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Abstract

AIM: To investigate the close parallels between our
novel diet-related mouse model of colon cancer and
human colon cancer.

METHODS: Twenty-two wild-type female mice (ages
6-8 wk) were fed the standard control diet (AIN-93G)
and an additional 22 female mice (ages 6-8 wk) were
fed the control diet supplemented with 0.2% deoxycho-
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lic acid [diet + deoxycholic acid (DOC)] for 10 mo. Tu-
mors occurred in the colons of mice fed diet + DOC and
showed progression to colon cancer [adenocarcinoma
(AC)]. This progression is through the stages of tubular
adenoma (TA), TA with high grade dysplasia or ad-
enoma with sessile serrated morphology, intramucosal
AC, AC stage T1, and AC stage T2. The mouse tumors
were compared to human tumors at the same stages
by histopathological analysis. Sections of the small and
large intestines of mice and humans were evaluated for
glandular architecture, cellular and nuclear morphology
including cellular orientation, cellular and nuclear atyp-
ia, pleomorphism, mitotic activity, frequency of goblet
cells, crypt architecture, ulceration, penetration of
crypts through the muscularis mucosa and presence of
malignant crypts in the muscularis propria. In addition,
preserved colonic tissues from genetically similar male
mice, obtained from a prior experiment, were analyzed
by immunohistochemistry. The male mice had been fed
the control diet or diet + DOC. Four molecular markers
were evaluated: 8-OH-dG, DNA repair protein ERCC1,
autophagy protein beclin-1 and the nuclear location
of beta-catenin in the stem cell region of crypts. Also,
male mice fed diet + DOC plus 0.007% chlorogenic
acid (diet + DOC + CGA) were evaluated for ERCC1,
beclin-1 and nuclear location of beta-catenin.

RESULTS: Humans with high levels of diet-related
DOC in their colons are at a substantially increased risk
of developing colon cancer. The mice fed diet + DOC
had levels of DOC in their colons comparable to that of
humans on a high fat diet. The 22 mice without added
DOC in their diet had no colonic tumors while 20 of
the 22 mice (91%) fed diet + DOC developed colonic
tumors. Furthermore, the tumors in 10 of these mice
(45% of mice) included an adenocarcinoma. All mice
were free of cancers of the small intestine. Histopatho-
logically, the colonic tumor types in the mice were
virtually identical to those in humans. In humans, char-
acteristic aberrant changes in molecular markers can
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be detected both in field defects surrounding cancers
(from which cancers arise) and within cancers. In the
colonic tissues of mice fed diet + DOC similar changes
in biomarkers appeared to occur. Thus, 8-OH-dG was
increased, DNA repair protein ERCC1 was decreased,
autophagy protein beclin-1 was increased and, in the
stem cell region at the base of crypts there was sub-
stantial nuclear localization of beta-catenin as well as
increased cytoplasmic beta-catenin. However, in mice
fed diet + DOC + CGA (with reduced frequency of
cancer) and evaluated for ERCC1, beclin-1, and beta-
catenin in the stem cell region of crypts, mouse tissue
showed amelioration of the aberrancies, suggesting
that chlorogenic acid is protective at the molecular level
against colon cancer. This is the first diet-related model
of colon cancer that closely parallels human progression
to colon cancer, both at the histomorphological level as
well as in its molecular profile.

CONCLUSION: The diet-related mouse model of colon
cancer parallels progression to colon cancer in humans,
and should be uniquely useful in model studies of pre-
vention and therapeutics.

© 2014 Baishideng Publishing Group Inc. All rights reserved.

Key words: Diet; Deoxycholate; Mouse model; Colon
cancer; Histology; Chlorogenic acid; 8-OH-dG; Beclin 1;
Beta-catenin

Core tip: Mouse models of colon carcinogenesis are es-
sential as platforms for trials of prevention and therapy.
However, most previous rodent models of colon car-
cinogenesis lack an invasive phenotype and/or do not
share several significant genetic events and histopatho-
logical features of human colon cancer. This new diet-
related mouse model of colon cancer is unique in being
closely parallel to human progression to sporadic colon
cancer by measures of its histomorphology and its mo-
lecular profile. It also has a natural basis, using dietary
deoxycholic acid, long thought to be a central causative
agent in colon carcinogenesis.

Prasad AR, Prasad S, Nguyen H, Facista A, Lewis C, Zaitlin B,
Bernstein H, Bernstein C. Novel diet-related mouse model of
colon cancer parallels human colon cancer. World J Gastrointest
Oncol 2014; 6(7): 225-243 Available from: URL: http://www.
wjgnet.com/1948-5204/full/v6/i7/225.htm DOI: http://dx.doi.
org/10.4251/wjgo.v6.17.225

INTRODUCTION

Epidemiological studies show that rates of colon cancer
incidence and mortality vary substantially across regions
of the world. The rate of colon cancer incidence differs
between countries by more than 10-fold". More dramati-
cally, Native Africans in South Aftrica have a colon cancer
rate of < 1:100000” compared to the incidence rate for
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male African Americans of 72:100000". In populations
migrating from low-incidence to high-incidence countries
rates change rapidly, and within one generation may reach
the rate in the high-incidence country. This has been
observed, for instance, in the colon cancer incidence of
migrants from Japan to Hawaii”. These changes in co-
lon cancer rates are thought to be largely due to changes
in diet. Large increases in both meat and fat in the diet
correlate with large increases in rate of colon cancer,
graphed on an exponential scale’.

In populations with a high incidence of colorectal
cancet, fecal concentrations of bile acids are increased®”,
suggesting that increased exposure of the colonic lu-
men to high levels of bile acids plays a role in the natural
course of development of colon cancer. For example,
the concentration of deoxycholic acid (DOC) in the fe-
ces of Native Africans in South Africa is 7.30 nmol/g
wet weight stool while that of African Americans is 37.51
nmol/g wet weight stool, so that there is 5.14 fold higher
concentration of DOC in stools of African Americans
than in Native Africans™. As indicated above, there is a
more than 72-fold greater rate of colon cancer in African
American males than in Native Africans of South Africa.
The hydrophobic bile acids, DOC and lithocholic acid,
appear to be the most significant bile acids with respect
to human colorectal cancer'”.

Since the bile acid DOC was implicated as important
in colon cancer etiology in humans, we previously inves-
tigated whether DOC, at a high human physiologic level,
could be a colon carcinogen in an experimental mouse
model”, and found that a high human physiologic level
of DOC in the mouse colon does indeed cause colon
cancer. We investigate, in the current study, whether the
progression to colon cancer due to high physiologic
levels of DOC in the mouse, by the gold standard histo-

morphologic analysis"’

, is closely parallel to progression
to colon cancer in humans. Other studies indicate that
preneoplastic areas (field defects) are altered in molecular
markers in human progression to colon cancer. We evalu-
ate four of these markers: 8-OH-dG, ERCC1, beclin-1
and beta-catenin in the mouse colon progressing to colon

cancet.

MATERIALS AND METHODS

Animals

Wild-type female B6.129PF2/] mice, ages 6-8 wk old,
were obtained from Jackson Laboratories (Bar Harbor,
ME). The mice were the second generation (F2) of a
cross between two well-established, inbred, wild-type
strains: C57BL/6] and 129S1/Svim] (one of which car-
ried a recessive albino mutation). The phenotypes of
these F2 wild-type mice is expected to be varied, since
the contribution of the two parental wild-type strains
will be different in each F2 offspring, as illustrated by the
color variation in these mice (Figure 1). It was intended
that these mice be similar to a normal healthy human
population in their genetic variation. Mice were main-
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Figure 1 Young mice from 2" generation cross of 2 wild type inbred lines
show variation in colors.

tained at the University of Arizona’s Animal Care Facility.
All animals were raised, starting with 4 mice in each pan,
in cages under nonsterile microisolator conditions and
in compliance with the regulations and NIH guidelines
for Care and Use of Laboratory Animals. All mice were
weighed and their weights recorded weekly.

The mice were free of murine viruses, pathogenic
bacteria (including Helicobacter spp.), and endo- and ecto-
parasites by routine health evaluations. The mice were
maintained on a 12-h light-dark cycle with water ad libi-
tum and fed the control AIN-93G diet (Table 1), either
unsupplemented or supplemented with 0.2% DOC.
Purified diets were prepared as needed by Harlan Teklad,
Madison, WI (including the DOC-containing diet). DOC
was supplied by Sigma-Aldrich Corp, St. Louis, MO. Mice
were first fed the control diet for 2 wk for acclimation.
Then half the mice were fed with diet + DOC and half
with control diet alone. Ten months after being switched
to their experimental diets the mice were sacrificed, using
COz. At the time of being placed on the experimental
diets, 24 mice fed the control diet and 24 mice fed diet +
DOC each consisted of 6 mice 6 wk old, 15 mice 7 wk
old, and 1 mouse 8 wk old. During the succeeding 10 mo,
2 mice from each group died of unknown causes so that
22 mice in each group completed the experiment.

Histopathology, gross and microscopic images of
human tissue

Before any biopsy tissue samples were obtained during
colonoscopy, informed consent was given by the patient,
using a form approved by the University of Arizona
Institutional Review Board. Biopsy specimens were
completely fixed in 10% buffered formalin for 6 to 12 h,
followed by routine processing through graded alcohols
and subsequent embedding into paraffin blocks. Tissue
samples from colonic resections were obtained after in-
formed consent before surgery. Colonic segments were
cut open and gross photographic images of colonic tu-
mors and polyps were obtained. Adequate representative
tissue samples were obtained from areas of tumors and
adjacent colonic mucosa. Similar to the biopsy specimens,
these tissue samples were fixed in 10% buffered formalin
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Table 1 AIN-93G diet composition

Ingredients Percentage
Corn starch 39.75%
Casein vitamin free 20%
Maltodextrin 13.20%
Sucrose 10%
Soybean oil 7%
Powdered cellulose 5%
AIN 93G mineral mix 3.50%
AIN 93 vitamin mix 1%
L-cystine 0.30%
Choline bitartrate 0.25%
t-butylhydroquinone 0.0014%

for 24 to 36 h, transferred to graded alcohols, followed
by paraffin embedment.

Three 4-micron tissue sections were cut from all re-
tained paraffin-embedded tissues. The tissues were then
placed on glass slides, stained with hematoxylin and eo-
sin, and subjected to histopathologic analyses. Morpho-
logic evaluation was petformed using a brightfield digital
light microscope (Motic BA300).

Histopathology, gross and microscopic images of
mouse tissue

The gastrointestinal (GI) tracts of mice, including rec-
tum, colon, cecum, small intestine, stomach and lower
esophagus, were removed, opened longitudinally, rinsed
with phosphate-buffered saline (PBS) and divided into
sections that could fit into paraffin blocks. All parts of
the lower GI tract including rectum, colon and cecum
were retained for fixation and paraffin embedment and
any parts of the small intestine, stomach and esophagus
that had a visible protrusion were retained. In addition,
other organs including liver, pancreas, spleen, breasts and
lymph nodes near breasts were examined, and if there
were any potentially aberrant areas observed, sections
of these organs were also retained. All retained sections
were placed flat on Matricel membranes for good orien-
tation. Segments of intestine with grossly visible mucosal
nodules were photographed with a Sony Cybershot 7.2
megapixel camera. Sections were subsequently fixed in
10% formalin overnight at 4 C, then transferred to 70%
alcohol, and embedded in paraffin.

Three to six 4-micron tissue sections were cut (mul-
tiple sections were cut to ensure any tumors or aberrant
areas were included in the sections) from all retained tis-
sues. The tissues were then placed on slides, stained with
hematoxylin and eosin, and assessed for histopathologic
characteristics. Morphologic evaluation was made on all
the tissues on slides, using a brightfield digital microscope
(Motic BA300). There is currently no accurate substitute
for histopathologic determination of colonic neoplasiam]

Diagnosis of histopathology

Anil R Prasad, MD, a surgical and cytopathologist with
years of experience in GI pathology and immunohisto-
chemistry diagnosed all of the tumors detected on the
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basis of histopathologic criteria. The mouse tumors were
compared to human tumors at the same stages by histo-
pathological analysis. Sections of the small and large in-
testines of mice and humans were evaluated for glandular
architecture, cellular and nuclear morphology including
cellular orientation, cellular and nuclear atypia, nuclear
enlargement, hyperchromasia, chromatin clearing, pleo-
morphism, presence of nucleoli, atypical mitotic activity,
frequency of goblet cells, crypt architecture, ulceration,
invasion of malignant glands through the muscularis
mucosa and submucosa and presence of infiltrating ma-
lignant glandular crypts within the muscularis propria.
Digital photomicrographs of representative sections were
obtained using Motic Images Plus 2.0 software.

Immunohistochemistry

Protein expression was assessed using standard immu-
nohistochemical methods"""?, with variations as needed,
described here. Briefly, formalin-fixed and paraffin-em-
bedded tissues were cut into 4 um sections and floated
on water, the tissue sections were picked up onto slides,
deparaffinized, and then rehydrated.

Antigen retrieval for 8-OH-dG was performed by im-
mersing slides in 4 mol/L HCI for 20 min at room tem-
perature, rinsing in distilled water four times, transferring
slides to 0.1 mol/L Borax for 5 min at room temperature,
rinsing four times in distilled water and placing slides,
twice, in PBS, pH 7.4, for 5 min.

For ERCC1, antigen retrieval was performed in citrate
buffer (2.1 g citric acid + approximately 5 mL 5 mol/L
NaOH + 1 L water, pH 6.1) brought to a boil in a micro-
wave and then kept at high temperature for 6 min in the
microwave followed by cooling on ice for 20 min. The
slides were then washed with PBS for three minutes fol-
lowed by a distilled water wash for three minutes.

Antigen retrieval for beclin-1 was performed by heat-
ing in a microwave in 0.1 mol/L citrate buffer (pH 6.1)
and then cooling to room temperature.

For beta-catenin, antigen retrieval was performed in
citrate buffer at pH 6.0, the slides were brought to a boil
in a microwave and then kept at high temperature (not
boiling) in the microwave for 10 min, followed by cool-
ing on ice for 20 min. The slides were then washed with
PBS for three minutes followed by a water wash for three
minutes.

The slides were then rinsed with distilled water. En-
dogenous peroxidase activity was blocked by incubation
in 3% hydrogen peroxide in methanol for 30 min, and
then the tissue sections were rinsed with distilled water
and PBS. Next, slides were placed in Sequenza stain-
ing racks (Shandon Sequenza Immunostaining System
from Thermo Scientific, Thermo Fisher Scientific Inc.,
Waltham, MA) and rinsed with PBS.

For 8-OH-dG, a non-specific protein binding block-
ing step was used. For this, 150 pul. 5% normal horse
serum in PBS was added to each slide, which was allowed
to stand at room temperature for 60 min. Next, without
rinsing, 150 pl. antibody against 8-OH-dG (QED 12501
from QED Bioscience Inc., San Diego, CA) diluted with 2%
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BSA in PBS to 2 pug/mlL was added to each slide and the
slides were kept in the refrigerator at 4 ‘C overnight, fol-
lowed by rinsing three times with PBS. Then 100 pL bio-
tinylated secondaty rabbit anti-mouse antibody (DAKO
0413) was added at a 1:400 dilution in 2% BSA in PBS,
followed by incubation for 30 min at room temperature.
At this point, Vectastain ABC reagent was prepared ac-
cording to the manufacturer’s instructions, and allowed to
stand for 30 min before use. Then slides were rinsed with
PBS three times, three drops of Vectastain ABC reagent
were added and slides were incubated at room tempera-
ture for 30 min, followed by three rinses with PBS.

For ERCC1, 3 drops per slide of “Background Snip-
er” (from Biocare Mach 3 kit, Biocare Medical, Concord,
CA) were added and left for 10 min at room temperature
to reduce non-specific staining of background proteins.
The ERCCI1 slides were rinsed with PBS. Then a pri-
mary mouse monoclonal antibody was used (8F1 from
Neomarkers, Freemont, CA). The mouse monoclonal
antibody was added at 2 ug/mL in 2% BSA/PBS and left
to incubate at room temperature for 45 min before three
PBS washes. For the secondary antibody, the polyclonal
rabbit anti-mouse Dako Biotinylated secondary antibody
(E0413, DAKO Corp., Carpinteria, CA) was added at
120 pl./slide at a 1:300 dilution (in 2% BSA/PBS) and
incubated for 30 min at room temperature before being
rinsed 3 times with PBS. Vectastain Elite avidin-biotin
complex method kit PK 6100 (Vector Laboratories, Inc.,
Burlingame, CA) was then used according to the manu-
facturet’s instructions at 3 drops per slide and incubated
at room temperature for 30 min before 2 rinses with PBS.

For beclin-1, to prevent nonspecific binding, the
slides were blocked with 1.5% goat serum (Vector
Laboratories, Burlingame) and then immunostained us-
ing a polyclonal anti beclin-1 antibody from ProSci Inc.
(Poway, Calif, United States) at a concentration of 1 pg/
mL. Sections were then incubated using a biotinylated
antirabbit secondary antibody (Vector Laboratoties) and
Vectastain Elite ABC (Avidin Biotin Complex) reagent
(Vector Laboratories).

For beta-catenin, first blocking serum consisting of
1.5% normal rabbit serum was prepared by adding 30
uL of normal rabbit serum to 2 mL BSA/PBS (prepared
as 500 pl. 22% BSA in 5 mL PBS) and then 120 pl. was
added per slide for one hour. Diluted beta catenin an-
tibody (beta-catenin 610153, BD Biosciences San Jose,
CA) was prepared by using beta catenin antibody at 250
ug/mL and diluting 6 pL into 1194 pL of 2% BSA in
PBS. Without rinsing the slides, this antibody was added
at 120 pL per slide for one hour. At this point, Vectastain
ABC reagent was prepared according to manufacturer’s
instructions, and allowed to stand for 30 min before use.
Then the secondary antibody was added. This was a 1:400
dilution of DAKO 0413 rabbit anti-mouse biotinylated
IeG (5 uL DAKO per 1995 puL 2% BSA in PBS) (DAKO
Corp., Carpinteria, CA), 120 pL per slide for 30 min,
followed by three rinses with PBS. Then three drops of
Vector ABC reagent was added per slide for 30 min, fol-
lowed by two washes with PBS.
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Figure 2 Opened proximal colons plus cecal areas of mice. A: 3 grossly visible mucosal nodules (arrows); B: No visible nodules. The letter P indicates a region of

the proximal colon and letter C indicates a cecum.

Proximal
colon

Figure 3 Cut open gross specimen of proximal human colon showing
multiple tumors™,

The slides were then removed from the Sequen-
zas, and color development was carried out by apply-
ing 0.025% diaminobenzidine tetrachloride (Sigma, St.
Louis, MO) in PBS supplemented with 0.04% hydrogen
peroxide. Sections were counterstained with 1:4 diluted
hematoxylin (Sigma), dehydrated in a graded series of
ethanols followed by xylene, and then mounted with
coverslips using Cytoseal XYL (Richard Allen Scientific,
Kalamazoo, MI). Brown staining indicates 8-OH-dG,
ERCCI1, beclin-1, or beta-catenin expression, and blue
staining from hematoxylin identifies nucleoproteins in
the nucleus.

Statistical analysis

Because the data was non-normally distributed, the non-
parametric Mann-Whitney U test was performed to test
for differences in occurrence of colonic and duodenal
tumors and adenocarcinomas between mice fed diet +
DOC and diet alone, and to determine if there were dif-
ferences in the frequency of proximal and distal colonic
tumors in the mice fed diet + DOC. To determine if
there were correlations between mouse weight and num-
ber of tumors, a Pearson’s correlation coefficient was
calculated. The statistical analysis package Systat version
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12 was used to analyze the data.

RESULTS

Gross physiology of mice fed diet + DOC

Mice fed the control diet and mice fed diet + DOC each
looked healthy and were active during the entire time
they were on their diets, even though the mice fed diet +
DOC wete almost all carrying neoplastic lesions (tumots,
some of which were cancers) by 10 mo on the diet. This
is similar to humans who have colon cancers, who also
show no external signs until the cancers are very large or
have metastasized.

Macroscopic phenotype of colorectum of mice fed diet +
DOC or diet alone

Twenty out of the 22 female mice fed diet + DOC (91%)
developed large macroscopically visible mucosal nodules
(likely colonic neoplastic lesions). Figure 2 shows opened
proximal regions of colons, including the cecums, of two
mice fed diet + DOC. Figure 2A shows about 3 cm of
proximal colon plus cecum in which three large mucosal
nodules can be seen by eye. Histopathological examina-
tion of tissue from this atea revealed three tubular ad-
enomas, two of them with ulceration and one with high
grade dysplasia. Figure 2B shows about 2 cm of another
proximal colon plus cecum, and no mucosal nodules are
seen. The colon of this mouse, also fed diet + DOC, had
no colonic neoplasia at all upon histological examination.

None of the mice fed the control diet alone devel-
oped any colorectal tumors, evaluated both macroscopi-
cally and by microscopic histopathological examination
of all rectum, colon and cecum segments.

Multiple tumors found in one location of the mouse
colon, as in Figure 2A, indicate the presence of a field
defect. By comparison, in humans, we also found multi-
ple tumors in some of their much larger colon resections,
and one example, showing 13 cm of the longitudinally-
opened colon, is shown in Figure 3.

Macroscopic phenotype of small intestine of mice fed
diet + DOC or diet alone

Most large mucosal nodules seen macroscopically in the
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Figure 4 Opened segment of small intestine observed to have mucosal
nodules.

large intestines of mice proved to be tumors upon histo-
pathological examination. However, many small mucosal
nodules were seen in the small intestine of each mouse, such
as shown in Figure 4. Following microscopic examination,
almost all were found to be benign Peyer’s patches similar to
those found in the human small intestine (Peyet’s patches
are gut-associated lymphoid tissue consisting of isolated or
aggregated lymphoid follicles, and are the immune sensors
of the intestine).

None of the small mucosal nodules in the small in-
testines of mice fed diet + DOC proved to be tumors.
However, of the 22 mice fed control diet, 3 of the mice
had small nodules that proved to be small adenomas.
These small adenomas occurred near the Ampulla of
Vater and Sphincter of Oddi (at the major duodenal pa-
pilla, in the second part of the duodenum), an area that
experiences concentrated bile acids as they exit the com-
mon bile duct into the small intestine. This is the usual
location of small intestinal tumors in humans, as well.
These tumors were not cancers.

Types and locations of tumors

For each mouse fed diet + DOC, Table 2 lists data in 11
columns (Note that mice were 6 to 8 wk old when re-
ceived, acclimated to the control diet for 2 wk, and then
put on their diets for 10 mo, so that all mice, at termina-
tion, were 12 to 122 mo old). In column 1, all 22 mice
are listed by ascending weights. Columns 2 and 3 give the
total number and location (distal or proximal) of all neo-
plastic lesions in these mice. There were 13 distal and 44
proximal lesions, for a total of 57 lesions.

Columns 4-11 give characteristics associated with
the tumors enumerated in columns 2 and 3. Since any
particular tumor may have two or more distinguishing
characteristics, the total number of characteristics listed
is greater than the total number of tumors. Column 4
indicates that two of the tumors in mouse 12 were hy-
perplastic. Hyperplastic polyps do not exhibit dysplasia
and hence do not have malignant potential. Columns 5-8
give the characteristics of polyps exhibiting low and high
grade dysplasia. There were 37 with tubular adenoma
characteristics (T'As) (column 5), 15 with sessile serrated
adenoma characteristics (SSA) (column 6), 17 of these
adenomas (TA or SSA) had ulceration (column 7) and 3
adenomas displayed high grade dysplasia (HGD) (column
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8). Columns 9-11 indicate characteristics of tumors that
contain, or are entirely, clearly malignant and are at an
eatly or later stages. These include 7 intramucosal adeno-
carcinomas (ACs) (an eatly stage) (column 9), 9 ACs at
stage T'1 (column 10) and 2 ACs at stage T2 (a late stage)
(column 11). In total, 18 tumors were all, or in part, ACs.
The polyps with low and high grade dysplasia (including
those with ACs) totaled 55, or an average of 2.5 colonic
neoplastic polyps or AC per mouse. The ACs often ap-
preared to arise from a polyp with high grade dysplasia.
For example, the mouse weighing 53.7 ¢ had 7 tumors
in the proximal colon, and one of these tumors was an
SSA from which an AC had arisen and the area of the
AC was ulcerated. Overall, 55 tumors wetre observed dis-
playing morphological characteristics comprised of low
and high grade dysplasia, or invasive malignancy of vari-
ous stages.

Ten of the 22 mice had ACs, with some mice having
more than one AC. There were 6 mice having just one
AC, 2 mice having two ACs, 1 mouse having 3 ACs and
1 mouse having 4 ACs. Thus 45% of these 22 mice had
at least one colonic AC after 10 mo of being fed diet +
DOC.

Statistical analysis

As shown in Table 3, after 10 mo on the diet, 20 out of
22 (91%) of mice fed diet + DOC developed tumors
(cancers or adenomas) in their colons, and of these diet +
DOC fed mice, 10 (45%) had developed cancers. The 22
mice with no supplement to their diet had no cancers or
adenomas in their colons. There was a significant differ-
ence in the number of mice with colonic tumor develop-
ment between those mice fed diet + DOC and those fed
diet alone (Mann-Whitney U, P < 0.000001 two-tailed).
There was also a significant difference in the number of
mice with cancer development between those mice fed
diet + DOC and those fed diet alone (Mann-Whitney U,
P =0.00042 two-tailed).

Of the 57 total tumors found in the mice fed diet +
DOC (Table 2), 44 (83%) were found in the proximal
colon and 13 (23%) were found in the distal colon. There
was a significant difference between the numbers of tu-
mors in the proximal region and the distal region (Mann-
Whitney U, P = 0.0027 two-tailed).

Three of the mice fed the diet only, with no supple-
ment, had small adenomas near the Sphincter of Oddi
(at the major duodenal papilla, in the second part of
the duodenum). No mice in the DOC + diet group had
adenomas in the duodenum. A Mann-Whitney U test to
determine if there was a significant difference in occut-
rence of adenomas in the duodenum in the diet + DOC
fed mice compared to the mice fed diet alone indicated
that there was no significant difference (P = 0.076).

Histology of human and mouse colonic tissues
compared

Pairs of adjacent images, Figures 5-8 below;, illustrate the
histomorphology of human and mouse colonic epithe-
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Mouse Locations of tumors  Hyper-plastic =~ Characteristics of polyps low and high grade dysplasia Stages of cancers found
weights (g) polyp including those from which cancers arose
Distal Proximal Tubular  Sessile serrated  Ulcerated Adenoma  Intra-mucosal Stage T1  Stage T2
tumor tumor adenoma adenoma adenoma with HGD AC AC AC
18.7 B) &
24 8] 2 1 1
25 2 2
25.8 1 1 1 1
259 8] & 2 1
26.1 1 1 1 1
26.1 8] & 2 2
273 2 2 1 1
274 5 5 3 &
28.8 2 2
354 None None
35.7 2 3 2 3
38.9 2 2 2 2
40 8] 2 1
41.1 4 3 3 1 2
43 2 2 1
431 1 1 1
45.2 1 1 1 1
45.2 2 2 1
49.2 None None
53.7 7 3 4 1 4
78.6 3 3
Totals 13 44 2 37 15 17 3 7 9 2

AC: Adenocarcinoma; HGD: Highgrade dysplasia.

Table 3 Comparison of diet alone to diet + deoxycholic acid on colonic tumor and cancer development 7 (%)

Diet Diet (mo) Mice Mice with tumors Mice with cancer Tumors Cancers
(adenomas + cancers) (tumor burden') (cancer burden?)

Diet alone 10 22 0 0 0(0) 0(0)

Diet + DOC 10 22 20 (91%) 10 (45%) 57 (2.6) 18 (0.82)

"Tumor burden is the ratio of the number of tumors observed to the number of mice; *Cancer burden is the ratio of the number of cancers observed to the

number of mice. DOC: Deoxycholic acid.

lial tissues. These Figures identify, in the legends and the
images, the specific histomorphological characteristics
that are crucial for characterizing either normal glandular
architecture or identifiable stages in progression towards
invasive adenocarcinoma. Stages shown include normal
non-neoplastic glands (crypts) (Figure 5), tubular adeno-
mas (Figure 6), tubular adenomas with high grade dyspla-
sia (Figure 7) and sessile serrated adenomas (Figure 8). In
each pair of tissues, the human and mouse crypts show
closely parallel specifically identifying histomorphological
characteristics. From the microscopic images alone, it is
difficult to distinguish whether the tissues are from a hu-
man or from a mouse, though when viewed side-by-side,
the mouse tissues are seen to have a smaller number of
cells per crypt.

Figures 9 and 10 identify, in the legends and the im-
ages, the specific histomorphological characteristics that
are crucial for characterizing invasive adenocarcinomas
of stages T1 and T2. Figure 9A also shows some of the
characteristics that may accompany colonic adenocar-
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cinomas. In this image the adenocarcinoma arose in as-
sociation with, or arose from a sub clone of, a sessile ser-
rated adenoma. In addition, this adenocarcinoma shows
ulceration of the colonic mucosa.

Only mouse tissues are shown in Figures 9 and
10, since human adenocarcinomas having penetration
through the muscularis mucosa and entry into the sub-
mucosa could not be shown at the same magnification
and still fit in the figure. These images were taken at
intermediate magnification (10X objective lens), a lower
magnification than the preceding images (taken with a 40
X objective lens).

Two examples of mouse colonic adenocarcinoma at
low magnification (taken with a 4X objective lens) are
shown in Figure 10. This magnification allows imaging of
the majority of the cancers in single fields of view. Figure
10A shows a section through an entire cancer at stage T'1
with mucosal ulceration, and Figure 10B shows a section
through an almost entire cancer at stage T2.

Figure 11 shows portions of human and mouse stage
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Figure 5 Histologically normal human (A) and mouse (B) colonic crypts, cut along the long axis of crypts. The normal human and mouse glands (crypts) are
composed of columnar epithelial cells and goblet cells. Short arrows indicate typical goblet cells containing mucin (not stained, white in the image). About half of the
cells in the crypts are goblet cells. Nuclei are darkly stained. All crypts are normally aligned colonic mucosal glands with the bases of the crypts abutting the muscularis
mucosa. Long arrows indicate the muscularis mucosa. All crypt cells are parallel to each other and the nuclei are adjacent to each other, with no overlapping. Images
obtained with 40x objective lens.

Figure 6 Human (A) and mouse (B) crypts cut across the short axis, showing tubular adenomatous crypts as well as histologically normal crypts. Crypts
on the right in A and at the bottom of B have normal histology. Adenomatous crypts are seen to the left in A, and in the top half of B. Adenomatous glands show over-
lapping cells with hyperchromatic mitotically active nuclei (long arrows indicate examples of cells undergoing mitosis). Short arrows indicate typical goblet cells. The
goblet cells in adenomatous glands are decreased in frequency compared to goblet cells in the histologically normal glands. Images obtained with 40x objective lens.

Figure 7 Crypts of tubular adenomas with high grade dysplasia cut across the short axis, human (A) and mouse (B). Glands with high grade dysplasia show
overlapping cells with oval to round vesicular nuclei and prominent nucleoli (long arrows). Mitotic figures are abundant (short arrows). Complex architecture with infold-
ing of crypts can also be seen. Images obtained with 40x objective lens.

T2 adenocarcinomas, showing adenomatous glands in-  IHC evaluation of molecular markers for progression to
vading the muscularis propria. The presence of extrava- colon cancer

sated mucin, forming mucin pools adjacent to malignant Tissues had been preserved in paraffin from our previous
glands are seen in Figure 11B. experiment where mice had been fed either the control diet,
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Figure 8 Sessile serrated adenomas, human (A) and mouse (B), cut along the long axis. Serrated glands show star shaped crypt architecture (long arrows).
Adenomatous glands with hyperchromatic overlapping nuclei (short arrows) retaining goblet cells (arrow heads) are seen. Images obtained with 40x objective lens.

Figure 9 Two examples of mouse adenocarcinoma stage T1. A shows a sessile serrated adenoma in the right upper portion of the image and an ulcerated region
(long arrow) above an adenocarcinoma that had penetrated the muscularis mucosa. Both A and B show invasive glands (short arrows) infiltrating through the muscu-
laris mucosa (MM) into the submucosa (SM). Images obtained with 10x objective lens.

Figure 10 Mouse adenocarcinomas at stages T1 (A) and T2 (B). A shows a section through an entire cancer at stage T1, and B shows a section through an al-
most entire cancer at stage T2. A shows infiltrating malignant glands (long arrow) in submucosa (SM) but not in muscularis propria (MP). B shows infiltrating malignant
glands (long arrows) within muscularis propria (MP). These adenocarcinomas are about 2 to 3 mm tall and about 6 mm wide and would correspond to the sizes of the
mucosal nodules seen in Figure 2A. Pale areas in B are pools of mucin. Images obtained with 4x objective lens.

diet + DOC or diet + DOC + CGA". From the colons a brief survey of molecular markers altered in progression

of each of three mice on the different diets, a 4 micron tis- to colon cancer. The examples in Figures 12-16 were repre-
sue section was obtained and immunostained for location sentative of the levels of biomarkers found, but with only
and level of a marker of progression to colon cancer. The three tissue samples, variation of the expression of each
segments of the colons evaluated were in regions of the marker was not quantitated. As background information
colon without a neoplastic lesion. Thus, we were evaluat- for these tissues, we note that in the previous experiment
ing colon segments for the presence of preneoplastic areas from which these tissues came, for the 12 mice fed the con-
from which a neoplastic lesion might be expected to arise. trol diet none developed colonic neoplasia. For the 18 mice
The small number of mouse colons evaluated constituted fed diet + DOC, 94% had developed colonic neoplasia,
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Figure 11 Invasion of the muscularis propria by adenocarcinoma stage T2, human (A) and mouse (B). Malignant glands (long arrows) can be seen invading
the muscularis propria (MP). The pale areas within the stroma in B are mucin pools. Necrotic material is seen within the lumen of malignant glands in A and B. Images

obtained with 10x objective lens.

Se
& A1

Figure 12 Colonic epithelia from mice fed diet + deoxycholic acid (A, B) or mice fed control diet (C, D) immunostained (brown) for 8-OH-dG, counter-

stained with hematoxylin. Images obtained with 40x objective lens.

and for 56% of these mice the neoplasia had progressed
to adenocatcinoma. There had been 12 mice fed diet +
DOC + CGA, of which 64% developed colonic neoplasia,
and for 18% of these mice the neoplasia had progressed
to adenocarcinoma, so that CGA was somewhat protective
against colonic neoplasia and adenocarcinoma

8-OH-dG in progression to colon cancer

As reviewed by Scott ¢ al'!, the DNA damage 8-OH-dG
is carcinogenic. Six mice, on their diets for 8 mo, were
terminated and their colons removed for evaluation of

nuclear 8-OH-dG (Figure 12). Three of these mice were
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on the standard diet and three had been fed diet + DOC.
Colonic tissue sections from each mouse were placed on
slides and immunostained for 8-OH-dG. Figure 12 shows
tissues from 2 mice fed diet + DOC (Figure 12A and B)
and 2 mice fed control diet (Figure 12C and D). Brown
stain indicates 8-OH-dG and blue is hematoxylin stain
for the chromatin in the nucleus. The level of 8-OH-dG
was graded in the nuclei of the colonic crypt cells by IHC
on a scale of 0-4. The nuclei of mice fed diet + DOC
were largely at levels 3 to 4 (Figure 12A and B) while for
mice fed diet alone were largely at levels O to 2 (Figure
12C and D). The images in Figure 12 were each uniform-
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Figure 13 Human colonic mucosa immunostained (reddish brown) for excision repair cross-complementation group 1 with blue hematoxylin counter stain
for chromatin. A: From patient without colonic neoplasia; B: From tissue near a colon cancer; C: From cancer tissue. Images with 40x objective. Scale shows 50 um.

Figure 14 Mouse colonic epithelia with immunohistochemistry for exci-
sion repair cross-complementation group 1 (brown) and hematoxylin
(blue) for chromatin. Mice fed diets: A: Control; B: Diet + deoxycholic acid
(DOC); C: Diet + DOC + chlorogenic acid. Images obtained with 40x objective
lens. Scale shows 50 pm.
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ly enhanced in Paint Shop Pro 5 by increasing “shadow”
to 35 and “saturation” to 35 to allow enhancement of the
brown and blue colors for greater clarity in evaluating the
immunohistochemical staining,

ERCC1 deficiency in progression to colon cancer
We recently reported that expression of DNA repair
gene ERCCT was generally deficient in the histologically
normal tissue surrounding human colon cancers (field
defects susceptible to carcinogenesis) and in colon can-
cers themselves' "', Figure 13 shows examples of THC
staining for ERCC1 of human colonic epithelia obtained
during these previous studies. As shown in these images,
the nuclei of cells in the colonic crypts of a patient with-
out colonic neoplasm (Figure 13A) have high expression
of ERCC1. However, in the crypts near a colon cancer
(within 10 cm of a cancer in this example) (Figure 13B),
cells in the lower parts of crypts (in the stem cell and
proliferative regions) are usually deficient for ERCC1
while cells in the upper parts of the crypts and along the
colonic lumen have restored ERCC1 expression. Within
the area of a colon cancer (Figure 13C), ERCC1 is largely
absent from the nuclei. The images in Figure 13 were
each uniformly enhanced as described for Figure 12.
Nine mice, on their diets for 8 mo, were terminated
and their colons removed for evaluation of expression of
ERCCI1. Three of these mice were on the standard diet,
three had been fed diet + DOC and three had been fed
diet + DOC + CGA. Colonic tissue sections from these
mice were immunostained for ERCCI. Figure 14 shows
typical colonic epithelial tissues from a mouse fed control
diet (Figure 14A), a mouse fed diet + DOC (Figure 14B),
and a mouse fed diet + DOC + CGA (Figure 14C). The
colonic crypt cells of mice fed the control diet for 8
mo have high expression of ERCC1 (Figure 14A). For
mice fed diet + DOC for 8 mo, cells in the lower parts
of crypts are deficient for ERCC1 while the upper parts
of the crypts usually have restored ERCC1 expression
(Figure 14B). The cells of mouse colonic crypts of mice
fed diet + DOC + CGA have high nuclear expression of
ERCC1 (Figure 14C). The images in Figure 14 were each
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Figure 15 Immunohistochemistry of mouse colons for beclin-1. Mice fed diets: A: Control; B: Diet + deoxycholic acid (DOC); C: Diet + DOC + chlorogenic acid; D:
Negative control without primary antibody (blue hematoxylin stain for nuclei). Images taken with 40x objective lens.

Figure 16 Lower regions of mouse colonic crypts immunostained for beta-catenin. Mice fed diets: A: Control; B: Diet + deoxycholic acid (DOC); C: Diet + DOC
+ chlorogenic acid (CGA). In A (control diet), in the stem cell region (lowest cells in the crypts), cells have beta-catenin expression localized to their membrane regions
as shown by arrows. In B (diet + DOC), the stem cell region shows substantial nuclear localization of beta-catenin (arrows). In C (diet + DOC + CGA), stem cell region
nuclei are largely deficient in beta-catenin, and the cytoplasm has low levels of beta-catenin, similar to the levels in mice fed the control diet alone. Images taken with

40x objective lens.

uniformly enhanced as described for Figure 12.

The mice fed the control diet had expression of
ERCC1 (Figure 14A) that matched human ERCC1 ex-
pression for humans without colonic neoplasia (Figure
13A). The mice fed diet + DOC (and generally progress-
ing to colonic neoplasia) had ERCC1 expression (Figure
14B) that matched human ERCC1 expression in a field
defect giving rise to a cancer (Figure 13B). The mice
fed diet + DOC + CGA, which had substantially fewer
cancers"”, also had a level of ERCC1 expression (Figure
14C) that was similar to that of mice fed the control diet

(Figure 14A).
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Increased beclin-1 in progression to cancer

Beclin-1 is a central player in autophagy. The modula-
tion of macroautophagy is now recognized as one of
the hallmarks of human cancer cells"”. Figure 15 shows
colonic epithelium of mice immunostained for beclin-1,
where the mice in Figure 15A-C were fed different diets
for 8 mo. The level of beclin-1 was graded in the colonic
crypt cells by IHC on a scale of 0-4. In the colonic epi-
thelium of mice fed the control diet for 8 mo (Figure
15A) beclin-1 staining was at level 1. For mice fed diet
+ DOC (Figure 15B), expression was at level 4, and for
mice fed diet + DOC + CGA expression was at level
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Figure 17 Two mice, raised in the same pan, had different weights after

10 mo on their diet. The heavier mouse and the lighter mouse both appeared
to be healthy and active.

e
y

3. For mouse colonic epithelium stained without the
primary antibody (Figure 15D), staining was at level 0.
These images were not enhanced.

Increased nuclear beta-catenin in the stem cell region in
progression to cancer

The images in Figure 16 show the lower regions of
mouse colonic crypts (including the stem cell regions) of
mice that had been placed on three different diets for 8
mo - control diet, diet + DOC or diet + DOC + CGA.
The colonic stem cell region showed only membrane ex-
pression of beta-catenin in samples of colonic epithelial
tissue from all three of “control diet”-fed mice that were
assessed here (one example is shown in the figure). The
colonic stem cell region showed high nuclear expression
of beta-catenin in samples of colonic epithelial tissue
from all three of these diet + DOC fed mice that were
assessed here (one example is shown in the figure). The
colonic stem cell regions showed very low levels of beta-
catenin in samples of colonic epithelial tissue from all
three of the mice fed diet + DOC + CGA that were
assessed here (one example is shown in the figure). The
images in Figure 16 were each uniformly enhanced as de-
scribed for Figure 12.

Weight distributions

The final weights of mice fed the control diet for 10 mo
were quite varied, with the lowest weight being 25.2 ¢
and the highest being 63.1 g, The mouse with the median
weight was at 41.3 g. The distribution of weights for mice
fed diet + DOC varied from 18.7 to 78.6 g, with a me-
dian weight of 35.5 g. Each mouse was weighed weekly,
and no weight loss was detected for any of the mice
during their 10 mo on each diet. Mice with relatively low
weights at the end of 10 mo on their diets merely gained
weight more slowly than heavier mice.

Hach mouse, without respect to weight, appeared to
be healthy and active (Figure 17). The vatiation in mouse
weights, like the variation in colots of these mice (Figure
1), was likely due to the variation in their genetic consti-
tutions. As pointed out in the Materials and Methods, the
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mice were the second generation (F2) of a cross between
two well established, inbred, wild-type strains: C57BL/6]
and 129S1/Svlm]. The phenotypes of these F2 wild-type
mice is expected to be varied, since the contribution of
the two parental wild-type strains will be different in each
F2 offspring. The varied weights of these mice may mim-
ic the weight variations in the general human population.

A SKEW calculation on all the data had a value of
0.0896 indicating it was approximately symmetrically dis-
tributed. A # test was then applied to determine if there
were significant differences between the weights of the
control-fed and the diet + DOC-fed mice, using the as-
sumption of unequal variances (since the variances were
different). The two-tailed # test, which indicates if the
differences between the two populations are larger or
smaller than each other, gave a P-value of 0.159, indicat-
ing that there is no significant difference between the two
populations in distributions of weight. An ANOVA anal-
ysis using the same datasets also gave a P-value of 0.159.
Thus distributions of weights were similar and there was
no significant difference between the weight distributions
for the two types of diets. There was also no systematic
association of type of tumor development with weight
of the mice fed diet + DOC. A Pearson cotrelation
analysis determined the weight of the mice fed a DOC-
supplemented diet was not correlated to the number of
colonic tumors found (P = 0.78).

DISCUSSION

Similarity of DOC in diet + DOC mouse colons to that of
humans on a high fat diet

For humans on a non-controlled omnivorous diet in
London England, the level of DOC in the feces aver-
aged 3.2 mg/g dry Weight[m]. A high fat human diet in the
United States doubles the colonic DOC concentrations''
and would subject people to colonic exposure to DOC at
an average value in their feces of about 2 X 3.2 mg/g = 6.4
mg/g dry weight. Addition of 0.2% DOC for 6 mo to
the diet of 18 wild-type male mice produced mouse feces
with 4.6 mg DOC/g dry weight (comparable to the 6.4
mg/g dry weight for humans on a high fat diet). Mice on
a control diet for 6 mo, on the other hand, had feces with
less than a tenth the level of fecal DOC, having 0.3 mg
DOC/g dry weight. Among the 18 mice fed diet + DOC,
17 developed colonic tumors in our previous studym, in-
cluding 10 mice with colon cancers. In our present study,
using female mice instead of male mice, we confirmed

a high frequency of colon cancer (10 of 22 mice) with
mice fed diet + DOC.

Parallel histology of mouse model colon tumors and
human colonic tumors

Histopathologic evaluation constitutes the gold standard
for determining progression of colonic epithelium to co-
lon cancet, to which other methods are compared[mj. Us-
ing histopathologic evaluation, we showed that mice fed
diet + DOC progress to colon cancer in a manner closely
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similar to such progression in humans.

We found that tumors in these diet + DOC fed mice
mimic each of the histopathologic features of progres-
sion to colon cancer in humans that we tested. The fea-
tures illustrated in Figures 6-11 include tubular adenomas,
tubular adenomas with high grade dysplasia, sessile ser-
rated adenomas, adenocarcinomas of category T1 (can-
cers that have invaded through the muscularis mucosa
and extended into the submucosa), and adenocarcinomas
of category T2 (cancers that have invaded through the
submucosa and into the muscularis propria). As in the
great majority of humans progressing to colon cancer, no
tumors were found in the small intestines of these DOC-
fed mice.

Locations of tumors in our mouse model and in humans
All of the tumors found in our previous study with male
mice” were in the proximal colons of the mice. In our
current study with female mice, the majority of tumors
were in the proximal colon, with 44 of the 57 tumors
or 77% of tumors being in the proximal colon. This is
somewhat different from tumors in the human colon
where tumors are found to be more neatly equally dis-
tributed between the proximal and distal regions of the
colon. However, the level of DOC in the different re-
gions of the human colon depends on two factors, while
it was primarily dependent on only one factor in the
mice fed diet + DOC. The first factor in humans is the
continuous deconjugation and dehydroxylation (by bac-
teria) of the cholic acid entering the colon from the small
intestine. This bacterial action generates newly formed
DOC throughout the length of the colon"”. The second
factor in humans is the high level of absorption (about
50% overall) of DOC as it passes along all the regions
of the colon"”. In humans, the level of DOC would
be about the same throughout the colon. In our mouse
model, on the other hand, the level of DOC in mice fed
diet + DOC starts off high in the proximal region of
the colon. In contrast to humans, conversion of cholic
acid to DOC is likely relatively insignificant for these
mice since about 90% of the DOC in the colons of the
mice fed diet + DOC comes from the added DOC in the
diet rather than from conversion of cholic acid to DOC
in the colon. Presumably, there is similar absorption of
DOC from all regions of the colon in mice, as occurs in
humans. Thus, thete should be higher levels of DOC in
the proximal regions of the colons of the mice compared
to that in their distal regions. In our mice, much of the
DOC would be absorbed as it travels down the length of
the mouse colon. If tumors are caused by interaction of
relatively high levels of DOC with colonic epithelial cells,
then it is likely that, in our system, the majority of tumors
would occur in the proximal colons of the mice, while
in humans, with a more even distribution of DOC along
the colon, tumors would occur in both the proximal and
distal regions of the colon.

Tumorts and colon cancers in mice occurred at an
eatlier age than normally found in humans. However, as
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reviewed by Cortopassi ez al™, multiple studies show that
mice have about a 5.9-fold lower level of DNA repair
than humans. A model proposed by these authors sug-
gests that the earlier occurrence of colon cancer in mice
fed diet + DOC, compared to humans, could be due to
the DNA damaging nature of DOC and the lower DNA
repair rate in mice.

Field defects in progression to cancer

Colon cancers are known to atise within a “field defect,”
an area of the colon predisposed to progression to can-
cer™l As pointed out by Rubin®, field defects are of
crucial importance in progression to cancer. Multiple
tumors in a localized area during progression to colon
cancer indicate a field defect.

Macroscopically, we found multiple colonic tumors in
the same colonic area, indicating that colonic tumors in
both mice and humans often occur within a field defect.
We previously reported, by immunhistochemical evalua-
tion, that the colonic mucosa surrounding human colon
cancers has biomarker alterations indicative of a field de-
fect as well''l. We can speculate that some of the mutant
or epigenetically altered cells are produced due to an eatly
deficiency in ERCC1 (and possibly to deficiencies in other
un-evaluated DNA repair proteins). Such cells would be
genetically unstable and could acquire a growth advantage
(eg, apoptosis resistance) due to further mutations and/
or epimutations. We have shown that colonic epithelial
cells grown in culture and repeatedly exposed to increas-
ing concentrations of DOC underwent natural selection
to develop resistance to apoptosism. These apoptosis-
resistant cells were altered in expression in 839 out of
5000 genes assessed by cDNA assay” and in 91 of 454
proteins detected by a proteomic analysis®. Cells with a
growth advantage, upon proliferation, may form a defec-
tive field, which, with further mutation and epigenetic al-
teration due to bile acids, and further selection, could give
rise to tumors, and eventually, to a colon cancet.

Oxidative DNA damage, the antioxidant CGA, and DNA
repair in colon cancer

As reviewed by Bernstein ef al® exposure of colon cells
to high physiologic concentrations of DOC increases for-
mation of reactive oxygen species (ROS), increases DNA
damage, and causes apoptosis. A particularly important
oxidative damage to DNA is 8-OH-dG, considered to
play a central role in carcinogenesism. A central enzyme
in repair of oxidative damage to DNA is ERCC1P, In
our present study 8-OH-dG is substantially increased and
protein expression of ERCCI is substantially decreased
in the colonic epithelium of mice fed diet + DOC and
progressing to colon cancer.

Chlorogenic acid (CGA) is an ester formed between
caffeic acid and quinic acid, and is widely available in
many food products, especially in coffee, blueberries and
eggplantm’281 and can even be purchased as diet supple-
ment capsules containing 50% CGA. CGA is an excellent
natural scavenger of free radicals because the one-elec-
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Figure 18 Likely path of progression to colon cancer in mice and humans,
indicating key roles of the molecular markers evaluated here and the
points of effects of chlorogenic acid in mice. CGA: Chlorogenic acid; DOC:
Deoxycholic acid; ERCC1: Excision repair cross-complementation group 1.

tron oxidation product of CGA formed by the reaction
with free radicals is rapidly broken down to products that
cannot generate further free radicals™

We previously tested 19 antioxidants to evaluate their
effect on expression of DNA repair proteins”. Only
chlorogenic acid (CGA) and its metabolic derivatives in-
creased expression of two DNA repair enzymes in that
study. In our previous report on our new diet-related
mouse model of colon cancer”, CGA, fed to mice at a
level equivalent to three cups of coffee a day for humans,
substantially reduced the incidence of colon cancer for
mice fed diet + DOC. Here, CGA in the diet largely
prevented the reduction in protein expression of DNA
repair protein ERCC1, central to repair of oxidative dam-
age to DNA, that otherwise occurs with feeding mice
diet + DOC.

Beclin-1 and autophagy

Beclin-1 is a central player in autophagy. The modulation
of autophagy is now recognized as one of the hallmarks
of human cancer cells. Accumulating evidence indicates
that autophagy plays a role in the various stages of tu-
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morigenesis. Depending on the type of cancer and the
context, macroautophagy can be a tumor suppressor or
it can help cancer cells to overcome metabolic stress and
advance'”. In particular, beclin-1 appears to be a central
player in the mechanisms that control the level of p53. In
addition, beclin-1 activates the autophagic pathway and
this contributes to apoptosis resistance, which might have
a role in carcinogenesism. In mouse colonic epithelial tis-
sues beclin-1 was increased in mice fed diet + DOC (Fig-
ure 15B), but this increase was reduced in mice fed diet +

DOC + CGA (Figure 15C).

Beta-catenin in progression to cancer

Four major signaling pathways are frequently altered in
the later stages of progression to sporadic human colon
cancer, and three other pathways have also been identi-
fied. The most frequent pathways are Wnt/beta-catenin,
TGF-beta receptor, Notch, and Hedgehog, while the
other pathways are the EGFR, RAS/RAF/MAPK cas-
cade and PI3K/Akt™. No one pathway is altered in all
sporadic colon cancers. However, beta-catenin nuclear
accumulation is found in 40% to 80% of primary human
colon cancers™™ and in 67% of sessile serrated adeno-
mas progressing towards human colon cancer””. We as-
sessed beta-catenin and found that it is translocated into
the nucleus of cells in the stem cell region of mouse co-
lonic crypts in mice fed diet + DOC, but this transloca-
tion is reduced if CGA is also added to the diet (indicated
in Figure 10).

Difficulties with previous rodent models of colon cancer
Rosenberg ef a in a 2009 review of then-current
mouse models of colonic carcinogenesis, noted that
they lack an invasive phenotype. Corpet ¢t al’” noted in
2005 that most then-current rodent models of colonic
carcinogenesis did not share several significant genetic
events and histopathological features of human colon
cancets.

In the New Western diet (NWD)"™ mouse model
of colon cancer (based on a diet deficient in calcium,
vitamin D3, fiber, methionine and choline, plus increased
corn oil) mice developed the same frequency (4 out of
15 mice) of small intestinal tumors as colon tumors after
2 years on the diet. This is unlike intestinal cancers in
humans where only 6% as many small intestinal cancers
develop compared to the frequency of colon cancers””.
In addition, no mice solely on the NWD developed fully

. . . . 38
invasive colonic adenocarcmomas[ ].

Pathway of progression to colon cancer
A likely pathway for progression to colon cancer is
shown in Figure 18. This figure indicates presumed major
steps in progression to colon cancer. The key roles of the
molecular markers we evaluated in our diet-related mouse
model of colon cancer are shown in red. The effect of
CGA on these markers is also indicated by arrows.

Bile acids, especially DOC, cause increases in DNA
damaging ROS in colon cells**. DOC-induced ROS
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are shown in Figure 18 as an early step in our diet-related
pathway to colon cancer.

A major type of DNA damage caused by ROS is
8-OH-dG". 8-OH-dG is mutagenicw, and an initia-
tor of carcinogenesism. Thus, increased 8-OH-dG, as
found by us in the epithelium of mice fed diet + DOC, is
shown in Figure 18 as a key step in progression to colon
cancet.

DNA damage appears to be a primary underlying
cause of cancer'™. Cells that retain unrepaired DNA
damage, upon replication, may give rise to daughter cells
with increased mutations by translesion synthesis[47’48]
Inaccurate or incomplete repair of DNA damages may
also give rise to mutations or epigenetic alterations*".,
Such increased mutations and epigenetic alterations likely
undetlie progtession to cancer, as indicated in Figure 18.

Deficiencies in DNA repair genes and genomic instability
In sporadic cancers, a deficiency in DNA repair may
sometimes occur due to a mutation in a DNA repair
gene. However, much more frequently, reduced or absent
expression of DNA repair genes occurs due to epigenetic
alterations that reduce or silence gene expression. For ex-
ample, for 113 colorectal cancers examined in sequence,
only four had a missense mutation in the DNA repair
gene MGMT, while the majority had reduced MGMT
protein expression due to methylation of the MGMT
promoter region (an epigenetic alteration)”". Similarly,
out of 119 cases of mismatch repair-deficient colorectal
cancers that lacked DNA repair gene PMS2 expression,
PMS2 protein was deficient in 6 due to mutations in the
PMS2 gene, while in 103 cases PMS2 protein expression
was deficient because its pairing partner the MLH1 pro-
tein was epigenetically repressed due to promoter methyl-
ation (PMS2 protein is unstable in the absence of MLH1
protein)®. In the other 10 cases, loss of PMS2 protein
expression was likely due to epigenetic over-expression
of the microRNA, miR-155, which down-regulates
MLH1 protein expression”. Epigenetic deficiencies in
expression of DNA repair proteins are virtually always
present in colon cancers"”, Epigenetically caused DNA
repair protein deficiencies and the frequencies with which
they are reported in colon cancers are MSH2 (13%),
MLH1 (2%-65%), WRN (38%), MGMT (46%-90%),
XPF (55%), PMS2 (88%) and ERCC1 (100%)"). ERCC1
protein deficiency was observed in all of the 47 human
colon cancers evaluated"" and thus ERCC1 deficiency
appears to be one of the most prevalent DNA repair
deficiencies in progression to colon cancer in humans.
ERCCI1 protein was also found to be deficient in histo-
logically normal colonic epithelial tissues in mice fed diet
+ DOC and progressing to colon cancer (Figure 14).

A major characteristic of cancer is the presence of
genomic instability (a mutator phenotype) B4 "This may be
due to deficiency of a human DNA repair enzyme, such
as ERCC1", The average colon cancer has about 60 to
70 protein altering mutations of which about 3 or 4 may
be “driver” mutations””. However, the protein coding
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part of the genome is only about 1.5% of the entire ge-
nome™. There are also about 20000 to 80000 mutations
in the entire genome of various cancers” ™. This com-
pares to the very low mutation frequency of about 70
new mutations in the entire genome between generations
(parent to child) in humans™®). The very high mutation
frequency in cancer cells may be due to the frequent epi-
genetic deficiencies in DNA repair genes that likely occur
early in progression to cancer. This is illustrated near the
top of Figure 18. ERCC1 deficiency may have a major
role in genomic instability in colon cancers. In our pres-
ent study, mice progtressing to colon cancer are deficient
in protein expression of ERCCI1 in the stem cell regions
of colonic crypts.

The diet-related mouse model of colon cancer de-
scribed here appears to be the closest model to human
development of colon cancer that is currently available. It
is based on elevated colonic levels of the natural endoge-
nous bile acid DOC, long thought (from epidemiological
evidence) to be important in initiation and progression to
colon cancer™”. Tt closely parallels human progression to
colon cancer, both by the gold standard of histopathol-
ogy and by the molecular markers tested. This mouse
model may be uniquely useful in experiments involving
the prevention or treatment of colon cancer.

COMMENTS

Background

Colon cancer is the second most frequent cause of cancer mortality among
men and women combined, in both more developed and less developed areas
of the world. Diet appears to be the major factor affecting frequency of colon
cancer. Up to now, however, there has not been an established diet-related
rodent model that closely parallels human progression to colon cancer. Such a
model is needed to have an effective basis for experiments exploring the pre-
vention or treatment of colon cancer.

Research frontiers

Bile acids delivered to the colon in response to a high fat diet have long been
hypothesized to have a key role in development of colon cancer. In support
of this hypothesis, it was recently found that the concentration of the bile acid
deoxycholate in the feces of native Africans is only 1/5™ as high as in African
Americans, and the frequency of colorectal cancer in native Africans is less
than 1/72™ the frequency of colorectal cancer in African Americans. An impor-
tant area of research is to determine the molecular changes and neoplastic
consequences caused by increased deoxycholate in the colon.

Innovations and breakthroughs

The study of experimental colon carcinogenesis in rodents has a long history,
dating back about 70 years to an experiment of adding methylcholanthrene to
the food of mice. Most studies were done with potent chemical carcinogens,
which would not likely cause the same types of DNA damages that are caused
by natural dietary factors. More recently, studies were also done with transgen-
ic, knockout and knockin genetic models. In addition, a mouse model of colon
cancer (based on a diet deficient in calcium, vitamin Ds, fiber, methionine and
choline, plus increased corn oil) was devised. A notable disadvantage of these
models was that induced tumors generally lacked an invasive and metastatic
phenotype, and for many models, small intestinal neoplasias were often as
frequent (or more frequent) than colon cancers, unlike the situation in humans.
In addition, mutational alterations frequently present in human colon cancers
were often not present in artificial rodent models of colon cancer. Thus, the find-
ing that the natural endogenous bile acid deoxycholate actually caused colon
cancer in a mouse model is an important contribution. Authors consider that this
model should produce the typical types of DNA damages produced in humans
by high physiologic levels of bile acids. Also, this model only produces cancers
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in the colon, the location of almost all human intestinal cancers. Authors now
show that the cancers produced are invasive and have morphological features
and molecular markers consistent with those found in human progression to
colon cancer.

Applications

The results of the present study indicate that this diet-related mouse model of
colon cancer (with human physiologic levels of deoxycholate) will provide a
more effective basis for experiments exploring the prevention or treatment of
colon cancer than has previously been available.

Terminology

Human physiologic levels of deoxycholate are levels of deoxycholate found in
humans eating a diet high in milk fat (sour cream, butter) and beef fat, or high in
corn oil. Cancer mortality is the frequency of deaths due to a particular form of
cancer.

Peer review

This study analyzes a novel diet-related model of colon cancer that parallels
human progression to colon cancer, using both histomorphological criteria and
molecular biomarkers. It also shows the ameliorating effects of dietary chloro-
genic acid (a common component of blueberries, eggplant and apples) on mo-
lecular biomarkers of progression to colon cancer. This study is, undoubtedly,
highly relevant for future research in human colonic cancer.
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