the frequency and timing of specific alterations
were, also, observed. For instance, chromosome 5q was
lost in nearly half of UC-related CRC in contrast with
approximately ¼ of sporadic CRC (56% and 26%,
respectively), while 18q loss was associated with stage
progression only in sporadic cancers. In contrast, alter-
ations of chromosome 8 were associated with stage pro-
gression in UC-related, but not in sporadic CRC (55). 

Loss of adenomatous polyposis coli (APC) function,
usually through protein truncation or allelic loss is  evident
in as much as 85% of all CRCs. The APC gene, consid-
ered the “gatekeeper” of the colon, is located on chromo-
some 5q21-q22 (29). Loss of APC function results in ele-
vated β-catenin concentration (a subunit of the cadherin
protein complex), which could be the initiating event in
intestinal tumorigenesis, through a process not yet fully
understood (30-32). In patients with mucosa of the colon
negative or indefinite for dysplasia, mutations in APC
are rarely, if ever, detected as the vast majority of
patients with low-grade dysplasia or cancer have no
mutations in APC. Allelic deletion of APC occurs in less
than one third of UC-associated CRCs (11,56).

The loss of p53 function is thought to play a crucial
role in the pathogenesis of UC-associated CRC. Burmer
et al. demonstrated in UC patients that loss of a p53
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hMLH1 and hMSH2 in tumorigenesis is highlighted by
the fact their germline mutations are responsible for the
most common inherited CRC, the hereditary nonpoly -
posis colon cancer (52).

Chromosomal instability

CIN, the product of abnormal segregation of chromo-
somes and abnormal DNA content (aneuploidy), results
in loss of chromosomal material LOH at sites of a num-
ber of cancer related genes (29). This loss and gain of
chromosome arms contributes to a variety of chromo-
some-level changes (deletions, amplifications, transloca-
tions) (53). Overall, CIN is a preneoplastic phenomenon
that possibly reflects an underlying genomic instability
that may predispose these patients to carcinogenesis
(15). Interestingly enough, while Willenbucher et al.

have demonstrated CIN to be also present in the non dys-
plastic parts of the colon of UC patients (27), Chen et al.

have shown CIN in only a minority of UC patients (20%)
without progression to neoplasia (38).

Studies in UC patients have revealed that aneuploid
cell populations spread over time, occupying larger areas
of the mucosa. Moreover, within a specific area of aneu-
ploidy, subclones of aneuploid cells appear to emerge
from their predecessors. It is this dysregulation of the
subclones which is responsible for their expansion at the
expense of the normal surrounding epithelium (54).

Table 1. — Differences in time and frequency of genomic instability between sporadic and UC-associated CRC

APC : adenomatous polyposis coli ; CpG : cytosine phosphate guanine ; hMLH1 : human MutL homolog1 ; hMSH2 : human MutS homolog 2 ;
hMSH6 : human MutS homolog 6 ; hPMS2 : human postmeiotic segregation increased 2 ; COX-2 : cyclooxygenase-2 ; k-ras : Kirsten rat sarcoma ;
DCC : deletion in colon cancer ; DPC4 : deletion in pancreatic cancer 4 ; c-src : c-sarcoma.

Sporadic CRC UC-associated CRC

methylation of the hMLH1 promoter

• very common
heterogeneous abnormalities in hMLH1, hMSH2, hMSH6, and hPMS2
repair genes 

• uncommon
• early event

methylation of the hMLH1 promoter

• rare
heterogeneous abnormalities in hMLH1, hMSH2, hMSH6, and hPMS2
repair genes 

• frequent
• latter event

p53 loss or mutations

• late event
p53 loss or mutations

• early event

Hypermethylation of promoter CpG islands

• later event
• less widespread throughout the mucosa

Hypermethylation of promoter CpG islands

• early event
• more widespread throughout the mucosa

Aneuploidy

• early event
Aneuploidy

• early event

Glycosylation abnormalities (increased expression of sialosyl Tn antigen)

• early event
Glycosylation abnormalities (increased expression of sialosyl Tn antigen)

• early event

Induction of COX-2

• later event
Induction of COX-2

• early event

k-ras gene mutations

• earlier event
k-ras gene mutations

• later event

Loss of function of tumor suppressor genes on chromosome 18q in the
region of the DCC and DPC4 genes

• later event

Loss of function of tumor suppressor genes on chromosome 18q in the
region of the DCC and DPC4 genes

• earlier event

c-src tyrosine kinase induction

• later event
c-src tyrosine kinase induction

• earlier event
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allele was found in 85% of biopsy specimens classified
histologically as carcinoma, 63% with high grade dys-
plasia, and 33% with low grade dysplasia. LOH for p53
was also found in 9% of biopsy specimens indefinite for
dysplasia (57). Other researchers, through the use of sin-
gle-strand conformation polymorphism analysis, DNA
sequencing, and LOH studies, revealed that point muta-
tions affecting p53 in dysplastic and cancerous UC
lesions were detected in 26 lesions from 20 patients.
Missense, nonsense, and tandem mutations were also
detected (58). 

Interestingly enough, p53 mutations appear to be an
early genetic event that precedes p53 LOH. Data
 revealing that mutations, but not LOH, were found in
non  dysplastic or only indefinite for dysplasia UC
mucosa adjacent to dysplastic areas suggest that p53
mutations precede aneuploidy in the process of carcino-
genesis (59). The finding that in UC patients, higher p53
codon 247 and 248 mutation frequencies were observed
in the inflamed regions when compared with non
inflamed regions of their colon, suggesting that these
mutations maybe the result of the inflammatory environ-
ment (60).

The loss of function of tumor suppressor genes on
chromosome 18q in the region of the deletion in colon
cancer (DCC) and in pancreatic cancer (DPC4) gene as
well as induction of the k-ras oncogene, has also been
observed in UC-associated CRC (29,61,62). Data, also,
suggest that activation of the src proto-oncogene, which
encode cytoplasmic, membrane-associated protein
 tyrosine kinases, is an early event in the genesis of UC-
associated CRC (63,64). Expression of the mucin-
 associated carbohydrate antigen sialosyl-Tn (glycosyla-
tion abnormalities) seems to correlate with malignant
transformation in UC patients as it is expressed in
 aneuploid, diploid, and nondysplastic mucosa
areas (36,65,66). 

DNA hypermethylation - epigenetic alterations

Methylation of CpG islands in several genes (have,
also, been suggested to precede dysplasia in UC
patients (35,67,68). A recent study amongst 19 patients
with CRC arising within UC revealed that the CpG
island methylator phenotype was observed in 5% of UC-
associated CRCs (69). A number of human cancer genes
that contain hypermethylation of promoter CpG islands
have been identified like p14 (ARF), p16 (INK4a), and
E-cadherin (CDH1) (70-74).

Conclusions

UC, a chronic inflammatory disease and the result of
an altered host response to intestinal flora under the
effect of an environmental insult (bacterial or viral infec-
tion, drugs), has substantial morbidity since UC patients
are at an increased risk for developing CRC (1).
However, CRC can develop in patients without any
 histological evidence of UC. What is known for sure is

that the carcinogenesis pathway, involving the transfor-
mation of the inflammatory colonic epithelium to a dys-
plastic and/or cancerous one, is multifactorial (75). 

Carcinogenesis is promoted under the influence of an
inflammatory colonic epithelium. This inflammatory
environment though is not enough ; otherwise all UC
patients would develop CRC. Individual components of
the innate and adaptive immune response have, also,
been implicated in carcinogenesis. Free radicals, like
ROS and NOS, produced by inflammatory cells, can
affect regulation of genes that encode factors that prevent
carcinogenesis and induce DNA damage. This genomic
instability is one of the defining genetic fingerprints of
UC-associated CRC. CIN, MSI and DNA hypermethyla-
tion are evident in the majority of UC patients who
develop dysplasia and/or cancer and are present in the
inflamed colonic mucosa long ago before any
histopathologic evidence of dysplastic and/or cancerous
cells. However, no direct genetic cause has been found
for the increased risk of CRC in UC patients (15).

Up to now, screening of UC patients with endoscopy
for the development of any dysplastic lesion (polypoid,
flat, localized, or multifocal) is the only armament avail-
able to the treating physician. The endoscopist must bear
in mind that dysplasia in UC can be found at distant sites
from the cancer itself or before the cancer develops and
is difficult to recognize on colonoscopy, as it often aris-
es from flat, normal-appearing mucosa. Therefore, the
standard histological examination of random intestinal
biopsy samples might be inefficient as a method of can-
cer surveillance (15). Researchers have, even, proposed
surveillance strategies so as to reduce the risk of CRC in
UC patients according to the histopathology of the biop-
sy samples ; proctocolectomy is indicated in the case of
dysplasia of any grade found in an endoscopically non-
resectable polyp and high-grade dysplasia found in flat
mucosa. In the case of a solitary low- or high-grade dys-
plasia found in a discrete adenoma-like polyp, polypec-
tomy and accelerated surveillance are warranted
(28,29,76). However, current surveillance protocols
seem to lack efficacy (77). New imaging modalities like
chromoendoscopy, digital chromoendoscopy, high-defi-
nition endoscopy and confocal laser endomicroscopy
may increase the diagnostic yield of endoscopy and
reduce the risk of death from UC-associated CRC (78-
80).

Besides any surveillance protocol, the use of anti-
inflammatory medications as an attempt to suppress the
degree of active inflammation and, hence, lower the risk
for UC-associated CRC, has produced conflicting
results. Studies so far have not established that any anti-
inflammatory agent used to treat UC has any chemopre-
ventive effects against cancer (11). Finally, the role for
prophylactic proctocolectomy in high risk UC patients
for CRC (like those with with primary sclerosing cholan-
gitis) is still controversial (81).

Understanding the genetics behind the transformation
of the inflamed colonic epithelium into a dysplastic
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SOARES-LIMA S.C., DE ALMEIDA SIMÃO T. et al. Analysis of mutations
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patients with inflammatory bowel disease. Int. J. Colorectal. Dis., 2009, 24 :
1141-8.
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and/or cancerous may offer the treating physician new
molecular screening approaches. Aneuploidy, mutations
in p53 and k-ras, increased expression of sialyl Tn anti-
gen may provide robust diagnostic information (29).
DNA double-strand breaks (DSBs) and their products
like the variant histone H2A.x, which rapidly becomes
phosphory lated to form γ-H2A.x at the site of the DSB,
8-hydroxydeoxyguanosine (8‑OHdG), formed when the
DNA base deoxyguanosine is oxidatively modified by
ROS, α‑methylacyl-CoA-racemase (AMACR), an
enzyme that catalyzes the racemization of α‑methyl-
branched carboxylic coenzyme A thioesters, could serve
as specific biomarkers of oxidative DNA damage and,
therefore, preneoplasia (15). As scientists gain more and
more insight on the tumorigenesis pathway and the
genomic instability that accompanies it, new biologic
markers (with high sensitivity and specificity) could be
the next best thing in UC-associated CRC detection. 
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