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Fig. 1. Targeting strategy for generation of POLK mutant cells. Schematic representation of targeted disruption (A) and knock-in (B) of the POLK gene. The POLK locus, the
targeting constructs, the targeted locus and the Cre-mediated locus are shown here. The black boxes, arrows and triangles represent exons, primers and loxP sequences,

respectively. Phenylalanine 171 is coded in exon 5.

in the targeted alleles were removed by transient expression of
Cre recombinase in the cells. The expression of Pol k protein and
mRNA in the established cells were confirmed by the Western blot
analysis and RT-PCR (Fig. 2B and C). We confirmed no unintended
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mutations were introduced in exons 2, 3, 4 and 5 by DNA sequenc-
ing. The doubling time of POLKF171A/- (21.0 £ 0.71 h) and POLK™ock/~
(21.3+0.49h) cells were similar to that of POLK*/~ cell as given
above.
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Fig. 2. Generation of POLK*~, POLK-/-, and POLKF17'A- cells. (A) Southern blot analysis for POLK disruption. EcoRV-digested genomic DNA from wild-type (+/+), heterozygous
(+/— (Hyg")), and homozygous (—(Puro’)/—(Hyg")) POLK cells was loaded onto each lane. The probe used for the hybridization was indicated in Fig. 1. The wild-type allele
(14kb) and targeted alleles (9 kb) were indicated at right. (B) Western blot analysis for POLK protein. Whole cell extracts from POLK*/* POLK*/~, POLK~/=, POLK™°?X/~ and
POLKF171AI- cells were loaded onto a 10% of SDS-polyacrylamide gel. -actin served as a loading control. (C) RT-PCR analysis for POLK mRNA. The same amounts of total RNA
extracted from the each cell were used. 3-actin served as an internal control. (D) Sequence of POLK cDNA generated by RT-PCR. The sequences around codon 171 were shown.
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Fig.3. Frequencies of the supF mutants induced by (-)- or (+)-trans-anti-BPDE-N?-dG. Effect of (A) POLK disruption or (B) F171A knock-in on the mutant frequencies induced by
dG:dC, (-)-trans-anti-BPDE-N?-dG:dC, or (+)-trans-anti-BPDE-N?-dG:dC pair. Data are expressed as mean + standard deviation (SD) of 3 independent experiments. Asterisks

indicate a significant difference with P<0.05.

3.3. Effect of knock-out or knock-in of POLK on the mutant
frequencies induced by BPDE-dG

Plasmid containing a single dG:dC, (—)-BPDE-dG:dC, or (+)-
BPDE-dG:dC base-pair at position 123 of the supF gene was
introduced and replicated in POLK**, POLK*/-, POLK~/—, POLK™ock/-
or POLKF171AI~ cells. Plasmids replicated in cells were recovered and
introduced into the E. coli KS40/pOF105 indicator strain, in order to
calculate the mutant frequencies for the supF gene [47].

We first examined the effect of the POLK knock-out on the muta-
genesis induced by BPDE-dG adducts. As shown in Fig. 3A and Table
S1, heterozygous and homozygous knock-out of POLK had no effect
on the mutant frequency of the control plasmid containing dG:dC
pair. In contrast, the mutant frequencies of the (—)-BPDE-dG:dCand
(+)-BPDE-dG:dC pairs in POLK*/~ cells (38 x 10~ and 76 x 1074,
respectively) were slightly higher than those in POLK** cells
(31 x 10~* and 67 x 1074, respectively), although the differences
were not statistically significant. Furthermore, the mutant frequen-
cies of these adducts were significantly increased in POLK—/~ cells
(49 x 10~% and 112 x 104, respectively) compared with those of
POLK*/* cells, as consistent with the previous report [24].

Next, we examined the effect of the POLK F171A knock-in
on the mutant frequencies of (—)- or (+)-BPDE-dG adducts in
cells. Interestingly, the mutant frequencies of (—)-BPDE-dG:dC
and (+)-BPDE-dG:dC pairs were significantly lower in POLKF171A/-
cells (22 x 10~% and 48 x 104, respectively), as compared with
POLK*!= (38 x 10~ and 76 x 104, respectively) and POLK™ock/-
cells (41 x 10~4 and 80 x 10~4), respectively.

We further analyzed the mutation spectra induced by (—)-BPDE-
dG:dC or (+)-BPDE-dG:dC pair in the supF gene in POLK*/*, POLK*/-,
POLK—I=, POLK™okl=or POLKF171AI~ cells (Table 1). The most pre-
dominant mutation was G:C to T:A transversions at position 123
in all the cell lines. Lesser amount of G:C to C:G transversions, G:C
to A:T transitions, one-base deletion, and tandem mutations at the
adducted position were also observed. Neither knock-out of POLK
nor knock-in of POLK F171A altered the mutation spectra induced
by (—)-BPDE-dG:dC or (+)-BPDE-dG:dC.

4. Discussion

In the previous in vitro study, we revealed that F171A substi-
tution of human Pol k increases efficiency of dCMP incorporation
opposite (—)- or (+)-BPDE-dG in DNA by 18 fold [35]. However, the
keat/Km values bypassing across the lesions by the wild-type Pol
k were 2-3 orders of magnitude smaller than those of incorpora-
tion of dCMP opposite normal dG. The small kcat/Km values for TLS
across (—)- or (+)-BPDE-dG in DNA by the wild-type Pol k have also

been reported by other groups [19,23]. It was questioned, there-
fore, whether the increase in the kcat/Km value by the amino acid
substitution in vitro has biological significance in vivo. To address
the question, we established human cell lines expressing POLK*/—,
POLKF171A/~ pOLK™ok/~ and POLK~/~ (KO) cells (Figs. 1 and 2) and
examined the mutagenic sensitivities against plasmids carrying
(=)- or (+)-BPDE-dG in the supF reporter gene. In the mutation
assays, we employed a shuttle vector system, i.e., pMY189, to mea-
sure mutation frequencies induced by the specific DNA adduct
althoughitisnot very clear to what extent Pol k behaves similarly in
TLS in the plasmid and in the chromosome. (+)-BPDE-dG induced
higher mutation frequencies than (—)-BPDE-dG regardless of the
genotypes. These results are consistent with the previous results
that (+)-BPDE-dG is more mutagenic than (—)-BPDE-dG [48,49].
Interestingly, the POLKF171A/- cells exhibited significantly lower
frequencies of mutations induced by either (—)- or (+)-BPDE-dG
compared to POLK*/~ and POLK™°k/~ cells (Fig. 3). The spectrum
of mutations induced by (—)- or (+)-BPDE-dG contained predomi-
nantly G:CtoT:A at position 123 of the supF gene where the adducts
were embedded regardless of the genotypes (Table 1). These results
strongly suggest that the F171A derivative of Pol k indeed con-
tinues DNA replication across (—)- and (+)-BPDE-dG in template
DNA more efficiently than does the wild-type Pol k in an error-
free manner- It is formally possible that mutations are induced by
the action of the F171A derivative of Pol k because the derivative
produces some errors during TLS across (—)- and (+)-BPDE-dG in
template DNA in vitro [35]. However, we don’t think this is the case
because the derivative inserts dTMP in addition to dCMP opposite
the adducts when one dNTP is present in the reaction mixture or
induces one base deletions when four dNTPs are present in the mix-
ture in vitro. These errors should lead to G:C to A:T transitions or
one base deletions. As shown in Table 1, the predominant mutation
observed in the cells expressing the F171A derivative was G:C to
T:A transversions. In addition, the mutation spectra were not sub-
stantially different regardless of the status of Pol k. Therefore, the
mutations are generated by error-prone Pol(s) that inserts dAMP
opposite the DNA adducts, not by the F171A derivative of Pol k.
Pol k interacts with other proteins such as PCNA and REV1 in vivo
[6]. These interactions may substantially enhance the efficiency of
TLS by Pol k, and thus the Pol may exhibit significant effects on TLS
in vivo despite the small kcat/Kny values in vitro.

Based on the current and previous results [35], along with the
molecular dynamic studies [50] and the structure studies with the
ternary complex of Pol k [36], we conclude that F171 is a molecular
brake for TLS across (—)- and (+)-BPDE-dG, in DNA by Pol k. We
speculate that F171 may flexibly rotate and interact with pyrene
rings of both (—)- and (+)-BPDE-dG. Because F171A substitution
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Table 1
Mutation spectra in supF induced by (—)- or (+)-trans-anti-BPDE-N2-dG:dC in wild type, +/—, —/—, Mock/—, and F171A/— mutant cells.

Adduct? Mutation +[+ +/— —/- Mock/— F171A/-

(—)-BPDE-dG Single base substitution at site of adduct
123G:c— T:AP 23 (62) 47 (65) 45 (68) 24 (65) 22(61)
123G,0—>C:G 2(5) 12(17) 12(18) 6(16) 5(14)
23G:c—>A:T 7(19) 11(15) 6(9) 7(19) 9(25)
One base deletion at site of adduct
e — 664 0(0) 1(1) 0(0) 0(0) 0(0)
Tandem mutation at site of adduct
G*#GG — TTG 3(8) 0(0) 2(3) 0(0) 0(0)
GGG — —AG 2(5) 0(0) 0(0) 0(0) 0(0)
ot e’e BRI, (e’ 0(0) 0(0) 1(2) 0(0) 0(0)
Other 0(0) 1(1) 0(0) 0(0) 0(0)
Total 37(100) 72 (100) 66 (100) 37(100) 36 (100)

(+)-BPDE-dG Single base substitution at site of adduct
G0 T:A 34 (85) 66 (84) 59 (77) 33(83) 30(81)
123G:c—>C:6 3(8) 6(8) 9(12) 6(15) 3(8)
23G:c—> AT 1(3) 5(6) 2(3) 0(0) 2.(5)
One base deletion at site of adduct
GGG — G-G 0(0) 0(0) 2(3) 0(0) 0(0)
Tandem mutation at site of adduct
G'*3GG —> TTG 2 (5] T(1) 3(4) 1(3) 1(3)
G*22GG — —TG 0(0) 0(0) 1(1) 0(0) 0(0)
G 2 GE — GGEEGE 0(0) 0(0) 0(0) 0(0) 1(3)
Other 0(0) 0(0) 1(1) 0(0) 0(0)
Total 40 (100) 78(100) 77 (100) 40 (100) 37(100)

(—)-BPDE-dG and (+)-BPDE-dG indicate (—)-trans-anti-BPDE-N?-dG and (+)-trans-anti-BPDE-N?-dG, respectively.

a

b 123G indicates the position 123 in the supF gene.

¢ Numbers in parentheses represent the percentage of total number of mutants.
d “_»Indicates one-base deletion.

enhanced the error-free TLS across both lesions in vitro and in vivo,
the interactions might interfere with correct Watson-Crick base-
pairing between the modified dG and the incoming dCMP in the
catalytic center of Pol k- In general, the active sites of the Y-family
Pols are more spacious than those of replicative Pols, allowing the
accommodation of bulky adducts on the template bases [6]. The
substitution of F171A could provide wider space in the active site,
which enables Pol k to more smoothly accommodate the lesion
and continue DNA replication past the modified dG. In the pre-
vious study, we revealed that F171A substitution does not affect
the fidelity of DNA replication across the lesions nor either the
efficiency of dCMP incorporation opposite normal dG [35]. Thus,
we suggest that the overall structure of Pol k is not substantially
affected by the amino acid substitution. There should be multiple
Pols that compete with the primer DNA when replicative Pols are
stalled at the lesions [6]. Due to the increased Keat/Km values incor-
porating dCMP opposite (—)- and (+)-BPDE-dG in DNA, the F171A
derivative of Pol k may become predominant over error-prone Pols,
such as Pol {, thereby reducing the mutation frequencies. It is inter-
esting that a variant form of TLS Pol has higher efficiency to continue
DNA synthesis across the damage than the native form.

The conclusion that F171 is a molecular brake for DNA synthesis
across BPDE adducts in DNA suggests that Pol k is not well-tuned to
bypass the adducts. Previous reports suggest that the cognate sub-
strates for Pol k may be BP adducts in DNA because the promoter
region contains arylhydrocarbon receptor binding sites [51], and
the mouse embryonic fibroblasts from Polk~/~ mice exhibit hyper-
sensitivity both to the Killing effects of racemic~(+)-BPDE [34], and
the mutagenic and lethal effects of BP plus rat liver homogenate
(S9) in the presence of caffeine [33]. On the other hand, how-
ever, Pol k binds only weakly to template/primer DNA containing
(+)-BPDE adduct [25], which is the major DNA adduct induced by
BPDE. Rather, it binds strongly to template/primer DNA contain-
ing (—)-BPDE adduct [25], which is a minor DNA adduct formed
upon metabolic activation of BP. In addition, Pol k more efficiently
bypasses the (—)- adduct than the (+)-adduct [25]. These results
along with the current in vivo results strongly suggest that Pol k has

not evolved to protect cells from BP or the related arylhydrocarbon
carcinogens. This Pol is known to bypass other lesions induced by
endogenous mutagens, i.e., methyl glyoxal [52], estrogen [53] and
reactive oxygen species [54]. Polk~/~ mice exhibit increased spon-
taneous mutations in the liver, kidney and lung, but not in testis, in
older animals [34] and the mutation frequencies are enhanced by
dietary cholesterol [55]. These results further suggest that the cog-
nate lesion is the one induced by endogenous mutagens, which may
increase the lesion in the organs during the aging process. These
results may also explain why POLK—/~ cells did not exhibit slow
growth and high spontaneous mutation frequencies in this study.
The cognate lesion might not be effectively induced in cultured
cells.

In the current study, we took advantage of human Nalm-6 cells
toengineer cell lines expressing a variant form of Pol k. Unlike other
human cell lines, which exhibit poor gene targeting efficiency, this
cell line displays 1-30% gene targeting efficiencies [56]. In fact, we
obtained one POLK*/~ cell out of 132 wild-type cells (=0.8%) and
one POLK-/= cell out of 158 POLK*/~ cells (=0.6%). For the knock-
in mutants, we obtained 2 POLKF171A/~ cells out of 133 POLK*I-
cells(=1.5%). Currently, gene knockdown with siRNA is the common
technique to suppress gene expression in human cells because of
the difficulty in obtaining such gene knock-out and knock-in cells.
However, gene knockdown only reduces the expression by about
80% and does not completely shut it down. Embryonic fibroblasts
from knock-out mice are an alternative available experimental
resource by which to examine gene functions in mammals. Never-
theless, it is pointed out that the mouse cells do not exhibit similar
TLS efficiency or accuracy compared to those of human cells [57].
Therefore, we believe that Nalm-6 cells are useful for genetic anal-
yses of human genes including those involved in DNA repair and
mutagenesis.

In summary, we established a human cell line expressing an
F171 variant of Pol k and suggest that this residue is used by Pol k
as a molecular brake for TLS across (—)- and (+)-BPDE-dG in DNA.
The presence of such a brake in the active site raises a possibility
that Pol k has not evolved to protect cells from BP. Thus a complete
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understanding of the role of Pol k in protecting cells against the
mutagenic and carcinogenic effects of endogenous mutagens is still
lacking, and further investigations, both in vitro and in vivo, are
needed.
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Abstract

We have previously established an experimental system for oxidative DNA damage-induced
tumorigenesis in the small intestine of mice. To elucidate the roles of mismatch repair genes in the
tumor suppression, we performed oxidative DNA damage-induced tumorigenesis experiments
using Msh2-deficient mice. Oral administration of 0.2% Potassium Bromate, KBrO;, effectively
induced epithelial tumors in the small intestines of Msh2-deficient mice. We observed a 22.5-fold
increase in tumor formation in the small intestines of Msh2-deficient mice compared with the wild
type mice. These results indicate that mismatch repair is involved in the suppression of oxidative
stress-induced intestinal tumorigenesis in mice. A mutation analysis of the Ctnnb/ gene of the
tumors revealed predominant occurrences of G:C to A:T transitions. The TUNEL analysis showed
a decreased number of TUNEL-positive cells in the crypts of small intestines from the
Msh2-deficient mice compared with the wild type mice after treatment of KBrO;. These results
suggest that the mismatch repair system may simultaneously function in both avoiding mutagenesis
and inducing cell death to suppress the tumorigenesis induced by oxidative stress in the small
intestine of mice.

Key words: HNPCC, oxidative DNA damage, Wnt signaling pathway, mutagenesis, cell death

Introduction

Reactive oxygen species (ROS) are generated by
the normal cellular metabolism and also by exposure
to environmental factors, such as radiation and

mammalian cells, the base excision repair (BER)
pathway initiated by OGG1 or MUTYH plays a role in
the suppression of 8-oxoG-related mutagenesis.

chemicals. ROS constantly induce various lesions in
the DNA of living organisms under physiological
conditions, and the resulting DNA damage causes
mutations and cell death, leading to aging-associated
diseases, such as cancer and neurodegeneration (1).
Among the various types of oxidative DNA damage,
oxidized  guanine, 8-oxo-7, 8-dihydroguanine
(8-0x0G) is abundant and highly mutagenic because
of its ambiguous base-pairing properties; it can be
paired with adenine as well as with cytosine (2-6).
Therefore, 8-0xoG in DNA causes G:C to T:A trans-
versions after two rounds of DNA replication. In

OGGI, an 8-oxoG DNA glycosylase, excises the
8-oxoG paired with cytosine from DNA (7, 8).
MUTYH is an adenine DNA glycosylase that excises
the adenine incorporated opposite 8-oxoG from DNA
(9-12). The synergistic actions of OGG1 and MUTYH
suppress the mutagenesis caused by 8-oxoG in DNA.
In addition to DNA repair, a nucleotide pool
sanitizing enzyme, MTHI, suppresses the mutagene-
sis induced by oxidative stress (13, 14). This enzyme
can hydrolyze oxidized purine nucleotides, such as
8-0x0-dGTP, 2-OH-dATP and 8-OH-dATP, to prevent
the incorporation of mutagenic nucleotides into DNA
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during replication (15, 16). In addition to 8-0x0G, a
wide variety of oxidatively modified bases in DNA
were removed by the BER pathway following initia-
tion by various DNA glycosylases (17).

Besides BER, mismatch repair (MMR) is also
involved in the repair of oxidative DNA damage.
MMR is an evolutionarily conserved system that cor-
rects replication errors such as mismatched bases and
small insertions/deletions. The MSH2/MSH6 heter-
odimer (MutSa) and MSH2/MSH3 heterodimer
(MutSB) recognize mismatched bases and small in-
sertions/deletions, respectively, and then recruit
MutLoa (MLHI and PMS2 heterodimer) to initiate the
MMR reaction (18). In addition to its role in correcting
replication errors, MMR is known to involve in the
induction of apoptosis in response to DNA lesions
caused by alkylating agents (19-21). The human MMR
genes are associated with hereditary non-polyposis
colorectal cancer (HNPCC), which is a common can-
cer predisposition syndrome characterized by a
dominant mode of transmission and high penetrance
(22-25). deWeese et al reported that Msh2-deficient
mouse embryonic stem (ES) cells showed the accu-
mulation of oxidative DNA damage, such as 8-0xoG
and thymine glycol, in their genomes, as well as tol-
erance to apoptosis caused by low dose gamma-ray
irradiation (26). Based on the analysis of spontaneous
mutational specificity of mice defective in the Mthil
and/or the Msh2 genes, we speculated that MMR
might act to correct mispairs with the oxidized nucle-
otides (27). Furthermore, Colussi et al, and Russo et al
reported that MMR could suppress the mutations
caused by the incorporation of oxidized purine de-
oxynucleoside triphosphate (28, 29). These findings
suggest the involvement of MMR in the suppression
of oxidative stress-induced mutagenesis and tumor-
igenesis in mammals.

KBrO; is an oxidizing agent that is known to
induce 8-0x0G in the DNA of rats and mice, and is
recognized as a renal carcinogen in rats (30-33). We
previously established an experimental system for
oxidative DNA damage-induced tumorigenesis in the
intestinal tract of mice using this agent (34). The oral
administration of KBrOs for 16 weeks effectively in-
duced epithelial tumors in the small intestines of
Mutyh-deficient mice, indicating the significance of
Mutyh in the suppression of tumorigenesis induced
by oxidative stress (34).

In this study, we performed KBrOs-induced tu-
morigenesis experiments using Msh2-deficient mice to
elucidate the roles of MMR in the suppression of ox-
idative stress-induced tumorigenesis. We found that
MMR plays a significant role in the suppression of
oxidative stress-induced intestinal tumorigenesis in
mice.

Materials and Methods

Animals

The Msh2-deficient mice used in this study were
generated as reported previously (27). The wild type,
heterozygous and homozygous mutant mice used in
this study were obtained by intercrossing the hetero-
zygous mutant mice. All animals were maintained
under specific pathogen free (SPF) conditions. All
animal care and handling procedures were approved
by the Institutional Animal Care and Use Committee
of Kyushu University, and followed the Guideline for
Proper Conduct of Animal Experiments, Science
Council of Japan.

KBrO; treatment

KBrO; (Sigma-ALDRICH) was given to
6~8-week-old mice in their drinking water at a con-
centration of 0.2% for 16 weeks. The body weight and
consumption of drinking water were measured every
week. After 16 weeks, all the animals were sacrificed,
and the intestines were fixed with 10% phosphate
buffered-formalin, and then stored in 70% ethanol.

Histological analysis

The inspections for tumor formation in the in-
testinal mucosa were carefully performed under a
dissecting microscope. The small intestinal tumors
were carefully removed from intestines, embedded in
paraffin and sectioned. The sections were stained with
hematoxylin and eosin for the diagnosis of the tu-
mors. The evaluation of the tumors was performed
according to the Vienna classification (35).

Mutation analysis of the Ctnnbl gene

The small intestinal tumors were carefully re-
moved from the mucosa under a dissecting micro-
scope. Genomic DNA was extracted using a DNeasy
Tissue Kit (QIAGEN) according to the manufacturer’s
protocol. Eighty-nine small intestinal tumors obtained
from five Msh2-deficient mice were analyzed for mu-
tations in the Ctnnbl (f-catenin) gene. Thirty to fifty
nanograms of genomic DNA extracted from each
small intestinal tumor was used as the template for
PCR with 1rTaq DNA polymerase (TaKaRa). The entire
coding sequence of the second exon of the Ctnnbl

gene was amplified using primers
5-TCCTTGGCTGCCTITTCTAACAGTA-3'  (upper)
and 5-GCATGCCCTCATCTAGCGTCT-3" (lower).

Amplified DNA containing exon 2 of the Ctnnbl gene
was purified with a PCR purification kit (QIAGEN)
according to the manufacturer’s protocol. The puri-
fied DNA fragments were used as a template for di-
rect sequencing with a BigDye Terminator v3.1 Cycle
Sequencing kit (Applied Biosystems) and the se-
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quences were determined with an ABI PRISM® 3100
Genetic Analyzer (Applied Biosystems).

TUNEL analysis

The intestines were removed from the wild type
and mutant mice treated with KBrO; for 16 weeks,
and 3 pm sections were made after the samples were
embedded in paraffin. We analyzed the cell death
(apoptosis) in the crypts of the small intestine using a
TUNEL kit (TaKaRa) as described in the manual sup-
plied by the manufacturer. We counted the
TUNEL-positive cells in more than 100 crypts from
five mice of each genotype.

Results

Tumor formation induced by KBrOs
treatment in Msh2-deficient mice

In order to examine whether oxidative stress in-
creases the intestinal tumorigenesis in mismatch re-
pair-deficient mice, congenic wild type, heterozygous
and homozygous Msh2-deficient (5, 6 and 7 animals
for each genotype, respectively) mice were adminis-
tered 0.2% KBrOjs in their drinking water for 16 weeks.
At the same time, five mice of each genotype were
kept under the same conditions except for the
KBrOs-treatment. As previously observed, the
KBrOs-treatment appeared to cause a slowdown in
the increase of body weight at almost the same rate in
all groups of animals during the period of
KBrOs-treatment. We dissected the mice after the
16-week treatment with KBrOs, and inspected the
intestines under a dissecting microscope. In the ho-
mozygous Msh2-deficient mice treated with KBrOs,
the formation of small intestinal tumors was dramat-
ically increased (Figure 1, Table 1). The mean number
of tumors induced in the small intestines of the seven
Msh2-deficient mice was 27.0, whereas it was 1.2 and
1.5 in the five wild type and six heterozygous mice,
respectively. Tumor formation was also observed in
the untreated homozygous Msh2-deficient mice, albeit
at a much lower frequency (mean: 1.2 tumor/mouse,
n=5) compared with the treated homozygous mice. As
previously observed in the Mutyh-deficient mice (34),
the KBrOs-induced tumors predominantly developed
in the duodenum and in the upper region of the jeju-
num (Figure 1A). We found no other anomalies in the
KBrOs-treatment mice.

Table I. Tumor formation in the intestine of Msh2-deficient mice

T
¢ s S » -

: i‘;“\ ' \'L =N i
Category 3 Category 4.1 Category 4.2
Figure 1. KBrO;-induced tumors in the small intestine of

Msh2-deficient mice. A. The proximal regions of the small intestines of
KBrO;-treated mice are shown; (+/+): wild type, (+/-): heterozygous
Msh2-deficient, and (-/-): homozygous Msh2-deficient mice. Multiple polyp
formations could be observed in the KBrOs-treated homozygous
Msh2-deficient mice. B. A section of a KBrOs-induced tumor stained with
hematoxylin and eosin (original magnification: objective 10X). The regions
containing the neoplasia are encircled by a broken line.

Pathological analysis of tumors induced by
KBrO3 in the small intestines

We performed a pathological analysis of 25,
three and two small intestinal tumors derived from
five homozygous-deficient, three heterozygous
Msh2-deficient mice and two wild type mice, respec-
tively, according to the Vienna classification of gas-
trointestinal epithelial neoplasia (Table 2, Figure 1B).
All tumors from homozygous Msh2-deficient mice
were classified as category 4 (non-invasive high grade
neoplasia), except for one case that was classified as
category 3 (non-invasive low grade neoplasia). All
tumors from wild type and heterozygous
Msh2-deficient mice were also classified as category 4
(Table 2).

Table 2. Classification of KBrOs-induced small intestinal tumors
in mice

Genotype No treatment KBrOs-treatment

No. of tumors®  No. of tumors® Ratio®
Wild type 0 1.20+0.98 1.00
Heterozygote 0 1.50£1.26 1.25
Homozygote 1.20 +0.75 27.00 +7.44 22.50

Genotype Category 3* Category 4* Total
41 42 43

Wild type — — 2 — 2

Heterozygote — — 3 — 3

Homozygote 1 3 21 — 25

a: The no. of tumors is the mean number of tumors per mouse, with the standard
deviation. b: ratio to tumors in wild type mice

*Tumors were categorized according to the Vienna classification of gastrointestinal
epithelial neoplasia

http://www.ijbs.com



Int. J. Biol. Sci. 2014, Vol. 10

76

Mutation analysis of the Ctnnbl gene

The B-catenin protein encoded by Ctnnbl gene is
a transcriptional activator functioning in the
Wnt-signaling pathway (36). The phosphorylation of
B-catenin by GSK3p in a complex with Axin and Apc
is required for the ubiquitin-mediated degradation of
B-catenin. Therefore, the presence of mutations af-
fecting the phosphorylation of the protein lead to its
stabilization and the accumulation of B-catenin in
nuclei, inducing the expression of target genes such as
c-myc and cyclin D1 without Wnt signaling. The mu-
tations at four putative GSK3B-phosphorylation sites
(S33, S37, T41, S45) and amino acids adjacent these
sites have been detected in a wide variety of human
cancers including HNPCC, as well as in chemical-
ly-induced tumors in model animals. Therefore, we
analyzed the mutations in exon 2 of the Ctnnbl gene
encoding the GSK3p-phosphorylation sites of
B-catenin. Among 89 tumors from five homozygous
Msh2-deficient mice, 27 tumors (30.3%) showed a
mutation in this region (Figure 2, Table 3). All the
mutations were base substitutions and occurred at or
in the vicinity of the codons for S33, S37 and T41. No
mutations were observed at the codon for 545. Among
them, G:C to A:T transitions predominantly occurred;
20 mutations (74.1%) were identified as G:C to A:T
transitions, and the others were three A:T to G:C
transitions (11.1%), two G:C to T:A transversions and

Table 3. Mutations found in the Ctnnb/ gene

two G:C to C:G transversions (7.4%, respectively).
There is no clear hotspot for G:C to A:T transitions in
this region, with there being seven at D32, five at S37,
four at G34 and four at T41. However, besides one
G:C to T:A transversion at 533, three other types of
mutations were observed only at the codon for S37.
The base substitutions observed at the codon for S37
were as follows; five G:C to A:T transitions, three A:T
to G:C transitions, two G:C to C:G transversions and
one G:C to T:A transversion.

31 32 33 34 35 36 37 38 39 40 41 42
L D ] G I H s G A T o T
TTG GAT TCT GGA ATC CAT TCT GGT GCC ACC ACC ACA
G o Aat codon D32 Cto T at codon S37 Cto T at codon T41
TTGGATTCT) CATTCT(‘}GT RCCACCACA

i \ FYVYYVYYYY
T'PQ%‘ATTCT CATTCTGGT ACCACCACHA
vV / R A

Figure 2. Somatic mutations found in the Ctnnbl gene of tumors.
The amino acid sequence and the corresponding nucleotide sequence of
GSK3pB phosphorylation sites are shown at the top. The amino acids at
phosphorylation sites are depicted in bold. The somatic mutations found in
the KBrOs-induced intestinal tumors are shown below the nucleotide
sequence of the Ctnnb/ gene; upper and lower panels show the nucleotide
sequencing results from normal tissues and tumors, respectively.

Mouse ID Sample ID Nucleotide position Wild type Mutant Mutation Amino acid change
22 1 94 GAT AAT G:C—AT D32N
38 1 109 ICT CCT AT-G:C 537P
4 109 TCT CCT AT-GC S37P
5 122 ACC ATC G:.C—AT T411
7 101 GGA GAA G:.C—AT G34E
8 110 TCT TAT G:C—T:A S37Y
19 94 GAT AAT G:C—AT D32N
13 100 GGA AGA G:.C—AT GB34R
18 110 ICT {HHE G:.C—AT S37F
20 110 TCT TIT G:C—AT S37F
21 122 ACC ATC G:C—AT T411
22 94 GAT AAT G:C—AT D32N
48 4 110 TCT TGT G:C—CG S37C
6 110 TCT TTT G:C—AT S37F
10 94 GAT AAT G:C—AT D32N
15 100 GGA AGA G:C—AT GB4R
22 109 TCT ccT AT-GC S37P
45 1 122 ACC ATC G:C—AT T411
) 110 TET TGT G:C—CG S37C
9 110 TET TIT G:C—AT S37F
10 94 GAT AAT G:C—AT D32N
50 5 122 ACC ATC G:C—AT T411
8 100 GGA AGA G:C—AT G34R
12 94 GAT AAT G:C—AT D32N
14 94 GAT AAT G:C—AT D32N
16 110 TCT TTT G:C—AT S37F
24 98 TET TAT G.C-T:A S33Y
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Figure 3. TUNEL-positive crypt cells in the small intestines from
KBrO,-treated mice. A. The sections stained with TUNEL. The crypts
of small intestines from wild type (left) and Msh2-deficient (right) mice
treated with KBrO;. B. The number of TUNEL-positive cells in the crypts.
The mean numbers of TUNEL-positive cells with standard deviations are
indicated by white (wild type mice) and black (homozygous Msh2-deficient
mice) bars. * p<0.002 (Student’s t-test).

Analysis of cell death

MMR is involved in the signaling for cell death
induced by genotoxic chemicals, such as alkylating
agents (19-21). A previous study showed that ES cells
carrying disrupted Msh2 alleles displayed an in-
creased survival following exposure to low-level ion-
izing radiation compared with wild type ES cells (26).
The increased survival could be attributed to a failure
of the cells to efficiently execute apoptosis in response
to oxidative DNA damage induced by radiation ex-
posure. These findings suggested that MMR is in-
volved in the induction of apoptosis caused by oxida-
tive DNA damage. It has been shown that intestinal
cancer originates in the stem cells resided in the bot-
tom of intestinal crypts (37). Thus, in the present
study, we analyzed the cell death in the crypts of
small intestines from wild type and Msh2-deficient

mice treated with KBrOs; using a TUNEL method. A
few TUNEL-positive cells were detected in the crypts
of wild type mice, but not in those of Msh2-deficient
mice (Figure 3A). We counted the TUNEL-positive
cells in more than 100 crypts from each genotype of
mice. The average numbers of crypts per mouse were
as follows: wild type, 21.2 (min 14, max 31) and
Msh2-deficient, 21.6 (min 17, max 30). We found that
3.36 £ 0.96 (mean + SD) TUNEL-positive cells per
crypt were present in wild type mice, while 0.80 + 0.46
(mean = SD) TUNEL-positive cell per crypt were
present in Msh2-deficient mice (Figure 3B). This dif-
ference was statistically significant (p< 0.002; t-test).

Discussion

In the present study, we performed
KBrOs-induced tumorigenesis experiments using
Msh2-deficient mice to examine the involvement of
mismatch repair (MMR) in the suppression of oxida-
tive stress-induced tumorigenesis. The oral admin-
istration of KBrOs at a dose of 0.2% in drinking water
dramatically increased the formation of intestinal
tumors in Msh2-deficient mice compared to untreated
Msh2-deficient mice and treated wild type mice. Thus,
we concluded that MMR plays a significant role pre-
venting the intestinal tumorigenesis induced by oxida-
tive stress in mice.

Several lines of evidence suggest that oxidative
stress could be generated in the intestines of animals
under physiological conditions. For example, it was
reported that the incidence of G:C to T:A transver-
sions increases significantly in the intestines of older
mice compared with younger mice (38). Because G:C
to T:A transversions are mainly caused by 8-0x0G, a
major oxidative DNA damage, these observations
indicate that the mutations caused by oxidative DNA
damage would tend to accumulate in the intestines
during the course of aging. Consistent with this no-
tion, defects in MUTYH, the human DNA glycosylase
suppressing 8-oxoG-induced mutagenesis, lead to a
susceptibility to colorectal cancers with excess G:C to
T:A transversions in humans (39). Furthermore,
Mutyh-deficient mice also show susceptibility to
spontaneous and KBrOs-induced intestinal adeno-
ma/carcinoma (34). Therefore, based on these previ-
ous observations and our present results, it is likely
that on a MMR-defective genetic background, oxida-
tive stress generated in the intestine may enhance
tumor development, thus leading to HNPCC in hu-
mans.

The mutation analyses of the tumor-related gene,
Ctnnbl, revealed that more than 30% of the tumors
that developed in KBrOs-treated Msh2-deficient mice
had somatic mutations in the coding region for GSK3
phosphorylation sites. All the mutations detected
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