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Abstract

Background—The mechanisms underly-
ing the frequent development of colorectal
carcinomas in patients with ulcerative
colitis are still unknown.

Aims—To evaluate whether mucosal
necrosis and regeneration act as enhanc-
ing or prometing factors in colorectal
tumorigenesis, development of multiple
colorectal tumours was studied in a
murine model of ulcerative colitis with
azoxymethane pretreatment.
Methods—Periods of chronic ulcerative
colitis in mice were induced by three
repeated administrations of 3% dextran
sulphate sodium subsequent to a single
azoxymethane pretreatment, to give con-
ditions similar to the clinically observed
active and remission phases.

Results—In the chronic colitis group with
carcinogen exposure, multiple mucosal
tumours (10-5/mouse) developed in the
colorectum. This occurred primarily on
the left side of the large intestine or trans-
verse colon, the sites of the most severe
colitic injury. The observed lesions were
high grade dysplasias and invasive adeno-
carcinomas. Increased cell proliferation
was evidenced by high uptake of bromod-
eoxyuridine, and increased activities of
thymidylate synthetase and thymidine
kinase. No tumours were induced in the
control groups with azoxymethane pre-
treatment or chronic colitis alone.
Conclusions—Repeated mucosal erosion
with necrosis and regeneration is critical
for the development of colorectal tumours
in this experimental colitis system.

(Gut 1996; 39: 87-92)
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An increased incidence of colorectal cancer
occurs in patients with ulcerative colitis,~* and
a standard clinicopathological cancer surveil-
lance system has recently been introduced in
North America, Europe, and Japan to monitor
this problem.”> However, the pathogenetic
background to the frequent development of
colorectal cancer in patients with chronic
ulcerative colitis has yet to be established. We
earlier reported the occurrence of dysplasia and
carcinoma in hamsters after longstanding ulcer-
ative colitis caused by longterm treatment with
dextran sulphate sodium (DSS).® Clinically,
however, subjects with chronic ulcerative colitis
typically display a recurrence-remission cycle,
manifesting periods of mucosal ulceration

accompanied by necrosis and regeneration of
the colonic mucosa. This process of repeated
damage and repair thus seems to increase the
susceptibility of mucosal epithelia for colorectal
tumour development.* Accordingly, it can be
supposed that the state of chronic ulcerative
colitis acts as a promoter of neoplasia in the
colon.

To test this hypothesis, we attempted to
induce colon cancer in a reliable murine model
of experimental chronic ulcerative colitis
caused by repeated administrations of DSS
solution.” The features of the induced colitis in
this model are very similar to those seen in
human patients in terms of both clinical and
histopathological characteristics, including
diarrhoea, occult blood, melaena, mucosal
inflammatory cell infiltration, crypt abscess
formation, and mucosal erosion. It was
suggested that DSS administration results in
inappropriate macrophage and lymphocyte
functions,®® changes in the luminal bacteria,’
and toxic effects on the colonic-epithelium,
resulting in ulcerative colitis.!® This study was
conducted to establish any enhancing effect of
chronic ulcerative colitis on colorectal carci-
noma development.

Methods

Mice

A total of 85 specific pathogen free CBA/J
female mice (Charles River, Kanagawa,
Japan), 6 weeks of age, were housed at our
Animal Laboratory Centre prior to experimen-
tal inductions of ulcerative colitis and colo-
rectal tumours. They were kept under standard
laboratory conditions and permitted free
access to animal chow (CE-2, Nippon Clear,
Tokyo, Japan) and DSS-supplemented or
normal drinking water.

Administration of azoxymethane

Mice were injected intraperitoneally with 7-4
mg/kg azoxymethane (Ash Stevens, Detroit,
MI) at the age of 7 weeks.

Administration of DSS

Mice were given distilled water containing 0 or
3% (wt/vol) synthetic DSS (mol wt 54 000;
Meitoh Sangyo, Tokyo) ad libitum under the
regimen established for the experiment.

Protocol for induction of colorectal tumours
After intraperitoneal pretreatment with
azoxymethane (7-4 mg/kg), the animals were
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Figure 1: The protocol used for inducing colorectal tumours in association with chronic
ulcerative colitis in mice by a single azoxymethane pretreatment. Azoxymethane (AZM;
74 mg/kg) or saline was injected intraperitoneally at seven weeks of age. Shaded squares
represent periods of administration of distilled water containing 3% DSS. Open squares are
intervals of administration of distilled water (DW). Each square represents a period of
seven days. Solid and open arrows show azoxymethane (AZM) and saline (Sal)
pretreatment, respectively.

subjected to three cycles of alternating admini-
stration of 3% DSS for seven days followed by
distilled water for the subsequent 14 days. At
the end of each DSS treatment period, the
mice had diarrhoea and occult blood in the
faeces. However, these signs disappeared after
the mice drank distilled water for the next 14
days. For comparison purposes, groups of
animals received each of the treatments alone
or maintained as untreated controls (Fig 1).
The total amounts of administered DSS in
groups A (3-07 g/mouse), and C (3-07
g/mouse) were equal. Surviving animals were
killed under ether anaesthesia at the end of
week 11.

All polypoid or flat elevated lesions that
developed were examined macroscopically and
histopathologically confirmed by observation
of haematoxylin and eosin stained paraffin wax
sections.

Observation of colitis

Faecal examination of colitis animals was con-
ducted as previously described.” Briefly, using
the orthotolidine and guajac method,!! occult
blood in the faeces was evaluated by means of
test papers (Occult blood slides; Shionogi
Pharmaceutical, Osaka, Japan).

Morphological analysis

All analyses were performed in a blind fashion
according to the method described previously.”
After preparations of colonic walls adhering to
thick filter paper (Advantec; Toyo Roshi,
Tokyo, Japan) were fixed in a 10% formalin
solution (pH 7-2), the longitudinal length of
each colon was measured. The severity of
ulcerative colitis in one longitudinal section of
each colon was histologically graded on a scale
from 0—4 and expressed using the pathological
index corresponding to the following modified
standard scoring system!2: 0, normal; 1, focal
inflammatory cell infiltration including poly-
morphonuclear leucocytes; 2, gland loss with
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inflammatory cell infiltration or crypt abscess
formation; 3, mucosal ulceration, or five or
more foci of gland loss with inflammatory cell
infiltration; 4, two or more areas of mucosal
ulceration.

In vivo bromodeoxyuridine labelling and
histological examination

One hour before death, 40 mg/kg bromode-
oxyuridine (BrdU; Sigma Chemical, St Louis,
MO) were administered intraperitoneally.
After 48 hours’ fixation in a 10% formalin
solution (pH 7-4), all colons were sectioned,
dehydrated, and embedded in paraffin wax. To
identify BrdU labelled nuclei, immunohisto-
chemistry was performed with the streptavidin
biotin-peroxidase method!? using a Histofine
SAB-PO kit (Nichirei, Tokyo, Japan). In brief,
deparaffinised sections (4 pm in thickness)
were treated with 2 N HCI for 60 minutes,
treated twice with 0-1 M borate buffer (pH
8-5) for five minutes, washed, and then incu-
bated with 20-fold diluted mouse monoclonal
antibody against BrdU (DAKO, Copenhagen,
Denmark) for one hour at room temperature.
After exposure to biotinylated rabbit anti-
mouse immunoglobulin G for 40 minutes, the
sections were incubated with peroxidase-
labelled streptavidine for 40 minutes. The
diaminobenzidine reaction was performed for
colour development. Faint nuclear counter-
staining was achieved with Meyer’s haema-
toxylin solution.

Enzymatic activities of thymidylate synthetase
and thymidine kinase

Nine specimens of colonic tumours in group A,
eight specimens of colonic tissue in group B, and
seven specimens of colonic tissue in group C
were removed macroscopically, and separated
into two parts, one for histological examination
and the other for enzyme assay, and stored
—80°C.

All specimens were homogenised with 10
volumes of 5 mM TRIS- HCI buffer (pH 7-5),
0-1 mM EDTA/1 mM mercaptoethanol/0-25
M sucrose at 0°C, The homogenate was
centrifuged at 105 000 g for one hour at 4°C,
and the supernatant was used as the crude
enzyme preparation.

Assay of thymidylate synthetase (TS) activity —
TS activity was determined by the method of
Dunlap ez al.'* The assay mixture (700 pl), con-
sisting of a 0-1 M potassium phosphate buffer
(pH 6-8), containing 5 mM NaF, 1 mM dl, L-
5, 10-methylene-tetrahydrofolate, and 1 mM
[5-*H]dUMP (10-6 Ci/mmol; Amersham,
UK), was incubated with the enzyme prepara-
tion at 37°C for 10 minutes. The reaction was
stopped by adding 100 wl HCIO, (10%; v/v). A
volume of 200 pl Norit A (8%; w/v) was then
added, and the mixture was centrifuged at
1500 g for 10 minutes at 0°C. The supernatant
(200 pl) was added to 5 ml of scintillant (16-0 g
PPO, 0-2 g POPOP, 1-01 Triton X-100, and
3-01 toluene), and the radioactivity was counted
using a liquid scintillation counter (Packard
Instrument, Downers Grove, IL).
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Figure 2: Induced colorectal
tumours. Multiple elevated
lesions are evident on the
left side of the large intestine
(arrows) and the transverse
colon. The micronodules
apparent in the caecum are
lymph follicles.

89
Induction of colorectal tumours in the chronic ulcerative colitis model
Number of tumours Pathology score of UC
Length of
Number  Right Transverse  Left Right Transverse  Left colorectum
Group of mice colon colon colon colon colon colon (mm)
A AZM 3% DSS 14 0-0 (0-0) 2-4(1-3)* 8132t 2:0(004) 28(06)f 32(0:4)§ 103-5 (4-7)1
B AZMDW 10 0-0 (0-0) 0-0 (0-0) 0-0 (0-0) 0-2(0-1) 0-2(0-1) 0-3 (0-1) 114-3 (3-4)
C Saline 3% DSS 11 0-0 (0-0) 0-0 (0-0) 0-0(0-0) 2:2(04) 29(0-5% 3-5(0-5| 98-3 (5-6)*
D Saline DW 10 0-0 (0-:0) 0-0(0-0) 0-0 (0-0) 0-2(0-1) 0-1(01) 0-3 (0-1) 114-0 (7-7)

*One of 34 tumours, submucosal-invasive adenocarcinomas; others, high-grade dysplasias. tFive of 113 tumours, submucosal-
invasive adenocarcinomas; others, high-grade dysplasias. $Significantly different (p<<0-01) from the right colon. §Significantly
different (p<<0-001) from the right colon. ||Significantly different (p<<0-05) from the transverse colon. JSignificantly different
(p<0-:001) from group B and (p<<0-01) from group D. Significantly different (p<0-001) from groups B and D. Data shown as

mean (SD). DW=distilled water.

Assay of thymidine kinase (TK) activity — TK
activity was determined using the method of
Taylor et al.'®> The assay mixture (200 pl),
composed of 5 mM MgCl,, 10 mM ATP,
2 pM [6-3H]thymidine (21-0 Ci/mmol;
Amersham, UK), and a 0-1 M TRIS-HCI
buffer (pH 7-5), was incubated with the
enzyme preparation at 30°C for 15 minutes.
Using a capillary tubing, 100 ul sample were
dropped on squares (1-8X1-8 cm?) of DEAE-
cellulose paper (Toyo Filter, Tokyo, Japan)
prior to washing with 1 mM ammonium for-
mate and 100% methanol. The washed paper
was dried, inserted into vials containing scintil-
lant (25-0 g PPO, 1-5 g POPOP, and 5-01
toluene), and the radioactivity was counted
with a liquid scintillation counter.

Enzyme activities were expressed as means
of duplicate assays in pmol or fmol/mg pro-
tein/min. The protein content of the enzyme
solution was measured by the method of
Lowry ez al,1¢ using bovine serum albumin as a
standard.

Statistical analysis

Data are presented as means (SD). The stat-
istical significance of differences between the
control and experimental groups was deter-
mined for the severity of ulcerative colitis by
the non-parametric Mann-Whitney U test!”
and for other parameters by the Student’s
t test.

Results

Induction and histopathological characteristics of
colorectal tumours arising in the chronic ulcerative
colitis model

Group A mice that received azoxymethane
pretreatment and repeated administrations of
3% DSS developed multiple tumours in the
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colorectal region. Polypoid or flat elevated
lesions appeared in the transverse colon and
left side of the large intestine, inclusive of the
rectum, sigmoid, and descending colon (Table
and Fig 2). Most tumours were papillotubular
lesions with both severe cellular and structural
atypia. Villous structures were also occasion-
ally seen. Tumour cells occupied the entire
layer of the colonic mucosa. Five of 113
tumours on the left side of the large intestine
and one of 34 tumours in the transverse colon,
were confirmed to be submucosal, invasive
adenocarcinoma (Fig 3). All of the other
tumours were histologically diagnosed as high
grade dysplasias (Fig 4A). In vivo BrdU
labelling showed that the proliferating zone
was not limited to the base but extended to all
areas of the tumorous tissue (Fig 4B). A
regenerating zone was always found at the base
of non-tumorous colonic mucosa. These signs
were substantial enough to diagnose the patho-
logical state as that of high grade dysplasia.
Small, developed tumours tended to have an
immature granuation tissue with inflammatory
cell infiltration in the stroma (Fig 5).
Regenerative mucosae also were frequently
seen close to dysplasia lesions. No signs of
tumour development were detected in control
groups B, C, and D.

Correlation berween the severity of ulcerative

colitis and development of colorectal tumours

Pathological scores for ulcerative colitis
showed remarkable changes in groups A and
C. The mice that received repeated adminis-
trations of 3% DSS showed severe colitis
regardless of the azoxymethane pretreatment.

Figure 3: An elevated lesion with a papillotubular
structure. Note submucosal invasion by tumour cells with
bymph follicle formation (haematoxylin and eosin, original
magnification X67).
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The length of the colorectum was significantly
shorter (p<0-001-0-01) than in control groups
B and D, resulting from inflammatory change
(Table). Mice consistently showed blood in
faeces, demonstrating that mucosal ulceration
occurred with each administration cycle (seven
days) of 3% DSS (after the first administration
of 3% DSS, positive occult blood tests; nine of
nine mice in group A and eight of eight mice in
group C, respectively). After drinking distilled
water for the following 14 days, occult blood
tests generally revealed negative reactions
(after the first cycle, positive occult blood tests;
one of nine mice in group A and 0 of eight mice
in group C). Mice in groups A and C, killed 14
days after the third administration of 3% DSS,
demonstrated multiple foci of gland loss with
inflammatory cell infiltration but not many
active mucosal erosions. Lesions were most
severe on the left side of the large intestine
followed by the transverse colon (Table). In
addition to frequent appearance of regenera-
tive mucosae in groups A and C, which
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Figure 5: A flat elevated lesion of high grade dysplasia.
The dysplasia lesion (D) contains a granulation tissue (G)
with inflammatory cell infiltration at the bottom. Note
erosion (U) and regenerative mucosa (R) close to dysplasia
lesion. A large lymph follicle is localised around the
muscularis mucosa (haematoxylin and eosin, original
magnification X100).

received repeated administrations of 3% DSS,
foci of regenerative atypia (Fig 6) in one longi-
tudinal section of each colon were histo-
logically counted as follows.

Group A: 0-6 (0-6) (right colon), 1-8 (1-5)
(transverse colon), 2:0 (0-9) (left colon),
respectively. Group C: 0-2 (0-4) (right colon),
2:2 (2:4) (transverse colon), 2-4 (1-8) (left
colon), respectively. Groups B and D: no foci
of regenerative atypia in any part.

This correlated comparatively well with the
locations of colorectal tumours that developed
on the left side of the large intestine more than
in the transverse colon (p<<0-05). No tumours
were found on the right side of the large intes-
tine, where the severity of ulcerative colitis was
mildest.

TS and TK activities in colorectal tumours

TS activity was significantly increased
(p<<0-01) in tissues bearing colorectal tumours
(group A) than in the non-tumorous colorectal
walls of control groups B and C (Fig 7). TK
activity was also significantly higher (p<0-05)
in group A (2:23 (1:16) fmol/mg protein/min)
than in control group C (1-27 (0-26) fmol/mg
protein/min).

Discussion
In this experiment, a single pretreatment with
azoxymethane was sufficient to induce

Figure 4: (A) A slightly elevated lesion diagnosed as high grade dysplasia demonstrating $ o

severe cellular and structural atypia (haematoxylin and eosin, original magnification X67).  “ s SIS e ;
(B) In vivo BrdU labelling of tumour tissue (step histological section to (A)). BrdU labelled  Figure 6: Regenerative atypia with inflammatory
cells were distributed throughout the entire tumour tissue. In non-tumorous mucosa, BrdU granulation. It is frequently observed in groups A and C,
labelled cells are limited to within the regenerating zone (enzyme immunohistochemistry with  which received repeated administrations of 3% DSS
monoclonal anti-BrdU antibody, original magnification X67). (haematoxylin and eosin, original magnification X 100).
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Group A
(Colorectal
tumours)

Group B p<0.01

Group C

Thymidylate synthetase activity
(pmol/mg protein/min)
Figure 7: Thymidylate synthetase activity of induced
tumour tissue and colonic mucosae of control groups B and
C (see Fig 1). The enzyme activity was significantly higher
(»<<0-01) in the colorectal tumours of group A than in the

colonic mucosae of groups B and C. Values represent mean
(SD).

multiple mucosal tumours in the colorectal
wall within 77 days when combined with the
stimulus of chronic ulcerative colitis. In line
with the supposition that foods are contami-
nated with an extremely small quantity of
-carcinogenic substances in our life,!8 19 a single
pretreatment of azoxymethane was adopted in
this experiment. Azoxymethane is known as a
procarcinogen, which becomes an alkylating
agent with carcinogenic activity after receiving
metabolic activation in the host.20 21 DSS has
been found to be negative in the Ames test for
mutagens.?? Neither the azoxymethane pre-
treatment nor repeated administrations of
3% DSS induced any tumorous lesions in the
colorectum. Therefore, clear synergism
between the two agents was established.

With this experimental regimen, repeated
administrations of 3% DSS induced chronic
ulcerative colitis dominantly on the left side of
the large intestine followed by the transverse
colon, this correlating well with the locations of
tumours. Further, the frequent appearance of
foci of regenerative atypia, also correlates well
with both colitis and tumour development.
Regenerative mucosae were seen in a focal dis-
tribution, close to the induced dysplasia
lesions. A similar link has been described for
neoplastic lesions seen in patients suffering
from chronic ulcerative colitis.* 2 Summarising
nine authors’ reports, Mottet?! reported that
approximately 71% of colon cancers in patients
with ulcerative colitis developed on the left side
of the large intestine and transverse colon.
Further, in Japanese patients with ulcerative
colitis, 19 (82-6%) of 23 colon cancers devel-
oped in these anatomical locations.* '

The occurrence of colitis or tumours in the
large intestine of rodents after longterm contin-
uous administration of a sulphated polysac-
charide has also been reported. Colitis can
be induced by administration of degraded
carrageenan, which is analogous to DSS.
Carrageenan induced colitis in CF1 mice is
more pronounced in the proximal colon form-
ing severe dilatation and ulceration in the
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caecum and ascending colon.?* A 10% diet of
degraded carrageenan in rats induces develop-
ment of colorectal tumours, including
squamous cell carcinomas, adenocarcinomas,
anaplastic carcinomas, and adenomas.25 26
Also, adenomas and adenocarcinomas as well
as papillomas were seen in rats fed a 5% DSS
supplemented diet for comparatively longterm
periods of 102-215 days.?’” Our group also
reported that dysplasia or adenocarcinomas
occur sporadically in hamsters after longterm
(180 days) continuous administration of DSS.
It was also reported that murine experimental
colitis caused by weekly rectal instillations of 10
mM formyl-norleucyl-leucyl-phenylalanine in
6% dimethyl-sulphoxide increases the develop-
ment of colonic cancer induced by multiple
injections of 1,2-dimethylhydrazine.2® In com-
parison with these previous reports, however,
the present experimental mouse model is rather
short-term, and has the additional advantage of
many similarities to the clinical case of tumori-
genesis in ulcerative colitis.

With regard to the characteristics of the
observed mucosal tumours, severe structural
and cellular atypia pointed to a diagnosis of
high grade dysplasia. According to established
criteria,”> dysplasia includes intramucosal
adenocarcinomas and neoplastic lesions show-
ing borderline malignancy. Most of the present
tumours corresponded to stage A of Astler and
Coller’s classification.?? Submucosal invasion
by tumour cells was also evident in six of 147
lesions that developed during the compara-
tively short period of the experiment, although
no distant metastases were found. The data
thus provide evidence of a dysplasia-invasive
adenocarcinoma sequence in the present
experimental system. Our histological diag-
nosis was supported by the finding of diffuse
labelling of tumour cells with BrdU through-
out the colorectal mucosa. Further, both TS
and TK showed significantly higher activities
in mucosal tumours than in non-tumorous
tissues. These enzymes, TS and TK, are
responsible for de novo and the salvage syn-
thesis of deoxy-thymidine monophosphate,
respectively, and thus play an important part in
supporting DNA synthesis under conditions of
increased cell proliferation.3%-32 Accordingly, a
high proliferative activity of these neoplasms
was confirmed.

In conclusion, this study featuring a single
dose of carcinogen followed by induction of
chronic ulcerative colitis achieved a high yield
of tumours. This is the first such murine
model, and it provides firm evidence that
repeated mucosal necrosis and regeneration in
ulcerative colitis facilitates the development of
colorectal tumours.

The authors wish to thank Miss K Motoji, Mrs M Sakano, Mrs
Y Numata, and Mrs K Hana for their technical assistance.
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