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Apurinic/apyrimidinic endonuclease 1, the
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Mutations in mismatch repair (MMR) genes are commonly associated with the development of colorectal
cancer. Additionally, base excision repair, which involves apurinic/apyrimidinic endonuclease 1 (APE1),
recognizes and eliminates oxidative DNA damage. Here, we investigated the possible roles of APE1 in
dextran sulfate sodium (DSS)-induced acute colitis using the young rat model. Four-week-old
Sprague-Dawley rats were administered 2% DSS in drinking water for 1 week. MMR and APE1 expression
levels were assessed by western blotting and immunohistochemistry. Following DSS treatment, growth of
young rats failed and the animals had loose stools. Together with the histological changes associated with
acute colitis, APE1 and MSH2 levels increased significantly at 3 and 5 days after DSS treatment,
respectively. The difference between APE1 and MSH2 expression was significant. DSS-induced DNA
damage and subsequent repair activity were evaluated by staining for 8-hydroxy-deoxyguanosine
(8-OHdG) and APE1, respectively; 8-OHdG immunoreactivity increased throughout the colonic mucosa,
while APE1 levels in the surface epithelium increased at an earlier timepoint. Taken together, our data
suggest that changes in APE1 expression after DSS treatment occurred earlier and were more widespread
than changes in MMR expression, suggesting that APE1 is more sensitive for prediction of DNA
deterioration in DSS-induced colitis.
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Introduction

The term ‘inflammatory bowel disease (IBD)’ applies
to a group of idiopathic chronic inflammatory dis-
orders involving the gastrointestinal tract, and
includes ulcerative colitis (UC) and Crohn’s disease.
IBD is more common in Caucasians, and patients
with chronic IBD have an increased incidence of carci-
noma compared with the general population.
Although it is less common in non-Caucasian popu-
lations, the prevalence of IBD is higher in Koreans.'
Experimental IBD models are essential for investi-
gation of the pathogenesis of this group of conditions
due to limitations regarding patients and clinical trials
in the Republic of Korea. Several agents, including
dextran sulfate sodium (DSS), have been used to
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induce experimental inflammation for the study of
IBDs.*? DSS-induced colitis in adult rodents results
in inflammation in mainly the distal colonic mucosa
with significant mucosal infiltration of neutrophils.
DSS-induced colitis is characterized by an initial
acute colonic injury, which leads to chronic colitis
upon oral administration of several alternating cycles
of DSS and water; the pathology resembles that of
uc.?*

The information available regarding the molecular
and genetic pathways that result in colorectal cancer,
such as tumor suppressor genes, DNA mismatch
repair (MMR) genes and proto-oncogenes, has
increased markedly. The specific contributing
mutations in genes such as adenomatous polyposis
coli (APC)" "' and MMR®'?"!® have been investigated
intensively. Mutations or deficiencies in APC and
MMR contribute significantly to the development of
age-related or familial colonic neoplasia and sporadic
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or mucosal damage-related neoplasia, respectively.
Additionally, base excision repair (BER) factors,
including Oggl, MutY DNA glycosylase, and MutY
homolog (MYH), recognize and excise oxidative
DNA damage in the colon.'”?' BER activities are
associated with increased oxidative DNA damage,
including 8-oxoguanine and 8-hydroxy-deoxyguano-
sine (8-OHAG).'”?' Specifically, mutations in the
MYH gene are responsible for colorectal cancer, and
the activity of the encoded protein is modulated by
several factors, including proliferating cell nuclear
antigen (PCNA), MMR enzymes (MSH2/MSH6),
and apurinic/apyrimidinic endonuclease 1
(APE1).2%2!

Colitis can be induced in young rodents by lower
DSS concentrations (1-2% w/v) compared to adults
(5% w/v) because young animals show increased sen-
sitivity to DSS.?> The syndrome evoked in young rats
by a lower DSS concentration is similar to that in
adult animals, although in young animals, symptoms
appear earlier and toxicity is greater than in adults.
In this model, the roles of tumor suppressor genes or
oncogenes associated with aging may be excluded,
and DNA repair pathways related to mucosal
damage are active. BER has been reported during
colitis-related cancer development. However, the
roles of APEI (also known as Redox factor 1 (Ref-
1)) in this pathway are unclear, although it is known
that MYH can be modulated by APE1.?° Previous
studies have suggested that APE1 deficiency increases
the occurrence of DNA abasic (apurinic/apyrimidinic
(APO) sites, resulting in slow BER in cultured colon
cancer cells;>*?° indeed, APEI expression is increased
in intestinal adenomas.?® Therefore, we hypothesized a
close relationship between APE1 and the development
of DSS-induced acute colitis. We thus investigated the
correlation between the APE1 and MMR responses in
young rats and identified the cells that express APE1 in
response to DSS-induced colitis.

Methods

Animals and treatments

The experiments herein were performed using 4-week-
old Sprague—Dawley rats (Da-mool Science, Daejeon,
Republic of Korea, 57.9 = 4.5 g). The animals were
housed under standard conditions in a controlled
environment with a 12-hour dark-light cycle and
access to food and water ad libitum. All experimental
procedures and care of animals were conducted in
accordance with the guidelines of Chosun
University’s Animal Care and Use Committee.

The DSS-induced colitis model was as described
previously.”> Animals were randomly assigned to five
groups. Four groups (n=7/group) received DSS
(MW 40 kDa, 2% w/v, ICN Biomedicals Aurora,
OH) in the drinking water, which was prepared fresh
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daily. Untreated control animals (n = 7) received tap
water only. Changes in growth rate compared to the
control group, stool consistency, and the presence of
gross bleeding in feces were checked throughout the
study period.

Animals were sacrificed 1 (DSS-1d), 3 (DSS-3d), 5
(DSS-5d), or 7 (DSS-7d) days after DSS treatment;
rats without DSS treatment (DSS-0d) served as con-
trols. Whole colons were removed by excising at pos-
itions 2 cm distal from the cecum and rectum, and
western blotting and immunohistochemistry were per-
formed in accordance with an established method.

Antibodies

Primary antibodies used were: monoclonal anti-APC
(Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA), monoclonal anti-APE1 (Santa Cruz Biotech-
nology Inc.), polyclonal anti-MSH2 (BioVision
Research Products, Mountain View, CA, USA), mono-
clonal anti-MSH6 (BD Biosciences Pharmingen, San
Diego, CA, USA), monoclonal anti-8-hydroxy-2'-
deoxyguanosine (§-OHdG, JalCA, Shizuoka, Japan),
and polyclonal anti-B-actin (Santa Cruz Biotechnology
Inc.).

Western blotting

Pooled isolated colon sections from each group (n = 4/
group) were suspended in 1 ml of cold homogenizing
buffer 20 mM HEPES, pH 7.4, 2mM EGTA,
50 mM glycerol phosphate, 1% Triton X-100, 10% gly-
cerol, 1 mM dithiothreitol, 1 mM phenylmethylsulfo-
nyl fluoride, 10 g/ml leupeptin, 10 g/ml aprotinin,
I mM NayVO,, and 5 mM NaF) containing a protease
inhibitor cocktail (Roche Diagnostics, Mannheim,
Germany), and homogenized three times using an
ultrasonic cell disruptor (Branson Ultrasonics Co.,
Danbury, CT) for 30 seconds each at 30-second inter-
vals, followed by centrifugation at 10 000 x g for 10
minutes at 4°C. Supernatant protein concentrations
were determined using a Bio-Rad protein assay kit
(Bio-Rad, Hercules, CA, USA). An aliquot of the
supernatant (30-pg protein) was then suspended in
20-pl loading buffer composed of a 1:1 mixture (v/v)
of the homogenizing buffer mentioned above and
sample buffer (50 mM Tris-HCI, pH 6.5, 0.5 mg/ml
bromophenol blue, 10% glycerol, 10% sodium
dodecyl sulfate, and 1% p-mercaptoethanol). The
mixture was then boiled for 5 minutes, subjected to
10% sodium dodecyl sulfate—polyacrylamide gel elec-
trophoresis, and transferred to polyvinyldifluoridine
membranes (GE Healthcare Bio-Sciences Corp.,
Piscataway, NJ, USA).

Immunoblotting was performed using each primary
antibody. Horseradish peroxidase-linked secondary
antibodies (GE Healthcare Bio-Sciences Corp.) were
diluted 1:4000. The blotted proteins were then
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detected using the iINtRON Biotech Enhanced
Chemiluminescence Detect System (Seoul, Republic
of Korea) and quantified using ImageQuant 350
(GE Healthcare Korea, Seoul, Republic of Korea).
Data are expressed as densitometric units of each
primary antibody relative to p-actin, and in reference
to the value of the control sample for each gel.

Histology and immunohistochemistry
After fixation with 4% paraformaldehyde, colons (n =
3/group) were embedded in paraffin wax (Tissue-Tek,
Sakura, Japan) using standard procedures. Next,
S5-mm-thick serial sections were cut using a Leica RM
2155 rotary microtome (Nussloch, Germany) and
mounted onto slides coated with 3-aminopropyl-tri-
ethoxy-silane (Sigma-Aldrich, St Louis, MO, USA).
Randomly selected samples were stained with Harris’
hematoxylin and eosin (Sigma-Aldrich) for 4 minutes
and 20 seconds, respectively, using a routine protocol.
Immunohistochemical staining was carried out by
the routine method. In brief, incubation with
primary antibodies was performed for 24 hours at
4°C. Binding was visualized using an ImmPRESS™
avidin-biotin—peroxidase kit (Vector Laboratories
Inc., Burlingame, CA, USA) according to the manu-
facturer’s instructions. Omission of incubation with
the primary or secondary antibody served as a
control for false positives. Immunolabeled images
were captured directly using a digital camera (PL-
B873CU, PixeLINK, Ottawa, Canada) and Olympus
BX-51 microscope (Olympus Corp., Tokyo, Japan).
Captured images were saved and subsequently pro-
cessed using Adobe Photoshop (Adobe Systems, San
Jose, CA, USA). The brightness and contrast of the
images were adjusted only for the purpose of back-
ground consistency. Immunohistochemical staining
results were interpreted and scored as follows: 0 (nega-
tive), 1+ (focal, weak staining), 2+ (diffuse, weak- or
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Figure 1 Changes in the body weights of young rats in the
control and DSS-induced colitis groups. DSS treatment
caused growth failure at the end of the study period

(*P <0.01).

focal, strong staining), and 3+ (diffuse,

staining).

strong

Statistical analysis

Growth rates were assessed by comparing the weights
of rats according to treatment status expressed as
mean + standard deviation (SD) using Student’s
t-test. Densitometry results are expressed as mean =+
standard error (SE) of three independent determi-
nations. The statistical significance of differences in
protein expression according to time was assessed by
one-way analysis of variance (ANOVA). Two-way
ANOVA was used to compare protein expression
according to protein class after adjusting for time.
All statistical tests were two-tailed, with a significance
level of P =0.05. All analyses were performed using
the SPSS software, version 12.0 (SPSS Inc., Chicago,
IL, USA).

Results

Biological effects of DSS treatment

Oral administration of DSS induced acute colitis in
young rats. The mortality rate reached 30% by DSS-
7d; dead rats were excluded from further analyses.
Rats treated with DSS exhibited symptoms including
growth failure, loose stools and bloody diarrhea.
At DSS-5d, 70% of the animals had loose stools, and
almost all animals had bloody diarrhea at DSS-7d.
There were no significant differences in the weights
of rats until DSS-5d (Fig. 1). At DSS-7d, the weight
of the DSS-treated group was significantly reduced
compared to the control (P < 0.01).

Histological changes after DSS treatment
Compared to the normal colonic mucosa, inflamma-
tory reactions involving primarily the mucosa were
observed after DSS treatment (Fig. 2). Early histologi-
cal changes at DSS-3d included vascular congestion
(data not shown), focal superficial erosion and com-
pensatory hyperplasia. Surface mucosal cells, as well
as the crypt epithelium, were involved in the inflam-
matory reaction, which progressed to surface epithelial
damage — flat dysplasia (arrows) — at DSS-5d.
Dysplastic lesions, including deep ulceration of the
mucosa (dotted arrows), and increased inflammatory
cell infiltration of the lamina propria (asterisks), were
observed at DSS-7d. Additionally, loss of goblet cells
and neighboring reactive hyperplasia were observed.

Western blotting after DSS treatment

MSH2 and APEI expression levels were determined
by western blotting and densitometry, and normalized
to that of B-actin (Fig. 3). MSH2 expression levels were
1.00 £ 0.00 at DSS-0d, 0.80 £ 0.15 at DSS-1d, 0.83 =
0.15 at DSS-3d, 2.30 £ 0.32 at DSS-5d, and 2.07 =
0.17 at DSS-7d. Only the difference in MSH2
expression between DSS-3d and DSS-5d was
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Figure 2 Microscopic features of DSS-induced colitis in young rats. Compared to the control (DSS-0d), DSS treatment caused
degenerative changes in the mucosal layer in a time-dependent manner. Note compensatory hyperplasia on days 3 (DSS-3d) and
7 (DSS-7d), flat dysplasia (arrows) on day 5 (DSS-5d), and ulcerative changes (dotted arrows) and infiltration of inflammatory cells
in the lamina propria (asterisks) at day 7 after DSS treatment. Scale bar =100 um.
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Figure 3 Western blotting and densitometry evaluations of
young rats with DSS-induced colitis. Compared to the
previous time point, APE1 and MSH2 levels were significantly
higher at DSS-3d and DSS-5d, respectively (*P < 0.05). A
significant difference was also noted between MSH2 and
APE1 at the same time point (#P < 0.05); this resulted in
significantly different curves (P < 0.01).

significant (P < 0.05). APE1 expression levels were
1.00 = 0.00 at DSS-0d, 1.47+0.22 at DSS-1d,

3.03 +0.43 at DSS-3d, 4.47 + 0.52 at DSS-5d, and
3.37 £0.17 at DSS-7d. Only the difference in APEI
expression at DSS-1d and DSS-3d was significant
(P <0.05).

Although there were no marked differences in
MSH2 and APEI expression levels according to treat-
ment status at DSS-0d and DSS-1d, the differences at
DSS-3d (P <0.01), DSS-5d (P <0.05) and DSS-7d
(P <0.01) were significant. The difference in MSH2
and APE1 expression after adjusting for time was
also significant (P < 0.01).

Immunohistochemical staining of APC, MSH6,
8-OHdG, and APE1 after DSS treatment
Transformation of mucosal dysplasia to tumor after
DSS treatment was verified by staining for APC and
MSHG6, and DNA damage and its repair induced by
DSS treatment were identified by 8-OHdAG and
APEI staining (Table 1). According to the mucosal
degeneration after DSS treatment, immunolocaliza-
tion of each marker was evident in colonic mucosa
free from dysplastic foci. The intensity of each
marker in the surface epithelium and crypt mucosa
tended to increase in a time-dependent manner.
Changes in levels of the markers were evident 5 and
7 days after DSS treatment, with the exception of
APE]1, which showed a marked change in the surface
epithelium 3 days after DSS treatment.

Table 1 The immunohistochemical staining results with APC, MSH6, 8-OHdG, and APE1 after DSS treatment

Control DSS-1d DSS-3d DSS-5d DSS-7d
APE1 Surface T+ /1+/2+ T+ /14+/1+ 3+ /24 /3+ 24 /24 /2 + 2+ /34 /3+
Crypt 1+ /1+/2+ T+ /1+/1+ 1+ /1+/2+ 1+/2+/2+ 2+ /2+/3+
8-OHdG Surface O+ /1+/2+ O+ /1+/1+ 0+ /2+/3+ 24+ /2+ /1 + 24+ /3+/2+
Crypt O+ /0+/1+ O+ /1+/1+ O+ /1+/1+ 1T+/2+/1+ 2+ /2+/1+
MSH6 Surface 0+ /0+/1+ O+ /1+/1+ 1+/2+/3+ 1+/2+/2+ 1+/2+/3+
Crypt 0+ /0+/0+ 0+ /0+/0+ O+ /1+/1+ 1T+ /1+/2+ O+ /1+/2+
APC Surface 0+ /0+/1+ O+ /1+/1+ 1+/2+/2+ 1T+ /1+/2+ 1+/2+/2+
Crypt 0+ /0+/0+ 0+ /0+/0+ O+ /1+/1+ 1+/2+/2+ 1+/2+/3+

Redox Report 2013 voL. 18 NO. 5



Chang et al.

Figure 4 MSH6 immunohistochemistry of DSS-induced colitis in young rats. MSH6 was immunopositive at the surface
epithelium in the colon of young rats (A), and at DSS-3d (B). Compared to DSS-3d, MSH6 was immunopositive in the majority of
enterocytes at DSS-5d (C), and blurred in the entire colon at DSS-7d (D). Scale bar =50 pm.

MSH6 was weakly immunopositive in primarily the
surface epithelium and crypt cells in the normal
colonic mucosa of young rats (Fig. 4A).
Immunoreactivity did not change markedly at DSS-
3d (Fig. 4B); however, at DSS-5d the majority of enter-
ocytes were immunopositive (Fig. 4C). Dysplastic
mucosa showed blurred and weak immunopositivity
at DSS-7d (Fig. 4D). Although APC was observed
only rarely in the normal colonic mucosa of young
rats (Fig. 5A), immunoreactivity was evident in the
nuclei of surface epithelial cells at DSS-3d (Fig. 5B),
and enhanced at DSS-5d (Fig. 5C). In addition,
APC-immunopositive cells were observed in the dys-
plastic mucosa and in cells infiltrating the lamina
propria at DSS-7d (Fig. 5D).

8-OHdG immunoreactivity was observed primarily
in the surface epithelium and crypt cells of normal
colonic mucosa (Fig. 6A). After DSS treatment, the
number of immunopositive cells had increased in the
surface epithelium (Fig. 6B) and crypt cells (Fig. 6C)
at DSS-3d and DSS-5d, respectively. Almost all enter-
ocytes were immunopositive for 8-OHdG at DSS-7d
(Fig. 6D). APE1 immunoreactivity was evident in

mainly the surface epithelium of the normal colonic
mucosa of young rats (Fig. 7A). Immunoreactivity
increased primarily in the surface epithelium at DSS-
3d (Fig. 7B) and DSS-5d (Fig. 7C). APE1 was immu-
nolocalized in the normal and slightly dysplastic
mucosa at DSS-7d (Fig. 7D); however, the dysplastic
and ulcerated areas were devoid of APEl immunor-
eactivity (data not shown).

Discussion
Our data suggest that acute response of APEI
expression exhibited earlier and more widespread
changes than did MMR in DSS-induced colitis in
young rats. Growth of young rats failed and animals
had loose stools after 2% DSS treatment. In addition
to the histological changes associated with acute
colitis, APE1 and MSH2 levels were significantly
higher at DSS-3d and DSS-5d, respectively. DNA
damage throughout the colonic mucosa increased
with time, and APEl-mediated DNA repair activity
increased in primarily the surface epithelium.
Oxidative stress has been identified as an important
factor in several diseases. Two major strategies, repair
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Figure 5 APC immunohistochemistry of DSS-induced colitis in young rats. APC was immunonegative in the colon of young rats
(A), but was immunopositive at DSS-3d (B). APC immunoreactivity was more evident in the surface epithelium at DSS-5d (C) and

in the lamina propria (asterisk) at DSS-7d (D). Scale bar =50 um.

and removal, have evolved to cope with oxidative-
stress-mediated DNA damages. Various DNA repair
pathways are activated upon oxidative DNA
damage.”’” We hypothesized that the roles of APC
associated with aging may be absent while DNA
repair pathways associated with mucosal damage
would be present in the DSS-induced acute colitis
young rat model, because mutations or deficiencies
in APC and MMR contribute significantly to the
development of age-related or familial colonic neo-
plasia and sporadic or mucosal-damage-related neo-
plasia, respectively.>®!” As expected, young rats
failed to gain body weight and had loose stools after
DSS treatment, resulting in significantly different
growth curves (P < 0.01). Together with the histologi-
cal changes associated with acute colitis, APC immu-
nolocalization was evident in the surface epithelium
and lamina propria at the end of the study.
Dysplastic mucosal lesions were identified by APC
staining; MMR and BER levels were then determined.
MMR contributes to the development of both spora-
dic and mucosal-damage-related neoplasia.®!'*"'® We
were interested in the relationship between MMR
and BER in preventing DNA damage against
DSS-induced colitis in young rats because MYH,
which is involved in BER, is also associated with the
development of colorectal cancer, and its activity is
modulated by MMR and APE1.>*?!' We found that
APEl and MSH?2 levels increased significantly at
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DSS-3d and DSS-5d, respectively. The difference in
MSH2 and APE1 expression was significant. Time
curves for MSH2 and APEI in DSS-induced acute
colitis young rat models indicated that APEl was
expressed earlier and in a more widespread manner
than MSH2. Similarly, APE1 and MSH6 immunolo-
calization was increased primarily at DSS-3d and
DSS-5d, respectively. Unlike MMR, APE levels
decreased significantly between 5 and 7 days after
induction of colitis. This may be because APE1 was
immunopositive in primarily the surface epithelium
while MSH6 was expressed in the majority of entero-
cytes; these reactions were associated with increased
oxidative damage (8-OHdG) to the entire colonic
mucosa after DSS treatment. These results suggest
that mucosal cells produce MMR, but the surface
epithelium does not produce APE1 when oxidative
damage to the colonic mucosa is intensified by DSS
administration.

The adenoma-—carcinoma sequence is the process by
which most colorectal carcinomas develop. APC acts
during the earlier stage of dysplastic foci formation,
while MMR is involved in tumor progression several
years later.”® In this sequence, expression of MMR
in response to dysplastic changes may be belated.
Therefore, an alternative DNA repair pathway is
likely involved in the process of dysplastic change;
we hypothesized that BER was the best candidate.
While reports of the association of BER with the
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development of colorectal cancer are rare, with the
exception of a few regarding Oggl and MYH,'"?!
we hypothesized that APE1 is another important can-
didate. APEI is a dual-function protein that serves as
an endonuclease for abasic sites in BER and modu-
lates or activates several transcription factors, includ-
ing p53, NF-xB, Egr-1, ¢-Myb, HLF, and Pax-
8.27:2%:30 The association between p53 and APEI as a
key regulator of apoptosis attracted our attention.
APELI acts as a regulator of p53, and vice versa. p53
downregulates APE1 expression in response to severe
DNA damage, thereby promoting apoptosis of
human colorectal cancer cells.”> > The relationship
between p53 and carcinogenesis in a DSS model has
been reported.’’ APEIl expression, however, is
increased in only approximately half of intestinal ade-
nomas.?® These findings also suggest the importance
of dysregulated BER in the development of colitis-
associated cancer. Immunolocalization of APE1 was
more evident in the surface epithelium, but ulcerative
foci were devoid of immunoreactivity. Lack of the pro-
tective surface epithelium is considered a possible

-

Figure 6 8-OHdG immunohistochemistry of DSS-induced colitis in young rats. 8-OHdG was immunopositive at the surface
epithelium in the colon of young rats (A). After DSS treatment, 8-OHdG immunoreactivity in the surface epithelium increased at
DSS-3d (B), in crypt cells at DSS-5d (C), and in the vast majority of enterocytes at DSS-7d (D). Scale bar =50 um.

cause of the acute inflammation that may be linked
to growth failure, loose stools, bloody diarrhea, and
eventually colon carcinogenesis. However, we cannot
rule out the possibility of redox effects of APEIl in
the colonic mucosa because APEl can also regulate
the transcription factors involved in DSS-induced
colitis. In terms of the spectrum of pathology from
inflammation to cancer, MMR immunoreactivity is
a reliable marker of the transition to colitis-associated
cancer. However, we anticipated that BER, which is
expressed earlier than MMR, prior to the transition
to cancer, would be an earlier indicator of disease pro-
gression. This notion warrants further research.
Taken together, our results demonstrate that APE1
expression changed at an earlier timepoint and was
more widespread than MMR expression after DSS
treatment in young rats. These results suggest that
APE]I is more sensitive for prediction of DNA deterio-
ration in DSS-induced acute colitis, as chronic
mucosal dysplasia may be associated with colonic car-
cinogenesis. Further evidence should be collected
using both other animal models and human tissues.
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Figure 7 APE1 immunohistochemistry of DSS-induced colitis in young rats. APE1 was immunopositive at the surface epithelium
in the colon of young rats (A). Immunoreactivity increased primarily in the surface epithelium at DSS-3d (B) and DSS-5d (C). APE1
was immunolocalized in the normal and slightly dysplastic mucosa at DSS-7d (D). Scale bar =50 um.
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