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The development of colorectal cancer caused by chronic inflammatory bowel disease (IBD) is
the representative example of inflammation-associated carcinogenesis. The mechanism under-
lying the development of colorectal cancers through chronic inflammation, however, is not known.
Activation-induced cytidine deaminase (AID) was originally identified as an inducer of somatic
hypermutation in the immunoglobulin gene. We recently demonstrated that the mutagenic activ-
ity of AID expression links colonic inflammation to the development of colitis associated colorectal
cancers. Immunohistochemistry revealed enhanced expression of endogenous AID protein not
only in the inflamed colonic mucosa of ulcerative colitis patients, but also in tumor lesions of
colitis-associated colorectal cancers. Pro-inflammatory cytokine TNF-a and/or T helper cell-2-
driven cytokines IL-4 and IL-13 induced aberrant expression of AID in human colonic epithelial
cells. In vivo, aberrant AID expression in the inflamed colon is associated with the accumulation
of somatic mutations in tumor suppressor Trp53 gene, and AID deficiency resulted in areduced
incidence of colitis-associated colon cancers. These findings suggested that pro-inflammatory
cytokine-mediated aberrant expression of AID in colonic epithelial cells plays arole as a genotoxic
factor that enhances genetic instability during chronic colonic inflammation, leading to colitis-
associated colorectal cancer development.
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Introduction

A causal relationship between inflammation and cancer
development is proposed in a variety of chronic inflamma-
tory diseases. In particular, many cancers of gastrointesti-
nal organs, some of which are caused by infectious agents,
are known to arise in a background of chronic inflamma-
tion. Inflammatory bowel disease (IBD) is an important etio-
logic risk factor for the development of colorectal cancer"
and the incidence of colorectal cancer is significantly higher
in patients with IBD than in the general population. For
example, the relative risk of colorectal cancer in patients
with ulcerative colitis (UC) is 20 times higher than that in
the general population?, and the cumulative risk of colitis-
associated colorectal cancer (CAC) increases according
to the number of years after the disease onset. The cumu-
lative probability of cancer in patients with UC regardless
of the disease extent is 2% at 10 years, 8% at 20 years,
and 18% at 30 years?. Patients with extensive colitis, coli-
tis lasting 8 years or more, more severe inflammation, and
early-age onset colitis have the greatest risk of developing
cancer?. Recently, several studies showed that not only
patients with UC but also those with Crohn’s disease (CD)
are at risk of developing colon cancer®. There is an 18-fold
increase in the risk of developing colorectal cancer in pa-
tients with CD compared with the general population®. The
absolute cumulative risk frequency for developing colorectal
cancer is 8% at 22 years from the onset of symptoms in
patients with CD. Surveillance colonoscopy is frequently
used to detect early cancer lesions in patients with IBD.
Surveillance programs are not sufficiently effective to pre-
vent cancers, however, because its diagnosis is difficult.
To improve the detection of dysplastic lesions, the mecha-
nisms by which chronic inflammation of the mucosa in-
creases the risk of colorectal cancer development should
be examined.

Nucleotide-editing enzymes that can in-
duce mutations in DNA

Genetic changes, such as nucleotide alterations and chro-
mosomal translocation occurred in oncogenes and tumor-
suppressor genes, have an important role in cancer devel-
opment. In this aspect, CAC is different from sporadic
colorectal cancer that originates from colorectal adeno-
matous polyps in the molecular pathogenesis of cancer
development”. Adenomatous polyps are the major precur-
sor of sporadic colorectal cancer and inactivation of the
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APC gene is known to be the initial event in many sporadic
colorectal cancer, followed by changes in the K-ras, DCC,
and TP53 genes®. In contrast, mutations in the TP53 gene
appear to be an early event and already present in the
colonic mucosa of patients with UC before CAC onset® 1.
The molecular mechanisms underlying the development
of the TP3 mutations in chronic inflamed mucosa that lead
to carcinogenesis, however, are not known.

Several molecules that possess nucleotide editing ac-
tivity were recently identified. These molecules are called
nucleotide editing enzymes and include the apolipoprotein
B mRNA-editing enzyme, catalytic polypeptide-like
(APOBEC) family'™. The APOBEC family molecules are
thought to have an important role in maintaining homeo-
stasis and the immunologic response by inducing somatic
mutations in targeted DNA or RNA sequences. Among the
APOBEC family molecules, only activation-induced cyti-
dine deaminase (AID) induces genetic changes in human
DNA sequences'. AID is expressed only in activated B
cells under physiologic conditions and contributes to two
unique molecular mechanisms for antigen-driven immu-
noglobulin (Ig) gene diversification'® 9. These mechanisms
include somatic hypermutation (SHM) and class switch
recombination (CSR). SHMs are point mutations introduced
into the variable (V) region of Ig gene at a high frequency,
leading to the production of a variety of high-affinity anti-
bodies. For this purpose, AID deaminates cytidine (C) on
target DNA to produce a thymidine (T), leading to the gen-
eration of changes in human genome DNA sequences. The
activity of AID as a genome mutator raises the question of
whether AID induces inappropriate mutations in non-Ig
genes. We recently demonstrated that the expression of
AID links inflammation to the development of human gas-
trointestinal and hepatobiliary cancers'+29.

Under physiologic conditions, AID expression is restricted
to activated B cells, but we observed aberrant expression
of AID in liver tissues exposed to chronic inflammation®.
Immunohistochemistry and real time-polymerase chain
reaction (PCR) showed that AID expression is not normally
detected in hepatocytes of noninflamed liver, but endog-
enous AID expression is significantly elevated in liver tis-
sues with chronic hepatitis and liver cirrhosis. Moreover,
aberrant AID expression is induced in response to pro-in-
flammatory cytokine stimulation or hepatitis C virus infec-
tion via the nuclear factor (NF)-«B signaling pathway in
human hepatocytes'”. Similarly, aberrant expression of AID
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is triggered by Helicobacter pylori infection or pro-inflam-
matory cytokine stimulation in human gastric epithelial
cells™29. We also found that endogenous AID expression
is also induced after treatment with pro-inflammatory
cytokines in both human biliary cells and esophageal
epithelium?. These findings indicate that aberrant AID
expression could be commonly induced in response to in-
flammatory stimulation in gastrointestinal epithelial cells.

Pro-inflammatory cytokines are involved
in the regulation of AID expression in
human colonic epithelial cells

To study the expression of AID protein in human colonic
tissues, we performed immunohistochemistry in human
colonic tissues from UC lesions, colitis-associated neo-
plasms, and nontumorous regions of patients with sporadic
colon cancers. In normal colonic mucosa, no immunostaining
for AID was observed. In contrast, in UC tissues, immu-
noreactivity for AID was detected in colonic epithelial cells
as well as in infiltrating lymphocytes around the inflamed
colonic mucosa®. In the colitis-associated neoplasms, AID
protein expression was also observed in neoplastic cells
in the tumor lesions. These findings indicated that AID pro-
tein is expressed in the colonic epithelial cells that are
chronically inflamed and in tumor cells of CAC.

To determine whether pro-inflammatory cytokines regu-
late AID transcription in human colonic epithelial cells, we
analyzed the expression level of endogenous AID by
quantitative reverse transcription-PCR and immunoblotting
in cultured human colon cancer cells. First, we focused
on tumor necrosis factor (TNF)-« , which is constitutively
activated in the colonic epithelial cells of patients with
UC. Only a small amount of endogenous AID expression
was detected in quiescent human colonic epithelial cells,
but AID expression was markedly elevated after TNF-«
treatment. The transcription factor NF-«B is activated by
TNF-« signaling®®. We therefore examined whether AID
expression is regulated by the NF-«B signaling pathway
in human colon cancer cells. Expression of the positive
NF-«B regulators IKK«, IKK 3, and NF-«B itself resulted
in an increased expression of endogenous AID protein.
A negative regulator of NF-«B, the super-repressor form
of | k Ba, reduced TNF-a mediated AID expression. We
also revealed that AID expression is regulated by IL-4 and
IL-13 in a STAT6-dependent manner in human colonic epi-
thelial cells. These findings support the idea that AID ex-
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pression in colonic epithelial cells is regulated through the
NF-«B-dependent and STAT6-dependent signaling path-
way.

AID expression in colonic epithelial cells
results in an accumulation of TP53 mu-
tations

The findings that AID expression is induced in colonic
cells with chronic inflammation prompted us to examine
whether aberrant AID expression could lead to the gen-
eration of somatic mutations in tumor-related genes in hu-
man colonic epithelial cells. We established a cultured hu-
man colonic cell line with constitutive AID expression us-
ing a retroviral system, and investigated the mutation fre-
quencies in the TP53, APC, and K-ras genes of colonic
epithelial cells in which AID was overexpressed for 8 weeks.
No change or only a single nucleotide alteration was de-
tected in all genes from cells transfected with control vec-
tors. In contrast, however, several nucleotide alterations
appeared in the TP53 gene after AID activation®). Muta-
tion frequencies in the TP53 gene indicated that AID ex-
pression increased the mutations in a time-dependent
manner. In contrast to the TP53 gene, no nucleotide alter-
ations were detected in the APC and K-ras genes, even
after 8 weeks of AID activation. These findings indicate
that aberrant AID expression in human colonic epithelial
cells preferentially targets the TP53 gene and longer AID
activation might induce more mutations. Why the TP53
gene is more sensitive to AID in human colonic epithelial
cells remains unknown. Further studies are required to iden-
tify the specific target genes of AID in human colonic epi-
thelial cells. Those genes may become new markers for
predicting the development of CAC lesions.

AID deficiency reduced both an accumu-
lation of TP53 mutations and incidence
of CAC development

To clarify whether AID is a crucial mediator of the ge-
netic alterations required for inflammation-mediated car-
cinogenesis, we recently investigated the impact of AID
deficiency in the pathogenesis of colitis-associated colon
cancer using IL-10" mice, a representative model of hu-
man IBD. We first confirmed that persistent inflammation
in the cecum of IL-10” mice is closely associated with the
enhanced production of various inflammatory cytokines
such as such as TNF-«, IL-13, and IL-6, leading to the
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Figure AID links inflammation to cancer development in coli-

tis-associated colorectal carcinogenesis
Proinflammatory cytokines induce aberrant AID expression in human
colonic epithelial cells. Constitutive AID activation in these epithelial
cells results in the accumulation of DNA damage.

induction of aberrant AID expression in inflamed colonic
mucosa. Consistent with the previous report, we found that
nucleotide alterations had accumulated in the Trp53 gene
in the inflamed cecal mucosa of the IL-107AID** mice. In
contrast, the mutation frequency of the Trp53 gene in the
inflamed epithelial cells of IL-10AlD” mice was significantly
lower than that of IL-10”AID** mice, suggesting that the
accumulation of genetic changes in the Trp53 gene of the
inflamed colonic mucosa was due to AID activity. Notably,
invasive adenocarcinomas were detected in 6 of 22 IL-107
AID+* mice and all the tumors characteristically developed
from the dysplastic mucosa in the cecum. In contrast, IL-
10”AID” mouse developed no tumors in the inflamed co-
lonic mucosa except only one non-invasive tumor in the
distal colon. These findings clearly indicated that aberrant
AID expression in the inflamed colon is associated with
the accumulation of somatic mutations in tumor suppres-
sor Trp53 gene, and AID deficiency resulted in a reduced
incidence of colitis-associated colon cancers.

Conclusion

Until recently, the precise molecular mechanism under-
lying cancer development due to the chronic inflammation
has been unclear. The findings of the present study showed
that pro-inflammatory cytokines, which play important roles
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in the pathophysiology of IBD, result in the aberrant ex-
pression of AID in human colonic epithelial cells, and lead
to the generation of somatic mutations in the TP53 gene
(Figure). This is new evidence that might link chronic in-
flammation of the colonic mucosa to the accumulation of
TP53 mutations, leading to the development of colorectal
cancer.
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