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Abstract

Background Chronic inflammation induces DNA damage and promotes cell proliferation, thereby increasing the
risk of cancer. DNA polymerase k (Pol k), involved in translesion DNA synthesis, counteracts mutagenesis induced
by inflammation in the colon of mice. In the present study, we examined whether Pol k suppressed inflammation-
induced colon tumorigenesis by treating inactivated Polk knock-in (Polk="=) mice with dextran sulfate sodium (DSS),
an inducer of colon inflammation.

Results Male and female Polk~'~ and Polk*/+ mice were administered 2% DSS in drinking water for six consecutive
days, succeeded via a recovery period of 16 days, followed by 2% DSS for another two days. DSS treatment strongly
induced colitis, and the severity of colitis was higher in Polk™/~ mice than in Polk*’* mice. The mice were sacrificed
after 19 weeks from the initiation of the first DSS treatment and subjected to pathological examination and mutation
analysis. DSS treatment induced colonic dysplasia, and the multiplicity of dysplasia was higher in Polk™~ mice than in
Polk™*mice. Some of the dysplasias in Polk™'~ mice exhibited 3-catenin-stained nucleus and/or cytoplasm. Mutation
frequencies in the gpt reporter gene were increased by DSS treatment in Polk™'~ mice, and were higher than those in
Polk*™"* mice.

Conclusions Pol k suppresses inflammation and inflammation-induced dysplasia as well as inflammation-induced
mutagenesis. The possible mechanisms by which Pol k suppresses colitis- and colitis-induced dysplasia are discussed.
Keywords Chronic inflammation, DNA polymerase k, Translesion DNA synthesis, Colitis, Dysplasia, In vivo mutation,
DNA damage
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Introduction

Chronic inflammation is a known risk factor for human
cancer. Crohn’s disease and ulcerative colitis are chronic
inflammatory bowel diseases strongly associated with
a high risk of intestinal cancer [1, 2]. The inhibition of
inflammation in patients using anti-inflammatory drugs
substantially reduces cancer risk. The colonization of
Helicobacter pylori in the epithelium of the stomach
is another example of chronic inflammation-induced
human cancer [3]. During inflammation, reactive oxygen
and nitrogen species, and lipid peroxidation products are
generated, which induce a variety of DNA adducts [4].
Inflammation also generates various inflammatory medi-
ators, such as cytokines, chemokines, and matrix-degrad-
ing enzymes, which may promote cell proliferation and
carcinogenesis [5]. Thus, DNA damage, mutagenesis, and
cell proliferation play important roles in inflammation-
induced carcinogenesis.

When genomic DNA is damaged, the lesions are ini-
tially repaired by several cellular DNA repair mecha-
nisms, such as nucleotide excision repair and base
excision repair [6]. However, all DNA damage is not
repaired before DNA replication. Therefore, replicative
DNA polymerases (Pols), such as Pol «, Pol §, or Pol ¢,
encounter DNA damage and halt DNA synthesis, which
may lead to chromosome aberrations and cell death
[7]. In this case, cells adopt a strategy called translesion
DNA synthesis (TLS) [8—10]. In this process, specialized
Pols for TLS incorporate dNMPs opposite DNA dam-
age, extend the primer DNA, and hand over the primer
to the replicative Pols to complete whole chromosome
replication. Unlike replicative Pols, which synthesize long
stretches of chromosome DNA with high fidelity, spe-
cialized Pols synthesize short DNA that often contains
DNA damage with low fidelity [11]. Typical examples of
specialized Pols are Pol k, Pol n, Pol t, and Revl, which
belong to the Y-family, and Pol €, a B-family enzyme [12,
13]. Although TLS rescues halted chromosome replica-
tion, it does not remove DNA damage, but only helps
complete chromosome replication. Thus, TLS is regarded
as a mechanism of DNA damage tolerance rather than
DNA repair [14].

Among the specialized Pols, Pol k is unique in that
its homologs are present in three domains of life, i.e.,
Eukarya, Archaea, and Bacteria, whereas others are pre-
sent either in Eukarya or in Bacteria/Archaea [10, 15].
To elucidate the in vivo protective roles against geno-
toxic insults, we generated knock-in mice whose catalytic
activity of Pol k was inactivated [16] and crossed them
with gpt delta mice [17], which have a reporter gene for
mutations (hereafter, we refer to the inactivated Polk™'~
knock-in gpt delta mice simply Polk~'~ mice). We then
examined the sensitivity of Polk~'~ mice to mutagenicity
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and carcinogenicity of benzo[a]pyrene (BP) via intra-
genic gavage, followed by treatment with dextran sulfate
sodium (DSS), and compared the mutant frequencies
(MFs) and tumor formation in the colon with those of gpt
delta mice (hereafter, we refer to the mice simply Polkt/*
mice). BP was chosen as a genotoxic insult because Pol
K efficiently bypasses N?-2'-deoxyguanosine adducts by
active metabolites of BP in an error-free manner in vitro
[18-21]. DSS accelerates chemically-induced carcino-
genesis by inducing inflammation in the mouse colon
[22, 23]. However, Polk~/~ mice did not exhibit any sub-
stantially higher sensitivity to the mutagenicity of BP
and carcinogenicity of BP+DSS in the colon compared
to Polk™* mice [24, 25]. Instead, Polk~'~ mice exhibited
much higher sensitivity to the mutagenicity of DSS than
Polk*'* mice. These results were surprising because DSS
was known to be non-mutagenic both in vitro and in vivo
[26, 27]. In fact, DSS did not induce mutations in Polk™*
mice in a previous study [24]. Since DSS strongly induces
inflammation in the colon, we suggest that Pol k bypasses
inflammation-induced DNA damage(s) in an error-free
manner, thereby suppressing inflammation-induced
mutagenesis. This result also raised the interesting pos-
sibility that Polk~/~ mice might be sensitive to inflamma-
tion-induced carcinogenesis.

In this study, we investigated the possibility by oral
treatment of Polk~'~ and Polk*'™ mice with DSS alone,
and compared their sensitivity to DSS-induced inflam-
mation, dysplasia, and mutagenesis in the colon. These
results suggest that Pol k suppresses inflammation,
inflammation-induced dysplasia, and mutagenesis in the
colon of mice. Possible mechanisms behind the suppres-
sion of inflammation and inflammation-induced genome
instability by Pol « are discussed.

Materials and methods

Chemicals

DSS (CAS No. 9011-18-1, molecular weight:36,000—50,000)
was obtained from MP Biochemicals LLC (Aurora, OH,
USA).

Animals

Polk™'~ mice were established as described [16]. Briefly,
Polk mutant ES cells with a DNA sequence that directed
amino acid substitutions of DI197A-E198A were
injected into BALB/cA blastocytes to produce chimeric
mice. Chimeric mice were bred with C57BL/6N females
to generate their offspring. After homogenization of the
Polk mutant allele, the knock-in mice were bred with
C57BL/6 J-Tg gpt delta mice harboring the gpt gene for
mutation [17]. Polk™* and Polk™'~ mice were bred at
Japan SLC Inc. (Shizuoka, Japan). C57BL/6 ] mice used
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for Experiment 1-1 and 1-2 (Fig. 1) were purchased
from SLC, Inc. (Shizuoka, Japan).

The mice were transported to the test site (Eisai Co.,
Ltd., Ibaraki, Japan). All mice were housed in plastic
cages (one mouse per case) and fed a basal diet (Orien-
tal MF, Oriental Yeast Co., Ltd., Tokyo, Japan) and tap
water (Experiment 1) (Fig. 1) or purified water (Experi-
ment 2) (Fig. 1) ad libitum under controlled conditions
of temperature (2343 °C), humidity (55+15%), and
light (12-h light/12-h dark cycle). Animals were quar-
antined for one week or more, and they were assigned
by stratified randomization to the two groups accord-
ing to their body weights. Mice from the DSS- and
untreated groups were assigned to the heavy and light
groups, respectively, to minimize the mortality of light
mice, given that they are likely to be more sensitive to
DSS-induced colitis than heavy mice.

Experiment 1-1
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Experimental procedures

The present study comprised two experiments (Experi-
ments 1 and 2) (Fig. 1). Experiment 1 was conducted
to determine an appropriate concentration of DSS in
Experiment 2 using C57BL/6 mice, which was identical
to Polkt'* and Polk~'~ mice, and to analyze DSS-induced
DNA adducts in the colon mucosa obtained at necropsy.
Experiment 2 examined the role of Pol k in tumorigen-
esis and mutagenesis induced by DSS using Polk™'* and
Polk™~ mice.

Experiment 1

Experiment 1 was subdivided into two experiments
(Experiments 1-1 and 1-2) (Fig. 1). In Experiment 1-1,
four male and four female mice (9-weeks old) per group
were administered 1.5%, 2.0%, or 2.5% DSS in drinking
water for five consecutive days, and necropsied three

Experiment 1-2

2M
Untreated groupl iI\F/I Untreated group oF
5d 3d 7d 14d 7d 2d
DSSgroups | DSS | 4M DSS group DSS DSS 4M
4F 3F
M & F: 1.5%, 2.0%, 2.5% A& M: 2.0% M:2.0% A
F:2.5%* F:2.0%

A : necropsy for analysis of DNA adducts

Experiment 2

*: one mouse was euthanized 4 days after treatment

A : necropsy for analysis of DNA adducts

Group Histo-  Mutation
pathology
Wo V‘f’ WIS —poim M 9 4
+ 3 F 10 4
Untreated groups ; 5  Polk- M 9 4
i 7 F 8 4
6d 16d | 2d
2  Polk™* M 11 4
DSSgroups | DsS | DSS 4 F 10 4
2.0% 2.0% 6 Polk- M 10 4
8 F 12 4

A : necropsy for analyses for histopathology and mutation

Fig. 1 Experimental designs. Experiment 1-1 was for a dose-finder for Experiment 1-2 and sampling of the colon mucosa, and three
concentrations (1.5%, 2.0%, and 2.5%) of DSS were tested for male and female C57BL/6 J mice. Four males and four females from the untreated and
DSS groups were used to analyzing the DNA adducts. Based on Experiment 1-1, the concentrations of 2.0% and 2.5% DSS were initially selected

for male and female C57BL/6 J mice in Experiment 2, respectively. As one female mouse was euthanized due to poor health conditions after
treatment with DSS, the concentration of DSS was reduced from 2.5% to 2.0%. Colon mucosa was collected from two males and two females from
the untreated group, and four males and three females from the DSS group to analyze DNA adducts. The treatment regimen of Experiment 2 was
determined based on the data from Experiment 1-2, and animal conditions such as clinical signs, stool, and body weight so that mortality might
be minimal. Male and female Polk*’* and Polk™'~ mice were administered 2.0% DSS for six consecutive days and two consecutive days, separated
by a 16-day DSS treatment-free interval period. At week 19 (defining the first week of the experiment as week 0), surviving mice were necropsied to
collect colon samples for histopathology and mutation assays, as indicated in the text table
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days after the last DSS treatment to prepare colonic
mucosa samples for analysis of DNA adducts. Four male
and four female mice were used as untreated controls.

The purpose of Experiment 1-2 was to determine an
appropriate concentration of DSS for Experiment 2,
where two cycles of DSS treatment for one week sepa-
rated by a two-week DSS treatment-free interval period
were initially scheduled. Based on the results from
Experiment 1-1, the concentration of DSS was initially
set at 2.0% for four males and 2.5% for four females; how-
ever, the concentration for females was decreased to 2.0%
for the second cycle because one female was euthanized
due to poor health conditions caused by colitis following
four days after the first cycle of DSS treatment. Two days
after the last treatment in the second cycle, the mice were
necropsied for sampling. Two male and two female mice
were used as untreated controls for the analysis.

In Experiments 1-1 and 1-2, after the mice were euth-
anized by exsanguination from the abdominal aorta or
vein under isoflurane anesthesia, the large intestine was
immediately excised and flushed with saline. The colonic
mucosa was scraped using a spatula. After being snap
frozen, samples were stored in a deep freezer until DNA
extraction for the analysis of DNA adducts.

Experiment 2

The treatment regimen of Experiment 2 was deter-
mined based on the data from Experiment 1-2, and ani-
mal conditions, i.e., stool and body weight. Actually, 16
male Polk™'*, female Polk*'*, male Polk~'~, or female
Polk™~ mice (7 to 9-weeks old) per group were admin-
istered 2.0% DSS in drinking water for six consecutive
days and two consecutive days separated by a 16-day DSS
treatment-free interval period. As a reference, purified
water was given to 12—14 male Polk*'*, female Polk™'*,
male Polk™'~, or female Polk~'~ mice per group. At week
19 (defining the first week of the experiment as week
0), mice were euthanized by exsanguination from the
abdominal aorta or vein under isoflurane anesthesia to
collect colon samples for histopathology and mutation
assays.

Tissue collection and histopathology

Since five mice treated with DSS were found dead or
sacrificed due to poor physical conditions, 11 male
Polkt'*, 10 female Polk™*, 10 male Polk™'~ or 12 female
Polk™'~ mice for DSS treatment, and 9 male Polk*'*, 10
female Polk*'*, 9 male Polk™'~ or 8 female Polk™'~ mice
as vehicle controls were examined histopathologically,
as described previously [23, 28]. At necropsy, the large
intestine was immediately excised, flushed with saline,
infused with 10% neutral buffered formalin, cut open

Page 4 of 13

longitudinally, and grossly examined. Thereafter, the tis-
sues were stored in 10% neutral buffered formalin, cut
into four equal lengths from the proximal to the distal
ends, processed, and embedded in paraffin.

Longitudinal sections of the colon were stained
with hematoxylin and eosin (H&E) for histopathologi-
cal examination, and the number of colonic dysplasia
(consisting of multiple dysplastic foci), adenomas, and
adenocarcinomas were counted. These dysplastic and
neoplastic lesions were diagnosed according to previ-
ously described criteria [23, 28], which were originally
reported by Pascal [29], Riddell et al. [30] and Ward [31].

The study design was approved by the Institutional
Animal Care and Use Committee, and the experiments
were performed according to Eisai animal experimenta-
tion regulations.

Immunohistochemistry

Paraffin-embedded colon sections with dysplastic lesions
in DSS-treated mice were examined using immunohis-
tochemical staining for B-catenin. Rabbit monoclonal
anti-p-catenin antibody (clone E247, Abcam) was used
at a concentration of 1/1000. After autoclave antigen
retrieval of 4 um sections, DAKO EnVision+ System-
HRP Labelled Polymer Anti-Rabbit was used to exam-
ine their expression and localization. The sections were
counterstained with Mayer’s hematoxylin solution for
microscopic examination.

Tissue collection for mutation assay

Four mice from each of the eight groups (male Polk
female Polk*'*, male Polk™'~ and female Polk~'~ mice
treated with or without DSS) were used in the muta-
tion assay. At necropsy, the large intestine was imme-
diately excised, flushed with saline, and the mucosa
was scraped from the distal colon (half of the anus
side) using a spatula. After being snap frozen, samples
were stored in a deep freezer until DNA extraction for
mutation assay.

+/+
)

Mutation assay

MFs of the gpt reporter gene were determined using
6-thioguanine (6-TG) selection according to a previ-
ous report [17]. Initially, isolated gpt mutants were con-
firmed by streaking them on agar plates containing 6-TG.
Then, the "confirmed mutants” were subjected to DNA
sequencing. When mutations were identified, they were
classified as "corrected mutants". The MFs were calcu-
lated by dividing the number of "corrected mutants" by
the number of rescued phages (Table 3). Identical muta-
tions obtained from the same mouse were regarded as
single mutations because of clonal expansion.
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DNA adduct analyses
DNA adducts in the colonic mucosa of DSS-treated
or non-treated mice were quantified by LC/MS/

MS, as described previously, with minor modi-
fications [32]. Lipid peroxidation-derived DNA
adducts, 1,N6-etheno-2’-deoxyadenosine (edA),

8-hydroxy-1, N?-propano-2’-deoxyguanosine (8-OH-
AdG), heptanone-etheno-2’-deoxycytidine (HedC), and
an oxidative DNA adduct 8-oxo-7,8-dihydro-2’-deoxy-
guanosine (8-oxo-dG) were analyzed.

DNA was extracted from the colonic mucosa of the
mice using the QIAGEN Blood and Tissue Kit, as indi-
cated in the kit protocol. The DNA sample (~10 pg)
was digested to deoxynucleosides by micrococcal
nuclease, spleen phosphodiesterase, and alkaline phos-
phatase, as previously described [32]. Digested DNA
was dissolved in 25 pL of 30% dimethyl sulfoxide, and
a 2 pL aliquot was injected and separated by the COR-
TECS™ UPLC® C18 1.6 pym 2.1 x 100 mm column
(Waters) heated to 40 °C, eluted in a linear gradient of
1%—-10% methanol in 10 mM ammonium acetate buffer
from O to 4 min, 10% to 80% from 4 to 8 min, at a flow
rate of 0.2 mL/min. Multiple reaction monitoring was
performed using a Waters Xevo TQS quadrupole tan-
dem mass spectrometer with electrospray ionization.
The MS parameters were as follows in electrospray
positive mode: cone, 35 V; source temperature, 150 °C;
desolvation temperature, 650 °C; cone gas flow, 150
L/h; desolvation gas flow, 1000 L/h; collision gas flow,
0.15 mL/min; and nebulizer gas flow, 7 bar. The tar-
get substance was measured using multiple reaction
monitoring (MRM). The MRM settings for each adduct
are as follows (notation: parental ion (m/z) — daugh-
ter ion (m/z); collision energy (V)): 8-oxo-dG
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(284.1— 168.1; 15), ['°N;]8-oxo-dG (289.1 — 173.1;
15), edA (276.1 — 160.1; 15), ['*N;]edA (281.1 — 165.1;
15), 8-OH-AdG (324.1— 208.1; 10), [*°N;]8-OH-AdG
(329.1— 213.1; 10), HedC (364.2 — 248.2; 10), [**N,]
HedC (367.2 — 251.2; 10).

Statistical analyses

The total number of days when mice showed blood stool,
soft stool, or decreased body weight was compared using
a two-sided Welch’s ¢-test for paired samples. The inci-
dence and multiplicities of dysplasia were compared
using Fisher’s exact probability test and Welch’s ¢-test for
paired samples (two-sided both). MFs were compared
using a two-sided Dunnett test for paired samples.

Results

Colitis activity indices

We examined the appearance of blood or soft stools and
decrease in body weight during the in-life phase, and
the length of the large intestine at necropsy as signs of
inflammation-related findings (Table 1, Supplementary
Table 1). In this study, the number of days mice showed
bloody stool, soft stool, or decreased body weight, was
used as a colitis activity index for inflammation induced
in the colon. Blood or soft stools, or decreased body
weights were observed in both male and female mice,
and both Polk~'~ and Polk*'Tmice treated with DSS. In
many mice, blood or soft stools appeared particularly
for 4 days after the first DSS treatment, 2 days from the
last day of the second DSS treatment, or 3 weeks from
one week after the second DSS treatment. The body
weight decreased in approximately half of the mice in
each group (both males and females and both Polk~'~
and Polk™*mice) treated with DSS, particularly for

Table 1 Inflammation-related findings in untreated or DSS-treated Polk™'* and Polk™'~ mice

Inflammation-related clinical findings

Number of Duration of
Group Genotype Gender DSS mouse Blood stool Soft stool decreased body Len‘gth of large
of mouse (%) . . intestine
examined weight
(days)“ (days)“ (days)” (cm)
1 Polk™" male 0 9 ] ]' 0 ]* 9.4+0.7
2 male 2 11 2. 4il 8 8. 4i6 7 2.5+3.3 9.0£1.0
3 female 0 10 ]* 0 8.6+0.6
4 female 2 10 1. 811 6 I 4. Si4 8 1.1£1.6 8.240.8
5 Polk™ male 0 9 ]* 0 ]** 8.7+0.7
6 male 2 10 3. 3i2 0 10. li7 3 T 3.943.5 8.5+1.1
7 female 0 8 :l* ]* 0 ]‘* 7.9+0.6
3 female 2 12 2. Oil 5 8. 9i5 7 2.5+2.5 8.3+0.8

" Significantly different at p<0.05
" Significantly different at p <0.01

? Number of days when blood or soft stools were observed

b Number of days when body weights decreased by 10% or more as compared to the maximum body weight during the most recent dosing period
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4 or 5 days from 2 days after the first DSS treatment.
When we compared the colitis activity indices between
Polk™'~ and Polk*'* mice (Table 1), they were all higher
in Polk~'~ mice than in Polk*'*mice, and the difference
in soft stools in females was statistically significant. This
finding indicates that Polk~'~ mice may be more sensi-
tive to DSS-induced inflammation than Polk™"mice and
that Pol k may be closely associated with inflammation.
In contrast, DSS treatment did not affect the length of
the large intestine, and there were no differences in the
length between Polk~'~ and Polk*'*mice or between
males and females.

Histopathology

Inflammatory cell infiltration was observed in both
Polk™'~ and Polk*'* mice 15 weeks after the initial DSS
treatment (data not shown), indicating that colitis was
induced by DSS treatment. Dysplastic foci were charac-
terized by irregular branching with cellular and nuclear
pleomorphisms (Figs. 3A and B). One adenocarcinoma
was a polypoid mass composed of tubular or papillary
proliferations that protruded into the intestinal lumen

i
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Fig. 2 Histopathology results of H&E staining and B-catenin-immunosta

adenocarcinoma (Mouse 1D; 06M07) induced in male Polk™~

ining of adenocarcinoma in the colon induced by DSS. A and B show
mouse after DSS treatment. 3-Catenin is accumulated in the nucleus or cytoplasm of
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and consisted of variably sized distorted glands, which
branched irregularly and were lined by stratified epi-
thelial cells with cellular and nuclear pleomorphism
(Figs. 2A and B). These histopathological characteristics
are consistent with those found in various DSS-induced
colon cancer models. There were no differences in the
histopathological characteristics of the colon mucosa of
Polk™'~ and Polk*'* mice treated with vehicle.

Induction of dysplastic and neoplastic lesions in the colon
by DSS

Under the treatment conditions employed in the present
study, 30 dysplasias (dysplastic foci) and one adenocar-
cinoma were observed in the colon of 43 Polk*'* and
Polk™~ mice treated with DSS (Supplementary Table 1).
There were no colonic dysplasia or neoplastic lesions in
36 Polk™* and Polk~'~ mice treated with vehicle.

Polk™~ mice exhibited a higher multiplicity of colonic
dysplasia and neoplastic lesions than Polk*'* mice, and
the difference in the multiplicity of dysplasia was statisti-
cally significant in females (Table 2). These findings sug-
gest that Pol k suppresses DSS-induced tumorigenesis. In

the adenocarcinoma (Fig. 2C). B is enlarged magnification of the area surrounding the yellow frame in Fig. 2A. bar: 100 pm

Table 2 Colonic dysplasias and neoplasias in untreated or DSS-treated Polk™* and Polk™'~ mice

Number of Histopathology
Group anmo;zlsa: Gender ?‘ii . Tncidence (%)° _ Multiplicity’ _
examined Dysplasia Adenoma ? no- Dysplasia Adenoma ? no-
carcinoma carcinoma

1 Polk™"* male 0 9 0(0) 0(0) 0(0) 0 0 0

2 male 2 11 27 (3) 0(0) 0(0) 0.64+1.21 0 0

3 female 0 10 0(0) 0(0) 0(0) 0 0 0

4 female 2 10 000) A 0(0) 0(0) 0 — 0 0

5 Polk™ male 0 9 0(0) 0(0) 0(0) 0 ]‘ 0 0

6 male 2 10 60 (6) 0(0) 10 (1) 1.60+1.58 0 0.10+0.32

7 female 0 8 0(0) 0(0) 0(0) 0 0 0

8 female 2 12 42 (5) 0(0) 0(0) 0.58+0.79 ] 0 0

* Significantly different at p <0.05
2 Figures in parentheses indicate the number of dysplasia/tumor-bearing mice

® Number of dysplasia/tumors per mouse, mean =+ standard deviation
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Fig. 3 Histopathology results of H&E staining and 3-catenin-immunostaining of dysp
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. AN
lasias in the colon induced by DSS. A and B show dysplasia

stained with H & E (Mouse ID; 02M11) induced in a male Polk~'~ mouse after DSS treatment. C to K show colorectal epithelium or dysplasias stained
with -catenin. The 3-catenin is exclusively located on the cell membrane in normal colorectal epithelium (Fig. 3C). Some dysplasias induced in
female Polk™'~ mice, where B-catenin is accumulated in the nucleus or cytoplasm, are shown in Figs. 3D (Mouse ID; 08F06), 3E (Mouse ID; 08F07),
3F (Mouse ID; 08F10), and 3G (Mouse ID; 08F10). All dysplasias examined in male Polkt’* and Polk~'~ mice show localization of B-catenin limited to
the cell membrane, and representative images of are shown in Figs. 3H (Mouse ID; 02M08) and 31 (Mouse ID; 02M09) for Polk™*mice, and in Figs. 3J
(Mouse ID; 06M11) and 3 K (Mouse ID; 06M12) for Polk~/~mice. Figure 3B is enlarged magnification of the area surrounding the yellow frame in

Fig. 3A. bar: 100 um

both Polk™* and Polk™'~ mice treated with DSS, males
exhibited higher multiplicity than females in dysplasia.
The higher sensitivity of males than females is consist-
ent with the higher sensitivity of males for colitis activity
indices (Table 1).

Immunohistochemistry of B-catenin in dysplastic foci

The translocation and accumulation of B-catenin from
the cell membrane to the nucleus are associated with
colon tumorigenesis in rodents and humans. Such abnor-
mal B-catenin-accumulated dysplastic foci are considered
advanced dysplasia or putative preneoplastic lesions of
the colon in chemically-induced colon cancer models
in combination with or without DSS [33]. For this rea-
son, we conducted a p-catenin-immunohistochemical
analysis of the majority of the dysplasia cases from mice
exposed to DSS, which were available in serial sections of
H &E specimens, i.e., five dysplasias from male Polk*'*
mice, 12 from male Polk~'~ mice, and seven from female
Polk™'~ mice. B-catenin was exclusively localized on the

cell membrane in the normal colonic mucosal epithe-
lial cells of vehicle-treated mice (Fig. 3C). Likewise, all
the dysplasias examined in male Polk™* and Polk™'~
mice showed localization of -catenin in cell membrane
(Figs. 3H to K). However, B-catenin was present in the
nucleus and/or cytoplasm in four out of seven dyspla-
sias in female Polk™'~ mice (Figs. 3D to Q) as well as one
adenocarcinoma in a male Polk~'~ mouse (Fig. 2C). Two
out of seven dysplasias did not show clear translocation
of B-catenin and the remaining one showed localization
of B-catenin in cell membrane. These findings suggest
that at least some dysplastic foci were possible neoplastic
lesions.

Induction of mutations in the colon of Polk~'~ mice by DSS
MFs of the gpt reporter gene were determined in the
colons of female Polk™* and Polk™/~ mice treated
with DSS or vehicle (Table 3, Supplementary Fig. 1).
DSS enhanced MFs almost twice in Polk™'~ mice
(10.3+£6.3x 107 versus 5.243.0 x 107°), while it did
not increase MFs in Polkt'* mice (4.0+1.5 x 107 versus
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4.442.0 x 107°). Thus, DSS-induced MF was higher in
Polk™'~ mice than in Polkt’* mice (10.3+£6.3x107°
versus 4.041.5 x 107%, although there was no statistical
significance. To analyze the types of mutations that were
increased in DSS-treated Polk~'~ mice, mutation spec-
tra were compared between DSS-treated Polk*'* and
Polk™'~ mice. Specific MFs of the A:T to T:A transver-
sions and one-base deletions were five times or higher in
Polk™'~ than in Polk*'* mice (Table 4). The specific MFs
of A:T to G:C and G:C to T:A were more than three times
higher in Polk™'~ than in Polk™" mice. In contrast, there
were no substantial differences in the mutation spectra
between the water-treated Polk™'* and Polk™'~ mice.

DSS-induced DNA adducts in the colon of mice

We measured the amount of four different types of
DNA adducts in the colon mucosa of male and female
C57BL/6 mice exposed to DSS (Fig. 1, Table 5). The
amount of edA increased slightly compared to the con-
trol level when the female mice were exposed to two
cycles of 2.5 or 2.0% DSS for 7 days (1.4 adducts per
10% bases versus 0.8 adducts per 10® bases) despite
the lack of statistical significance. No apparent effects
of DSS were observed on the other DNA adducts.
Although DNA was sampled two—three days after the
last DSS treatment (Fig. 1), it appears that the DNA
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adducts were removed by DNA repair or that damaged
cells were turned over by the time of DNA sampling.

Discussion

The integrity of genomic DNA is essential for life.
Chronic inflammation is a major challenge for humans
because inflammation induces DNA damage and
effectively promotes the transformation of initiated
(mutated) cells into cancerous cells [34, 35]. This study
examined whether Pol « suppresses inflammation-
induced carcinogenesis by treating Polk~'~ and Polk*'*
mice with DSS. DSS treatment strongly induced colitis
in both Polk~'~ and Polk™'* mice. The severity of colitis
activity indices, i.e., blood stool, soft stool and duration
of decreased body weight, was higher in Polk~/~ than
in Polk™* mice, although the differences were statisti-
cally insignificant (Table 1). These results suggest that
Pol k may play a suppressive role in inflammation. DSS
induced not only colitis but also multiple dysplastic
lesions and one adenocarcinoma in the colon (Table 2).
The multiplicity of dysplasia was higher in Polk™'~
than in Polk*'* mice, both in males and females, and
the difference in females was statistically significant.
Since P-catenin was localized in the nuclear and/or
cytoplasmic regions in some dysplasias, they are con-
sidered to appear as neoplastic lesions (Figs. 3D-G). In
addition, we previously reported that some dysplasias
develop into adenocarcinoma through adenomas in

Table 4 Specific gpt MF in distal colon of untreated- or DSS-treated Polk*/* and Polk™'~ mice

Water DSS
Polk+/+ Polk~/~ Polk++ Polk~/~
No.of % SMF No.of % SMF Polk”’=/  No.of % SMF No.of % SMF Polk=/~/
Polk+/+ Polk*/*+
mutant (x107%) mutant (x10%)  (Fold) mutant (x107%) mutant (x107%)  (Fold)
Base substitution
Transition
GCtoAT 6 35 16 14 37 19 1.2 6 33 13 18 29 29 2.2
ATtoGC 2 12 05 2 5 03 0.6 6 02 5 8 0.8 4.0
Transversion
GCtoTA 6 35 16 7 18 10 0.6 4 22 09 17 27 28 3.1
GCtoCG 0 0.0 3 8 04 2 11 04 5 8 08 20
ATtoTA 0 0.0 6 16 08 1 6 0.2 7 11 1.1 55
ATtoCG 2 12 05 2 5 03 0.6 1 6 02 3 5 0.5 25
Deletion
1 base pair 1 6 03 2 5 0.3 1.0 1 6 02 6 10 10 50
>2 base pairs 0 0 00 1 301 1 6 02 1 2 02 1.0
Insertion 0 0 0.0 1 3 0.1 1 6 02 1 2 02 1.0
Total 17 100 44 38 100 5.2 1.2 18 100 4.0 63 100 103 26

@ SMF stands for specific MF, which was calculated by multiplying the MF by the ratio of the number of mutations in each class among the total number of gpt

mutations
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Table 5 DNA adducts in colon of male and female C57BL/6 mice
Experiment DSS(%) Days after Male or female Number Number of DNA adducts per 102 bases
the last DSS of mice
treatment 8-oxo0-dG edA 8-OH-AdG HedC
Experiment 1-1 0% — Male 4 93+14(4/4) 1.0+0.1(3/4) 1.04+0.1(4/4) 21+£06 4/4)
Tcycle, 1.5% 3 days Male 4 861+23(4/4) 1.0x0.1(3/4) 1.14£0.1(4/4) 13£0.1(3/4)
Tcycle, 2% 3 days Male 4 93+38(4/4) 1.1+£044/4) 12402 (4/4) 1.7+05(2/4)
Tcycle, 2.5% 3 days Male 4 89+21(4/4) 1.64+1.1(3/4) 12401 (4/4) 134£03(2/4)
0% — Female 4 106£5(4/4) 08+02(2/4) 1240.1(4/4) 19402 (4/4)
Tcycle, 1.5% 3 days Female 4 87+22(4/4) 07+£03(4/4) 1.140.1(4/4) 14405 4/4)
Tcycle, 2% 3 days Female 4 99422 (4/4) 1.1+£03(3/4) 1.140.1(4/4) 14£024/4)
Tcycle, 2.5% 3 days Female 4 81+£10(4/4) 09+£04(3/4) 1240.1(4/4) 1.5+05(4/4)
Experiment 1-2 0% — Male 2 126442 (2/2) ND 1340.1(2/2) 23£05(2/2)
2cycle, 2% 2 days Male 4 87+15(4/4) 08£00(2/4) 13+034/4) 14ENA(1/4)
0% — Female 2 1074+22(2/2) ND 1.14+£02(2/2) 1.6+£02(2/2)
2cycle, 25%— 2% 2 days Female 3 97+28(3/3) 14+£08(3/3) 12£02(3/3) 224+14(3/3)

The data represent as follows: mean = SD (number of mice in which adduct detected/number of mice tested)

Means and SDs were calculated for samples in which adduct was detected

The approximate detection limits of 8-oxo-dG, edA, 8-OH-AdG and HedC in the clean standards are 25 pM, 5 pM, 5 pM, 5 pM, respectively, but in real samples they
increase to 30 pM, 6.3 pM, 12 pM, 8.2 pM due to ion suppression. Converting this using the average of the measured DNA amounts analyzed in this study (dG:375 pM),
the detection limits of number of adducts per 108 bases are 8-oxo-dG (1.7), edA (0.37), 8-OH-AdG (0.7)and HedC(0.48)

Abbreviations: 8-oxo-dG 8-oxo-7,8-dihydro-2-deoxyguanosine, edA, 7 N®-etheno-2'-deoxyadenosine, 8-OH-AdG 8-hydroy-1, N?-propanodeoxyguanosine, HedC

heptanone-etheno-2'-deoxycytidine, ND Not detected, NA Not applicable

a time-course study on colon tumorigenesis that was
initiated by BP and promoted by DSS [28]. Therefore,
we suggest that Pol k suppresses inflammation-induced
dysplasia, which may develop into tumors, in the colon
of mice.

A possible reason for the suppressive effects of Pol
on inflammation-induced tumorigenesis is that Pol «
suppresses inflammation-induced mutagenesis in the
colon. To confirm this possibility, we analyzed muta-
tions in the colon with the gpt reporter gene in female
Polk™'~ and Polk™'* mice, with or without DSS treat-
ment. Female mice were chosen because we examined
mutations in male mice in a previous study, where
male Polk~'~ mice exhibited significantly higher MFs
than Polk™* mice when they were treated with DSS
(19.8 x 107 in Polk™'~ versus 6.4 x 107 in Polk*'")
[24]. MF (6.4x107°) was not significantly different
from that of vehicle-treated mice (5.6 x 107°), indicat-
ing that no mutations were induced by DSS treatment
in male Polk*'* mice [24]. As shown in Table 3 and
Supplementary Fig. 1, the MF in female Polk™/~ mice
was more than two times higher than that in Polk™'*
mice when they were treated with DSS (10.3 x 107
in Polk™'~ versus 4.0x10™° in Polk*'*). The MF
(4.0 x 107°) was not significantly different from that of
vehicle-treated Polk™* mice (4.4 x 107%). Although no
statistical significance was observed, the MF of DSS-
treated Polk™'~ mice (10.3x107%) was almost two
times higher than that of vehicle-treated Polk~'~ mice

(5.2 x 107°). Therefore, we suggested that DSS induced
mutation in female Polk~'~ mice but not in Pol*/*
mice. Complete suppression of inflammation-induced
mutagenesis may contribute to the suppression of colon
dysplasia formation in Polk*/* mice.

Mutation spectrum analysis indicated that A:T to
T:A, A:T to G:C, one-base deletion, and G:C to T:A
were more than three times more frequently induced
by DSS in Polk™'~ than in Polk™'* mice (Table 4). It has
been reported that edA induces A:T to T:A transversion
and A:T to G:C transition [36] and 8-o0xo-dG induces
G:C to T:A transversions [37]. A one-base deletion was
also observed in DSS-treated male Polk™'~ mice [24].
The amount of edA in DNA was likely to increase in
female C57BL/6 mice treated with DSS but insufficient
to account for the mutations observed in DSS-treated
Polk™'~ mice (Table 5). In addition, there is no in vitro
evidence that Pol « efficiently bypasses edA in DNA [38,
39]. Hence, it is still an open question what DNA lesions
are bypassed by Pol k in an error-free manner, thereby
suppressing DSS-induced mutagenesis.

Another possible reason for the suppressing inflam-
mation-induced tumorigenesis in Polk™* mice is that
Pol « suppresses DSS-induced colon inflammation
(Table 1). Accumulating evidence suggests that cyto-
plasmic DNA caused by DNA damage induces innate
immunity, leading to the transcription of inflamma-
tory genes [40]. The cGAS-STING pathway is a well-
characterized pathway, in which cyclic GMP-AMP
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synthase (cGAS) binds to cytoplasmic DNA and cata-
lyzes the formation of cyclic GMP-AMP (cGAMP),
which in turn binds to the adaptor stimulator of inter-
feron genes (STING), leading to the upregulation of
inflammation-related genes [41]. In fact, it has been
reported that the loss of Pol &, a B-family specialized
Pol, induces an innate immune response involving the
cGAS-STING pathway [42]. Inflammatory hyperplasia
is induced by ultraviolet (UV) light in mice that express
hypomorphic Revl, which lacks the N-terminal BRCT
domain [43]. Revl is a specialized Y-family Pol [44].
It was initially expected that less skin cancer would
be induced by UV radiation because of the low-level
error-prone activity of the hypomorphic Revl. How-
ever, skin carcinogenesis was accelerated in the mice.
It has been suggested that perturbed DNA replication
generates cellular DNA, which induces interleukin-6, a
mediator of inflammatory hyperplasia. Therefore, we
envisage that DNA replication is perturbed in Polk~/~
mice when they are treated with DSS, which results in
the generation of cellular DNA or micronuclei, lead-
ing to the induction of inflammatory responses and
increases in colitis symptoms (Table 1). Enhanced coli-
tis appears to contribute to dysplasia, which was more
frequently observed in Polk™'~ than in Polk™* mice
(Table 2).

In the present study, we used male and female
Polk™'~ and Polk™* mice and treated them with DSS.
Interestingly, there were sex-related differences in
the levels of colitis induction and dysplasia formation
(Tables 1 and 2). Male mice were more sensitive to
both DSS-induced inflammation and inflammation-
induced dysplasia than female mice, regardless of Polk
genotype. In addition, MFs are higher in males than
in females in Polk~'~ mice [24] (Table 3, Supplemen-
tary Fig. 1). Previous studies have also reported that
DSS-induced colitis and colitis-associated colon tum-
origenesis in mice are more severe in males than in
females [45, 46] and one report suggested the suppres-
sive effects of estrogens against DSS-induced colitis in
mice [45]. Mutation spectra induced by DSS-induced
inflammation also differed between males and females.
In male mice, G:C to C:G transversion was the most
significantly increased mutation when comparing the
specific MFs of Polk~/~ mice with those of Polkt/*
mice [24]. In contrast, A:T to T:A was the most sig-
nificantly increased mutation in female Polk™/~ mice
compared to Polkt'* mice and the specific MF of G:C
to C:G was only two times higher in Polk~/~ mice than
that in Polk™* mice (Table 4). Thus, DNA adducts (s)
that cause G:C to C:G may be more abundantly gen-
erated in the colon by inflammation in males than in
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females. It remains to be identified which DNA lesions
are responsible for the induction of G:C to C:G muta-
tions, which are suppressed by Pol « in the colon of
mice.

Conclusions

In this study, we suggested that Pol k, involved in TLS,
plays an important role in the suppression of colitis-
induced dysplasia and mutations. Pol k may bypass colitis-
induced DNA lesions (s) in an error-free manner, thereby
shutting off the induction of mutations. What DNA lesions
are bypassed by Pol « is still an open question. We envisage
that the error-free bypass may also contribute to the sup-
pression of inflammation in the colon by preventing the
generation of cellular DNA or micronucleus, which leads
to inflammation. There is a genetic polymorphism in the
POLK gene in the human population [47]. Low levels of Pol
K activity may be a risk factor for inflammation, inflamma-
tion-induced mutagenesis, and carcinogenesis in humans.
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