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Commentary

Ulcerative colitis (UC), a chronic inflammatory condition associated with a predisposition to colon cancer, is frequently
characterized by DNA damage in the form of microsatellite instability (MSI). A new report links inflammation in UC with
increases in the DNA repair enzymes 3-methyladenine DNA glycosylase and apurinic/apyrimidinic endonuclease, and,
paradoxically, with increased MSI. These findings may represent a novel mechanism contributing to MSI in chronic
inflammation.
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a predisposition to colon cancer, is frequently characterized by DNA damage in the form of microsatellite instability (MSI). A new report links
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Ulcerative colitis, genetic
instability, and cancer
A longstanding question in cancer
research is the strong association
between certain chronic inflammatory
conditions and the concomitant elevated risk for malignancy in affected tissues. Understanding the molecular mechanisms driving the progression to
cancer may not only provide more effective means of prevention but also shed
light on mechanisms of carcinogenesis.
Ulcerative colitis (UC), which affects as
many as 6 per 100,000 people in the
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United States, is a relapsing form of
chronic inflammatory disease of the
large bowel. Patients with more than a
10-year history of disease have a 20- to
30-fold greater risk of developing colorectal cancer (1). Both chromosomal
instability (CI) and microsatellite (short,
repetitive nucleotide sequences in DNA)
instability (MSI) are present in UC and
can be detected early in dysplastic, premalignant tissues (2, 3). What are the
sources of these changes in DNA sequence? Chromosomal changes are frequent in cancer and MSI has been clearly documented as a result of mutations
in mismatch repair enzymes in the
hereditary nonpolyposis colon cancer
syndrome. MSI is also observed in many
other malignancies (4). Accumulation
of mutations in microsatellites could be
the result of alterations in enzymes that
normally guarantee DNA stability, thus
leading to a mutator phenotype (4).
Existing hypotheses postulate that
excess amounts of free radicals found in
inflamed UC tissues overwhelm DNA
repair pathways, leading to the accumulation of damaged DNA (5), or that mismatch repair pathways are inactivated,
either directly by oxidative stress (6) or
by hypermethylation (7). In the traditional view, members of DNA repair
pathways are heroic players, stoically
laboring against the overwhelming tide
of genetic insults thrown their way.

Volume 112

|

Number 12

1793

Figure 1
Schematic illustrating base excision repair
by a simple DNA glycosylase, AAG, which
removes the damaged base but does not
cleave the DNA backbone. APE1 makes a 5′
nick in the backbone. In the short-patch
pathway (left), polβ synthesizes one nucleotide and removes the 5′-terminal baseless sugar via its lyase activity, supported by
the scaffolding protein XRCC1. DNA ligase
III seals the remaining nick. In the long-patch
pathway (right), polδ/ε, supported by the
replication factor PCNA, synthesizes a repair tract of two to six bases. FEN1 excises
the overhanging flap, and DNA ligase I seals
the remaining nick. Until the final ligation
step is completed, toxic and mutagenic
DNA repair intermediates, such as AP sites
and single-stranded breaks, are still present
in the genome.

DNA repair mechanisms:
doing good and harm?
A provocative hypothesis has now
emerged, in which DNA repair enzymes are no longer seen as guardians
of the genome but instead go awry,
fumble like “Keystone Cops,” and create unintended consequences in UC.
The conceptual basis of this idea was
introduced a decade ago, when Samson and Xiao first proposed and
demonstrated that imbalanced base
excision repair (BER) with broad substrate-specific 3-methyladenine DNA

glycosylases could affect spontaneous
mutation rates (8). While the mismatch repair pathway has frequently
been the focus of MSI studies, in this
issue of the JCI Hofseth and coworkers
(9) instead considered the BER pathway, which includes the DNA repair
enzymes 3-methyladenine DNA glycosylase (AAG) and apurinic/apyrimidinic endonuclease (APE1) (Figure 1).
AAG removes a range of damaged
bases, such as N3-methyladenine 1, N6ethenoadenine, and hypoxanthine
from DNA by hydrolyzing the glyco-

sylic bond attaching the damaged
base to the deoxyribose sugar. APE1
processes the resulting apurinic/apyrimidinic (AP) site by incising the
phosphodiester backbone of DNA immediately 5′ to the baseless sugar, leaving a strand break with a normal 3′
hydroxyl that can prime repair synthesis by DNA polymerases. APE1 can
also process modified AP sites resulting from oxidative damage to deoxyribose. The authors theorize that the
chronic inflammation in UC causes
adaptive increases in AAG and APE1

Figure 2
Schematic illustrating the proposed mechanism of how chronic inflammation may
induce microsatellite instability in ulcerative
colitis. Among the factors released by
inflammatory cells in ulcerative colitis are
proinflammatory cytokines, ROS, and NO.
Hofseth et al. (9) propose and provide evidence for inflammation-associated increases in the levels of the DNA repair enzymes
AAG and APE1, which in turn produce
instability at microsatellite sequences in various types of cells in the affected tissue
(shown here as a colonic crypt stem cell).
The exact mechanism through which AAG
and APE1 produce MSI remains to be elucidated, but it may be related to imbalances
in the components of the base excision
repair pathway and the accumulation of
mutagenic repair intermediates.
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levels, which paradoxically enhance
MSI in affected tissues, suggesting
that these enzymes, which normally
facilitate DNA repair, are instead causing mutations.
The authors proceeded by showing
that there are significantly greater
amounts of AAG and APE1 proteins in
active inflamed areas of UC lesions than
in noninflamed areas from the same
patient; and that AAG and APE1 enzymatic activities are positively correlated
with increased inflammation, as measured by the level of CD68, a monocyte
and macrophage marker (Figure 2) (9).
Furthermore, AAG and APE1 activities
were positively correlated with the
degree of MSI instability of the UC
colon tissue. However, guilt by statistically significant association should not
persuade a competent jury of causality.
So the authors provide more definitive
evidence. Overexpression of AAG alone
or in addition to APE1 in mismatch
repair–proficient yeast produced increases of as much as 30-fold in –1 and
6-fold in +1 frameshift mutations. Furthermore, co-overexpression of AAG
and APE1 in the human erythroleukemic cell line K562 produced instability at four of seven microsatellite loci
examined, whereas no MSI was detected
in the vector-only control. Together,
these results suggest that adaptive
increases in the BER enzymes AAG and
APE1 contribute to MSI in UC.

More questions
The work of Hofseth et al. (9) raises
new questions. Given that reactive oxygen species (ROS) are known to activate APE1 in human cells (10, 11),
what signaling pathways are involved
in the pathway from chronic inflammation to AAG and APE1 induction?
Are other BER pathway enzymes, such
as DNA glycosylases that repair oxidative damage, the downstream DNA
polymerase β (polβ), and ligases also
imbalanced and do they also contribute to MSI in UC? Recently it was
shown that polβ overexpression leads
to low levels of MSI in cultured cells
(12). Given that many UC lesions
exhibit CI, are increased AAG and

APE1 activities also associated with
other types of mutations? Are there
greater frequencies of double-stranded
DNA breaks generated by APE1-mediated cleavage at closely opposed lesions? What is the mechanism by
which AAG and APE1 produce MSI?
Because of the many enzymes involved
in the complex chemistry of recognizing and removing DNA lesions, resynthesizing DNA, and ligating the nicked
strands to restore the original DNA
content, and because many repair intermediates, such as AP sites and single-strand breaks, are themselves mutagenic and cytotoxic (13), it is intuitive
that the BER pathway requires tight
coordination to efficiently and safely
process lesions (14). Dysregulation of
components of the BER pathway can
result in mutagenesis (8, 15). Interestingly, other DNA repair pathways,
such as mismatch repair and nucleotide excision repair, also face these
same challenges. Therefore, do mutations also result from dysregulation of
these other pathways?
More broadly, many polymorphisms
exist in DNA repair genes (16, 17), and
many of these are likely to have functional consequences. If imbalances in
DNA repair pathways lead to genetic
instability, then are individuals with
certain alleles or combinations of alleles more prone to genetic instability?
The study by Hofseth et al. (9) encourages examination of BER pathways as
agents of MSI in other chronic inflammatory diseases with a proclivity to
cancer, such as chronic hepatitis and
chronic pancreatitis. Many sporadic
tumors also display MSI, including
cancers of the endometrium, breast,
lung, stomach, ovary, prostate, esophagus, bladder, glia, cervix, and pancreas. Evidence of mutations in mismatch repair in many of these cancers
is lacking (18). Could a mechanism
similar to the one described here by
Hofseth et al. (9) also be associated
with MSI in some of these tumors?
One of life’s aphorisms is that there
are many ways to scramble an egg.
Hofseth et al. focused on a small part
of the vast proteomic changes induced
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by inflammation. Their work highlights the idea that in the future we
may discover even more ways that cells
can tumble down the path toward
genetic instability.
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