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MINIREVIEW

Altered glycosylation in inflammatory bowel
disease: A possible role in cancer development

Barry J. Campbell∗, Lu-Gang Yu and Jonathan M. Rhodes

Glycobiology Group, Henry Wellcome Laboratory of Molecular & Cellular Gastroenterology, Department of Medicine,
University of Liverpool, Crown Street, Liverpool, L69 3BX, UK

Ulcerative colitis and Crohn’s disease (together known as Inflammatory Bowel Disease or IBD) are both associated with
increased risk for colorectal cancer. Although it is conventional to emphasise differences between IBD-associated and
sporadic colon cancer, such as a lower rate of Adenomatosis Polyposis Coli mutations and earlier p53 mutations, IBD-
associated cancer has a similar dysplasia-cancer sequence to sporadic colon cancer, similar frequencies of major chromo-
somal abnormalities and of microsatellite instability and similar glycosylation changes. This suggests that IBD-associated
colon cancer and sporadic colon cancer might have similar pathogenic mechanisms. Because the normal colon is arguably
in a continual state of low-grade inflammation in response to its microbial flora, it is reasonable to suggest that both IBD-
associated and sporadic colon cancer may be the consequence of bacteria-induced inflammation. We have speculated that
the glycosylation changes might result in recruitment to the mucosa of bacterial and dietary lectins that might otherwise
pass harmlessly though the gut lumen. These could then lead to increased inflammation and/or proliferation and thence
to ulceration or cancer. The glycosylation changes include increased expression of onco-fetal carbohydrates, such as the
galactose-terminated Thomsen-Friedenreich antigen (Galβ1,3GalNAcα-), increased sialylation of terminal structures and
reduced sulphation. These changes cannot readily be explained by alterations in glycosyltransferase activity but similar
changes can be induced in vitro by alkalinisation of the Golgi lumen. Consequences of these changes may be relevant not
only for cell-surface glycoconjugates but also for intracellular glycoconjugates.
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Inflammatory bowel disease-associated colon cancer

In both ulcerative colitis and Crohn’s disease (together known
as inflammatory bowel disease) there are strong associations
between duration and extent of mucosal inflammation and col-
orectal cancer risk. Each condition has a prevalence of between
one and five per thousand people in Western countries. Their
clinical features overlap but ulcerative colitis affects only the
colon and rectum whereas Crohn’s disease may affect any part
of the gastro-intestinal tract. Both diseases are commonly pre-
sumed to result from an altered host response to the normal
intestinal bacterial flora [1]. In approximately one quarter of
cases of Crohn’s disease, particularly those with small intesti-
nal involvement, there is an alteration in a gene called NOD2
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[2,3] which encodes a protein that is selectively expressed in
macrophages. Its function is not well understood but it is rea-
sonable to assume that it may alter the macrophage response
to bacteria. It is now recognised that the cancer risk is equiv-
alent in both ulcerative colitis and Crohn’s disease when there
is a similar extent and duration of colonic disease and amounts
to an approximately 5-fold overall relative risk in colorectal
cancer compared with the age-matched general population [4].
In Crohn’s disease, there is a convincing association between
inflammation and cancer at various sites. Patients with small
bowel Crohn’s disease have an increased risk for small bowel
cancer which is otherwise extremely rare [5] and cancers can
occur at the site of inflammation in the anal canal, in fistula tracts
and in surgical scars. In keeping with the development of cancer
as a consequence of inflammatory bowel disease rather than as
a co-inherited phenomenon, a recent study of over 30,000 cases
of inflammatory bowel disease in Sweden, has shown no signifi-
cantly increased risk of colorectal cancer in first-degree relatives
of inflammatory bowel disease patients [6]. The presence of a



852 Campbell, Yu and Rhodes

family history of colon cancer does however increase this risk
still further. Inflammatory bowel disease-associated cancer thus
serves as an excellent model of inflammation-associated cancer
and may also provide many important clues to understanding
the pathogenesis of sporadic colorectal cancer.

Abberant mucosal glycosylation

Similar mucosal glycosylation alterations occur in colon can-
cer, adenomatous and metaplastic polyps and in pre-cancerous
conditions of the colon such as ulcerative colitis and Crohn’s
disease [7] affecting intracellular, cell-surface and secreted gly-
coconjugates. Probably the commonest change is the shortening

Figure 1. Panel A: HPAEC separation of (a) 0.5 µg TF antigen Galβ1-3GalNAcα- (1, arrows) and Galβ1-3GalNAcα- liberated
by O-glycanase treatment of (b) 100 µg antifreeze glycopeptide AFGP-I and (c) colonic adenocarcinoma mucin. All samples
contained 320 ng melibiose (2) as internal standard. From reference [9], reprinted with permission; Panel B: TF antigen liberated
by O-glycanase from purified mucin was significantly higher in colonic adenocarcinoma (n = 11) and colitic (n = 5) mucin samples
when compared with adjacent histologically normal tissue (n = 9). ∗∗∗ P < 0.0001 and ∗∗ P = 0.0018, respectively; ANOVA. From
reference [9], reprinted with permission; Panel C: Bafilomycin A1 increases expression of oncofetal TF antigen by mucin from LS174T
colonocytes (as assessed by binding of PNA per 250 cpm 14C-threonine labelled cellular [�], secreted [����] and total mucins [................

................................

],
n = 16). ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001 indicate significant differences from control; (ANOVA). Reprinted with permission from
reference [37]; Panel D: Aberrant mucosal glycosylation seen in colitis, colitis-associated cancer and colon cancer is characterised
by increased expression of truncated O-glycans particularly oncofetal carbohydrate antigens such as TF (core 1) and sialyl Tn.

of the O-linked oligosaccharide side chains of glycoproteins
[8,9]. Our own work has provided clear evidence of increased
expression of the core 1 structure in O-linked oligosaccharides,
the oncofetal Thomsen Friedenreich (TF) carbohydrate anti-
gen (galactoseβ1,3N-acetylgalactosamine) α-linked to serine
or threonine of the protein core) by mucins extracted from
colon cancer and ulcerative colitis mucosal samples [9] (see
Figure 1). Others have shown increased expression of short
O-linked oncofetal antigens such as sialyl Tn (sialylα2,6N-
acetylgalactosamine α-linked to serine or threonine of the pro-
tein core) [10,11]. In previous studies, we and others have
also demonstrated that mucosal samples from the colons of pa-
tients with ulcerative colitis incorporate less sulphate into their
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mucus when cultured in vitro than non-inflammatory bowel dis-
ease controls [12,13], supporting earlier histochemical evidence
of reduced mucosal sulphation [14]. Although having similar
glycosylation changes, South Asians with colitis, unlike their
European counterparts, do not have reduced sulphomucin [15]
and it has been speculated that this might be related to their
apparent low risk for colitis-associated colon cancer. Other gly-
cosylation changes include increased expression of ABO blood
groups and increased sialylation of peripheral blood group
structures resulting, for example, in di-sialyl and tri-sialyl Lewis
antigen variants, particularly those with Galβ1,4GlcNAc link-
age (Lewisx and Lewisy) [16]. Increased sialylation of mucins
has also been documented by our own group in inflammatory-
bowel disease colonic mucosal explants [17]. Some of these
changes, notably sialyl Tn expression, have been shown to be
markers of high risk for cancer development in inflammatory
bowel disease mucosa [10,11] but glycosylation changes can
often be found in the absence of dysplasia and seem to predate
cytological malignant change in inflammatory bowel disease.

A similar colitis-cancer association exists in the Cotton-top
tamarin, a New World monkey that is susceptible to a dis-
ease that is indistinguishable from human ulcerative colitis. The
monkeys universally develop colitis in captivity and many go on
to develop colon cancer subsequently [18]. Colon cancer has not
been reported in the monkeys prior to the development of colitis.
A selective mucin sub-class depletion has been reported in this
animal similar to the changes seen in human ulcerative colitis
[19]. This subclass is defined by its ion-exchange profile. Our
opinion is that this subclass probably accounts for most of the
pure mucin [20] but even if this just indicates mucin depletion it
is a very interesting finding. As in human colitis, increased ex-
pression of oncofetal TF antigen (as demonstrated by increased
peanut lectin binding), is seen on colonic mucosal glycoconju-
gates of Cotton-top tamarins with chronic colitis [21,22] with a
marked degree of expression significantly associated with those
animals that developed colorectal carcinoma [22]. Lectin his-
tochemistry has also demonstrated interesting differences be-
tween mucins in those New World monkeys who are susceptible
to colitis and colon cancer and those which are colitis suscep-
tible but cancer resistant [23]. One of the key differences ob-
served, is the presence of fucosylated Ulex europaeus (UEA-1)
lectin-positive cellular glycans in the cancer-prone tamarins.

Mechanisms of altered glycosylation

It is not known whether the glycosylation abnormalities in colon
cancer, colitis and colitis-associated cancer are determined by
alterations in the relative activities of the relevant Golgi glyco-
syltransferases, altered substrate availability or changes in the
amino-acid sequence of the glycoprotein.

The pattern of glycosylation of cell-surface glycoproteins
can be altered as a consequence of altered splicing. We showed
that cell surface expression of the TF oncofetal carbohydrate
antigen on colon cancer cells can occur specifically on high

molecular weight splice variants of the adhesion molecule
CD44 whereas the standard CD44 from both normal and colon
cancer tissues does not express TF [24]. Several studies have
suggested a link between CD44 splicing, altered cell surface
glycosylation and tumour cell behaviour. Transfection of a
poorly tumorigenic rat colon cancer cell-line with human H
blood group antigen-forming α(1-2) fucosyltransferase cDNA
resulted in cell-surface expression of H antigens selectively
borne on CD44v6 and conferred increased mobility and tu-
morigenicity to the transfected cells [25]. The expression of
oncofetal carbohydrate antigens on CD44 splice variants pro-
vides a link between cancer-associated changes in glycosyla-
tion and CD44 splicing, both of which correlate with increased
metastatic potential. The fact that high-molecular-weight CD44
variants are also found in colitis [26], may explain some of the
glycosylation changes in that condition. The association be-
tween CD44 splicing and glycosylation suggests that the nature
of O-glycosylation may be determined, at least in part, by the
amino-acid sequence of the protein (CD44) undergoing glyco-
sylation. It does not however explain the simultaneous change
in glycosylation of secreted mucins that is commonly seen in
disease states.

The reduction in mucosal sulphation seen in inflammatory
bowel disease and colon cancer could itself explain some of the
other changes because the TF antigen has been shown to be con-
cealed by O-sulphate esters in the normal colon [27]. Moreover,
a colonic mucin sulphotransferase, which undergoes progres-
sively reduced expression from adenoma to cancer, has as its
preferred acceptor the TF antigen [28]. However, in a metic-
ulous study, Brockhausen and colleagues have shown that, al-
though there are changes in expression of the relevant glycosyl-,
sialyl-, and sulpho-transferases in colon cancer, these changes
correlate relatively poorly with the changes in carbohydrate
expression [29]. They speculated that other explanations, in-
cluding altered arrangement of transferases within the Golgi,
might be responsible.

The relative positions in the Golgi of the different glycosyl-,
sialyl- and sulpho-transferases are critically important in deter-
mining O-glycan structure [30,31] and these positions can be
affected by intra-Golgi pH [32]. We have speculated that the
changes in O-glycosylation seen in colitis, colitis-associated
cancer and in sporadic colon cancer might all result from re-
duced Golgi acidification, possibly mediated by inflammatory
cytokines generated as a result of bacterial-mucosal interac-
tion [33]. Intra-Golgi pH is maintained by the activity of an
electrogenic vacuolar ATP-dependent proton pump (V-ATPase)
[34,35] which can be blocked by the macrolide bafilomycin A1

[36]. We have recently shown that increasing the intra-Golgi
pH of goblet cell-differentiated colonocytes following treat-
ment with bafilomycin A1, mimics the decreased mucin sul-
phation and increased oncofetal TF antigen expression seen
in colon cancer, colitis and colitis-associated cancer [37] (see
Figure 1). Work by Axelsson and colleagues [38] confirms that
the altered glycosylation that results from altered intra-Golgi pH
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is mediated by altered position of glycosyltransferases within
the Golgi. Intra-Golgi pH has been little studied in cancer but
there is some evidence of defective Golgi acidification in cancer
cells [39]. Interestingly, the contrasting glycosylation changes
seen in cystic fibrosis (undersialylation of plasma membrane
glycoconjugates) are shown to be due to hyper-acidification of
the trans-Golgi as a result of the dysfunctional CFTR (cystic
fibrosis transmembrane conductance regulator) gene product
[40].

We have recently found that some of the inflammatory
bowel disease and cancer-associated glycosylation changes can
be induced in cultured goblet cell-differentiated colon cancer
cell lines by the pro-inflammatory cytokine, tumor necrosis
factor alpha (TNF-α) [41,42]. This includes abberant mucin
synthesis and expression, increased oncofetal TF expression
and reduction in mucosal sulphation. Others have shown in-
creased cell-surface expression of the cancer-related carbohy-
drate antigens sialyl Lewisx, in response to TNF-α [43], and
Lewisy, in response to interferon-alpha and interferon-gamma
[44]. TNF-α has recently been demonstrated to alter glycosyl-
and sulfotransferases of the human bronchial mucosa respon-
sible for the biosynthesis of Lewis x and of its sialylated
and sulfated forms on mucins [45]. However, further studies
are needed to determine whether pro-inflammatory cytokines
mediate aberrant glycosylation changes in colitis and colitis-
associated cancer by altered glycosyltransferase expression or
through alteration of intra-Golgi pH. In addition, studies show
that CD44 expression and splicing in colonocytes may also
be modified by cytokines particularly IL-4 and IL-13, IFN-
γ and TNF-α [46–48] so this may represent an alternative
mechanism for inflammation-induced alterations in cell surface
glycosylation.

Is colonic mucosal inflammation the driving force
for increased risk of cancer?

Inflammatory bowel disease is associated with increased mu-
cosal production of pro-inflammatory cytokines by infiltrating
mononuclear cells, a process that is mediated by NFκB (nu-
clear factor kappa B) [49]. NF-κB regulates the promoters of
a variety of genes whose products are critical for inflammatory
processes, including pro-inflammatory cytokines, such as tu-
mour necrosis factor alpha (TNF-α), IL-1β, IL-6 and IL-8 [50]
and cyclo-oxygenase 2 (COX2) [51]. There are several differ-
ences in the cytokine response between ulcerative colitis and
Crohn’s disease yet both conditions have similar cancer risks.

The cytokine profile in Crohn’s disease is generally thought
to typify a T helper1-mediated, cell-mediated response with in-
creased levels particularly of IL-2 and IL-12, interferon gamma
(IFN-γ ) and TNFα, whereas ulcerative colitis is more usu-
ally associated with a cytokine profile typical of a T helper 2,
antibody-mediated, response with elevated IL-4, 5,6 and 10 [1].
Interleukin 10 knockout mice show increased production of pro-
inflammatory cytokines and develop colitis-associated adeno-

Figure 2. A hypothesis for altered mucosal glycosylation as a
cause of colonic inflammation and cancer. Adapted from refer-
ence [33].

carcinoma [52] that is histologically similar (well differentiated
but with irregular glandular structure) to the adenocarcinomas
seen in the other mouse colitis models, Gα1-2 and dominant
negative N-cadherin [53]. Inflammation-associated stroma has
also been shown to promote the conversion of colonic adenoma
cells to adenocarcinoma cells in nude mice [54].

Inflammation in all these conditions including ulcerative col-
itis and Crohn’s disease leads to increased expression of COX2
and/or lipoxygenase both of which cause depletion of intra-
cellular unesterified arachidonic acid, a molecule with pro-
apoptotic activity. Mesalazine (5-aminosalicylic acid, 5-ASA),
a drug which is routinely used to prevent relapse of inflamma-
tory bowel disease, inhibits lipoxygenase and has been shown
markedly to reduce the cancer risk in inflammatory bowel dis-
ease patients [55].

If inflammation is indeed a common feature of IBD and spo-
radic colon cancer then this makes it even more likely that the
similar glycosylation changes seen in these conditions could
represent an important part of their pathogenesis rather than
just a curious epiphenomenon (see Figure 2).

Consequences of altered mucosal glycosylation
with relevance to cancer

Until recently, very little was known about the functional sig-
nificance of changes in epithelial carbohydrate expression but
it is now clear that they play a major role in determining the
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proliferative, invasive and metastatic properties of tumour cells.
Individuals who express increased amounts of TF antigen in
their rectal mucosae have a 40% increase in rectal mitotic in-
dex after 7 days of daily ingestion of peanuts, which contain a
mitogenic TF-binding lectin [56]. This is proof of concept of the
hypothesis that alteration in mucosal cell surface glycosylation
may lead to functionally important changes as a consequence
of mucosal recruitment of intraluminal lectins, which may be of
dietary or microbial origin. Since increased expression of termi-
nal unsubstituted galactose is a common glycosylation change
in colonic malignancy and pre-malignancy, it is possible that
dietary fibres that are rich in galactose (usually of vegetable
origin since cereal fibres are largely devoid of galactose) may
protect against colon cancer by competitive inhibition of in-
traluminal galactose-binding lectins [57]. The interaction of
disease-related cell surface glycoconjugates with intraluminal
lectins could be quantitatively as important as interaction with
growth factors in determining the rate of epithelial prolifera-
tion and may have other important consequences for mucosal
epithelial function. A case-control study of diet and colorectal
cancer [58] has provided evidence to support the protective ef-
fects of high-galactose fibres which may explain some of the
discrepancies between the epidemiological evidence for a pro-
tective effect of vegetables and the disappointing results of in-
tervention studies with dietary fibre. Circulating TF antibodies,
which are present in all humans after weaning, probably as a
reaction to intestinal bacterial carbohydrate antigens, have also
been shown to have the potential to interact with TF expressed
on cancer cell membranes [59].

Conversely, a TF-binding lectin in edible mushrooms causes
inhibition of proliferation without cytotoxicity [60], as a re-
sult of internalization and inhibition of nuclear localization se-
quence (NLS)-dependent nuclear protein import [61], showing
the potential importance of intracellular as well as cell surface
glycosylation. This combination of anti-proliferative effect and
lack of cytotoxicity is unusual and implied that the lectin might
prove a useful tool for exploring the functional implications of
glycosylation (and disease-related changes in glycosylation) of
cellular glycoproteins. We have recently shown that one of the
major intracellular ligands for the mushroom lectin is a TF-
expressing, N-terminal truncated cytoplasmic form of a stress
protein, Orp150 (Hypoxia responsive protein), which in its non-
truncated form is localised mainly in the endoplasmic reticulum
(ER) as a result of an ER signal peptide at its N terminus. We
have shown that the truncated cytoplasmic Orp150 is itself es-
sential to NLS-dependent nuclear protein import [62].

The increased expression of oncofetal carbohydrate antigens
by cell surface glycoproteins also has the potential to result in
alteration of the mucosal-associated flora, for example by re-
cruiting bacteria with lectins specific for TF or sialyl Tn. It is
intriguing that the pathogenic amoeba, Entamoeba histolytica
possesses a TF-binding lectin that is essential for its pathogenic-
ity. This should imply that patients with inflammatory bowel
disease who have increased mucosal TF expression should be

particularly prone to develop amoebic dysentery in endemic ar-
eas. Recent studies have demonstrated the presence of increased
mucosa-associated bacteria [63] including a new class of “ad-
hesive and invasive” E coli in ileal biopsies from patients with
Crohn’s disease [64,65] and separate studies have shown an
intriguing increase in apparently intra-epithelial E coli in histo-
logically normal mucosa distant from colon cancer [66]. This
is compatible with the hypothesis that not only IBD-associated
colon cancer but even sporadic colon cancer could be the result
of colonic bacterial-mucosa interactions in a way analagous to
Helicobacter pylori and gastric cancer. Although there are dif-
ferences between the molecular abnormalities found in colitis-
associated dysplasia (a relatively increased frequency of p53
mutations and reduced frequency of APC mutations) and those
in sporadic adenomas, the natural history and molecular biol-
ogy of colitis-associated cancer and sporadic colon cancer are
otherwise remarkably similar. This is compatible with the hy-
pothesis that sporadic colon cancer could occur secondarily to
the low-grade inflammation that arguably exists in the normal
human colon [33].

Concluding remarks

There seems little doubt that the increased risk of cancer in
the inflammatory bowel diseases ulcerative colitis and Crohn’s
disease is due to the effects of inflammation, probably me-
diated at least in part by their effects on cytokines and hence
on prostaglandin metabolism, apoptosis and glycosylation. The
possibility remains that some of the glycosylation changes
might be inherited rather than acquired. The similarities be-
tween the molecular mechanisms of colitis-associated cancer
and sporadic cancer seem to outweigh the differences and make
it reasonable to speculate that even “sporadic” colon cancer
might be largely secondary to inflammation. Whether the gly-
cosylation changes are an essential part of this process or just an
innocent bystander remains to be firmly established but there
is increasing evidence that the cell surface and intracellular
glycosylation changes seen in colonic disease are likely to be
functionally important, particularly in the relationship between
the colon’s mucosa and its luminal contents.
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