The novel A/J Min/+ mouse as a model for
colorectal cancer, and the effects of hemin on
intestinal tumorigenesis

Philosophiae Doctor (PhD) Thesis
Marianne Sedring
Department of Food Safety and Infection Biology

Faculty of Veterinary Medicine and Biosciences
Norwegian University of Life Sciences

Adamstuen 2016

Thesis number 2016:41
ISSN 1894-6402
ISBN 978-82-575-1970-4



© Marianne Sedring, 2016
Series of dissertation at the

Norwegian University of Life Sciences

Thesis number 2016: 41

ISSN 1894-6402
ISBN 978-82-575-1970-4

All rights reserved.

Printed in: Andvord Grafisk AS



Table of contents

ACKNOWLEDGEMENTS I
ABBREVIATIONS II
LIST OF PAPERS 11
SUMMARY v
SAMMENDRAG (SUMMARY IN NORWEGIAN) VI
INTRODUCTION 1
COLORECTAL CANCER ...ttt sttt ettt ettt et sttt e e et s b saeeae et e e e e esaesaeenene 1
INtEStINAL ANATOIMNY ....ouvitiiieiieiieieee ettt ettt ettt ettt e st et et e aesseebeebeeseeseeneeneensens 1
C0lorectal CAIrCINOZEINCSIS .. veveeverieiitenietieteiteterteee ettt ettt et sb ettt ettt es ettt st ebeeenes 4

The canonical Wnt pathway and APC ...........ccooviiiiriiniiiieieieeeeeeee e 7
Familial adenomatous polyposis (FAP) .......cccceiiiriniiiiecceeeeeee e 8
Preneoplastic IESIONS ......eoueiuirieieieie ettt 9
Flat ACF and MDF .......ccooiiiriiiiiieiree ettt 10
ANIMAL MODELS FOR COLORECTAL CANCER ......cuiitiiiiiiieiiiiieienienieeteete et sie st 11
Murine models for Apc-driven tUMOTIZENESIS .....c.vevververvierierieiieeierieieie et 12

The APC Min/= MOUSE.......ccuiiuieiieieieterte ettt ettt et etesteste sttt eseestestesessessesseeseeseensensensens 12
MOAIIETS OF MIIL......cuiiiiiiiiciiiieict ettt 14

The A/T MIN/A MOUSE......cveriiriiiiiiiieiieete ettt sttt ettt bbb ene 15
DIET AND COLORECTAL CANCER ......ccouviieiieeiteeeetreeeereeeeseeeeseeeeseeeeseeeeseessesenseeesssesssesenseseennes 15
Red and processed MEAL ..........coveieieriiieeeee et 16
Animal studies on the link between meat and colorectal cancer...........ccccooceeieieeenienenne 17
Potential mechanisms linking red meat and CRC ...........coocoiiiiiiiiiiniiccceeeeeee 17

Heme iron and the N-nitroso pathiway ..........cccevierieriiieieieieieieiee e 18

AIMS OF THE STUDY 20
SUMMARY OF PAPERS 21
DISCUSSION 23
THE A/J MIN/+ MOUSE AS A MODEL FOR CRC .....c.oooiiiiiiiiiiiiiciicicceccteeeee s 23
The importance of genetic background............cceoiiiiiiininiininiiee 24

Tumor progression and the importance of age.........cccoeviriririeiieiieieereeeeee 25



COLONIC TUIMIOVET ...ttt e e et e e et e e e e e enaeeeaeeeenaeesnaeesneeenneeean 28

Spontaneous vs carcinogen-induced CRC in rodent models..........c.cceeverieriininiireieeennnnn. 29

A/ MiIn/+ MOUSE VS PIIC TAt.....viiiiiiiiiiiiiciie ettt et eane e 29

Flat ACF as a reliable marker for CRC.........ccooovviiiiiiiiiie e 30

USING THE A/J MIN/+ MOUSE MODEL TO TEST THE HEME-HYPOTHESIS

Fat in the experimental diet............cooiiiiiiiiiieeeee et

HEmIN QNd NIITTEE .....c.veiiiiieceeeeeeee ettt ettt e e e eaeeeeteeeeraeeereeeeteeeeaneean 35

Effect of hemin on tumor INItIATION ..........cueiiiiiiiie it 35
FUTURE PERSPECTIVES 37
MAIN CONCLUSIONS 39
REFERENCE LIST 40

SCIENTIFIC PAPERS I-1IT 52




Acknowledgements

This study was performed at the Department of Food Safety and Infection Biology (MatInf)
at the Norwegian University of Life Sciences (NMBU) in the period 2011-2016, and the
final year (2015-2016) was part of the project “Identification of the healthiest beef meat”. 1
would like to thank the former Head of Department, Per Einar Granum, as well as the
current Head of Department, Anne Storset, and the Section for Food Safety for providing
excellent working facilities during this PhD period.

I want to thank my main supervisor, Jan Erik Paulsen: This has been a long, and at times
frustrating, journey, but your door has always been open. You are so passionate about what
you do, and your enthusiasm for our research was both motivational and encouraging for me
in times when I felt discouraged or overwhelmed. Your guidance has been an invaluable
asset to me throughout the PhD project, and I have learned so much from you. Thank you
for pushing me, but also for knowing when not to push!

I also want to thank my co-supervisor, Gjermund Gunnes for being there for all pathology
related issues. Thank you for being available to help me whenever I needed it, your
knowledge in this vast field has been of great help.

I want to thank my co-authors, and in particular Bjerg Egelandsdal. Thank you for all you
have done for me. I am very grateful for the faith you put in me. I also want to thank Ellen
Margrethe Hovland for teaching me to become a better pop-science writer, and for
‘holding my hand’ when dealing with press-related things.

Thank you to the Section of Experimental Biomedicine for allowing me to use their
facilities, and in particular Christer for helping with the mice. Thank you to Mari and
Sigbjern at the histology lab for making my Swiss rolls a little prettier!

To all my colleagues at Matlnf, thank you for the friendly work environment, and for all the
laughter and good conversations. Thanks to my ‘roommate’ Christina, for all our research
and non-research talks. And to Hildegunn: thanks (or maybe not?) for teaching me to drink
coffee, and, when my newfound addiction was cemented, for always being ready to go to
“Kaffekoppen” at a moment’s notice. And thanks for all the silliness (lol); I definitely
needed that on more than one occasion!

Thank you, Mom and Dad, for always being there for me, no matter what! Thank you to my
family for all their support over the past years. To my closest friends, who understood that |
couldn’t always be there, but who made me smile when I did see them — thank you!

And, last but not least, to Roger: thank you, élskling, for being you, for always having my
back, for being a shoulder to cry on, and for letting me pick your brain. I love you!

Oslo, April 2016.



Abbreviations

ACF
AOM
APC
Bo6
CIMP
CIN
CpG
CRC
CTNNBI
DKK
DMH
DSS
ENU
FAP
GSK3p
HID-AB
HNPCC
IARC
KAD
KRAS
LOH
MB
MDF
Min
Mom
MSI
NOC
Pirc
TpS3
WCRF
Wnt

Aberrant crypt foci
Azoxymethane

Adenomatous polyposis coli
C57BL/6J

CpG island methylator phenotype
Chromosomal instability
Cytosine-phosphate-guanine
Colorectal cancer

Catenin beta 1

Dickkopf

1,2-dimethylhydrazine

Dextran sulfate sodium
Ethylnitrosourea

Familial adenomatous polyposis
Glycogen synthase kinase 33
High iron diamine - Alcian blue
Hereditary non-polyposis colorectal cancer
International Agency for Research on Cancer
Kyoto Apc Delta

Kirsten rat sarcoma viral oncogene homolog
Loss of heterozygosity
Methylene blue

Mucin depleted foci

Multiple intestinal neoplasia
Modifier of Min

Microsatellite instability
N-nitroso compounds

Polyposis in the rat colon

Tumor protein p53

World Cancer Research Fund
Wingless integration 1



List of papers

Paper 1
Sedring M, Gunnes G, Paulsen JE. Spontaneous initiation, promotion, and progression of
colorectal cancer in the novel A/J Min/+ mouse.

International Journal of Cancer. 2016. 138(8):1936-1946.

Paper 11
Sodring M, Gunnes G, Paulsen JE. Detection and characterization of the flat aberrant crypt
foci (flat ACF) in the novel A/J Min/+ mouse.

Submitted manuscript*®

Paper 111
Sedring M, Oostindjer M, Egelandsdal B, Paulsen JE. Effects of hemin and nitrite on
intestinal tumorigenesis in the A/J Min/+ mouse model.

PLOS ONE 2015. 10(4): e0122880.

* Accepted May 4th 2016: Anticancer Research, June 2016. 36(6): 2745-2750



Summary

Colorectal cancer (CRC) is one of the most common cancers worldwide. Most cases of CRC
appear to be caused by somatic mutations, but a small number of cases are the result of
germline mutations in the tumor-suppressor gene adenomatous polyposis coli (4PC) which
causes an inherited condition called familial adenomatous polyposis (FAP). FAP manifests
as hundreds to thousands of adenomas in the colon, and if left untreated, the patient has a
100% risk of developing CRC. The multiple intestinal neoplasia (Min/+) mouse,
traditionally bred on a C57BL/6J (B6) genetic background, is one of the most widely used
murine models for human FAP, and the mutation in the murine Apc gene replicates the
fundamental mutational event seen in both FAP and sporadic CRC. The use of animal
models to study CRC provides valuable information for diagnosis, treatment, and prevention

of the human disease.

In this project we characterized the intestinal tumorigenesis in a novel mouse model where
the Min/+ trait has previously been introgressed onto an A/J genetic background, creating an
A/J Min/+ mouse. This novel A/J Min/+ mouse spontaneously develops a substantial
number of colonic lesions, and although small intestinal tumors also develops, the ratio of
colonic to small intestinal lesions in the A/J Min/+ mouse is 1.1:1, which is close to the ratio
observed in human FAP (>1:1). The B6 Min/+ mouse, on the other hand, primarily develops
adenomas in the small intestine and hardly any lesions in the colon, and has a colonic to
small intestinal lesions ratio of <1:40. Small preneoplastic lesions, called flat aberrant crypt
foci (flat ACF), are easily identified in the unsectioned, methylene blue stained colon of A/J
Min/+ mice. Surface microscopy and histological sectioning of flat ACF show severe
dysplasia already from the monocryptal stage, and these early colonic lesions possess
genotypic and phenotypic characteristics similar to that of colonic tumors. When flat ACF
were compared to mucin depleted foci (MDF), colonic lesions characterized by defective
mucin production, a virtually complete overlap was found. This suggests that flat ACF and
MDF likely represent the same preneoplastic lesion, which in turn indicates that flat ACF,
like MDF, are reliable surface biomarkers of colorectal carcinogenesis. A large number of
flat ACF spontaneously develop in the A/J Min/+ mouse, and these early colonic lesions
will, with time, progress to carcinomas. In contrast, the fraction of tumors that progress to
invasive carcinomas in the B6 Min/+ mouse, is miniscule. This is likely attributable to the

short lifespan of the B6 Min/+ mouse. In the A/J Min/+ mouse, age-associated processes



appear to be important for the progression of tumors to malignancy; at 40 weeks old, 21% of
colonic tumors recorded in A/J Min/+ mice were categorized as carcinomas. Furthermore,
the A/J Min/+ mouse has the potential for, at least, local metastasis. These finding more
closely reflect aspects of human colorectal carcinogenesis, suggesting that the novel A/J

Min/+ mouse is a reliable model for human CRC.

Red and processed meat has been associated with an increased risk of CRC; however, the
underlying mechanism behind this link remains uncertain. One hypothesis that has received
ample attention concerns the effect of heme iron in red meat. When testing the effect of diet
or dietary components on colorectal cancer development, choosing a model that is as
relevant as possible for the human disease, is important. Since the A/J Min/+ mouse model
more closely mirrors the human CRC phenotype than, for instance, the B6 Min/+ mouse, the
A/J Min/+ mouse model was used to test the heme iron hypothesis. Mice fed diets
containing hemin (a model for red meat) and hemin in combination with nitrite (a model for
red, processed meat), were examined for intestinal lesions to assess the potential effect of
heme on colorectal tumorigenesis. The results showed that, in contrast to what was
expected, dietary hemin decreased the number of colonic lesions in the A/J Min/+ mouse,
whether in combination with nitrite or not. However, the results also showed that the
opposite was true in the small intestine, where dietary hemin seemed to stimulate tumor
growth. Additionally, nitrite, which did not have an effect in the colon, appeared to have a

suppressive effect on tumor growth in the small intestine.



Sammendrag (Summary in Norwegian)

Tykktarmskreft er en av de mest vanlige kreftformene pa verdensbasis. De fleste tilfeller av
tykktarmskreft er mest sannsynlig forarsaket av somatiske mutasjoner i kroppscellene, men
et lite antall oppstar som folge av nedarvede mutasjoner i tumorsuppressorgenet adenomates
polyposis coli (APC). Dette forer til familieer adenomates polypose (FAP), en form for
arvelig tykktarmskreft hvor pasienten utvikler et stort antall polypper i tykktarmen. Om
sykdommen ikke behandles gker sjansen for & utvikle tykktarmskreft til 100%. Den mest
brukte musemodellen for FAP er multippel intestinal neoplasi (Min/+) musen, som
tradisjonelt avles pa en C57BL/6J (B6) genetisk bakgrunn. Min/+ mus har ogsa en nedarvet
mutasjon i Apc som motsvarer mutasjonen i APC genet hos mennesker. Bruken av
dyremodeller for a studere tykktarmskreft gir verdifull informasjon med tanke pa diagnose,

behandling, og forebygging av denne sykdommen hos mennesker.

I dette prosjektet har vi karakterisert kreftutviklingen i A/J Min/+ mus, en ny musemodell
hvor Min-genet har blitt overfort til mus med en A/J genetisk bakgrunn. Denne nye A/J
Min/+ musen utvikler spontant et betydelig antall tykktarmslesjoner. Nar lesjoner av alle
storrelser er medregnet, har A/J Min/+ musen et gjennomsnittlig antall tykktarm- til
tynntarmslesjoner i forholdet 1,1:1. Selv om A/J Min/+ musen ikke utvikler svulster
utelukkende i tykktarmen, men ogsa viser en lignende tumorbelastning i tynntarmen, er
likefremt forholdet mellom tykk- og tynntarmslesjoner narmere forholdet observert i
humant FAP (sterre enn 1:1). I motsetning til A/J Min/+ musen, utvikler B6 Min/+ musen
hovedsakelig svulster i tynntarmen og svert fa lesjoner i tykktarmen, og forholdet mellom
tykk- og tynntarmslesjoner er mindre enn 1:40. Sm4, preneoplastiske tykktarmslesjoner,
som kalles flate aberrant crypt foci (flat ACF), kan lett identifiseres i A/J Min/+ musens
tykktarmer etter farging med metylenblatt. Overflatemikroskopering og histologisk
undersekelse av flate ACF viser grov dysplasi allerede fra forste krypt. Disse tidlige
lesjonene har bade genotypiske og fenotypiske egenskaper som ogsa er karakteristiske for
tykktarmssvulster. Ved sammenligning av flate ACF med mucin depleted foci (MDF), en
annen tykktarmslesjon som kjennetegnes av defekt slimproduksjon, fant vi en praktisk talt
fullstendig overlapp mellom lesjonene. Dette tyder pé at flate ACF og MDF sannsynligvis
representerer samme preneoplastiske lesjon, noe som igjen antyder at flate ACF, slik som
MDF, kan anses som palitelige overflatemarkerer for kreftutvikling i tykktarmen. Et stort

antall flate ACF utvikles spontant i tykktarmen pa A/J Min/+ mus. Disse preneoplastiske

Vi



lesjonene vil, med tid, utvikle seg videre til karsinomer. B6 Min/+ mus utvikler sjeldent
karsinomer, noe som trolig skyldes den relativt korte levetiden disse musene har. A/J Min/+
mus lever betydelig lenger, noe som sannsynligvis eker sjansen for at adenomene rekker a
utvikle seg til karsinomer. Prosesser knyttet til alder syntes & vaere viktig for at progresjonen
av adenomene til karsinomer skal finne sted: ved 40 uker var 21% av alle tykktarmssvulster
i A/J Min/+ musen, karsinomer. Det viser seg ogsa at A/J Min/+ musen har potensiale for, i
det minste, lokal metastase. Sett i sammenheng gjenspeiler dette human kreftutvikling mer
neyaktig, noe som tyder pa at den nye A/J Min/+ musen er en velegnet modell for human

tykktarmskreft.

Inntak av redt og bearbeidet kjott har veert forbundet med okt risiko for & utvikle
tykktarmskreft; men det er fortsatt uklart hvordan dette henger sammen. En hypotese som
har fatt mye oppmerksomhet er at hemjernet i radt kjett er arsaken til risikoekningen. Nar
man tester effekten av kosthold eller kostholdsfaktorer pa tykktarmskreftutvikling, er det
viktig & velge en modell som i sterst mulig grad reflekterer human tykktarmskreft. Siden A/J
Min/+ musen mer noyaktig gjenspeiler kreftutvikling hos mennesker, ble denne modellen
brukt for a teste hemjern hypotesen. A/J Min/+ mus ble matet med for tilsatt hemin (modell
for redt kjott) eller hemin og nitritt (modell for bearbeidet kjott), for tarmene ble undersekt
for potensielle effekter av hemjern pa tykktarmskreftutvikling. I motsetning til forventet,
viste resultatene at hemin, bade med og uten nitritt, reduserte antall lesjoner i tykktarmen
hos A/J Min/+ mus. Resultatene viste ogsa at det motsatte var tilfelle i tynntarmen, hvor
hemin syntes & stimulere svulstvekst. I tillegg fant vi at nitritt, som ikke hadde noen effekt i

tykktarmen, sa ut til & ha en hemmende effekt pa svulstvekst i tynntarmen.

Vil






Introduction

Colorectal cancer

Colorectal cancer (CRC) is one of the most common cancers both worldwide and in
Norway. Globally, this form of cancer accounted for approximately 1.4 million new cases
and close to 700 000 deaths in 2012, while the latest numbers from Norway show that over
4000 new cases and approximately 1500 deaths were attributed to CRC in 2014 [1,2].
Worldwide, CRC is the second most common cancer after breast cancer in women, whereas
it is the third most common cancer in males, after prostate and lung cancer. This mirrors the
CRC status in Norway. More than half of all CRC cases are registered in developed regions
of the world, with the highest rates observed in Australia/New Zealand, Western Europe,
and North America. In contrast, this type of cancer appears to be relatively uncommon in
less developed regions including South-Central Asia, and most of Africa. Incidence rates are
higher in men than in women, and CRC becomes progressively more common with age

[1,2].

CRC can be divided into two types; sporadic and hereditary. Sporadic CRC accounts for
approximately 80% of all CRC cases, while the remaining 20% of patients have a family
history of CRC. Of all CRC cases, only around 5% are due to inherited genetic mutations,
with Hereditary Non-Polyposis Colorectal Cancer (HNPCC, or Lynch syndrome) and
Familial Adenomatous Polyposis (FAP) being the two most common forms of hereditary
CRC. These two disorders differ, as the names suggest, by the absence (HNPCC) or
presence (FAP) of colorectal polyposis [3,4]. In FAP, the tumor initiation rate is accelerated
while tumor progression is normal. In HNPCC, this is reversed: tumor initiation rates are
nearly normal while tumor progression is accelerated. However, both FAP and HNPCC

patients develop CRC at a median age of 42 years [5].

Intestinal anatomy

The human and mouse intestines are relatively similar in structure. The small intestine of
both species consists of the duodenum, jejunum, and the ileum, the latter of which enters the
cecum at the ileocecal valve. Cecum size differs between mice and humans in that mice
have a relatively large cecum whereas the human cecum is small. Also, mice lack an

appendix which is present in humans. For both species, the luminal surface of the small



intestine contains villi, small finger-like protrusions extending from the mucosa, that
increase the surface area of the intestinal mucosa [6]. The colon of mice and humans is also
fairly similar (Fig. 1). However, the human large intestine has a segmented appearance that
the murine colon lacks. This appearance is due to taenia coli, three long ribbons of smooth
muscle on the outside of the colon, that are slightly shorter than the colon itself, causing the

colon to be divided into a series of saclike segments called haustra [7].

a Mouse Human

Stomach

Ascending colon
colon
Cecum Descending
- Small colon
intestine .
Colon Taenia coli
Cecum Haust
Appendix: austra
\ & Anus Ao/
b Small intestine

Figure 1. Anatomy of the mouse and human intestine. (a) The human colon is divided into
ascending, transverse, and descending sections, and has saclike segments called haustra due to the
presence of taenia coli. The mouse colon, in contrast, is smooth, and lacks both haustra and taenia
coli." (b) A representative example of intestinal tumor growth in the A/J Min/+ mouse. The
methylene blue stained intestine has been divided into four parts: The top three pieces show the
small intestine (the stomach has been removed from the upper right end), while the bottom piece is
the colon. Nearly all the dark blue spots are tumors, but a few may be gut associated lymphoid
aggregates (GALT). This intestine was harvested from a 43-week old mouse. Photo b: M. Sedring.

The intestinal tract is made up of three tissue layers: an outer layer of smooth muscle which

controls peristalsis, a middle layer of stromal tissue called the submucosa, and an inner layer
surrounding the lumen which is called the mucosa [8]. The mucosa is divided into three

! From “How informative is the mouse for human gut microbiota research?”” by T. Nguyen, S. Vieira-Silva, A.

Liston, and J. Raes. 2015, Disease models & mechanisms, 8 (1), pg 3. Reprinted with permission under the
Creative Commons Attribution License



additional layers, where the epithelial layer is the innermost layer closest to the intestinal
lumen. Below the epithelial layer lies the lamina propria, a layer of stromal connective
tissue, and finally, separating the mucosa from the submucosa, lies a thin layer of smooth

muscle called the muscularis mucosa [9].

The mucosa of the small intestine is made up of villi, protrusions into the lumen, and crypts
of Lieberkiihn, invaginations into the epithelial lining at the base of the villi (Fig. 2a). The
colon does not have villi, only crypts (Fig. 2b). Paneth cells, which secrete antimicrobial
substances, are only found in the small intestine of mice, and then most often localized to
the jejunal section. These cells are not found in the murine colon, while in the human
intestinal tract, Paneth cells are found in the small intestine, appendix, and in the caecum
[6]. Stem cells are found at the bottom of the colonic crypt, while they are found a little
further up the small intestinal crypts, right above the Paneth cells. Stem cells are
undifferentiated cells that can continually self-renew as well as produce proliferating
progenitor cells which in turn become differentiated cells including endocrine cells, goblet
cells, Paneth cells or epithelial cells. In the small intestine, these differentiated cells make up
the villi, while in the colon, they reside at the uppermost section of the colonic crypt, as well
as on the epithelial surface. Progenitor cells reside between stem cells and differentiated
cells, and are slightly more specific than a stem cell, but less so than a differentiated cell. A
progenitor cell can differentiate into one or more types of cells, but unlike the stem cell,
they only have a limited ability to self-renew [8,10]. The human colonic epithelium renews
at least once per week, which is similar in the mouse, where colonic epithelial turnover

occurs every 5 to 7 days [11].



Submucosa

Proliferative
progenitors

Figure 2. Anatomy of the small intestine (a) and the colon (b). In the small intestine, stem cells
(dark blue) are found near the bottom of the crypt, immediately above the Paneth cells (yellow),
while in the colon, stem cells reside at the bottom of the crypt. Proliferating progenitor cells (light
blue) in the small intestine fill up the remained of the crypt up to the epithelial surface, while in the
colon, these cells rise about two thirds up the crypt. The rest of the colonic crypt and the epithelial
layer are occupied by differentiated cells (green). In the small intestine, differentiated cells make up
the villi.2

Colorectal carcinogenesis

Colorectal cancer develops as a result of several genetic and epigenetic changes that cause a
transformation of intestinal epithelium from normal tissue, via benign neoplasms, into
colorectal carcinomas. This transformation is the result of activation of oncogenes and
inactivation of tumor suppressor genes, in a process known as the adenoma-carcinoma
sequence (Fig. 3) [5,12,13]. This is a fundamental concept in CRC, and describes the step-
by-step progression from normal epithelium to carcinoma [5]. Mutations in APC is
considered to be the rate-limiting step in the tumorigenesis of both FAP and most sporadic
CRCs, where inactivation of the 4PC tumor suppressor gene initiates neoplasia [14].
Mutations in the oncogene KRAS (Kirsten rat sarcoma viral oncogene homolog) promotes
growth of early adenomas, while progression to malignant carcinoma is accompanied by

loss of all, or part of, the long arm of chromosome 18 (18q), where DCC (Deleted in

2 From “Wnt signalling in stem cells and cancer” by T. Reya and H. Clevers. 2005. Nature. 434 (7035), pgs.
844 and 846. Copyright 2005 Nature Publishing Group. Reprinted with permission.



colorectal cancer), SMAD?2 (Mothers against decapentaplegic homolog 2) and SMAD4
tumor suppressor genes reside, as well as loss of all, or part of, the short arm of
chromosome 17 (17p), where the 7P53 tumor suppressor gene is located [15]. This process
from adenoma to carcinoma is a very slow process, and in humans it may take 5-20 years
for early lesions to progress to benign adenomas, and yet another 5-15 years before those

adenomas become malignant carcinomas [16,17].

There are three distinct pathways by which colorectal carcinogenesis most often is
explained; CpG island methylator phenotype (CIMP), chromosomal instability (CIN), and
microsatellite instability (MSI or MIN) (Fig. 3). These three pathways are not mutually
exclusive, therefore, CRC’s may exhibit traits of more than one pathway [18]. The CIMP
pathway, also called the serrated pathway due to the serrated appearance of lesions, is
considered to be an epigenetic pathway. In this pathway, tumor suppressor genes are
silenced by hypermethylation of CpG islands in the promoter region, rather than being
caused by mutations. Hypermethylation of MLH1, a DNA mismatch repair gene, often
occurs in the CIMP pathway, and may lead to microsatellite instability similar to that seen
in the MSI pathway [19-21]. The majority of sporadic and FAP colorectal cancers develop
through the CIN pathway, a pathway characterized by instability in chromosomal numbers
(aneuploidy), or loss of heterozygosity (LOH). The CIN pathway is also called the
gatekeeper pathway. Gatekeeper genes, most often tumor suppressor genes, regulate tumor
growth directly by either inhibiting growth of the tumor, or by promoting cell death, both of
which prevents further tumor development. When a gatekeeper gene is inactivated, for
instance due to mutations, tumor growth is no longer controlled, and cancer develops. In
CRC, the tumor suppressor gene adenomatous polyposis coli (4PC) is an example of a
gatekeeper gene [5,21]. The MSI pathway accounts for approximately 10-15% of all
sporadic CRC cases, as well as most HNPCC cases. This pathway is characterized by
nucleotide instability, and is known as the caretaker pathway. Caretaker genes regulate
tumorigenesis indirectly by maintaining the integrity of the genome by effectively repairing
DNA. When caretaker genes lose their function, the rate of DNA mutations increase, which
in turn increases the chance of mutations, and loss of gatekeeper functions [22]. In CRC,

mismatch repair (MMR) genes are considered caretakers.

In 1998, Kinzler and Vogelstein [23] added yet another type of genes they called landscaper
genes. These genes were associated with the CRC form known as juvenile polyposis

syndrome where the first lesions develop in stromal cells rather than in the epithelial cells



that give rise to the tumor. Landscaper genes affect the microenvironment around the lesion,
and if they lose their function, abnormal growth or function of the surrounding
microenvironment may follow. This, in turn, may lead to neoplasia in neighboring epithelial

cells [22,23].

Chromosomal instability Increasing CIN

Loss of 18q
SMAD4
KRAS _ cpce P53
Normal epithelium Early, adgnoma and Intermediate Late adenoma Cancer
dysplastic crypt aden:

—_— —_—
whnt signalling KRAS CDC4 TGFBR2

MMR gene inactivation

Microsatellite instability and hypermethylation

Figure 3. Adenoma-carcinoma sequence for colorectal cancer, and simplified illustration of
genetic and epigenetic changes in the three pathways of colorectal carcinogenesis. The
Chromosomal instability (CIN) pathway, also known as the gatekeeper pathway, is driven by
inactivation of tumor suppressor genes (initiated by loss of APC) and activation of oncogenes, and is
characterized by aneuploidy or loss of heterozygosity. The microsatellite instability (MSI) pathway,
also known as the caretaker pathway, is driven by instabilities at the nucleotide level due to
abnormalities in mismatch repair (MMR) genes. The initial step in the MSI pathway is thought to
involve Wnt signaling changes (maybe mutations in the axin gene). The CpG island methylator
phenotype (CIMP) pathway is an epigenetic pathway where tumor suppressor genes are silenced by
hypermethylation of CpG islands in the promoter region.

Although most CRC cases appear to be due to somatic mutations (sporadic CRC), some
cases are caused by germline mutations (hereditary CRC). There are various hereditary
forms of CRC including MYH-associated polyposis (MAP), juvenile polyposis syndrome
(JPS), Peutz—Jeghers syndrome (PJS), and Cowden disease. However, the two most
common inherited colorectal cancer syndromes are HNPCC, caused by germline mutations

in DNA mismatch repair genes, and FAP, caused by germline mutations in the 4APC tumor

3 From “Genetic prognostic and predictive markers in colorectal cancer” by A. Walther, E. Johnstone, C.
Swanton, R. Midgley, I. Tomlinson, and D. Kerr. 2009. Nature reviews Cancer. 9 (7) pg 491. Copyright 2009
Nature Publishing Group. Reprinted with permission.



suppressor gene. Inactivation of APC is the earliest known mutagenic event in the

development of colorectal cancer [4,5].

The canonical Wnt pathway and APC

In the classical view of Wnt signaling, three independent pathways are identified: one
canonical 3-catenin-dependent and two non-canonical 3-catenin-independent pathways [24].
In humans and mice, there are 19 Wnt genes which code for cysteine-rich glycoproteins that
act as ligands to activate the Wnt signaling pathways [25-27]. Wnt pathways are involved in
embryogenesis and the regulation of homeostasis in adult tissue. The intestinal epithelial
cells are constantly being renewed, and Wnt signals play an important role in maintaining
homeostasis in the intestinal epithelium by balancing cell proliferation, cell migration, cell
differentiation, and cell death. An upset of this balance can disrupt normal homeostasis, and

in turn lead to tumor development [28].

The tumor suppressor gene APC is located at chromosome region 521, and a deletion of
this section leads to FAP. APC encodes a 312 kDa large, 2843-amino acid long, protein that
plays an important role in the canonical Wnt signaling pathway (Fig. 4). In this Wnt
pathway, the APC protein is a key component of the APC/Axin/CK1/GSK3[/B-catenin
destruction complex, the main function of which is to phosphorylate, and in turn
ubiquitinate and degrade, B-catenin [14]. When mutational inactivation of APC occurs, this
destruction complex cannot be assembled, and consequently, B-catenin will not be degraded.
Instead, B-catenin accumulates in the cytoplasm and eventually translocates into the nucleus,
where it complexes with lymphoid enhancing factor/ T-cell factor (LEF/TCF) transcription
factors to activate the transcription of specific genes associated with dysplasia [26,28,29].
Although very little is known about the location of the Wnt signals in the intestine, during
mouse embryogenesis, Wnt gene products are expressed all through the intestines [30]. In
human colonic tissue from healthy adults, expression of Wnt ligands are still present,
however, their particular location in the colon is still unclear [31]. The Wnt signal is thought
to be present at the bottom third of the crypt, where the progenitor cells reside. These cells
accumulate B-catenin, which in turn activates target genes. How the Wnt pathway is turned
off is not completely clear, but it has been suggested that as the progenitor cells move up the
crypt away from the source of the Wnt signals, the signal becomes gradually weaker, 83-
catenin gene activity is downregulated, and the cells differentiate. The Wnt pathway may

also potentially be turned off as a result of interaction with other signaling pathways, such



as the bone morphogenetic (BMP) or the transforming growth factor 3 (TGFB) signaling
pathways [26].

Mutations in the canonical Wnt pathway, for instance in the APC gene, causes the cells
located in the mid crypt region to act as though the Wnt signal is still present, and as a
consequence, these cells will not differentiate. In simpler terms, losing APC function equals
constant stimulation of the Wnt signaling pathway, no differentiation of progenitor cells,

and subsequent accumulation of aberrant cells which eventually leads to dysplasia [28].
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Figure 4. The Wnt signaling pathway. When Wnt ligand is absent (a), B-catenin is phosphorylated
and labeled for degradation by the APC/Axin/GSK3-8 destruction complex. However, when the Wnt
ligand is present (b), the destruction complex does not assemble, B-catenin is not degraded, and
accumulates in the cytoplasm before eventually translocating to the nucleus where it complexes with

LEF/TCF transcription factors, which in turn activates target genes.*
Familial adenomatous polyposis (FAP)

FAP is an autosomal dominant disease characterized by the development of a vast number
of adenomas in the colon and rectum. It accounts for less than 1% of all CRC cases [32].
The disease has an early onset with adenomas usually appearing during adolescence. If left

untreated, 95% of patients will develop CRC by the age of 50 [32,33]. When a germline

4 From “Wnt signalling in stem cells and cancer” by T. Reya and H. Clevers. 2005. Nature. 434 (7035) pg 843.
Copyright 2005 Nature Publishing Group. Reprinted with permission.



mutation in the adenomatous polyposis coli (4PC) tumor suppressor gene arises in a
parental germ cell, the offspring inherits a constitutional mutation wherein all somatic cells
carry the mutation. When an individual that has inherited one mutated APC allele
experiences LOH, FAP develops. Since FAP patients are born with only one functional APC
allele, only one mutational event (‘one-hit”) must occur for CRC to develop. Mutations in
the APC gene is also evident in roughly 80% of sporadic colorectal cancer cases; however,
in sporadic CRC, one allele mutates first, followed by mutation in, or loss of, the second
allele, in a ‘two-hit’ scenario [5,34,35]. In FAP, the two most common mutations sites on

the APC gene lie at codon 1061 and codon 1309 [36].

Preneoplastic lesions

When a stem cell loses its full length APC protein, it will give rise to a lineage of dysplastic
cells, which eventually become dysplastic crypts. The appearance of dysplastic crypts, also
called preneoplastic lesions, is the first step in colorectal carcinogenesis [37]. Being able to
recognize these initial stages of colorectal cancer is of great importance not only for early
detection of CRC, but also for diagnosis and treatment [38]. The first lesions to be
considered precursors to CRC were described by Bird in 1987 in the colon of carcinogen-
treated mice [39]. These lesions were given the name aberrant crypt foci (ACF), and were
described as enlarged crypts with thickened epithelial lining and increased pericryptal space
that were elevated from the mucosa [39,40]. These aberrant crypt foci have since been
detected in patients with both sporadic CRC and FAP [41-43]. However, in C57BL/6J
Min/+ mice [44,45], wild type A/J mice [46], and rats [47], ACF were not directly related to
formation of tumors and their histopathology were usually characterized by hyperplasia and
only mild signs of dysplasia. In 2000, a similar lesion called ACFwin, later renamed flat
ACF, was suggested as a more accurate preneoplastic lesion [44,45,47]. Other lesions have
also been suggested as preneoplastic, including the mucin depleted foci (MDF), first
described by Caderni et al. in 2003 [48]. This lesion is comparable with the flat ACF. The -
catenin-accumulated crypt (BCAC), first described by Yamada et al. [49], also appears to be
similar to the flat ACF, but this lesion is only detectable in histological sections after -
catenin immunostaining [50]. Another lesion, the dark ACF, described in rats, has also been
suggested as preneoplastic [51]; however, this lesions was later acknowledge to be the same
lesions as the flat ACF [52]. In 2005, Ochiai et al. [S3] described yet another preneoplastic
lesion in the colon of rats fed a diet containing heterocyclic amines. These lesions were

given the name dysplastic ACF, and were only detected after methanol decolorization of



methylene blue stained colons, where dysplastic ACF retained the blue color, while ‘classic’
ACEF did not.

Flat ACF and MDF

In a study examining the colons of untreated Min/+ mice, not a single ACF was detected.
Instead, a similar lesion that did not protrude into the lumen was discovered. This new
lesion was given the name ACFwmin [44]. When Min/+ mice were given azoxymethane
(AOM), a colon carcinogen, both ACF and ACFwi» were observed; however, only ACFwmin
appeared to be directly related to tumors [45]. When the ACFwin was observed in the colon
of carcinogen-treated rats, it was renamed flat ACF [47]. The flat ACF can be detected from
the monocryptal stage, and is identified based on a set of criteria. To find the flat ACF, the
intestine must be stained with methylene blue (MB) and examined by transillumination. In a
methylene blue-stained colon, the flat ACF differs from normal, healthy crypts in that it
adopts a bright blue-green color (Fig. 5a). Furthermore, the flat ACF must have enlarged
crypts with compressed luminal openings, and show elongated pit patterns giving the lesion

a gyrus-like look.

The mucin depleted foci (MDF) was first observed in the colon of AOM-treated rats [48],
and has since been detected in both murine and human colon [54-56]. The MDF exhibits
dysplastic features similar to those observed in colorectal tumors, which suggests that this
lesion is a precursor to colorectal cancer. The MDF is also identified based on a set of
criteria. To find the MDF, the intestine must be stained with high-iron diamine alcian blue
(HID-AB), a mucin stain. With this staining method, the MDF acquires a pink coloration
due to the lack of- or very limited amounts of mucins present in the lesion, while normal,
healthy crypts stain dark brown or blue, colors attributable to sulfomucin or sialomucin
secretion, respectively (Fig. 5b) [48,57]. The characteristic lack of mucins of the MDF is a
recognized sign of dysplasia [58]. The MDF has distorted luminal openings, is elevated
from the colonic surface, and each focus consists of at least 3 crypts. To be considered an
MDF, the lesion must fulfill the mucin depletion criteria, and at least two of the remaining

criteria mentioned above [48].

In 2008, flat ACF and MDF were compared using both staining methods, and of all the flat
ACF observed in the MB-stained colon of AOM-treated Min/+ mice, 57% were identified
as MDF with HID-AB staining. In rats exposed to 1,2-dimethylhydrazine (DMH), this
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correspondence was 42%. These findings suggested a considerable, but not complete,

overlap between the two dysplastic lesions [54].

Figure 5. Surface morphology of (a) flat ACF and (b) MDF, stained with methylene blue (MB)
and high-iron diamine alcian blue (HID-AB), respectively. (c) Surface images of a mouse colon
initially stained with MB (top), and subsequently stained with HID-AB (bottom), as observed in an
inverted microscope. Photos: M. Sedring.

Animal models for colorectal cancer

Animal models in cancer research are useful for studying disease development, molecular
mechanisms, genetic anomalies, pathology, importance of microbiota and their metabolites
etc. Such models are also used when drugs and strategies of preventive medicine are
studied. To increase the translational potential of an animal model, it is important that the
chosen model reflects both mechanisms and pathologies seen in the human disease
counterpart. Models that well reflect human CRC can help in several ways by for example
increasing our understanding of colorectal cancer etiology, via development of reliable
biomarkers for early detection, or by finding chemopreventive strategies. However, there
are challenges when using animal models to study CRC; many of these animal models
develop cancers outside of the colon, to a greater extent than humans, and many models do

not experience all stages of human CRC [59-61].
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Murine models for Apc-driven tumorigenesis

Apc-driven tumorigenesis appears to be dependent on somatic genetic events that lead to
loss of function of the wild-type Apc allele, by mutations, LOH, or epigenetic silencing [62].
There are both rat and mouse models that specifically address Apc mutations so as to
resemble human FAP. Currently, two rat models for CRC carrying mutations in 4Apc, the
rodent homolog to the human APC gene, exist: the Kyoto Apc Delta (KAD) rat and the
polyposis in the rat colon (Pirc). The KAD rat model does not spontaneously develop
intestinal tumors even though this rat is homozygous for the Apc mutation. Furthermore,
AOM treatment does not induce colonic tumors in this model; however, AOM in
combinations with the ulcerogenic and inflammatory agent dextran sulfate sodium (DSS)
results in an increase in colonic tumors when compared to wild-type rats on the same F344
genetic background. The KAD rat has a nonsense mutation at codon 2523 that results in a
truncated APC protein, not much smaller than the wild-type protein which contains 2843
amino acids [63]. The Pirc rat was created by exposing F344/NTac males to the carcinogen
ethylnitrosourea (ENU), and was found to spontaneously develop tumors in the colon. The
Pirc rat has a nonsense mutation at codon 1137 resulting in a truncated APC protein. This

rat is heterozygous for the Apc mutation, and the recessive phenotype is lethal [64].

The APC Min/+ mouse

The multiple intestinal neoplasia (Min/+) mouse is one of the most widely used murine
models for human FAP. The conventional Min/+ mouse is on a C57BL/6 genetic
background, which is perhaps one of the best known and most widely used inbred mouse
strains. The C57BL/6J substrain was established at the Jackson Laboratory in 1948 [65].
The Min/+ mouse was generated after exposure to ENU, which caused a random germline
mutation. Moser et al. [66] mated ENU-treated CS7BL/6J (B6) males with untreated AKR/J
females, and one of the pups exhibited circling behavior. This female offspring was mated
with a B6 male to see if the circling behavior was hereditary. Some of the resulting progeny
of that cross exhibited the circling behavior, but, in addition, a new trait was noted:
progressive, adult-onset anemia. The circling trait was later found to be genetically unlinked
to the anemia trait, and has since been lost from the lineage. They also found that only
anemic mice developed multiple adenomas in the intestines. The mutant gene responsible
was named multiple intestinal neoplasia (Min) [66]. The Min/+ mouse has a heterozygous

truncation mutation at codon 850 of the tumor suppressor gene Apc. This mutation is located
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on chromosome 18 (in contrast to the human 4PC which is on chromosome 5), and is an
autosomal dominant trait that is fully penetrant, meaning that clinical signs will develop in
all individuals that have this mutation [66]. The Min mutation is analogous to the mutation
seen in the human 4PC gene, and results in the spontaneous formation of several neoplastic
lesions in the mouse intestines [67,68]. Although the B6 Min/+ mouse is one of the most
commonly used rodent models for FAP, it does not mirror the disease phenotype of FAP
well; in contrast to FAP patients that develop hundreds to thousands of adenomas in the
colon, B6 Min/+ mice primarily develop small intestinal tumors, and very few lesions in the

colon, which rarely progress to cancer [32,66,69].

Numerous 4pc mouse models have been described since the original B6 Min/+ mouse was
identified by Moser et al. in 1990 [66,70]. Some of these alternate models have mutations
that generate a shorter (Apc®7'®, Apc'#) or longer (Apc'®3®N, Apc'3%%) APC protein, and

A716 with a truncation mutation at codon 716,

consequently, altered phenotypes (Fig. 6): Apc
develops approximately 300 tumors mostly in the small intestine [71]; Apc'*, where exon 14
has been deleted, essentially develops the same number of lesions as the Min/+ mouse, but,
in contrast, most of these are located in the distal colon [72]; Apc'®3¥N has a truncation at

1309 ith a truncation

codon 1638, and presents with about 3 intestinal polyps [73,74]; Apc
mutation at codon 1309, also resembles the Min/+ mouse in number of lesions, but with
more polyps in the colon, and a more severe phenotype [75]. Two hypomorphic Apc mice
have also been crated; ApcNeoF and ApcNeoR, where Apc is expressed at much lower levels
than in the wild-type. These hypomorphic mutants lived long, but developed on average less

than 1 tumor in the small intestine [76].
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Figure 6. The Apc protein and some Apc-mutation mouse models®
Modifiers of Min

Although FAP patients have the same 4PC mutation, the disease phenotype may be very
different. This is thought to be due to environmental and genetic modifiers. Genetic
modifiers are loci present in the background strain genome that directly or indirectly affect
the expression of the disease phenotype [77]. Genetic modifiers are probably the reason for
variations observed in disease phenotype in the Min/+ mouse, even under controlled
laboratory conditions. The Min/+ trait has been introgressed on various inbred backgrounds.
These variants showed a broad spectrum of intestinal tumour multiplicity: BTBR was the
most enhancing background and AKR was the most resistant background [36]. By
quantitative trait locus analyses and strain crossing, several genes that modify intestinal
tumorigenesis in the Min/+ mouse have been identified [36]. The first of these modifiers to
be discovered was the Modifier of Min 1 (Mom1) [78]. The gene Pla2g2a (a secretory
phospholipase) was found to be responsible for the effect of Mom1 [79,80]. When B6 Min/+
mice crossed with eight other strains resulted in offspring with different number of intestinal
lesions, it was suggested that the different strains carried modifiers capable of reducing

tumor burden, and that the genetic background was of great importance to tumorigenesis

3 From “What are the best routes to effectively model human colorectal cancer?” by M. Young, L. Ordonez,
and A.R. Clarke. 2013. Mol Oncol. 7(2) pg 182. Copyright 2013 Elsevier. Reprinted with permission.
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[78,81,82]. Mom1 has two alleles, one sensitive and one resistant. Mice carrying the Min/+
mutations can be either sensitive or resistant to the modifying Mom1 allele; mice carrying
the sensitive Mom allele showed an increased tumor burden when compared to those with
the resistant Mom1 allele [81,82]. Subsequently, several other modifiers of the Min
phenotype have been described including Mom?2, Mom3, Mom5, Mom7, Mom12, and
Mom13 [83-87].

The A/J Min/+ mouse

The B6 substrain is quite resistant to colon carcinogens such as AOM and DSS, which may
explain the lack of colonic tumors in the Min/+ mouse on this particular genetic
background. The A/J strain, however, has been found to be highly sensitive to such colon
carcinogens [46,69,88,89]. A double backcross between A/J (susceptible) and B6 (resistant)
parents produced recombinant congenic mouse strains that helped identify three colon
cancer susceptibility loci (Ces3, Ces4 and Ces5) responsible for the susceptibility variation
of these two strains to AOM-induced CRC [90-92]. Since A/J mice are highly susceptible to
AOM-induced colon carcinogenesis, it could be inferred that this genetic background could

potentially modify Min/+ related intestinal tumorigenesis.

The Min/+ trait has now been
introgressed onto an A/J genetic
background, creating an A/J Min/+
mouse (Fig. 7). Preliminary studies on
this novel Min/+ mouse showed that
also the A/J Min/+ mouse was more
susceptible to AOM-induced colon

carcinogenesis that its B6 Min/+

counterpart [93].

Figure 7. The A/J Min/+ mouse. Photo M. Sedring

Diet and Colorectal cancer

Although the cause of sporadic CRC is still unclear, food and nutrition appears to be
associated with both causation and prevention of this type of cancer [94]. Intake of

processed meat, red meat, and alcohol, as well as higher body/abdominal fatness has been
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associated with an increased risk of developing colon cancer. Cheese and foods containing
iron, sugar, or animal fats may also cause colon cancer; however, the evidence supporting
this is limited. In contrast, physical activity, dietary fiber, garlic, milk, and calcium likely
decreases the risk of this form of cancer, and, although supporting evidence is limited,
fruits, fish, non-starchy vegetables, and foods containing vitamin D, selenium, or folate may

potentially protect against colon cancer [94].

Red and processed meat

“Red meat and processed meat are among the foods suggested to be associated with an
increased risk of developing certain cancers [95]. The definition of red meat varies
considerably, and ranges from categorization based on meat color prior to cooking, to the
animal origin of the meat, or meat flavor. Often, the term red meat refers to meats that are
red in color prior to cooking, such as beef, lamb, veal, and (frequently) pork, while the term
white meat incorporates meats that are pale pre-cooking, such as chicken, fish, and
(occasionally) pork [96]. However, in some cases, meats that are relatively pale before
cooking, such as meat from ducks and geese, may nevertheless be categorized as red meats.
Another meat categorization is based on the flavor of the meat, where red meats are
considered to have a stronger, more intense flavor as compared to the blander flavor of
white meats. Additionally, red and white meats can also be defined by animal origin, where
red meats are from mammals, and white meats are from other animals [96]. Clearly, there
does not appear to be one universal definition of what is to be considered red meat, and thus,
the challenge in comparing meats with regards to cancer risk becomes greater. No
collectively agreed-upon definition exists for processed meats either, but processed meat
typically refers to meats (usually red meats, but may include white meats) that have been
preserved by for example curing (nitrite treatment), smoking, drying, or by the addition of

chemical preservatives [94,97].

The strength of the association between intake of red and processed meat and cancer varies.
For some cancers, including esophageal, lung, pancreatic, prostate, endometrial, and
stomach cancers, only limited evidence has been provided to support a potential link to
intake of red and processed meat. However, the association between CRC . . . and red and
processed meat consumption has been deemed convincing by both the World Cancer
Research Fund (WCRF), and the International Agency for Research on Cancer (IARC)

[94,95]. More than half of all CRC cases are seen in developed regions . . .. In contrast,
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CRC is quite uncommon in less developed regions . . . and is also remarkably uncommon in

certain meat-consuming regions such as the Middle east, China and Mongolia [98,99].”°

Animal studies on the link between meat and colorectal cancer

“Several experimental studies published prior to 2004 failed to show the promoting effect
of red meat on carcinogen-induced rat colorectal carcinogenesis [100—102]. Many of these
studies showed that tumor incidence was not significantly different in animals fed red meat
compared to soy or casein-fed animals, and some studies even showed a protective effect of
beef meat [103] or beef protein [104]. More recently, experimental studies have emerged
suggesting a positive connection between CRC and red meat intake. Interestingly, these
experimental studies were not successful until the basal diets were modified to reflect a
“Western style diet”: high fat, low calcium, low antioxidant etc. [105,106]. Several studies
have shown that an intake of red and processed meat leads to an increase in fecal water
cytotoxicity, lipid peroxidation products including thiobarbituric acid reactive substances
(TBARS), and apparent total nitroso-compounds (ATNCs), supporting the potential adverse
effects that red and processed meat intake may have on CRC development [107-111].”¢

Potential mechanisms linking red meat and CRC

Several pathways have been proposed to explain the association between intake of red meat
and CRC (Fig. 8), and are reviewed in detail elsewhere [96,112,113]. Two hypotheses in
particular are considered to be the frontrunners when trying to explain this link: i) the
catalytic effect of heme iron on the formation of lipid peroxidation end-products and
carcinogenic N-nitroso Compounds (NOCs), and ii) heat-induced carcinogens formed in any

grilled or fried meat.

© From “Chapter 20: Meat and Cancer Evidence For and Against” by M. Sedring, M. Oostindjer, L.O.
Dragsted, A. Haug, J. E. Paulsen, and B. Egelandsdal. In: Mear Quality Aspects: From Genes to Ethics. Eds. P.
Purslow (in press). Amsterdam: Elsevier Inc. Copyright 2016. Elsevier Ltd. Reprinted with permission.
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Figure 8. Potential mechanisms behind the association between red and processed meat intake
and CRC. Heme iron in red meat catalyzes the formation of N-nitroso compounds (NOCs) and the
formation of genotoxic lipid peroxidation products, which may increase CRC development. Grilling
or frying red and processed meat can induce the formation of heterocyclic amines (HCA) and
polycyclic aromatic hydrocarbons (PAH) which represent potential colorectal carcinogens. Increased
gut inflammation as a result of eating an unbalanced diet, or due to abnormal gut microflora may
also increase the risk of CRC.”

Heme iron and the N-nitroso pathway

Heme iron is an iron-porphyrin pigment found in both red and white meat; however, heme
iron quantities are much lower in white meat. This may explain why the link between CRC
and red meat is stronger than the link between CRC and white meat [97,114]. Two
pathways by which CRC and heme iron may be linked have been suggested; fat
peroxidation and N-nitrosation. The first pathway, where fat peroxidation results in the
production of aldehydes capable of forming mutagenic DNA-adducts, may explain CRC
promotion by fresh, red meat. The second pathway, where N-nitrosation may result in the

formation of N-nitroso-specific DNA adducts, may clarify CRC promotion by processed

7 From “Chapter 20: Meat and Cancer Evidence For and Against” by M. Sedring, M. Oostindjer, L.O.
Dragsted, A. Haug, J. E. Paulsen, and B. Egelandsdal. In: Meat Quality Aspects: From Genes to Ethics. Eds. P.
Purslow (in press). Amsterdam: Elsevier Inc. Copyright 2016. Elsevier Ltd. Reprinted with permission.
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meat [105]. Heme iron in red meat may catalyze endogenous formation of NOCs in the
colon, although it has recently been suggested that stimulation of NOC formation may be
due to free iron, rather than heme iron [115,116]. In processed meat, nitrite is added to both
cure and preserve the meat, as well as to prevent growth of Clostridium botulinum,
pathogenic bacteria responsible for the potentially fatal disease botulism [117]. Using nitrite
to cure meat may contribute to exogenous NOC formation in the meat itself, while also
potentially increasing the endogenous formation of NOCs in the gastrointestinal tract. This
potential for both exogenous and endogenous NOC formation may explain the hypothesis
that processed meat is more closely related to CRC promotion than fresh meat [94,107].
Moreover, recent research suggests that specific sulfide-producing bacteria in the colon
may be involved in heme-induced colonic hyperproliferation by reducing the protective

mucus layer, and thereby allowing heme to damage the epithelial cells [118].
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Aims of the study

The main objective of this PhD-project was to characterize the spontaneous intestinal
tumorigenesis in the likely more susceptible A/J Min/+ mouse model, and to better define
the flat ACF and its method of detection in this mouse. A sub goal was to employ this
mouse model to explore potential carcinogenic effects of factors in red meat. The following

specific aims were chosen:

» Describe the spontaneous tumorigenesis in the A/J Min/+ mouse, and evaluate the A/J
Min/+ mouse as a complete model for FAP and spontaneous APC-driven CRC (paper I).

» Characterize flat aberrant crypt foci (flat ACF) in the colon of the A/J Min/+ mouse,
assess its potential as a biomarker for colorectal cancer, and follow the flat ACF from
monocryptal stage via benign adenoma to malignant carcinoma (paper I and II).

» Further develop the method of detection of the flat ACF, and compare this lesions to the
mucin-depleted foci (MDF) in the colon of the A/J Min/+ mouse to clarify the
relationship between these lesions (paper II).

» Use the A/J Min/+ mouse model to test the heme-hypothesis in a spontaneous model for
CRC to provide information on the potential effect of heme in red and processed meat on

colorectal carcinogenesis (paper I1II).
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Summary of papers

Paper 1
Spontaneous initiation, promotion, and progression of colorectal cancer in the novel

A/J Min/+ mouse. Marianne Sodring, Gjermund Gunnes, and Jan Erik Paulsen.
International Journal of Cancer (2016)

The C57BL/6J multiple intestinal neoplasia (Min/+) mouse is a widely used murine model
for familial adenomatous polyposis, a hereditary form of human colorectal cancer.
However, it is a questionable model partly because the vast majority of tumors arise in the
small intestine, and partly because the fraction of tumors that progress to invasive
carcinomas is minuscule. A/J mice are typically more susceptible to carcinogen-induced
colorectal cancer than C57BL/6J mice. To investigate whether the novel Min/+ mouse on
the A/J genetic background could be a better model for colorectal cancer we examined the
spontaneous intestinal tumorigenesis in 81 A/J Min/+ mice ranging in age from 4 to 60
weeks. The A/J Min/+ mouse exhibited a dramatic increase in number of colonic lesions
when compared to what has been reported for the conventional Min/+ mouse, however, an
increase in small intestinal lesions did not occur. In addition, this novel mouse model
displayed a continual development of colonic lesions highlighted by the transition from
early lesions (flat ACF) to tumors over time. In mice older than 40 weeks, 13 colonic (95%
CI [8.7-16.3]), and 21 small intestinal (95% CI [18.6-24.3]) tumors were recorded. Notably,
a considerable proportion of those lesions progressed to carcinomas in both the colon (21%)
and small intestine (51%). These finding more closely reflect aspects of human colorectal
carcinogenesis. In conclusion, the novel A/J Min/+ mouse may be a relevant model for

initiation, promotion, and progression of colorectal cancer.

Paper 11

Detection and characterization of the flat aberrant crypt foci (flat ACF) in the novel
A/J Min/+ mouse. Marianne Sodring, Gjermund Gunnes, and Jan Erik Paulsen.

Submitted manuscript*

Background: Flat aberrant crypt foci (flat ACF) and mucin depleted foci (MDF) have
previously been described as preneoplastic colonic lesions. We used the novel A/J Min/+
mouse model, which demonstrates extensive spontaneous colon carcinogenesis, to refine the
method of detection of flat ACF, and to further characterize and define them as early lesions

by histological examination and comparison with MDF. Materials and Methods: Colons

* Accepted May 4th 2016: Anticancer Research, June 2016. 36(6): 2745-2750
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were stained with methylene blue (MB) for flat ACF detection and restained with HID-AB
for MDF detection. Results: Optimal flat ACF recognition required at least 24 hours of
storage post MB staining and adherence to a set of characteristics. The fraction of flat ACF
corresponding with MDF was 93%. Flat ACF/MDF displayed the same picture of severe
dysplasia, lack of mucus and goblet cells and accumulation of cytoplasmic p-catenin.
Conclusion: The easily detectable flat ACF are reliable surface biomarkers of APC-driven

colon carcinogenesis.

Paper 111

Effects of hemin and nitrite on intestinal tumorigenesis in the A/J Min/+ mouse model.
Marianne Sodring, Marije Oostindjer, Bjorg Egelandsdal, and Jan Erik Paulsen.

PLOS ONE (2015)

Red and processed meats are considered risk factors for colorectal cancer (CRC); however,
the underlying mechanisms are still unclear. One cause for the potential link between CRC
and meat is the heme iron in red meat. Two pathways by which heme and CRC promotion
may be linked have been suggested: fat peroxidation and N-nitrosation. In the present work
we have used the novel A/J Min/+ mouse model to test the effects of dietary hemin (a model
of red meat), and hemin in combination with nitrite (a model of processed meat) on
intestinal tumorigenesis. Mice were fed a low Ca?* and vitamin D semi-synthetic diet with
added hemin and/or nitrite for 8§ weeks post weaning, before termination followed by
excision and examination of the intestinal tract. Our results indicate that dietary hemin
decreased the number of colonic lesions in the A/J Min/+ mouse. However, our results also
showed that the opposite occurred in the small intestine, where dietary hemin appeared to
stimulate tumor growth. Furthermore, we find that nitrite, which did not have an effect in

the colon, appeared to have a suppressive effect on tumor growth in the small intestine.
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Discussion

The A/J Min/+ mouse as a model for CRC

Colorectal cancer (CRC) is one of the most common cancers worldwide [2]. The use of
animal models to study CRC provides valuable information and insight to better understand
the human disease. Moreover, animal models allow for assessment of the efficacy of
potential chemopreventive agents and other strategies for preventive medicine [119].
Examining the literature, it is evident that rodents (usually rats or mice) are the most
commonly used animals in CRC experimental studies. Using mice for research has its
advantages. For instance, the small size and short generation time of the mouse allows for
large-scale, cost-effective studies [120], and the similarity between the mouse and human
genome, where about 99% of mouse genes have a homolog in the human genome [121],
allows for targeted genome manipulation to provide mouse models that more closely mirror
the human disease of interest. But there are also limitations when modeling human diseases
in mice including great differences in body size, lifespan, and cellular processes in mice and
men [122].

A number of mouse models for spontaneous intestinal cancer exist today; however, the
disadvantage with these models is that tumors mainly develop in the small intestine, which
is unusual in human CRC. A high tumor load in the small intestine results in a shorter
lifespan, and as a consequence, the mice do not acquire sufficient mutations to undergo the
last, crucial phase of the cancer process, where cancer cells invade surrounding tissue and

eventually metastasize.

The perfect murine model for CRC would completely, and precisely, mirror the human
disease, both genotypically and phenotypically, spontaneously develop in
immunocompetent animals without the use of chemical carcinogens, and go through all
stages of human CRC during the animal’s lifetime, from early colonic lesion to distant
metastasis [123]. As of yet, no such model exists; however, selecting a model that fulfills as
many of these criteria as possible may increase the translatability to human CRC diagnosis,

treatment, and prevention.

Although not an ideal model for human CRC, the A/J Min/+ mouse does check at least a
few boxes: the Min mutation is analogous to the mutation seen in the human 4PC gene;

intestinal tumorigenesis occurs spontaneously; colonic to small intestinal tumor ratio is
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1.1:1; flat ACF progress to carcinomas, and a potential for (at least) local metastasis is likely

(paper I). Collectively, this makes the A/J Min/+ mouse a good model for CRC.

The importance of genetic background

In paper I, spontaneous tumorigenesis in the novel A/J Min/+ mouse was examined. Since
the A/J genetic background has been found to be highly susceptible to colon-specific
carcinogens, while the B6 background is relatively resistant [69,88,89,124], it could follow
that introgressing the Min/+ trait onto the A/J background would produce a Min/+ mouse

more prone to developing colon tumors than the conventional B6 Min/+ mouse.

It has become increasingly clear that the genetic background, i.e. all genetic information
other than the gene of interest, can have a profound effect on the phenotypic expression of a
specific model animal carrying a mutation in a particular gene. This is thought to be due to
the presence of unique ‘background’ loci that can modify the phenotype expressed as a
result of the mutation. In experimental genetics, these modifying loci are considered to have
no phenotypic consequence if the mutation of interest is not present [36]. In the Min/+
mouse the genetic background has an effect on tumor formation, and thereby indirectly on
lifespan. The Min/+ trait has been introgressed onto various inbred genetic backgrounds
with different effects on tumor multiplicity [36,78,81,82]. The first generation (F1) Min/+
mice resulting from crosses of AKR, 129, CAST, MA, SWR, DBA, and BALB mice with
B6 Min/+ mice exhibited a clear decrease in the number of intestinal tumors when
compared to the B6 Min/+ parent. In contrast, the resulting F1 Min/+ mice from a BTBR
and B6 Min/+ cross did not show a reduction in tumor numbers. However, backcross
analysis (crossing the F1 Min/+ mice to B6 mice) revealed that Min/+ mice on a B6, 129, or
BTBR genetic background carries a sensitive Mom! allele, while mice on an AKR, MA,
CAST, SWR, DBA, or BALB genetic background carries a resistant Mom1 allele [81,82].
Another modifier was later found when AKR, BTBR, and A/J (represented by a B6-Chr
184" chromosome substitution (consomic) strain, where chromosome 18 from an A/J mouse
had replaced the homologous B6 chromosome) mice crossed with B6 Min/+ mice revealed a
vast difference in small intestinal tumor numbers in the progeny. This modifier was
identified as Mom?7, and could potentially affect tumor initiation [86]. Mom7 was a
dominant suppressor in B6, but a strong recessive enhancer in AKR, BTBR and A/J strains.
It could be speculated that, if homozygous for the enhancing Mom?7 alleles, the A/J Min/+

mouse may also show an increase in colonic tumors, as observed in paper I. Genetic
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background also greatly affects the lifespan of the Min/+ mouse; the conventional B6 Min/+
mouse seldom lives past 120 days and develops an average of 30 small intestinal tumors,
and less than 1 colonic tumor [45,66,125,126]. The Min/+ trait on a BTBR background
resulted in over 600 small intestinal lesions and 12 colonic lesions, and a short lifespan of
no more than 84 days, likely due to the heavy small intestinal tumor load. Furthermore,
transferring the Min/+ trait onto an AKR background barely produced any tumors in the
intestinal tract, and the lifespan of mice with the Min/+ trait was extended to up to 336 days
[36,86]. The novel A/J Min/+ mouse develops a greater number of colonic tumors, without
suffering the extreme increase in small intestinal tumors seen in the BTBR Min/+ mouse.

This likely accounts for the long lifespan of the A/J Min/+ mouse of up to 420 days (paper
D).

Tumor progression and the importance of age

Colorectal carcinogenesis is a lengthy process in humans, and it may take decades for
normal epithelium to progress to cancer [17]. The B6 Min/+ mouse is a great model for
studying early stages of CRC development; however, most tumors observed in the B6
Min/+ mouse are benign adenomas that rarely progress to cancer, which limits its usefulness
in regards to the human disease [66,78]. Aging is considered one of the leading risk factors
for cancer, including CRC [127], thus, the lack of tumor progression in the B6 Min/+ mouse
may be due to its limited 120-day lifespan [66]. Many alternate Min/+ mouse models, where
the lifespan of the mouse carrying the Min/+ trait has been extended, have been made.
Crossing B6 Min/+ males with B6 wild-type females from an independent colony at the Fox
Chase Cancer Center generated the Apc+/Mi»FCCC mouse [128]. This Min/+ mouse had a
maximum lifespan of 241 days, and developed adenocarcinomas, but only in the small
intestine. Even with the extended life span, colonic adenomas did not progress to cancer
without the addition of a colitis inducing chemical, DSS [128,129]. Crossing B6 Min/+ mice
with SWR and BR females produced F1 Min/+ hybrids with a mean lifespan of 232 and 370
days, respectively [130]. Both SWR and BR Min/+ hybrids developed a low number of
intestinal lesions with an average of 15 and 19 tumors along the entire length of the
intestines, respectively. Of these tumors, less than 10% were located in the colon. In SWR
Min/+ mice, the reduction in tumor number was attributed to the presence of the resistant
Moml allele in this strain, while the tumor reduction observed in the BR Min/+ mouse
suggested that this strain also carries a modifier allele that suppresses tumorigenesis.

However, both the BR and SWR F1 Min/+ hybrids developed adenocarcinomas in the
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intestinal tract; 56% in BR, and 87% in SWR. The progression to carcinoma observed was
likely due to the increased lifespan. In the SWR Min/+ mouse, 3% of tumors observed had
metastasized to local lymph nodes by direct extension [130]. In paper I, we found that the
novel A/J Min/+ mouse, which has a much longer lifespan than the B6 Min/+ mouse,
developed both small intestinal and colonic carcinomas, and that the incidence of intestinal
carcinomas in mice older than 30 weeks was 100%. The first colon carcinoma observed in
the A/J Min/+ mouse was found in a 41 week old mouse. The human age equivalent to this
is approximately 38 years [131], and FAP patients develop cancer at a median age of 42
years [5]. Furthermore, in one 37-week old A/J Min/+ mouse, invasive growth into a local
lymphatic vessel was observed, which indicates a high risk for metastases in this individual,
and signifies that the potential for metastasis is present in this mouse model. The
importance of age in tumor progression is evident, and, it is likely that a short lifespan (for
instance that of the B6 Min/+ mouse) limits the accumulation of additional genetic

mutations that are required for benign adenomas to progress to carcinomas.

To progress, chromosomal instability CRCs acquire an accumulation of sequential
mutations: APC, KRAS, loss of 18q, TP53 [12]. Mutational inactivation of APC occurs early
and results in the formation of early dysplastic lesions such as flat ACF. When studying
genetic changes in 172 colorectal tumors from both FAP and non-FAP patients, mutations
in the oncogene KRAS was observed in 58% of colorectal adenomas larger than 1 cm, and in
47% of carcinomas, but was only present in 9% of adenomas smaller than 1 cm [132].This
indicates a role for KRAS in promotion rather than initiation of colorectal tumorigenesis.
Approximately 50% of large adenomas (> 1 cm) and 73% of carcinomas had lost a specific
region of 18q, and 75% of carcinomas had lost parts of chromosome 17, where the tumor

suppressor gene TP53 resides [132].

Since Apc mutations alone will not result in invasive tumors, mutations in subsequent genes
of the adenoma-carcinoma sequence have been added to mouse models in order to make
them more relevant for human CRC. Congenic 129/B6 Min/+ mice homozygous or
heterozygous for a 7p53 null allele exhibited an increase in intestinal adenomas when
compared to mice homozygous for the wild-type allele, suggesting that 7p53 suppresses
adenoma formation in the Min/+ mouse. Furthermore, in mice homozygous for the 7p53
null allele, approximately 22% of colonic tumors had features characteristic of carcinoma in
situ [133]. When the Apc!%3¥N mouse was crossed with KRASV!?G, a transgenic mouse

expressing the activated form of the human KRAS oncogene, it was evident that Apc and
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Kras mutations together increased the number of intestinal lesions, but also caused a
progression from adenoma to carcinoma not observed in mice carrying only one of the two
mutations. The KRASV!26/ Apc!9¥Nmouse exhibited an adenoma to carcinoma ratio of
1:10.3 [134]. Apc mutant mice with mutations in known CRC genes located on
chromosome 18 (Dcc, Smad2, or Smad4), have also been created. Apc®7!¢ mice with
mutations in either Smad2 or Smad4 exhibited accelerated tumor growth, although growth
was more prominent in the Apc/Smad4 mutant. Furthermore, invasive growth was more
frequent in the Apc/Smad4 mutant than in Apc/Smad2 mutant [135,136]. Apc!®38N mice with
two mutated Dcc alleles did not develop many tumors, but all mice did develop
adenocarcinomas [137]. The progression to large adenoma, and subsequently to carcinoma,
observed in the A/J Min/+ mouse in paper I, may potentially be due to additional mutations

in genes such as 7p53, Kras, or genes on chromosome 18.

It has been suggested that there are two distinct stages of tumorigenesis in the Min/+ mouse
colon: microadenomas (equivalent to flat ACF described in paper II), and macroscopic
tumors [138]. Previous research found that a majority of microadenomas in the colon of
untreated Min/+ mice exhibited loss of the wild-type Apc allele, which indicated that loss of
heterozygosity (LOH), and consequently loss of APC function, lead to development of these
microadenomas. However, Apc-LOH was not sufficient to allow for progression from
microadenoma to tumor; the addition of a chemical stimulus was essential [139,140]. In the
A/J Min/+ mouse we observed that, as the mice aged, flat ACF spontaneously progressed to
adenoma and eventually to carcinomas (paper I). This progression occurred without the
addition of chemical carcinogens. From this, it appears that for microadenomas/ flat ACF to
progress to tumors, an additional stimulus or event, either in the form of a chemical
substance, or something else that spontaneously occurs as time passes, is required. This
time-related event may potentially be an increase in inflammation, which naturally occurs
during aging [141]. Both aging and increased inflammation is thought be associated with an
increase in methylation drift, which is a gradual increase or decrease of DNA methylation at
specific loci [142,143]. Dickkopf (DKK/Dkk) genes code for Wnt pathway antagonistic
proteins that play an important role in vertebrate development [144]. The expression of one
of these genes, Dkk-1, appears to decrease in colonic tumors, but not in healthy tissue,
thereby indicating that this gene may have tumor suppressive effects in CRC [145,146],
Furthermore, expression of DKK-/ is also inversely correlated with tumor stage and

metastasis [147]. In Min/+ mice, expression of Dkk-1 was only reduced in colonic tumors,
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not in healthy epithelium. However, microadenomas still had increased expression of Dkk-1,
which in turn suggests that Dkk-1 expression decreases somewhere during the progression
from small lesions to larger tumor [140]. In the A/J Min/+ mouse, a spontaneous surge of
transition from flat ACF to tumor was observed around 30 weeks (paper I), and although
we do not know what causes this shift, it may potentially be due to epigenetic silencing of
Dikk-1 by CpG island promoter hypermethylation, which was shown to be specific for

advanced stages of colorectal cancer [145,148].

Colonic turnover

Approximately 90% of human cancers arise in epithelial tissues, and epithelial tissues that
are constantly renewing, such as skin and colon epithelium, may have an increased risk of
developing cancer [149]. Most renewing tissues originate from a small number of stem
cells, and mutations in these stem cells pose a central risk for cancer. Cancer incidence in

tissues that are constantly renewing also greatly increases with age [150].

Tomasetti & Vogelstein [151] showed that the cumulative number of lifetime stem cell
division correlated with the lifetime risk of developing cancer in the corresponding tissue.
They found that, of the 31 cancer types they studied, cancer types with the highest lifetime
risks coincidentally also had the highest stem cell division number, while those with a low
lifetime risk showed low number of stem cell divisions. For instance, FAP patients primarily
develop tumors in the colon, but tumors also arise in the small intestine; however, FAP
patients have a much greater lifetime risk of developing colorectal cancer (100%) than of
duodenal cancer (3.5%). These risk numbers coincided with the total number of stem cell
divisions in the colon and duodenum, which was calculated to be 1.2x10'%> and 7.8x10°,
respectively [151]. That B6 Min/+ mice develop small intestinal tumors rather than colonic
tumors may be due to the fact that the small intestine of mice has more stem cell divisions

that the colon does [152].

When B6 and A/J mice were administered the colon carcinogen DMH, proliferative
characteristics of the colonic crypt cells of the A/J mouse were higher than in the B6 mouse,
indicating that the A/J strain has a higher colonic cell turnover compared to the B6 mouse
[89]. Similar results were seen when cell proliferation in A/J and AKR mice treated with
AOM were compared: AOM-treated A/J mice exhibited enhanced cell proliferation when
compared to saline-treated control A/J mice, while no such increase was seen in AOM-

treated AKR mice [153]. Elevated cell turnover in the colon of the A/J strain may explain
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the increased susceptibility of this strain for developing colonic neoplasia, which in turn
may be the reason why the A/J Min/+ mouse developed more colonic tumors (Paper I) than

what has been reported for the B6 Min/+ mouse.

Spontaneous vs carcinogen-induced CRC in rodent models

Since most spontaneous rodent models for CRC, such as the Min/+ mouse, rarely develop
colorectal cancer, chemicals have been used to induce CRC in rodents [69]. The Min/+
mouse model has the advantage of being a pure adenoma model where the genetic event that
initiates tumorigenesis, inactivation of the Apc tumor suppressor gene, closely mimics that
of human FAP and most sporadic CRC, a trait often lacking in rodent models where CRC is
chemically induced [154,155]. Although chemically induced colonic tumors may possess
mutations in Apc [156,157], other mutations, not necessarily typical in human CRC, have
also been detected in carcinogen-induced adenomas [154,157—-159]. When treating B6 wild-
type mice and B6 Min/+ mice with AOM, Suzui et al. [160] found that mutations in the 8-
catenin gene (Ctnnbl) was only present in wild-type B6 mice, not in Min/+ mice,
suggesting that there can be different genetic pathways for chemically induced versus
spontaneous colon tumorigenesis. Elevated levels of B-catenin have also been observed in
colonic tumors of AOM-treated B6 Min/+ mice, however, the increase in 3-catenin
observed was likely due to loss of the wild-type 4pc allele rather than Ctnnbl mutations
[45]. The absence of Ctnnbl mutations in the Min/+ mouse coincides with the lack of
germline mutations in CTNNBI in FAP patients [161]. Thus, combining the Min trait with
the sensitive A/J genetic background makes a good model for spontaneous Apc-driven

tumorigenesis.

A/J Min/+ mouse vs Pirc rat

Although some of the aforementioned mouse models, where mutations in genes involved in
CRC have been added to Apc mice, may develop a high number of colon tumors and show
cancer progression, such models represent genotypes that are more complex than the human
FAP genotype. The Min/+ mouse and the Pirc rat are two rodent CRC models for Apc-
driven tumorigenesis that mirror the fundamental mutational event in FAP. The Min/+
mouse was discovered after exposure to ENU resulted in an offspring phenotype that
differed from the parental phenotype [66]. The Pirc rat was also the result of ENU
mutagenesis; however, in contrast to the Min/+ mouse, it was intentionally made by

genetically screening the offspring of ENU-treated rats for truncation mutations in the Apc
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gene [64]. The A/J Min/+ mouse model resembles the Pirc rat model, in that both models
develop a greater number of colonic lesions than other spontaneous models [64]. In the A/J
Min/+ mouse, the average colonic to small intestinal lesion count ratio, when lesions of all
sizes were scored, was found to be 1.1:1 (paper I), which is closer to the ratio observed in
human FAP (>1:1) than that of the B6 Min/+ mouse (<1:40) [64]. Nuclear accumulation of
B-catenin is considered a hallmark of 4PC- driven tumorigenesis, and is present throughout
the adenoma—carcinoma sequence [162]. When scoring the intestinal tract of the A/J Min/+
mouse, all lesions, from monocryptal flat ACF to adenoma, were included in the count
because -catenin accumulation was evident in lesions of all sizes. The colonic to small
intestinal tumor ratio in the Pirc rat averages 1:1; however, microadenomas (lesions smaller
than 0.5 mm in size, which would include all flat ACF) were not included since -catenin
accumulation was not observed in microadenomas [64]. As was observed in the A/J Min/+
mouse in paper I, Femia et al. [163] also found that the number of mucin-depleted foci,
which are comparable to the flat ACF (Paper II), and macroscopic tumors in the Pirc rat

colon increased with age.

Male Pirc rats become moribund at 11 months due to rectal bleeding, anemia, and weight
loss, while female Pirc rats have survived more than 17 months [64]. The long lifespan of
the Pirc rat allows for progression to carcinomas; however, metastases have yet to be seen in
this model [164]. The A/J Min/+ mouse lives at least 13 months, and invasion into a local
lymph vessel was present in an 8.5 month old female A/J Min/+ mouse, which signifies that
this model can reach this stage of carcinogenesis. Albeit non-significant, A/J Min/+ males
developed more colonic lesions than females. This pattern has previously been observed in
both B6 Min/+ mice and in Pirc rats [64,163,165], and has been suggested to be due to

tumor-promoting effects of testosterone [165].

Flat ACF as a reliable marker for CRC

The appearance of dysplastic crypts is the first step in colorectal carcinogenesis, and being
able to identify these preneoplastic lesions is important for early CRC detection, diagnosis,
and treatment [38]. Although tumors are considered to be good endpoints for CRC studies in
rodent models, using tumors is not ideal since they require a long time to develop and
lengthy studies are more costly. Therefore, finding alternate CRC endpoints that can be
identified earlier than the macroscopic tumor is of relevance. The first putative precursor

lesion, the classic ACF, was described in the colon of carcinogen-treated mice in 1987

30



[166], and since then, a wide variety of potential preneoplastic lesions have been introduced.
However, it has proved to be challenging to separate true precursor lesions from lesions of
minor significance to colorectal carcinogenesis. For instance, classic ACF were not directly
related to tumor formation in B6 Min/+ mice [44,45], wild type A/J mice [46], or rats [47],
and the classic ACF observed had normal levels of B-catenin expression [45-47]. Moreover,
histological examination of classic ACF collected from colorectal cancer patients revealed
that only 8.3% of classic ACF showed signs of dysplasia, while the remaining lesions were
either hyperplastic crypts or merely enlarged crypts [167]. Although Bird’s classic ACF
was suggested as an early precancerous lesion, Paulsen et al. [47] observed a greater number
of initial classic ACF as opposed to terminal tumors, signifying that only a small fraction of
classic ACF had the potential to progress to tumors. Furthermore, they found that the
number of flat ACF decreased while the number of tumors reciprocally increased, which

mirrors what was observed in paper 1.

Although flat ACF have been recognized as suitable preneoplastic colonic lesions
[69,168,169], they are rarely chosen as surface markers by other groups, likely due to a
notion that flat ACF identification is problematic in an unsectioned colon [170,171]. In
paper II, the method of detection for flat ACF was refined, and critical elements of both
preparation and detection were illuminated. To be able to identify the flat ACF, the
intestine must be stained with MB for 8-10 seconds, followed by at least 24 hours of storage
in 10% formalin or 70% ethanol before surface examination by transillumination.
Dysplastic lesions retain the MB color better than normal tissue, thus, a color variance is
produced. Without the 24 hour storage period there is barely any difference between flat
ACF and normal mucosa, making flat ACF detection virtually impossible. Why the flat
ACF retains more color compared to healthy crypts is uncertain, but it may be on account of
dysplastic tissue potentially being more resilient to decolorization after treatment with
ethanol or formalin than normal tissue is. This has previously been observed in lesions
decolorized with methanol [53]. After 24 hours of storage, flat ACF adopt a bright blue-
green color, which allows for distinction from the more subdued, brownish-green coloration
of normal crypts. There are certain criteria that must be met for a lesion to be categorized as
a flat ACF. Besides the blue-green coloration, the lesion must have enlarged crypts with
compressed luminal openings, and show elongated pit patterns which gives it a gyrus-like

look. Although the name suggests that this lesion lays flat against the mucosa, a small
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number of flat ACF may actually be slightly elevated from the surrounding epithelium,
giving them a polypoid appearance (paper II).

The flat ACF shows severe dysplasia and B-catenin accumulation already at the
monocryptal stage (paper I and IT), making it a more suitable preneoplastic colonic lesion
than the classic ACF. The flat ACF and the MDF, a preneoplastic colonic lesion with scarce
or absent mucous production, appear to be quite similar, differing mostly in the method of
detection (MB for flat ACF, HID-AB for MDF), rather than in morphology. In 2008, the
labs of Caderni and Paulsen collaborated on comparing MDF and flat ACF using both
staining methods [54]. Of all the flat ACF observed in the MB-stained colon of AOM-
treated Min/+ mice, 57% were identified as MDF with HID-AB staining. In rats exposed to
1,2-dimethylhydrazine (DMH), this correspondence was 42%. These findings suggested a
substantial, but not complete, overlap between the two dysplastic lesions [54]. However,
when comparing flat ACF with MDF in the A/J Min/+ mouse model, we found a clear
overlap between the two types of lesions: of the flat ACF scored in MB stained colons, 93%
corresponded with MDF scored in HID-AB stained colons (paper II). The flat ACF/MDF
exhibited severe dysplasia, lack of mucus and goblet cells, and B-catenin accumulation,
which strongly suggested that these two surface markers represent the same dysplastic

lesions formed in APC-driven colon carcinogenesis.

The observed difference in the percent of corresponding lesions in Femia et al. [54] (57%)
and paper II (93%), may be a result of using AOM-treated B6 Min/+ mice in one study,
and the spontaneous A/J Min/+ mouse model in the other. Classic ACF are common in
AOM-induced mice and rats [46,47], while in the A/J Min/+ mouse, classic ACF are rarely
observed (paper I). In paper 11, it was evident that flat ACF may in fact have a polypoid
appearance, which in turn may potentially lead to flat ACF mistakenly being counted as
classic ACF. Some of the MDF scored in the AOM-treated B6 Min/+ mice were counted as
classic ACF in the MB stained colon [54]. It may be that some of these classic ACF were
actually polypoid flat ACF incorrectly scored, mostly based on the thought that flat ACF
must lay flat against the surrounding mucosa. In paper II we found that, when restaining
polypoid flat ACF with HID-AB, mucin depletion was unmistakable. As a consequence, the
“flat’ criteria of a flat ACF needs not be fulfilled for a lesion to be considered a flat ACF.

The results observed in paper I and II further supports the flat ACF as a reliable surrogate

endpoint for tumors in the A/J Min/+ mouse model. Flat ACF can easily be detected with
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MB-staining and transillumination in unsectioned colons, and, using the spontaneous A/J
Min/+ mouse model, rather than a carcinogen-induced model, for identifying flat ACF
provides an additional advantage since classic ACF are nearly absent in this model, thereby
virtually eliminating the challenge of separating true precursor lesions, such as flat ACF and

MDF, from lesions that may not progress to cancer, such as classic ACF.

Using the A/J Min/+ mouse model to test the heme-hypothesis

Intake of red and processed meat has been associated with an increased risk of CRC [94]. A
large number of epidemiological studies have focused on this relationship with varying
conclusions: some studies were unable to find a link, while others report that there is a
consistent relationship, although relatively small in magnitude, between red and processed
meat and CRC which may present a serious public health impact [105,112,113]. Recently,
the evidence for this association was considered convincing enough to categorize red meat
as a Group 2A agent (probably carcinogenic to humans) and processed meat as a Group 1
agent (carcinogenic to humans) by the International Agency for Research on Cancer (IARC)
[95]. However, it is still unclear exactly how red meat intake and CRC are connected.
Several hypotheses have been put forth to attempt to explain this link. One hypothesis that
has received ample attention concerns the effect of heme iron in red meat. Two pathways by
which CRC and heme iron may be linked have been suggested; fat peroxidation and N-

nitrosation [105].

Numerous experimental rodent studies on the association between red and processed meat
intake and CRC have been conducted.; however, it was not until the rodent base-diets were
modified to reflect a “Western style diet”( high fat, low calcium, low antioxidant etc.), that a
positive connection between CRC and red and processed meat intake began to emerge
[105,106]. Various rodent studies have reported on potential adverse effects, such as
increased fecal water cytotoxicity, TBARS, or ATNCs, of red and processed meat intake

[107-111].

When testing the effect of diet or dietary components on colorectal cancer development,
choosing a model that is as relevant as possible for the human disease, is important. Paper I
showed that the A/J Min/+ mouse spontaneously develops a substantial number of colonic
lesions that eventually progress to cancer, which makes this model better than for instance
the conventional Min/+ mouse in regards to mirroring the human CRC phenotype.

Furthermore, paper II showed that the flat ACF shares multiple features with the MDF, a
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preneoplastic lesion more commonly used in experimental studies, which in turn support the
flat ACF as an endpoint for colorectal carcinogenesis. Identifying flat ACF, rather than
tumors, in the A/J Min/+ mouse allows for short-term carcinogenesis experiments.
Therefore, in paper III, the A/J Min/+ mouse model was used to observe the effects of
hemin (a model for red meat) and hemin in combination with nitrite (a model for red,

processed meat) on colorectal tumorigenesis.

Of the rodent studies examining colonic tumor development following red and processed
meat intake, either provided as separate components (hemoglobin, myoglobin, hemin) or in
its entirety (cured meat, freeze-dried meat), most support the opinion that red and processed
meat leads to an increase in colonic lesions [108,109,111,172—174]. Although the number of
rodent studies that show an increase in colonic tumors after red meat intake far outweighs
the number of studies that have failed to see this connection, the studies finding a link
between red meat and tumor development administered chemical carcinogens, such as

AOM or DMH, to the animals to induce cancer. In contrast, in paper III, as well as in
Winter et al. [175], where an increase in colonic neoplasms could not be linked to red meat

intake, no carcinogens were administered.

Fat in the experimental diet

While most studies that investigate the effect of dietary heme on CRC often add 40% fat to
the experimental diet to simulate a typical westernized diet [176—180], no additional fat
source was added to the experimental diets in paper III. The experimental studies with
additional dietary fat also usually observed an increased risk of CRC; thus, the low fat
content in the diet in paper III may be a potential reason for the observed decrease in
tumorigenic effect of dietary hemin in the A/J Min/+ mouse colon. Intake of heme iron in
combination with fat may results in elevated levels of lipid peroxidation end-products, some
of which are known risk factors for various diseases including cancer [105,181,182]. Lipid
peroxides can also covalently bind to the protoporphyrin ring of heme to form a cytotoxic
heme factor (CHF), and when enough CHF accumulates, cytotoxicity of the colonic luminal
contents may increase, thereby damaging the colonic mucosa and lead to hyperproliferation
and hyperplasia [180,183]. This may explain the adverse effects observed in studies where
experimental heme-diets contain higher amounts of fat. It could be speculated that, without
additional fat added to the heme-diet in paper III, heme-induced formation of lipid

peroxidation end-products or CHF, may have been insufficient to cause damage.
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Hemin and nitrite

Heme iron in red meat may catalyzes endogenous formation of NOCs in the gastrointestinal
tract, while nitrite-cured meat may cause both exogenous NOC formation in the meat itself,
and also potentially increase the endogenous formation of NOCs [94,107,115,116].
Therefore, combining hemin with nitrite (paper III) was hypothesized to increase
tumorigenesis in the A/J Min/+ mouse. However, this combination did not result in an
increase in colonic lesions, and, when examining the effects of nitrite and hemin separately,
the protective effect observed in the colon of the A/J Min/+ mouse was attributed to hemin,
while nitrite did not have an effect at all. Interestingly, the pattern was reversed in the small
intestine where hemin appeared to stimulate tumor growth, while nitrite had a suppressive

effect on small intestinal tumor promotion in the A/J Min/+ mouse.

Effect of hemin on tumor initiation

While initiating agents are mutagenic, tumor promoters are generally non-mutagenic nor
carcinogenic on their own [184,185]. In the A/J Min/+ mouse, tumor initiation occurs after
loss of the second functional 4Apc allele in a dividing cell, which in turn gives rise to a line
of dysplastic cells. The number of lesions per colon is a marker for initiation [186],
therefore, if heme was an initiator capable of causing a mutation in the 4Apc tumor
suppressor gene, one would expect an increase in flat ACF in hemin-fed animals. In paper
II1, a significant decrease in both number and load (the sum of the area of all lesions) of flat
ACF was evident in A/J Min/+ mice fed hemin or hemin in combination with nitrite. Also,
mice fed the modified, synthetic control diet (paper III) had less flat ACF and tumors at
termination than what was observed in mice of the same age that had been fed a natural,
standard rodent maintenance diet (paper I, paper III), suggesting that the base-diet used in
paper III had a lower tumor inducing potential than the standard rodent diet. Adding heme
to the synthetic base diet further decreased the number of colonic lesions. From this, it
appears that hemin suppressed flat ACF initiation in the A/J Min/+ mouse model. This
suppressive effect may in some way, be the result of a potential indirect anti-inflammatory
effect of hemin: hemin administered intraperitoneally to DSS-induced BALB/c mice,
reduced colitis by decreasing colonic inflammation and maintaining the integrity of the
colonic epithelium [187]. It has previously been shown that anti-inflammatory drugs

decrease the number of tumors in B6 Min/+ mice [155,188].
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The amount of hemin added to the feed in paper III is higher than what would be
considered a relevant dosage from a human consumption perspective [189], nonetheless,
since an increase in tumorigenesis was not observed in mice fed hemin, it may suggests that
the amount of heme present in a typical westernized diet may not be sufficient for CRC
initiation. However, in multiple experimental studies where administration of a chemical
carcinogen, such as AOM, provides the initiating event, heme has been suggested to be a
promotor of colon carcinogenesis [109,111,172—174]. The number of crypts per lesion
(lesions size) is a marker for tumor promotion [186]. In paper III, when mice fed hemin
and hemin in combination with nitrite were pooled together, the size of flat ACF in hemin-
fed mice was smaller than those seen in mice not fed hemin, which could suggest that in the
A/J Min/+ mouse, heme did not promote growth of spontaneously initiated lesions. But,
since Paper I showed that the growth of flat ACF is slow in younger mice, and only begins
to accelerate at a later stage, with a surge of transition and tumor formation around 30
weeks, keeping A/J Min/+ mice on a ‘red meat’ diet for a longer time period could allow for
detection of potential promoting effects of heme on spontaneous colon tumorigenesis in the

A/J Min/+ mouse.

However, the aforementioned does not dismiss heme as a the culprit behind the link to CRC,
but it does suggest that heme alone, at least, is not a strong initiator, and that heme may need
to be modulated by other dietary factors, such as fat, or interact with other components of

red and processed meat, such as NOCs, in order to cause CRC.
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Future perspectives

v In this PhD-project we characterized long-term tumorigenesis in the novel A/J Min/+
mouse. Inactivation of the functional Apc allele, with subsequent Wnt pathway
activation, is the initial mutational event in the Min/+ mouse; however, the subsequent
genetic events of tumorigenesis and progression from flat ACF to carcinomas in the A/J
Min/+ mouse have not yet been characterized. Analyzing tumors for genetic or
epigenetic alterations would be important for a further understanding of this novel mouse
model for Apc-driven tumorigenesis. It would be of interest to do mutational analysis on
tumor DNA from lesions at different stages of progression to look for mutations in
typical CRC genes such as 7p53 and Kras. This would allow for determining whether
progression towards malignancy in the A/J Min/+ mouse is associated with mutations of

these particular genes that are frequently mutated in human colorectal tumors.

v" During the long-term tumorigenesis study, we observed invasive growth into a regional
lymph vessel in a 37-week old A/J Min/+ mouse, which indicates that the A/J Min/+
mouse has the potential for, at least, local metastasis. Therefore, it would be interesting to
conduct metastasis studies, to determine whether the potential for distant metastasis

exists in this mouse.

v In this project we also studied the effects of hemin and nitrite on intestinal tumorigenesis
in the A/J Min/+ mouse. Besides the fat included in the base diet, no additional fat source
was supplemented to the experimental diets, which may explain the effects observed.
Future experiments where the heme-diet is supplemented with various levels of dietary
fat to represent both low and high fat red meat diets would be of interest in order to shed
light on whether fat is an important component of the suggested colorectal cancer

causing potential of heme iron in red meat.

v" It would be interesting to conduct chemopreventive studies in the A/J Min/+ mouse. The
B6 Min/+ mouse is often used to test the efficacy of potential chemopreventive agents.
However, the B6 Min/+ mouse develops small intestinal tumors and barely any
colorectal tumors, and, since the colonic and small intestinal environment (including the
contents of the lumen) differs in the two intestinal segments, the B6 Min/+ mouse may

not be able to accurately forecast whether a potential chemopreventive agent will be
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effective in humans. By using a model animal that more closely mimics the human
disease phenotype, such as the A/J Min/+ mouse, more useful information regarding
chemopreventive effects of an agent on colorectal cancer would be gathered. We have
shown that the flat ACF is easily detected in an unsectioned, methylene blue stained
colon, and also that flat ACF possess phenotypic and genotypic characteristics similar to
that of colonic tumors. The flat ACF is therefore a precursor for colorectal tumors,
simply detected at an earlier stage of crypt multiplication. This makes the flat ACF a
valid surrogate endpoint for tumors that can be used when testing potential
chemopreventive agents in short-term chemoprevention studies. Furthermore, the A/J
Min/+ mouse lives at least a year, which makes them more suitable than the B6 Min/+
mouse for, for instance, testing chemopreventive agents that require long-term

administration.
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Main Conclusions

The main conclusions drawn from this PhD project were as follows:

v' Studying the long-term spontaneous intestinal tumorigenesis in the novel A/J Min/+
mouse revealed that this mouse develops a substantial number of colonic lesions that
will, with time, progress to carcinomas, with the potential for metastasis. The A/J Min/+
mouse has a colonic to small intestinal lesions ration of 1.1:1, which is more
representative of the human FAP phenotype than what is observed in the conventional
B6 Min/+ mouse. These findings suggest that the novel A/J Min/+ mouse model is a

relevant model for initiation, promotion, and progression of colorectal cancer.

v Flat ACF are easily detected in the methylene blue stained colon of A/J Min/+ mice. The
flat ACF shows severe dysplasia from the monocryptal stage, and possess phenotypic
and genotypic characteristics similar to that of colonic tumors. Furthermore, flat ACF
show a nearly complete overlap with MDF, a preneoplastic lesions marked by scarce or
absent mucous production, which is a recognized hallmark of dysplasia. This suggests
that the flat ACF is a reliable surface biomarker of, and an appropriate surrogate endpoint

for, APC-driven colon carcinogenesis.

v" In the A/J Min/+ mouse, the hypothesis that heme is behind the link between intake of
red and processed meat and an increased risk of colorectal cancer could not be
confirmed. Dietary hemin decreased the number of colonic lesions in the A/J Min/+
mouse, suggesting instead a suppressive effect of hemin. Heme may not be sufficient for
tumor initiation, and, in order to lead to colorectal cancer, an interaction with other
components of red and processed meat, or modulation by other dietary factors, may be
required. Furthermore, dietary nitrite appeared to have no effect on colonic tumorigenesis
in the A/J Min/+ mice, however, a suppressive effect on CRC promotion in the small

intestine was noticed.
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Spontaneous initiation, promotion and progression of
colorectal cancer in the novel A/J] Min/+ mouse

Marianne Sgdring®, Gjermund Gunnes? and Jan Erik Paulsen®

' Department of Food Safety and Infection Biology, Norwegian University of Life Sciences, Oslo, Norway
2 Department of Basic Sciences and Aquatic Medicine, Norwegian University of Life Sciences, Oslo, Norway

The C57BL/6) multiple intestinal neoplasia (Min/+) mouse is a widely used murine model for familial adenomatous polyposis,
a hereditary form of human colorectal cancer. However, it is a questionable model partly because the vast majority of tumors
arise in the small intestine, and partly because the fraction of tumors that progress to invasive carcinomas is minuscule. A/)
mice are typically more susceptible to carcinogen-induced colorectal cancer than C57BL/6) mice. To investigate whether the
novel Min/+ mouse on the A/ genetic background could be a better model for colorectal cancer, we examined the spontane-
ous intestinal tumorigenesis in 81 A/) Min/+ mice ranging in age from 4 to 60 weeks. The A/} Min/+ mouse exhibited a dra-
matic increase in number of colonic lesions when compared to what has been reported for the conventional Min/+ mouse;
however, an increase in small intestinal lesions did not occur. In addition, this novel mouse model displayed a continual
development of colonic lesions highlighted by the transition from early lesions (flat ACF) to tumors over time. In mice older
than 40 weeks, 13 colonic (95% Cl: 8.7-16.3) and 21 small intestinal (95% Cl: 18.6-24.3) tumors were recorded. Notably, a
considerable proportion of those lesions progressed to carcinomas in both the colon (21%) and small intestine (51%). These
findings more closely reflect aspects of human colorectal carcinogenesis. In conclusion, the novel A/) Min/+ mouse may be a
relevant model for initiation, promotion and progression of colorectal cancer.

Colorectal cancer is the third most common cancer world-
wide and accounted for approximately 1.4 million new cases
and close to 700,000 deaths in 2012. Incidence rates are
slightly higher in men than in women, and this cancer
becomes increasingly more common with age.' One of the
most common inherited colorectal cancer syndromes is fami-
lial adenomatous polyposis (FAP), which is caused by germ-
line mutations in the tumor-suppressor gene adenomatous
polyposis coli (APC).>? FAP patients inherit a mutated APC
allele and when the second allele is inactivated by mutation,
a large number of adenomas develop in the colon.* Inactiva-
tion of the second APC allele leads to reduced degradation of
B-catenin and activation of the canonical Wnt signaling
pathway, which in turn leads to dysplasia.>® Mutation in one
APC allele followed by mutation in, or loss of, the second
allele is also apparent in ~80% of sporadic colorectal cancer
cases.” In humans, most colorectal cancers progress slowly,
taking anywhere from 5 to 20 years for early colonic lesions
to develop into benign adenomas, and an additional 5 to 15
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years for those adenomas to develop into malignant
carcinomas.®’

One of the most frequently used murine models for colo-
rectal cancer is the multiple intestinal neoplasia (Min/+)
mouse (Mus musculus). This particular mouse model was dis-
covered after a random mutation by the mutagen ethylnitro-
sourea caused spontaneous formation of adenomas
throughout the intestinal tract.'® Similar to the mutation seen
in the human APC gene, the Min/+ mouse has a heterozy-
gous truncation mutation at codon 850 of its Apc gene,
which results in the spontaneous formation of numerous
neoplastic lesions in the mouse intestine.*'' ™

The appearance of preneoplastic lesions is the first step in
colon carcinogenesis, and the ability to recognize these early
stages of colorectal cancer is an important factor in the devel-
opment of reliable biomarkers for colorectal cancer early
detection, diagnosis and treatment.'* Putative preneoplastic
lesions known as aberrant crypt foci (ACF) were originally
described in the colon of carcinogen-treated mice.'> These
lesions were identified by a characteristic morphology of
enlarged crypts, thickened epithelial lining, irregular lumens,
increased pericryptal space and elevation from the
mucosa.'>'® In 2000, Paulsen et al.'” did not detect any ACF
in the colon of C57BL/6 Min/+ mice, but instead discovered
enlarged, flat dysplastic crypts with compressed luminal
openings that were given the name ACFyy,, later renamed
flat ACF when identical lesions were identified in rats.'”'®
These flat ACF differed from the “classic” ACF first described
by Bird" in that they were not elevated from the mucosa,
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Human colorectal cancer (CRC) manifests itself as benign tumors in the colon that progress to carcinomas. In contrast, most
rodent CRC models for Apc-driven tumorigenesis primarily develop benign tumors in the small intestine instead of the colon,
which rarely progress to carcinomas. Here, the novel A/] Min/+ mouse was observed to spontaneously develop numerous
colonic lesions, and a progression from benign tumor to carcinoma was found in both the colon and small intestine.

and they were not visible without methylene blue staining
and transillumination. Later studies revealed that only the
flat ACF, not the classic ACF, exhibited a continuous devel-
opment from the monocryptal stage to tumors, suggesting
that these flat ACF are in fact early stages of colon
carcinogenesis.'”"

The conventional Min/+ mouse is bred on a C57BL/6]
(B6) genetic background, a substrain of the C57BL/6 which is
likely one of the best known and most widely used inbred
mouse strains.”® It has been shown that the B6 substrain is
relatively resistant to colonic carcinogens, and the B6 Min/+
mouse primarily develops adenomas in the small intestine
and only a few lesions in the colon that rarely progress to
cancer.'®*'™>* On the other hand, an A/J genetic background
strain has been found to be highly susceptible to colon-
specific carcinogens.”>>> A new Min/+ mouse model has
been established at the Norwegian Institute of Public Health,
where the Min/+ trait has been transferred from the B6
Min/+ mouse to mice with an A/] genetic background by
backcrossing for >12 generations, producing an A/] Min/+
mouse.?® After establishing the A/] Min/+ mouse, it was dis-
covered that this mouse was more susceptible to both sponta-
neous and azoxymethane (AOM)-induced colon
carcinogenesis than the B6 Min/+ mouse.”®

The objective of this work was to study the long-term
spontaneous intestinal tumorigenesis in the novel A/] Min/+
mouse with focus on determining its potential use as a model
for colorectal cancer.

Material and Methods

Animals, housing and diet

This study was conducted in strict accordance with The Nor-
wegian Regulation on Animal Experimentation, and approved
by the Institutional Animal Care and Use Committee at the
Norwegian University of Life Sciences, Campus Adamstuen.
The A/] Min/+ mouse was created at the Norwegian Insti-
tute of Public Health after backcrossing of the Min/+ trait
onto an A/J genetic background for >12 generations, secur-
ing their status as inbred.”® This mouse strain was transferred
to the Department of Experimental Biomedicine at the Nor-
wegian University of Life Sciences, Campus Adamstuen,
where it has been maintained as an inbred colony for several
additional generations. A/] Min/+ males were mated with A/
J +/+ females, and the resulting A/] Min/+ pups (n =81,
48 females and 33 males) were used for the study. All ani-
mals were housed in Makrolon Type III open top plastic
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cages in a room with a 12-hr light/dark cycle, 55-65%
humidity and 20-22°C. Water and feed were given ad libi-
tum. All animals were fed the standard rodent diet RM1
(SDS Special Diet Services, Witham, UK) for the duration of
the study. Mice were euthanized at various time points in
order to get an overview of tumorigenesis in the A/] Min/+
mouse model. All mice were sacrificed by cervical dislocation.

For this study, a total of six age groups were represented:
early juvenile, juvenile, mature adult, early middle-aged adult,
middle-aged adult and late middle-aged adult (Table 1). The
age groups were chosen based on Flurkey et al?” As only
one Min/+ mouse lived to the age of 60 weeks, the late
middle-aged adult age group was excluded from all data anal-
yses, except correlation analysis. To describe the distribution
of flat ACF and tumors in relation to age, all recorded lesions
were grouped into lesion size classes. As the colonic lesions
considered to be the smallest ranged in size from 0.002 to
0.008 mm? this was chosen as the first size class. The
remaining lesions were grouped into four other size classes
based on a suitable logarithmic scale with a base of 8: 0.009-
0.064 mm®, 0.065-0.512 mm®, 0.513-4.096 mm” and lesions
greater than 4.097 mm?.

Identification of intestinal lesions

The colon and small intestines were prepared as previously
described.”® Once prepared, surface microscopy and transillu-
mination using an inverted light microscope (CKX41, Olym-
pus Inc., Hamburg, Germany) equipped with a digital color
camera (DP25, Olympus) was used to examine the intestines
for small intestinal and colonic tumors, as well as flat ACF.
The flat ACF can be recognized by the color difference when

Table 1. Number and age span of A/J Min/+ mice separated into
five age groups

Number of mice

Group Age (weeks) (females/males)
Early juvenile 4—6 15 (15/0)
Juvenile 7-12 11 (6/5)
Mature adult 13-24 12 (10/2)

Early middle-aged adult 25-39 20 (9/11)
Middle-aged adult 40-56 22 (8/14)

Late middle-aged adult’ 57-71 1(0/1)

The late middle-aged adult age group was excluded from data analy-
sis owing to the low number of mice in this age range.
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Figure 1. Representative examples of morphological features of intestinal lesions. Identification of methylene blue-stained (a) flat ACF and
tumors in the colon (magnification X100) and (b) tumors in the small intestine (magnification X40). Both panel (a) and (b) are made up of
different original images grouped together for clarity. Arrows point to small lesions. Images to the left of the vertical bar in panel (a) show
flat ACF, while colonic tumors are shown to the right of the bar. Immunohistochemical analysis of B-catenin expression in the colon (c, d)
shows that B-catenin in normal crypts (arrowheads) is present almost entirely at the cell border, while in the flat ACF/tumor, B-catenin
accumulates in the cytoplasm (arrows). Panel (c) shows B-catenin accumulation in a tumor (magnification X100), while panel (d) shows
B-catenin accumulation in a single-crypt flat ACF (magnification X400). Immunohistochemical analysis of the proliferation marker Ki67 in
the colon (e) shows numerous Ki67-positive nuclei throughout the tissue of tumors (bottom right, arrow) but only in scattered cells at the
bottom of the crypts in normal tissue (top left, arrowhead) (magnification X200).

compared to normal epithelia; flat ACF stain a brighter blue/
green while normal crypts a more subdued brownish-green
(Fig. 1a). Furthermore, flat ACF have enlarged crypts, lay flat
against the surrounding epithelium and have compressed
luminal opening which give the lesions a gyrus-like appear-
ance. The tumor resembles the flat ACF, but contains 30 or
more aberrant crypts, and is usually elevated from the
mucosa. Tumors in the small intestine resemble tumors in
the colon, but they appear as discrete depressions with multi-
ple aberrant crypts surrounded by adjacent villi (Fig. 1b).

To study lesion development in the intestine, three varia-
bles were measured: (i) lesion size (mm?), calculated from
the diameter measured by surface microscopy using an eye-
piece graticule, (ii) number of lesions and (iii) tumor load
(mm?), defined as the sum of the area of all lesions observed
in an intestine. Two types of lesions were examined in the
colon: flat ACF and tumor. As flat ACF are not present in

the small intestines, only tumors were recorded in this seg-
ment of the intestinal tract.

Histology

Intestines from 16 mice aged 15-60 weeks were used to
examine whether carcinomas were formed in the A/] Min/+
mouse. These intestines were prepared as described above,
followed by a modification of the Swiss roll technique.®
Briefly, the longitudinally cut, flat-fixed, methylene blue-
stained intestines were carefully rolled lengthwise, from prox-
imal to distal end with the mucosa facing inward, using a
pair of tweezers. The prepared Swiss rolls were embedded in
paraffin, and each prepared paraffin block contained the
small intestine (three segments: proximal, middle and distal)
and the colon from one mouse. Histological sections (2-3
um) were made at three different depths in the paraffin
block in order to detect a larger number of intestinal lesions.
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As the intestines were slit open longitudinally before Swiss
roll preparation, the three depths were chosen to detect
lesions on the right, center and left areas of the flattened
intestine. Each section was then stained with periodic acid-
Schiff (PAS) and scored by a pathologist. Lesions with clear
infiltrative growth through the muscularis mucosae and into
the submucosa were classified as carcinomas, while those
without infiltrative growth were classified as adenomas.
Regional lymph nodes and livers from a few older animals
were embedded in paraffin, sliced and stained with hematox-
ylin and eosin (HE). Histological sections were examined for
metastases.

Immunohistochemistry

The tissue was stained for B-catenin and Ki67 to assess Wnt
signaling activation and increased proliferation, respectively.
Paraffin sections were deparaffinized and rehydrated, before
quenching endogenous peroxidases with 3.0% H,0O,. Antigen
retrieval was performed in Tris/EDTA (pH 9.1) for B-catenin
and in citrate buffer (pH 6.0) for Ki67. For B-catenin, sec-
tions were blocked using the Mouse on Mouse (M.O.M) kit
(Vector Laboratories, Burlingame, CA), before incubation
with a primary monoclonal antibody against (3-catenin (Puri-
fied mouse anti-B-catenin, C19220; Transduction Laborato-
ries, Lexington, KY) at a 1:2,500 dilution. Sections were
incubated in M.O.M. biotinylated anti-mouse IgG reagent fol-
lowed by addition of the avidin-biotinylated peroxidase com-
plex. For Ki67, DAKO Envision kit was used (K401111-2,
DAKO, Glostrup, Denmark). Sections were blocked using N-
serum from goat in 5% BSA/TBS (1:50 dilution), before incu-
bation with a primary polyclonal antibody against Ki67 (rab-
bit anti-Ki67, AB15580, Abcam PLC, Cambridge, UK) at a
1:1,000 dilution. Next, sections were incubated in anti-rabbit
HRP-labeled polymer reagent (K401111-2, DAKO). For both
B-catenin and Ki67, antibody binding was detected with
DAB substrate according to the manufacturer’s protocol
(34065, Thermo Scientific Pierce, Waltham, MA for (-
catenin, and K401111-2, DAKO for Ki67). Sections were
counterstained with hematoxylin.

Statistics

Results are expressed as mean values with 95% confidence
intervals. All comparisons were performed two-tailed with a
significance level of 5%. A Spearman rank correlation coeffi-
cient (r;) was computed to assess the relationship between
intestinal lesions and age. Tumor distribution along the small
intestine was tested with a one-way ANOVA followed by
Tukey post hoc test. All statistical tests were completed using
SigmaPlot statistical software (Systat Software, San Jose, CA).

Results

Gender differences

Because of the uneven gender distribution over time (Table 1),
it was not possible to test for gender differences. However,
both genders showed similar developmental trends with age;
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males and females showed an increase in number of lesions
and lesion load in both colon and small intestine, and both
genders developed carcinomas. Therefore, data for males and
females were pooled for further analysis. Males appeared to
have a slightly higher incidence of lesions and lesion load,
which has previously been seen in B6 Min/+ mice’®*"; how-
ever, in the 16 intestines examined for carcinomas, no signifi-
cant difference between males and females was detected (two-
tailed t-test: p = 0.250).

Colon

Scoring the total number of flat ACF and tumors in A/J
Min/+ mice at different ages revealed large interindividual
variation in colonic tumorigenesis, as illustrated by the scat-
ter plot in Figure 2a. The highest number of colonic lesions
(flat ACF and tumors) observed in a single colon was 82
lesions, while the highest number of colonic tumors in one
colon was 41. An average of eight (95% CI: 5.82-9.83) colo-
nic tumors developed in A/] Min/+ mice from 11 to 60
weeks, with the majority of tumors occurring in animals
over the age of 25 weeks (mean 11; 95% CI: 7.98-13.13). In
mice over the age of 40 weeks, an average of 13 (95% CI:
8.74-16.30) colonic tumors was observed. Colonic tumors
were not evident before the age of 11 weeks, after which
they continued to increase in number (r,=0.805, n =8I,
p<0.001). In contrast, flat ACF were observed in all ani-
mals. However, their numbers varied with age (Fig. 2a):
from 0 to 24 weeks (from early juvenile to mature adult),
the number of flat ACF increased (r,=0.857, n =38,
p<0.001) while after 24 weeks, the number of flat ACF
decreased (r;= —0.607, n =43, p<0.001). This pattern of
fluctuating number of flat ACF and increasing number of
tumors is consistent with a possible transition of lesions
from flat ACF to tumor as mice age, as previously sug-
gested."®!? This potential developmental relationship between
flat ACF and tumors is further illustrated when the animals
were separated into five age groups: early juvenile, juvenile,
mature adult, early middle-aged adult and middle-aged adult
(Fig. 2b; Table 1). During the last three periods, the number
of flat ACF declined and the number of tumors increased.
Grouping the animals also made it possible to calculate the
fraction of newly formed flat ACF (influx) at the different
ages (Fig. 2b), given that the total number of lesions solely
comprises new flat ACF, previously formed flat ACF and
tumors, and that flat ACF develop into tumors. The forma-
tion of flat ACF peaked at the juvenile age group and
declined to a minimum in middle-age adult. The total num-
ber of lesions was somewhat reduced in middle-aged adult,
possibly due to some regression of small lesions or merging
of larger lesions. The tumor load (total area of tumors per
animal) increased dramatically with age (Fig. 2c).

All flat ACF and tumors recorded in each colon in each
age group were grouped together according to size, and the
average number of lesions per size group per animal was cal-
culated (Fig. 2d). These size distributions of pooled flat ACF
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Figure 2. Number, size and load of lesions spontaneously formed in the colon of A/J Min/+ mice. (a) Distribution of flat ACF and tumors in
mice ranging from 4 to 60 weeks. Solid gray and solid black circles represent tumors in males and females, respectively; open gray circles
and open black circles represent flat ACF in males and female, respectively. Each data point in each category represents one mouse.

(b) The average number of flat ACF (gray) and tumors (black) in mice ranging from 4 to 54 weeks, separated into five age groups. Error bars
represent a 95% confidence interval. The dashed line represents the influx of new lesions over time. (c) Tumor load in mice separated into
five age groups. Tumor load represents the sum of the area of all lesions observed. All values show group mean with the 95% confidence
interval. (d) Size distribution of flat ACF and tumors. Graphs represent size distribution in the age groups early juvenile, juvenile, mature
adult, early middle-aged adult and middle-aged adult. The smallest size class contains lesions with 1-4 crypts. In the colon, lesions are

considered tumors if they contain >30 crypts/lesion (~0.4 mm?).

and tumors displayed a gradual shift toward larger size
classes with age (Fig. 2d). As indicated in the figure, only flat
ACF were recorded in early juvenile. In mature adult more
flat ACF were observed (area under the curve) and more
lesions reached the size of a tumor. In middle-aged adult the
size distribution of flat ACF and tumors was continuous and
overlapping. Altogether these size distributions demonstrated
age-dependent growth of flat ACF and transition from flat
ACF to tumor (Fig. 2d).

Classic ACF made up only 0.4% of the lesions scored,
thus suggesting that spontaneous formation of these lesions
is uncommon in the A/] Min/+ mouse, which coincides with
previous findings."”

Observed tumors displayed an increased cytoplasmic -
catenin accumulation (Figs. 1c and 1d), indicating Wnt sig-
naling activation. An increased frequency of Ki67-positive
nuclei was also detected in tumors, indicating enhanced pro-
liferation in tumor tissue (Fig. le).
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Figure 3. Number, size and load of lesions spontaneously formed in the small intestine of A/} Min/+ mice. (a) Distribution of small intesti-
nal tumors in mice ranging from 4 to 60 weeks. Solid gray and solid black circles represent tumors in males and females, respectively.
Each data point represents one mouse. (b) The average number of small intestinal tumors in mice ranging from 4 to 54 weeks, separated
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(c) Tumor load in three small intestinal segments: proximal (dashed line), middle (dotted line) and distal (solid line). All values show group
mean with a 95% confidence interval. Labels show significant difference between the three segments: proximal (p), middle (m) and distal
(d). *p <0.05, **p < 0.001. (d) Size distribution of small intestinal tumors. Graphs represent size distribution in the age groups early juve-
nile, juvenile, mature adult, early middle-aged adult and middle-aged adult. The smallest size class contains lesions with 1-4 crypts.

Small intestine

Scoring the total number of tumors at different ages revealed
large interindividual variation also in small intestinal tumori-
genesis, as illustrated by the scatter plot in Figure 3a. An
average of 21 tumors (95% CI: 18.91-23.38) developed in the
small intestine of mice from 4 to 60 weeks, with 44 tumors
being the highest number of lesions observed in a single
mouse. When examining mice older than 40 weeks, the aver-
age number of tumors was still 21 (95% CI: 18.57-24.30),
suggesting that the number of lesions was relatively uniform
over the lifespan of the mouse (Fig. 3a). Small intestinal

Int. J. Cancer: 138, 1936-1946 (2016) © 2015 UICC

tumors were represented in all ages, and a weak, nonsignifi-
cant correlation was found between the number of lesions
and age (r,=0.167, n=281, p=0.137). When mice were
grouped into the five age groups, a decrease in number of
lesions from mature adult to early middle-aged adult was evi-
dent (Fig. 3b). An increase in number of lesions was corre-
lated with age in mice from 4 to 24 weeks (r;=0.642,
n =38, p<0.001), while a nonsignificant, negative correlation
of number of tumors and age was observed after 24 weeks
(ry= —0.265, n =43, p=0.085). The number of calculated
newly formed tumors was steady from age group early
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juvenile up to age group mature adult, after which formation
of new lesions appeared to slow down or cease (Fig. 3b).

To determine tumor distribution along the small intestine,
the intestine was cut into three equally long segments when
prepared: proximal, middle and distal. Microscopy revealed
that these three segments had very different number of
tumors, with the distal end being the most densely populated.
Figure 3¢ shows the difference in tumor load in these three
segments as observed in the five age groups. A significant dif-
ference in tumor load in the three segments was found in all
age groups: juvenile, mature adult, early middle-aged adult
and middle-aged adult (all p<0.001); early juvenile
(p=0.001). However, post hoc tests revealed that there was
no significant difference between tumor load in the proximal
and middle segments in any of the age groups, except for in
the mature adult age group (p = 0.025). Furthermore, for all
groups, tumor load in both the proximal and middle seg-
ments was significantly smaller than that in the distal
segment.

The small intestinal tumors recorded in each animal in
each age group were grouped together according to size, and
the average number of lesions per size group per animal was
calculated (Fig. 3d). The same five lesion size classes as in
Figure 2d were used to describe the distribution of small
intestinal tumors in relation to age. As the mice aged (Fig.
3d), both the number (area under the curve) and the size of
the tumors increased, which is represented by the shift to the
right seen in the graphs. Interestingly, the smallest tumors
observed in the small intestine (Fig. 3d, early juvenile—
mature adult) exhibited sizes that were comparable to the
largest flat ACF in the colon (Fig. 2d).

Carcinoma formation
A set of 16 intestines were prepared as Swiss rolls to examine
the spontaneous formation of carcinomas in the A/] Min/+
mouse. As carcinomas are likely linked to aging, the majority
of intestines chosen were from older animals. Upon examina-
tion of the Swiss rolls, numerous distinct proliferative lesions
were detected. The lesions were well demarcated from normal
mucosal tissue, and were slightly raised above the normal
level of the mucosa, often with a narrow base and wider top.
The lesions displayed loss of villus formation (small intestine)
and aberrant, irregular, branching crypts with marked loss of
mucus-secreting cells (dedifferentiation). Cells showed pro-
nounced atypia with considerable variation in size of both
cells and nuclei, with multiple, distinct, magenta nucleoli up
to 2 um, and a mitotic index of 1-2 per high-power field.
The lesions were expansile and compressed the surrounding
tissue. Lesions clearly invading the muscularis mucosae into
the submucosa were classified as carcinomas, while those
without infiltrative growth were classified as adenomas (Figs.
4a and 4d).

Of the 16 intestines, three were from mice under the age
of 30 weeks. In those three animals, no carcinomas were
detected. The first small intestinal lesion scored as a carci-

Colorectal cancer in the A/J Min/+ mouse

noma appeared in the middle segment of the small intestine
at week 30. Small intestinal carcinomas were identified in at
least one small intestinal segment in all mice above this age
(Fig. 5a). The distal end of the small intestine was the most
densely populated, which mimics what was observed with
surface microscopy for tumor distribution (see Fig. 3c). Car-
cinomas were not identified in the colon until week 41 (Fig.
5b), and of the examined mice from 41 weeks and up, 78%
had colon carcinomas. When carcinomas in the small intes-
tine and carcinomas in the colon were combined, all mice
above the age of 30 had intestinal carcinomas. Furthermore,
in mice older than 40 weeks, 21% of colonic tumors and 56%
of small intestinal tumors were identified as carcinomas.
Grouping the examined mice into age groups (including the
late middle-aged adult group) revealed that the frequency of
animals with intestinal carcinomas within a group increased
with age: 0% in the juvenile and mature adult age groups,
75% in the early middle-aged adult age group, 100% in the
middle-aged adult and late middle-aged adult age groups
(Fig. 5c¢). Histological sections of regional lymph nodes and
liver from older mice were examined for metastases, but
none were detected. However, in one mouse, invasive growth
into a local lymphatic vessel was observed, indicating high
risk for metastases in this individual (Fig. 4e).

Discussion

In this work, spontaneous tumorigenesis in the novel A/J
Min/+ mouse was studied. After examining the intestines of
mice ranging from 4 to 60 weeks, it was evident that the
colon and the small intestine developed a comparable tumor
load represented by a large number of adenomas and carci-
nomas. In addition, the proportion of carcinomas increased
progressively with age. There were two types of colonic
lesions: flat ACF and tumors. Previous studies have demon-
strated that these lesions share multiple characteristics such
as compressed crypt openings, severe dysplasia and stimu-
lated Wnt signaling.'”"* Using AOM-stimulated B6 Min/+
mice'” or AOM-stimulated rats'® with rapidly growing flat
ACF, it was hypothesized that flat ACF and tumors in fact
could represent the same type of dysplastic lesions at differ-
ent stages of crypt multiplication and colonic tumorigenesis.
This potential developmental relationship between flat ACF
and tumors could be further studied in the A/] Min/+
mouse as they spontaneously form a large number of colonic
lesions. Several observations in this study supported this
hypothesis: as the A/] Min/+ mice aged the number of flat
ACF was reduced while the number of tumors increased; the
size distribution of pooled flat ACF and tumors shifted
toward larger size classes with age; in older animals the size
distribution of flat ACF and tumors overlapped, indicating a
continuous growth of flat ACF to the size of a tumor; no
tumors evolved without the presence of flat ACF as they
were scored in all mice, regardless of age. Initiation of new
lesions may potentially be limited to certain susceptible peri-
ods of life. In BL6 Min/+ mice, initiation of both
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Figure 4. PAS-stained Swiss roll sections showing (a) small intestinal adenoma, (b) small intestinal carcinoma, (c) colonic adenoma,

(d) colonic carcinoma and (e) invasive growth into a local lymph vessel. In (a—d), arrows point to the muscularis mucosae. Carcinomas
show infiltration through the muscularis mucosae, while adenomas do not. For comparison, examples of normal intestinal tissue are
labeled. All magnifications are X100. Panel (e) shows growth of tumor tissue (T) into the lumen of a lymphatic vessel (*) (magnification
X400).

Int. J. Cancer: 138, 1936-1946 (2016) © 2015 UICC



S
=
S
.-
-2}
o
]
9
=]
<
©)
)
=
R
=
9
=
S
=

1944

100 +
90 ")
80 4
70 1
60 - ° L
50 A ®
40 - ® [

intestine (%)

30 -
20 - ®e

Proportion of carcinomas in the small

b Weeks
100 +
90 A
80
70 A
60 -
50 A Q
40 A [ ]
30 A
20 A [ ]

Proportion of carcinomas in the colon
(%)

0 10 20 30 40 50 60 70

Weeks
Cc

100 ~ ® 'S

90 -
£ 50 -
= 2
g 70
B
S 60
‘S
E 50 4
£ 40
Z 30
]
E 20

10 A

0 L 2 — - )

Juvenile  Mature adult Early middle- Middle-aged Late middle-
aged adult adult aged adult
Age groups

Figure 5. Formation of carcinomas in the small intestine and colon
of the A/} Min/+ mouse. (a) Small intestinal carcinomas. (b) Colo-
nic carcinomas. Solid gray and solid black circles represent tumors
in males and females, respectively. Each data point in each cate-
gory represents one mouse. (c) Frequency of mice in each age
group with carcinomas.

carcinogen-induced and spontaneous lesions appeared to
occur before the age of 2-3 weeks, and the period of sponta-
neous initiation coincided with when the mice were most
susceptible to carcinogens.’>** The influx of lesions observed

Colorectal cancer in the A/J Min/+ mouse

in the A/J] Min/+ mouse may indicate that the window of
time when new lesions are formed is considerably longer in
this mouse. Already in the juvenile group, formation of flat
ACEF appeared to have reached a maximum. It also appeared
that the growth of flat ACF was slow in younger mice, and
that these lesions only began to accelerate at a later stage in
the animals’ life, with a surge of transition and tumor forma-
tion around 30 weeks.

Traditionally, lesions that develop in the small intestine of
Min/+ mice have been termed microadenomas, adenomas or
tumors, while in the colon, small lesions have been assigned
an additional name, for instance flat ACF.'® Based on the
structure of the small intestinal tumors, their origin may be
similar to the flat ACF in the colon. Previous research has
shown that both flat ACF and emerging small intestinal
tumors initially arise as a single dysplastic crypt,”* which
may suggest that even small intestinal tumors start out as
lesions similar to flat ACF. In the small intestine of the A/J
Min/+ mouse, a decrease in the number of tumors in mice
older than 24 weeks was detected. However, the observed
tumor load highlights that, even if the number of small intes-
tinal tumors appeared to decrease, tumors in older mice were
much larger than those observed in younger animals. Thus,
the decrease in tumor numbers may simply be due to diffi-
culty distinguishing larger lesions via surface microscopy,
resulting in lesions potentially made up of more than one
tumor being scored as a single, large tumor. Also, in all age
groups, the majority of tumors were found in the distal seg-
ment of small intestine, which is consistent with previous
findings in the intestine of B6 Min/+ mice.*

Yamada et al.** found that microadenomas, which resem-
ble the flat ACF, formed in the colon of untreated B6 Min/+
mice had lost the remaining nonmutated Apc allele, suggest-
ing that loss of heterozygosity, and consequently APC func-
tion, leads to development of these microadenomas.
However, loss of heterozygosity in the Apc gene did not
appear to be sufficient to allow for progression from microa-
denoma to tumor.**® It appears that microadenomas
required an additional alteration, such as the addition of the
inflammatory stimulus dextran sulfate (DSS),*® or the colon
carcinogen AOM,'® to progress to tumors. In contrast, flat
ACF in the A/] Min/+ mouse spontaneously progressed to
tumors without the addition of carcinogenic agents, suggest-
ing that the additional stochastic event needed for tumor for-
mation in the A/] Min/+ mouse model arises with time.
This time-related event that promotes tumor formation in
the A/] Min/+ mouse may potentially be caused by increased
inflammation occurring in older animals; it has been sug-
gested that both a change in redox status as well as a dysre-
gulation of the immune system that occurs during aging may
lead to increased inflammation with age.’® However, in this
study, pronounced inflammatory cell infiltration was not
detected. Additionally, the average diameter of lesions in the
colon of 34-week-old A/] Min/+ mice was 5.0 mm, while
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Oyama et al.>® observed that, even at 35 weeks, no spontane-

ously formed lesions were greater than 0.3 mm in diameter.

The genetic background appears to have an effect on both
lifespan and tumor formation of Min/+ mice. The Min/+
trait has been introgressed on various inbred genetic back-
grounds, including BTBR, AKR and FVB.*’7*° Min/+ trait on
a BTBR genetic background resulted in over 600 small intesti-
nal lesions and 12 colonic lesions, while, on the other end of
the spectrum, AKR Min/+ mice developed on average four
lesions in the small intestine and zero colonic lesions.””*’
BTBR Min/+ mice also had a short lifespan of no >84 days
due to the enormous number of lesions present in the small
intestine, while AKR Min/+ mice could live for up to 336
days. The conventional B6 Min/+ mouse seldom lives past
120 days and develop an average of 30 small intestinal
tumors, and <1 colonic tumor.'"*'****! In contrast, the novel
A/] Min/+ mouse presented with a greater number of tumors
in the colon, with the majority of these colonic tumors occur-
ring in older animals, but did not exhibit an increase in small
intestinal tumors. Furthermore, this mouse had a longer life-
span; in this study, the oldest mouse reached 420 days before
showing signs of declining health, requiring termination.

Most tumors in the B6 Min/+ mouse are benign adeno-
mas that rarely progress to cancer, which may be due to the
limited 120-day lifespan of this mouse.'>*® Another model
for colonic tumor development, the Apc+/"F“C mouse,
lives much longer than the conventional Min/+ mouse, and
has a maximum lifespan of 241 days. However, even with the
extended lifespan, colonic adenomas in this mouse do not
progress to cancer, unless a stimulus such as DSS is adminis-
tered.*>*> Halberg et al®' crossed B6 Min/+ males with
C57BR/cdc] females producing Min/+ hybrids with a mean
lifespan of 232 days. However, these F1 hybrids exhibited a
considerable reduction in number of intestinal tumors, with,
on average, only 19 tumors recorded in the entire intestinal
tract. In contrast to the Apc+/M" “C mouse, 56% of the
tumors in the F1 Min/+ hybrids were identified as invasive
adenocarcinomas.”’ In the novel A/J Min/+ mouse model,
benign adenomas in both the colon and the small intestine
progressed to carcinomas with age. A 100% incidence of
intestinal carcinomas was found in mice older than 30 weeks.
The longer lifespan of the A/] Min/+ mouse likely allowed
for the progression of lesions from adenomas to carcinomas.
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The first observed incidence of colon carcinoma was seen in
a 41-week-old A/] Min/+ mouse, which in mice, according
to Flurkey et al?’ equals approximately 38 human years.
FAP patients develop cancer at a median age of 42 years.>

In the A/] Min/+ mouse, the average colonic to small
intestinal lesion count ratio, when lesions of all sizes are
scored, was found to be 1.1:1. Even though the A/] Min/+
mouse does not develop tumors solely in the colon, but also
shows a similar tumor load in the small intestine, the ratio of
colonic to small intestinal lesions is closer to the ratio
observed in human FAP (>1:1) than that of the B6 Min/+
mouse (<1:40).** In human CRC, nuclear accumulation of
B-catenin has been found to occur early, and is consistent
throughout the adenoma-carcinoma sequence.*’ In compari-
son, the novel A/] Min/+ mouse model shows {-catenin
accumulation in monocryptal lesions as well as tumors. The
novel A/] Min/+ mouse model more closely resembles the
PIRC (Polyposis In the Rat Colon) rat model for colorectal
cancer, in that this rat also develops a greater number of
lesions in the colon.** Femia et al*® found that the number
of mucin-depleted foci, which are comparable to the flat
ACF, and macroscopic tumors in the PIRC rat colon
increased with age. This is similar to what was observed for
the A/] Min/+ mouse.

In summary, we have studied long-term spontaneous
intestinal tumorigenesis in the novel A/] Min/+ mouse to
explore whether it may be a more appropriate model for
colorectal cancer than existing murine FAP models. We
found that this novel mouse presented with a substantial
increase in colonic tumors, and that these lesions showed
Wnt signaling activation. Furthermore, we found that past a
certain age, both colonic and small intestinal adenomas pro-
gressed to carcinomas. This potential for carcinoma forma-
tion may be due to the increased lifespan of this mouse when
compared to conventional models where carcinomas have
not been detected. Taken together, these findings suggest the
novel A/] Min/+ mouse model as a relevant model for initia-
tion, promotion and progression of colorectal cancer.
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Detection and characterization of flat aberrant crypt foci
(flat ACF) in the novel A/J Min/+ mouse
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Abstract. Background: Flat aberrant crypt foci
(flat ACF) and mucin depleted foci (MDF) have
previously been described as preneoplastic
colonic lesions. We used the novel A/J Min/+
mouse model, which demonstrates extensive
spontaneous colon carcinogenesis, to refine the
method of detection of flat ACF, and to further
characterize and define them as early lesions by
histological examination and comparison with
MDF. Materials and Methods: Colons were
stained with methylene blue (MB) for flat ACF
detection and restained with HID-AB for MDF
Results:  Optimal  flat ACF
recognition required at least 24 hours of

detection.

storage post MB staining and adherence to a set
of characteristics. The fraction of flat ACF
corresponding with MDF was 93%. Flat
ACF/MDF displayed the same picture of severe
dysplasia, lack of mucus and goblet cells and
accumulation  of  cytoplasmic  f-catenin.
Conclusion: The easily detectable flat ACF are
reliable surface biomarkers of Apc-driven colon
carcinogenesis.

Introduction

To date, a variety of preneoplastic lesions
thought to be the initial step in colon
carcinogenesis have been characterized,
including aberrant crypt foci (ACF), flat
aberrant crypt foci (flat ACF), and mucin-
depleted foci (MDF) (1-4).

Correspondence to: Jan Erik Paulsen, Norwegian University of
Life Sciences, Department of Food Safety and Infection Biology,
PO Box 8146 Dep., 0033 Oslo, Norway. Fax: +47 6496 5001;
Email: jan.paulsen@nmbu.no

Keywords: Colorectal cancer, A/J Min/+ mouse, flat ACF, MDF

Aberrant crypt foci (ACF) were originally
described by Bird in 1987 in the colon of mice
treated with carcinogens, and are identified by
their characteristic morphology of enlarged
crypts, thickened epithelial lining, irregular
lumens, space, and
elevation from the mucosa (1, 5). The MDF was
first described by Caderni ef al. in 2003 (4), in
the colon of azoxymethane (AOM)-treated rats,
and was found to show dysplastic properties
similar to those observed in colonic tumors.
This lesion is first and foremost characterized
by no- or scarce production of mucins. Other
features of this lesion includes distorted cryptal
lumens that are smaller than surrounding crypts,
from the mucosa, and crypt
multiplicity of more than 3 crypts (4, 6).
Furthermore, the MDF also shows both f-
catenin accumulation and Apc mutations, two
traits present in colonic further
emphasizing the MDF as a preneoplastic lesion
for colon carcinogenesis (7, 8).

increased  pericryptal

elevation

tumors,

The multiple intestinal neoplasia (Min/+) mouse
is, like humans with the familial adenomatous
polyposis (FAP) syndrome, heterozygous for a
mutation in the tumour suppressor gene Apc.
This mutation leads to the development of
neoplastic  intestinal ~ polyps.
Inactivation of Apc with B-catenin accumulation

numerous

mimics Wnt signalling pathway stimulation
(reviewed in: 10-12). Unlike human FAP,
conventional C57BL/6]J (B6) Min/+ mice
develop tumors predominantly in the small
intestine. Even though the incidence of colonic
tumors is very low in this mouse, preneoplastic
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colonic lesions called flat ACF were found in
the colons of young B6 Min/+ mice; however,
no ACF were detected (3). Flat ACF differed
from the ‘classic’ ACF described by Bird as
they were not elevated from the mucosa, and
they were undetectable without methylene blue
(MB) staining and transillumination. Later
studies in azoxymethane (AOM) treated B6
Min/+ mice and rats revealed that only the flat
ACF, not the classic ACF, demonstrated a
continuous development from monocryptal
stage to tumor (2, 12). In AOM treated B6
Min/+ mice scored for flat ACF, MDF and
classic ACF, a 57% correspondence between
flat ACF and MDF
Approximately 50%
lesions were identified as classic ACF, and the
rest were not identified (13).

was  observed.

of the non-coincident

Our novel Min/+ mouse on an A/] genetic
background provides a better model for
colorectal cancer as these mice spontaneously
develop a considerable number of colonic
lesions that demonstrate a continuous growth
from the monocryptal stage to adenoma and,
with time, carcinoma (14). The flat ACF is
seldom chosen when colonic lesions are to be
scored, mainly due to a notion that this
particular lesion is difficult to detect (15).

The objectives of the present study were to: i)
refine the method of detection for flat ACF
using the sensitive A/J Min/+ mouse; ii) further
characterize the flat ACF and define them as
early of colon carcinogenesis by
histological examination and comparison with
MDF.

lesions

Materials and methods

A/J Min/+ mice. Intestines collected from A/J
Min/+ mice bred at the
Experimental Biomedicine at the Norwegian
University of Life Sciences, Campus
Adamstuen were used for the study. All animals
were housed in Makrolon Type III open top

Department of

plastic cages in a room with a 12-hour light/dark
cycle, 55-65% humidity and 20-22°C. Water
and feed were given ad libitum. All animals

were fed the standard rodent diet RM1 (SDS
Special Diet Services, Witham, UK) for the
duration of the study. Mice were sacrificed by
cervical dislocation. This study was conducted
in strict accordance with The Norwegian
Regulation on Animal Experimentation, and
approved by the Institutional Animal Care and
Use Committee at the Norwegian University of
Life Sciences, Campus Adamstuen.

Methylene Blue (MB) staining and scoring of
flat ACF. The colon was excised from anus to
cecum, rinsed in, and flushed with, ice-cold
phosphate buffered saline solution (PBS) to
remove any intestinal contents, before being slit
open longitudinally. Next, the colon was fixed
flat between two PBS-soaked filter papers held
together with staples. The flat-fixed colon was
then stored in 10% neutral buffered formalin for
at least 24 hours before staining. Once fixated,
the colon was removed from the filter paper.
Any remaining fat on the muscularis side of the
colon was carefully removed with a pair of
forceps, before the colon was stained for 8-10
seconds in a glass beaker containing a 0.2%
methylene blue (MB) (M9140, Sigma-Aldrich,
St. Louis, MO) dissolved in 10% neutral
buffered formalin solution. After no more than
10 seconds, the colon was transferred to a new
beaker filled with 10% formalin, rinsed of
excess MB, before again being transferred to
another beaker containing 10% formalin for a
second rinse. Next, the colon was moved to an
individual 50 ml Falcon® polypropylene tube
filled with either 10% formalin or 70% ethanol
for at least 24 hours. This last step is of
importance because the flat ACF is barely
visible until after at least 24 hours post
methylene blue staining (see Figure la). To
examine the MB-stained intestine, the colon was
placed in a Nunc® OmniTray single-well plate
(Thermo Fisher Scientific, Waltham, MA). This
plate was divided into segments by carving
vertical lines, each 1 cm thick, down the length
of the plate. Additionally, one horizontal line
spanning the plate was drawn down the center
of the plate, thus dividing the plate into a top
and bottom section. This grid was used to map
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the location of all colonic lesions. The colon,
with the mucosal side down, was fixed under a
glass microscope slide to ease scoring. To
examine the colon for flat ACF, surface
microscopy and transillumination using an
inverted microscope (CKX41, Olympus Inc.,
Hamburg, Germany) equipped with a digital
color camera (DP25, Olympus Inc.) was used.
Morphological appearance and surface location
of each lesion were documented with an image
and grid coordinates.

To be considered a flat ACF, a lesion must
fulfill certain specific criteria. It must i) turn a
bright blue/green color after MB staining, a
coloration distinguishable from normal crypts
which stain a more subdued brownish-green, ii)
have enlarged crypts with compressed luminal
openings, iii) show elongated pit patterns, which
gives it a gyrus-like appearance. One additional
feature of the flat ACF is usually, but now
always, present: the majority of the lesions lay
flat against the surrounding epithelium in the
colon; however, a small number of lesions may
appear somewhat polypoid. To be considered a
flat ACF, the first three criteria must be met,
flatness, albeit the
suggesting so, is not required. Although flat
ACF can be detected from the monocryptal
stage, in order to compare this lesion to the
MDF, only flat ACF containing more than 3
crypts were scored for the comparison analysis;
thus, all lesions between 4 and 30 crypts were
scored.

while lesion’s name

High-Iron Diamine Alcian Blue (HID-AB)
staining and scoring of MDF. After scoring the
MB-stained colon for flat ACF, the same colon
was stained with the HID-AB mucin stain to
look for MDF. High-Iron Diamine stains
sulfomucins a dark brown, while alcian blue
stains sialomucins blue (16). Other than the
amount of diamines used, the staining procedure
was as described by Caderni et al. (17). Briefly,
the MB-stained colons were rinsed in distilled
water for 5 minutes before staining with a HID
solution made with 45 mg N-N’-dimethyl-m-
phenylenediamine (219223, Sigma-Aldrich, St.

Louis, MO) and 55 mg of N-N’-dimethyl-p-
phenylenediamine (D4139, Sigma-Aldrich, St.
Louis, MO) dissolved in 50 ml of distilled
water, with 1.4 ml of 60% ferric chloride. Each
colon was stained for no less than 18 hours at
room temperature, , rinsed three times in
distilled water, and stained for 30 min with 1%
alcian blue (A1357, Sigma-Aldrich, St. Louis,
MO) in 3% acetic acid. Next, colons were
rinsed in 80% ethanol three times followed by a
rinse in distilled water, and stored in 10%
formalin or 70% ethanol. HID-AB stained
colons were examined like the MB stained
intestines, and morphological appearance and
surface location of each MDF was documented
with an image and grid coordinates, which was
later compared to the corresponding information
gathered from the MB stained colon. All MDF
larger than 3 crypts, and smaller than 30 crypts,
were scored for comparison with flat ACF.

Histological examination. After scoring the MB
and HID-AB stained intestines, histological
cross-sections were prepared. The HID-AB
stained intestines were cut into 1 cm segments
from distal to proximal end and embedded in
paraffin with the muscle side down, before
histological cross sections (2-3um) cut in
parallel with the mucosal surface, were made.
The sections were stained with hematoxylin and
eosin (HE). A set of intestines only stained with
MB were also used. These intestines were
prepared with a modification of the Swiss roll
technique (18). Briefly; the longitudinally cut,
flat-fixed colon was rolled lengthwise, from
proximal to distal end with the mucosa facing
inward, using a pair of curved dissecting
forceps. To hold the roll together, a pin was
pushed carefully through it. The prepared Swiss
embedded
histological sections (2-3pm) were made. Each
section was then manually stained with both
MB and HID-AB. The sections were stained
with  MB and HID-AB to observe how
histological sections of flat ACF and MDF stain
as compared to whole colon staining. For MB

rolls were in paraffin before

staining: the histological sections were stained
for 10 seconds in the same MB solution used to
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stain the full colon, followed by two 10%
formalin rinses before overnight storage in 10%
formalin. For HID-AB staining: the sections
were stained in the equivalent HID solution as
used for the colon whole mount for no less than
18 hours, and subsequently rinsed in dH,O prior
to a dip in alcian blue. Next, the sections were
rinsed in dH,O again, and counterstained for 5
minutes with nuclear fast red to achieve the pink
coloration seen in the whole mount sample
scored for MDF. Finally the sections were
rinsed in dH,0, before mounting from xylene.

Immunohistochemistry. Swiss rolls were also
subjected to P-catenin staining to show Wnt
signaling activation. Paraffin sections were
deparaffinized  and  rehydrated,
endogenous peroxidase quenching with 3.0%
H,0,. Antigen retrieval was performed in
Tris/EDTA (pH 9.1). Sections were blocked
using the Mouse on Mouse (M.O.M) kit (Vector
Laboratories,  Burlingame, CA),
incubation with a primary monoclonal antibody
against f-catenin (Purified mouse anti-f3-
catenin, C19220; Transduction Laboratories,
Lexington, KY) at a 1:2,500 dilution. Sections
were incubated in M.O.M. biotinylated anti-
mouse IgG reagent followed by addition of the
avidin-biotinylated ~ peroxidase complex.
Antibody binding was detected with DAB
substrate
protocol (34065, Thermo Scientific Pierce,
Waltham, MA). Sections were counterstained
with hematoxylin, and mounted from xylene.

before

before

according to the manufacturer’s

Results

Detection of flat ACF. Flat ACF were easily
identified when the colons were prepared as
described in detail above. Critical steps for
detection were: flushing through the colon with

ice cold PBS to remove luminal content;
longitudinal bisection of the colon before
careful flattening on a smooth, PBS-soaked
surface; the wet, flat colon
preparation to filter paper and placing another
wet filter paper on top, securing with staples;
fixing flat between the filter papers in formalin
for at least 24 hours. Testing showed that
staining with MB for no more that 8-10
seconds, followed by at least 24 hours of storage
before surface examination, produced optimal
lesion coloration. When adhering to these time
requirements, flat ACF appeared as blue-green
structures that differed from the surrounding
tissues which stained a brownish-green color
(Figure 1la). In addition to coloration,
compressed crypt openings exhibiting gyrus-
like pit patterns (see Figure la and 1b) were
considered critical flat ACF
detection. Furthermore, the majority of flat ACF
exhibited a flat structure compared with the
surrounding mucosa, even at a relatively large
size (Figure 1b, right); however, sometimes
these lesions could have a polypoid appearance,
even when small in size (Figure 1b, middle).
Polypoid flat ACF were differentiated from
classic ACF by their gyrus-like pit pattern.

transferring

features for

Correspondence between flat ACF and MDF.
Ten colons from A/J Min/+ mice ranging from
10 to 32 weeks old were examined after staining
with two distinct staining methods to detect the
early colonic lesions flat ACF and MDF. A total
of 107 lesions were scored. Of these, 106 were
scored as flat ACF and 100 were scored as
MDF: 99 lesions were scored as flat ACF in
MB and as MDF in HID-AB, with a fraction of
correspondence of 92.5% (Figure 1b and d). A
total of 7 lesions (6.5 %) were scored as flat
ACF in the MB stained intestine, but did not
fulfil the criteria of an MDF after HID-AB
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Figure 1. Representative examples of morphological features of colonic lesions spontaneously
formed in the A/J Min/+ mouse. Images a (right), and b (top) are good examples of flat ACF
fulfilling the criteria of coloration, crypt size, compressed luminal openings, and gyrus-like pit
patterns. (a) Illustrates the importance of allowing sufficient time to pass after staining the colon
with methylene blue prior to scoring : coloration of a large flat ACF after 10 minutes (left), 3 hours
(middle), and 24 hours (right). (b) Coinciding lesions identified as flat ACF with MB staining (top)
and as MDF with HID-AB staining (bottom). The middle image shows a polypoid flat ACF/MDF
that is slightly elevated from the mucosa. (c) A non-corresponding lesion scored as a flat ACF, but
not as an MDF. This lesions may have been a collection of smaller flat ACF in close proximity
(rather than one large lesions), with healthy, mucin-producing crypts interspersed in between,
masking mucin depletion in the adjacent lesions. (d) Histogram showing the percent of flat ACF
scored in MB-stained colons corresponding with MDF scored in HID-AB-stained colons (green
box), percent of flat ACF not scored as MDF in HID-AB (red box), and percent of MDF not
corresponding with flat ACF in MB (orange box). Values in parentheses show the number of lesions

in each category. All magnifications are x100

staining. Also, 0.9% of lesions that were
identified as MDF in the HID-AB stained colon
were not scored as flat ACF in the MB stained
intestine (Figure 1d). The non-corresponding
lesions were either not detected, or did not
fulfill criteria for the specified lesion (Figure
1c).

Histological characterization of corresponding
flat ACF and MDF. After surface examination,
histological cross-sections were made to
determine the pathological status of the lesions.
All the flat ACF/MDF examined exhibited the
same picture of severe dysplasia as shown in
Figure 2a-c. Longitudinal sections made from
Swiss rolls demonstrated that small and large

— Flat ACF
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Figure 2. Representative examples of histological features of colonic lesions spontaneously
formed in the A/J Min/+ mouse. (a — c) Cross-sections of HE-stained flat ACF of different sizes.
Longitudinal sections of HE-stained Swiss rolls showing small flat ACF (d and e), and a tumor (f);
note that both small and large lesions (a — e, f) display the same degree of dysplasia. Longitudinal
sections of Swiss rolls stained with (g and j) methylene blue (MB), (h and k) high-iron diamine
alcian blue (HID-AB) counterstained with nuclear fast red, and (i and 1) 3-catenin
immunohistochemistry. (g— i) shows a 1-2 crypt flat ACF/MDF, while (j — 1) shows a large flat
ACF/MDF. HID-AB staining (h and k) clearly allowed for detection of the dysplastic lesions by
indicating loss of goblet cells and mucus production, while MB staining (g and j) merely stained the
dysplastic crypts a darker blue than normal crypts. B-catenin accumulation (i and 1) was observed in
sections coinciding with the MB and HID-AB lesions, indicating that both show Wnt signaling
pathway activation. Magnifications (a — e), and (g — 1): x400; Magnifications (f), and (j —1): x100
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lesions always displayed the same degree of
dysplasia (Figure 2d-f). Serial sections from
Swiss rolls were stained with MB, HID-AB and
P-catenin in order to define -characteristic
features of these lesions. While HID-AB
staining clearly allowed for detection of the
dysplastic status of the lesions by indicating loss
of goblet cells and mucus production (Figure 2h
and k), MB staining did not do anything other
than stain the dysplastic crypts a darker blue
than normal crypts (Figure 2g and j). Swiss roll
immunohistochemistry ~ showed  B-catenin
accumulation in sections coinciding with MB
and HID-AB lesions, indicating Wnt signaling
pathway activation in both lesions (Figure 2i
and I).

Non-corresponding flat ACF and MDF. The
one lesion identified as MDF, but not scored as
flat ACF, was obviously overlooked since it
displayed all characteristics of a flat ACF, in
particular compressed pit pattern. The 7 lesions
that were scored as flat ACF, but not identified
as MDF (see Figure 1c), were attempted to be
identified in cross sections without success.

Discussion

In the present work, we used the novel A/J
Min/+~ mouse model, which demonstrates
extensive spontaneous initiation, promotion, and
progression of colorectal cancer (14), to refine
the method of detection of flat ACF, and to
further characterize and define them as early

lesions of colon carcinogenesis.

Although flat ACF have been recognized as
suitable preneoplastic colonic lesions (19-21),
few other groups have wused them in
experimental studies. This is apparently due to
difficulties with technical or methodological
aspects of flat ACF detection; consequently, the
present work aimed at providing more detailed
and refined methods of detection. Of particular
importance were the time requirements during
MB staining: the colons should not be stained
more than 8-10 seconds; after which the colons
must be stored in 10% formalin or 70% ethanol

for at least 24 hours. After 24 hours, the flat

ACEF had retained more methylene blue than the
surrounding normal epithelium, which then
allowed for a color distinction between
dysplastic and healthy crypts (see Figure 1a).
The reason for this is unknown, but Ochiai ef al.
(22) suggests that dysplastic tissue may be more
resilient to decolorization after treatment with
methanol than normal tissue. This may also
potentially be true for decolorization in formalin
or 70% ethanol, which is used in the method
described here. Other than showing slightly
darker coloring in dysplastic crypts, staining
histological sections of flat ACF with MB did
not provide any additional information to
explain why a color difference is produced.
Since other structures, such as lymphoid
aggregates, may attain similar coloration as flat
ACF, feature for flat ACF
detection was defined: to be considered a flat
ACEF, the lesions must contain compressed crypt
openings with gyrus-like pit patterns. The
majority of flat ACF did not protrude above the
surrounding mucosa; however, a few lesions did
appear slightly polypoid. By examining pit
patterns, these polypoid flat ACF could be
distinguished from classic ACF, a type of
lesions which accounts for only 0.4% of the

an additional

preneoplastic lesions in this model (14).

We found a high correspondence (93%)
between flat ACF and MDF, and histological
characterization of the strongly
suggested that these surface biomarkers indeed
represent the same dysplastic lesions formed in
APC-driven colon carcinogenesis. Hence, the
A/J Min/+ mouse model resembles the Pirc rat

lesions

(23). Of the non-corresponding lesions, one
MDF was not scored as a flat ACF. However,
this lesion was presumably a flat ACF since the
MDF clearly showed all characteristics required
for classification as a flat ACF. There were also
seven lesions that were scored as flat ACF but
not as MDF. Why these lesions were scored as
flat ACF while failing to fulfill the criteria for
MDF is uncertain. Although the A/] Min/+
mouse only has a very small fraction of classic
ACF (14), one explanation may be that some of
these non-coincidental lesions were in fact
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classic ACF, which do not exhibit complete
mucin  depletion (4). Another potential
explanation is that the flat ACF scored may
have been a collection of smaller flat ACF in
close proximity (rather than one large lesion),
with  healthy,  mucin-producing  crypts
interspersed between these smaller flat ACF,
masking mucin depletion in the adjacent lesions
(see Figure lc). It is also possible that non-
coincidental lesions represent something that
has yet to be described. Unfortunately,
preparing histological cross-sections of this
small fraction of lesions was unsuccessful.

In AOM treated B6 Min/+ mice, the
correspondence between flat ACF and MDF has
previously been determined to be only 57%
(13), in contrast to 93% in the present study.
The discrepancy between these two studies may
be due to additional tumor causing mechanisms
in AOM treated Min/+ mice that are not present
in the spontaneous tumorigenesis of the A/J
Min/+ mouse. In the AOM-treated B6 Min/+
mouse (13), some MDF were scored as classic
ACF, while in the A/J] Min/+ mouse, classic
ACF are rarely observed (14). In the study by
Femia et al (13), some of the lesions scored in
the MB stained colon may have actually been
polypoid flat ACF wrongly scored as classic
ACF. As the present work clearly shows, flat
ACF may appear polypoid (see figure 1b,
middle). Here, when these polypoid flat ACF
were restained with HID-AB, mucin depletion
was unmistakable.

In conclusion, flat ACF can easily be detected
by surface examination of MB-stained colons
from the A/J Min/+ mouse, which demonstrates
extensive spontaneous colon carcinogenesis.
The virtually complete overlap between flat
ACF and MDF, as well as their comparable
histological characteristics, suggests that these
structures indeed represent the same early,
dysplastic colonic lesion. Consequently, flat
ACF are reliable surface biomarkers of APC-
driven colon carcinogenesis.
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Abstract

Red and processed meats are considered risk factors for colorectal cancer (CRC); howev-
er, the underlying mechanisms are still unclear. One cause for the potential link between
CRC and meat is the heme iron in red meat. Two pathways by which heme and CRC pro-
motion may be linked have been suggested: fat peroxidation and N-nitrosation. In the pres-
ent work we have used the novel A/J Min/+ mouse model to test the effects of dietary hemin
(a model of red meat), and hemin in combination with nitrite (a model of processed meat) on
intestinal tumorigenesis. Mice were fed a low Ca?* and vitamin D semi-synthetic diet with
added hemin and/or nitrite for 8 weeks post weaning, before termination followed by exci-
sion and examination of the intestinal tract. Our results indicate that dietary hemin de-
creased the number of colonic lesions in the A/J Min/+ mouse. However, our results also
showed that the opposite occurred in the small intestine, where dietary hemin appeared to
stimulate tumor growth. Furthermore, we find that nitrite, which did not have an effect in the
colon, appeared to have a suppressive effect on tumor growth in the small intestine.

Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide, and accounts for a large
number of deaths each year [1]. Although the cause of sporadic CRC is not clear, it appears
that food and nutrition is closely related with both causation and prevention of this type of can-
cer [2]. Intake of red and processed meat has been linked to an increased risk of colorectal can-
cer; however, it is still unclear exactly how these are connected. The relationship between red
meat and CRC is complex, and may depend on other variables besides the meat itself; heme
iron or nitrite in meat, harmful intestinal microbiota, abnormally functioning digestive system,
or an unbalanced diet composition [3,4]. Research suggests that heme iron in the meat may be
the culprit, which may explain why the link between CRC and red meat is stronger than the
link between CRC and intake of white meat, which is low in heme iron [5,6]. Two pathways by
which heme and CRC promotion may be linked have been suggested: fat peroxidation which
produces aldehydes capable of forming mutagenic adducts with DNA, and N-nitrosation
which may result in the formation of N-nitroso-specific DNA adducts. The former pathway
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may explain CRC promotion by fresh, red meat, while the latter may clarify CRC promotion
by nitrite-cured (processed) meat [7]. Heme iron is believed to catalyze the endogenous forma-
tion of N-nitroso compounds (NOCs) in the colon, many of which are known carcinogens
[6,8]. In processed meat, added nitrate and nitrite may also contribute to exogenous formation
of NOCs within the meat. Furthermore, nitrite cured meat combines heme iron and nitrite in
the digestive tract producing more endogenous NOCs than fresh meat, which may account for
the hypothesis that processed meat is more closely related to CRC promotion than fresh meat
[2,9].

Development of colorectal cancer is a multistep process involving tumor initiation, promo-
tion, and progression. In humans, most colorectal cancers progress very slowly; it may take
5-20 years from early colonic lesions to develop into benign adenomatous polyps, and another
5-15 years for those adenomas to develop into a malignant carcinoma [10,11]. Most cases of
colorectal cancer appear to be caused by somatic mutations, but a small number of cases are
the result of germ-line mutations in the tumor-suppressor gene adenomatous polyposis coli
(APC) which causes an inherited condition called familial adenomatous polyposis (FAP)
[12,13]. FAP is characterized by the development of multiple adenomas in the colon, and oc-
curs when an individual that has inherited one mutated APC allele experiences loss of heterozy-
gosity. Inactivation of the second APC allele causes decreased degradation of B-catenin and
activation of the canonical Wnt signaling pathway, which in turn leads to dysplasia [14-16]. In
individuals who do not have FAP, approximately 80% of sporadic colon cancer cases still ap-
pear to be related to mutations in the APC gene where one allele mutates first, followed by mu-
tation in, or loss of, the second allele [17].

The APC multiple intestinal neoplasia (Min/+) mouse (Mus musculus) is one of the most
widely used murine models for human FAP. The Min mouse has a heterozygous truncation
mutation at codon 850 of the tumor suppressor gene APC. This mutation is analogous to the
mutation seen in the human APC gene, and results in the spontaneous formation of several
neoplastic lesions in the mouse intestines [16,18-20]. FAP patients usually develop hundreds
to thousands of adenomas in the colon and rectum, while the conventional Min/+ mouse, bred
on a C57BL/6] genetic background, mainly develops adenomas in the small intestine and only
a few in the colon [13,21]. A new Min/+ mouse strain, established at the Norwegian Institute of
Public Health, develops a much higher number colonic lesions as compared to the C57BL/6]
Min/+ mouse, and may therefore be more suited as a model for human CRC [22]. These early
colonic lesions are known as flat aberrant crypt foci (flat ACF), and are visible as enlarged
crypts with compressed pit patterns, which are not elevated from the mucosa, and are only visi-
ble with methylene-blue staining and transillumination. The flat ACF exhibits a continuous de-
velopment from the monocryptal stage to adenoma. The adenoma, a benign lesion that may
develop into a malignant adenocarcinoma, resembles the flat ACF, but contains a larger num-
ber of aberrant crypts, and is usually elevated from the mucosa [23].

The objective of the present study was to investigate the potential involvement of dietary
heme and dietary nitrite on the development of colorectal cancer in the A/] Min/+ mouse model.

Materials and Methods
Ethics Statement

Experiments were conducted in accordance with The Norwegian Regulation of Animal Experi-
mentation, and approved by the Norwegian Animal Research Authority (application ID:
5556). All animals were sacrificed by cervical dislocation.
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Animals

The A/] Min/+ mouse was produced at the Norwegian Institute of Public Health after backcross-
ing the Min/+ trait onto an A/J genetic background for more than 12 generations to secure their
status as inbred [22]. This mouse was transferred to the Norwegian University of Life Sciences,
Campus Adamstuen, where it has been maintained for several generations. The mice are main-
tained as an inbred colony, with brother-sister breeding as the chosen breeding-pair configuration
when possible. New A/] blood is regularly added to the colony by backcrossing A/J +/+ females
purchased from Jackson Laboratory (The Jackson Laboratory, Bar Harbor, ME) with resident A/J
Min/+ mice in order to uphold the A/J Min/+ mouse line. All animals involved in the present
study were bred at the experimental animal facilities at the Norwegian University of Life Sciences,
Campus Adamstuen.

A/] Min/+ males were mated with A/] +/+ females, and the resulting Min/+ pups from
each litter were used for the experiment. In total, 80 Min/+ offspring were used (1:1 ratio of
males to females). All animals, both parents and offspring, were housed in Makrolon Type III
open top plastic cages in a room with a 12-hour light/dark cycle, 55-65% humidity and 20-
22°C. Water and feed were given ad libitum. Once born, the litter remained in the parental
cage until weaned at 19-21 days, after which the pups were separated from the parental cage.
Only mice with the APC mutation were used for the experiments, and to correctly determine
the genotype of each mouse, ear tissue was collected at time of weaning. The ear tissue was sub-
sequently processed to extract DNA for polymerase chain reaction. Allele-specific PCR was
used to genotype the mice using three primers; MAPC MT (5-TGAGAAAGACAGAAGTA
-3’), MAPC 15 (5-TTCCACTTTGGCATAAGGC-3’), and MAPC 9 (5-GCCATCCCTT-
CACGTTAG-3’). The PCR product from a Min allele is 327bp long, while the PCR product
from a wild-type allele (+) is 618bp long [24].

Diets and experimental study design

Four experimental diets were designed: Hemin (model of red meat), Hemin+Nitrite (model of
processed meat), Nitrite, and Control. The amount of hemin added to the diet was chosen
based on demonstrated effectiveness in previous studies [25-28]. The Hemin+Nitrite and the
Nitrite diet contained 2.8umol/g of sodium nitrite (NaNO,). To balance the iron and sodium
contents of the diets, each diet received the appropriate amount of iron (FeCl;) and/or sodium
(NaCl): 0.5umol/g and 2.8umol/g respectively. Each experimental diet was on a semi-synthetic
AIN-93M basis, with reduced calcium (15umol/g) and no added vitamin D (0IU/g) (SDS spe-
cial diet services, Witham, UK). To achieve low vitamin D, the milk protein casein, usually
present in the AIN-93M diet, was exchanged for Hamlet soy protein for all four diets. The
semi-synthetic AIN-93M diet base contained 4% fat and 73% carbohydrates. Both the Hemin
and the Hemin+Nitrite diets contained 0.5pmol/g hemin, a ferric form of heme iron with a
chloride ligand. Once genotyped, the A/] min/+ mice were randomly assigned to four experi-
mental groups to test effects of the four diets on intestinal tumorigenesis: Hemin (n = 21, 11 fe-
males and 10 males), Hemin+Nitrite (n = 20, 10 females and 10 males), Nitrite (n = 20, 10
females and 10 males), and Control (n = 19, 10 females and 9 males). The animals were fed the
experimental diets for eight weeks, from weaning at 3 weeks until 11 weeks, when the experi-
ment was terminated.

AIN-93M versus RM1

To demonstrate the dynamics of the novel A/] Min/+ mouse model, a parallel group of 15 A/J
Min/+ mice fed the standard rodent diet, RM1, was included in the study. RM1 is a natural
ingredient diet containing wheat, wheatfeed, barley, whey powder, soya oil, soya protein
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concentrate, and de-hulled extracted toasted soya. In contrast, the semi-synthetic AIN-93M
diet used in this study contained Hamlet soy protein, corn starch, cellulose, sucrose, and soya
oil. Both diets are supplemented with vitamins and minerals. Proximal analyses of both diets,
based on values provided by the manufacturer (SDS special diet services, Witham, UK), are
presented in S1 Table. Lesion development in 11 week (n = 9) and 25 week (n = 6) old
RM1-fed A/] Min/+ mice was then compared to 11 week old mice fed the AIN-93M Control
diet (n =19).

Scoring of small intestinal and colonic lesions

Mice were terminated by cervical dislocation at 11 weeks before the small and large intestines
were excised from anus to stomach, rinsed in, and flushed with, ice-cold phosphate buffered sa-
line solution (PBS), before being slit open longitudinally. The small intestines were divided into
three parts; proximal, middle, and distal, while the colon remained intact. Both small and large
intestines were then fixed flat between PBS-soaked filter papers. The flat fixed intestines were
stored in 10% neutral buffered formalin for no less than 24 hours. Once fixated, the intestines
were stained for 10-15 seconds with 0.2% methylene blue dissolved in the same formalin solu-
tion. The intestines were rinsed in fresh formalin to remove excess methylene blue stain, and
stored in 10% neutral buffered formalin for another 24 hours, prior to examination by transillu-
mination in an inverse light microscope. All examinations were done by an observer blind to
the treatment of each sample. Surface microscopy was used to detect tumors as well as the early
colonic lesions, flat ACF. The latter can be recognized by the difference in color as compared to
normal epithelia; flat ACF stain a brighter blue/green while normal crypts a more subdued
brownish-green. Furthermore, the flat ACF has enlarged crypts, lays flat against the surrounding
epithelium, and has compressed luminal opening which give the lesion a gyrus-like appearance.
The tumor resembles the flat ACF, but contains 30 or more aberrant crypts, and is usually ele-
vated from the mucosa (S1 Fig). To describe the distribution of flat ACF and tumors, the re-
corded lesions were grouped into lesion size classes. The smallest colonic lesions observed
ranged in size from 0.002 to 0.008 mm?, therefore this was chosen as the first size class. The re-
maining lesions were grouped into four additional size classes based on a suitable logarithmic
scale with a base of 8: 0.009 to 0.064 mm?, 0.065 to 0.512 mm?, 0.513 to 4.096 mm?, and lesions
greater than 4.097 mm®.

Statistics

All results are expressed as mean values with 95% confidence intervals. All comparisons were
performed two-tailed with a significance level of 5%. To test for differences between effects of
the four diets, a two-way Analysis of Variance (ANOVA), with gender as a covariate, was used.
Some gender differences were noticed, but no interactions between diet and gender were
found, so the effects seen in the different diet groups were never dependent on gender. Thus,
gender was pooled for further analysis. To test for differences between Hemin+ and Hemin-,
and Nitrite+ and Nitrite-, a two-way ANOVA, was performed. If significant results were ob-
tained in the two-way ANOV As, the Holm-Sidak pairwise multiple comparisons post hoc test
was used.

Results

To determine the tumorigenic potential of the dietary interventions the following variables
were scored: number of small intestinal and colonic tumors, number flat ACF in the colon, le-
sion size (mm?) and load (total area of the lesions).
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Body weight

Mice were fed specialized diets for 8 weeks, from weaning at week 3 till termination at week 11.
After 8 weeks on the diets, there was a significant difference in body weight for animals in the
four diet groups. Significant differences were also detected between males and females within
each diet, however, no interaction between gender and diet was observed (Table 1). The
Holms-Sidak post hoc test showed that animals in the Hemin+Nitrite group had a significantly
lower body weight at termination than animals in both the Nitrite and the Control diet groups.
However, there was no significant difference in the body weight of animals in the Hemin +-
Nitrite group when compared to those in the Hemin group. The animals fed Hemin were also
significantly lighter than the control animals, but no such difference was observed when these
animals were compared to animals fed nitrite alone. There was no significant difference in
body weight detected in animals in the Nitrite diet group as compared to control animals.

Colon

In the colon, two types of lesions were observed; flat ACF and tumors (Fig 1 and S1 Fig). The
number of flat ACF observed in the colon of mice fed diets Hemin or Hemin+Nitrite was sig-
nificantly lower than in mice fed Nitrite or Control. The size of flat ACF did not differ between
mice fed the four different diets. Nevertheless, a tendency for slightly smaller flat ACFs was
seen in both Hemin and Hemin+Nitrite fed animals, although not significant. The total area of
flat ACF per mouse (flat ACF load) was significantly lower in mice fed Hemin or Hemin+-
Nitrite than in mice fed Nitrite or Control. When compared with flat ACF, the mice had few
colonic tumors. Interestingly, the patterns of tumor number (p = 0.090), tumor size and tumor
load (p = 0.075) observed in animals fed the four experimental diets were similar to those ob-
served for flat ACF. However, the differences in tumor scores did not achieve statistical
significance.

In previous studies, a continuous development from the monocryptal flat ACF to the stage
of adenoma has been demonstrated; all lesions were characterized by severe dysplasia, altered
control of B-catenin and rapid growth [29]. Hence, we present size distributions of pooled flat

Table 1. Average body weight of animals in a diet group, recorded after termination at 11 weeks.

Diet Gender N Body weight
Control® Female 10 20.8 [20.1-21.5]
Male 9 25.2 [23.8-26.6]
Total 19 22.9[21.6-24.2]
Hemin®® Female 11 19.6 [18.3-20.8]
Male 10 22.0[20.7-23.3]
Total 21 20.7 [19.7-21.7]
Hemin+Nitrite® Female 10 18.2[17.2-19.2]
Male 10 21.4[20.4-22.4]
Total 20 19.8 [18.8-20.8]
Nitrite®® Female 10 20.3[18.9-21.6]
Male 10 23.4 [22.3-24.4]
Total 20 21.8[20.7-22.9]

All values are presented as mean [95% confidence interval]. Treatment means with a different superscript
are significantly different at p<0.05. Two-way ANOVA p-values: Diet p<0.001; Gender p<0.001; Diet X
Gender p = 0.410.

doi:10.1371/journal.pone.0122880.t001
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Fig 1. Colonic lesion development in A/J Min/+ mice fed four different diets; (/) Control; (®) Hemin; ()
Hemin+Nitrite; () Nitrite. A-C shows data for flat ACF, while D-F presents data for colonic tumors. A and D)
Number of lesions, B and E) size of lesions, C and F) flat ACF load and tumor load, respectively. Values
represent the mean, error bars show the 95% confidence interval. Horizontal bars indicate significant
difference between the groups.

doi:10.1371/journal.pone.0122880.9001

ACF and tumors to illustrate the effects of the dietary interventions (Fig 2). As expected,
Hemin, or Hemin+Nitrite caused a shift towards smaller lesion sizes and fewer lesions com-
pared with Nitrite or Control (Fig 2A). This suppressive effect was apparently due to the pres-
ence of hemin in the diet, as illustrated by the size distributions (Fig 2B) of these lesions in
mice fed Hemin" (pooled Hemin and Hemin+Nitrite) compared with mice fed Hemin®
(pooled Nitrite and Control). The Two-Way ANOVA (Table 2) showed that hemin in the diet
(Hemin") caused a statistically significant reduction in the formation of flat ACF and tumors
as well as in the growth of flat ACF. Typically, the load of flat ACF and tumors was reduced by
approximately 60% (p<<0.001 and p = 0.019, respectively). When comparing mice fed Nitrite"
(pooled Nitrite and Hemin+Nitrite) to mice fed Nitrite” (pooled Control and Hemin), no sig-
nificant difference was observed (Table 2), indicating that nitrite in the diet did not have an ef-
fect in the colon of the A/] Min/+ mice.

Small intestine

The size of small intestinal tumors was reduced in animals in the Nitrite group compared with
animals in the Hemin, Hemin+Nitrite, or Control groups (Fig 3). However, the number of tu-
mors, or tumor load did not differ significantly among animals fed the four diets. The mean sizes
(Fig 3B), as well as the size distributions of the small intestinal tumors from animals (Fig 4A) fed
these diets suggest that dietary hemin might stimulate tumor growth in the small intestines. This
is further illustrated by the size distribution of small intestinal tumors from animals fed Hemin"
and Hemin (Fig 4B) and their differences in calculated tumor size (P<0.001; Table 2). Also a
suggestive increase (P = 0.084) in tumor load (mm*/mouse) was observed in mice fed Hemin" as
compared with mice fed Hemin™ (Table 2). In contrast, the mean size of tumors in mice fed Ni-
trite” significantly decreased when compared to mice fed Nitrite’, suggesting that dietary nitrite
may cause a suppressive effect on tumor growth in the small intestine (Table 2).
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Fig 2. Size distribution of flat ACF and tumors in the colon of A/J Min/+ mice. A) mice fed four different
diets, (A) Control; (®) Hemin; (¢) Hemin+Nitrite; ([]) Nitrite, and B) mice fed diets with or without hemin, (®)
Hemin™; (o) Hemin". The smallest size class contained lesions with 1-4 crypts. One crypt had an area of
0.002mm?.In the colon, lesions are considered tumors if they contain more than 30 crypts/lesion
(approximately 0.4mm?).

doi:10.1371/journal.pone.0122880.9002

Comparison of control diet and basic maintenance diet

The tumorigenesis induced by the Control (modified AIN-93) diet was compared with the tu-
morigenesis induced by the standard maintenance diet RM1 (Fig 5). In the colon, the RM1 diet
yielded significantly more flat ACF (p<0.001) and more tumors than the Control diet, demon-
strating that dietary components actually may stimulate the A/] Min/+ mouse model used
(positive control). Furthermore, the size distribution data showed that flat ACF increased their
size from week 11 to week 25, indicating a progression from early lesion to tumor. In the small
intestine, animals fed RM1 for 11 weeks had a larger amount of lesions than 11 week old AIN-
93M-fed animals. However, the AIN-93M lesions were significantly larger than those seen in
RM1 animals of the same age (p<0.001). RM1-fed animals terminated at week 25 had a
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Table 2. Number of lesions, lesions size, and lesion load in the colon and small intestine of A/J Min/+ mice fed a diet with or without hemin
(Hemin™: Hemin and Hemin+Nitrite; Hemin™: Nitrite and Control), or a diet with or without nitrite (Nitrite*: Nitrite and Hemin+Nitrite; Nitrite": Hemin

and Control).

Number of lesions/mouse

Lesion size (mm?/group)

Load (mm?*/mouse)

Colon Flat ACF Tumor Flat ACF Tumor Flat ACF Tumor

Hemin Hemin*  4.07 [3.18-4.97] 0.49 [0.27-0.71] 0.02 [0.01-0.03] 2.00[1.47-2.54] 0.09 [0.05-0.12] 0.98 [0.46—1.49]
Hemin~  8.13[6.45-9.81] 1.05 [0.64—1.46] 0.03[0.01-0.04] 2.25[1.74-2.76] 0.24 [0.19-0.28] 2.36 [1.42-3.31]
P-value  <0.001 = 0.020 =0.023 =0.598 <0.001 =0.019

Nitrite Nitrite ¥ 6.03 [4.90-7.15]  0.75 [0.45—1.05] 0.03[0.01-0.04] 2.24[1.70-2.77] 0.16[0.11-0.21]  1.68 [0.89-2.46]
Nitrite ~  6.08 [4.33-7.82]  0.78 [0.40-1.15] 0.03[0.01-0.04] 2.10[1.60-2.60] 0.16[0.11-0.20]  1.63 [0.86-2.40]
P-value =0.418 =0.881 =0.831 =0.559 =0.930 =0.942

Hemin X Nitrite P-value =0.918 =0.570 =0.140 =0.279 =0.646 =0.819

Small intestine

Hemin Hemin * 22.05 [19.46-24.64] 0.63 [0.45-0.80] 13.80 [11.32-16.28]
Hemin - 20.43 [18.36—22.51] 0.50 [0.38-0.63] 10.31 [9.05-11.57]
P-value =0.346 <0.001 ns (p = 0.084)

Nitrite Nitrite * 21.33[18.98-23.67] 0.54 [0.40-0.67] 11.41[9.58-13.24]
Nitrite - 21.20 [18.80-23.60] 0.60 [0.43-0.77] 12.79 [10.52-15.06]
P-value =0.898 = 0.024 = 0.456

Hemin X Nitrite  P-value =0.208 =0.055 =0.999

Data is presented as mean [95% confidence interval]. Significant results are shown in bold text

doi:10.1371/journal.pone.0122880.t002

comparable number of lesions to those observed in the 11 week old mice, but the lesions in the
25 week old mice were significantly larger (p<0.001).

Discussion

In the present experiment, the A/] Min/+ mouse was used to test the effect of dietary hemin (a
model of red meat), and hemin in combination with nitrite (a model of processed meat) on in-
testinal tumorigenesis. Surprisingly, we found that mice fed hemin, either in combination with
nitrite or not, experienced a significant decrease in both number and load of the early colonic
lesions; flat ACF. Hemin thus appeared to suppress growth of flat ACF in the colon of A/J
Min/+ mice. The iron(III) chloride added to the Control and Nitrite diets to balance for the
heme iron in the Hemin and Hemin+Nitrite diets could potentially account for the differences
observed in mice fed diets with or without hemin, however, from the literature it seems that
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Fig 3. Small intestinal lesion development in A/J Min/+ mice fed four different diets; (A) Control; (®)
Hemin; (¢) Hemin+Nitrite; ([J) Nitrite. A) number of tumors, B) tumor size, and C) tumor load in the small
intestine. Values represent the mean, error bars show the 95% confidence interval. Horizontal bars indicate
significant difference between the groups.

doi:10.1371/journal.pone.0122880.9003
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Fig 4. Size distribution of tumors in the small intestine of A/J Min/+ mice. A) mice fed four different diets,
(A) Control; (®) Hemin; (¢) Hemin+Nitrite; ((]) Nitrite, and B) mice fed diets with or without hemin, (®) Hemin*;
(o) Hemin". The smallest size class contained lesions with 14 crypts.

doi:10.1371/journal.pone.0122880.9004

the free iron concentration added to the non-hemin diets was too low to explain these tumors
[30-34]. The decrease in number and load of flat ACF in A/] Min/+ mice fed hemin was mir-
rored for colonic tumors as well, albeit not significantly. We also saw a tendency for hemin-fed
animals to have smaller colonic lesions than animals not fed hemin. Winter et al. [35] found
that mice fed 0.2 pmol/g hemin showed an increase in proliferation when fed hemin for 3
weeks. Furthermore, they saw that apoptosis was inhibited in animals fed hemin for 6 months,
and also that long term hemin-feeding increased DNA adducts in the colon. However, they did
not see any increase in colonic neoplasms. This is similar to what we found in the present
study.

Why hemin-fed A/J] Min/+ mice in this study did not show an increase in colonic lesions is
uncertain. It has previously been shown that anti-inflammatory drugs decrease the number of
tumors in C57BL/6] Min/+ mice [36,37]. Thus, it could be speculated that the effects observed
in the present study may, in some way, be connected to inflammation. Zhong et al. [38] found
that, in a DSS-induced murine model for colitis, hemin decreased colonic inflammation, as
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Fig 5. Size distribution of colonic and small intestinal lesions of A/J Min/+ mice fed two different
rodent diets. A) flat ACF and tumors in the colon, and B) tumors in the small intestine of animals fed (v)
AIN-93M for 11 weeks, (¢)RM1 for 11 weeks, or (o) RM1 for 25 weeks. The smallest size class contained
lesions with 1—4 crypts. One crypt had an area of 0.002mm?. In the colon, lesions are considered tumors if
they contain more than 30 crypts/lesion (approximately 0,4mm?).

doi:10.1371/journal.pone.0122880.9005

well as reduced expression of the proinflammatory cytokine interleukin-17 (IL-17), which has
been implicated in CRC [38-40]. The observed effect in the colon of hemin-fed A/] Min/+ mice
in the present study may therefore be the result of a potential indirect anti-inflammatory effect
of hemin.

In many animals studies investigating the effect of red and processed meat, fat is added to
better resemble a westernized diet. One potential reason for the observed decrease in tumori-
genic effect of dietary hemin in the colon of mice in this study is the low fat content in the
diet. In the present study, no additional fat was added to the diet as our main objective was
the potential effect of hemin; our special diets only contained the fat supplied in the base-diet
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AIN-93M which is 4% soy oil [41]. Intake of polyunsaturated fatty acids together with heme
iron may lead to formation of peroxyl radical species in the intestinal tract, and consequently
colorectal cancer [42]. Heme catalyzes the formation of reactive oxygen species (ROS), which
leads to elevated levels of lipid peroxidation end-products such as malondialdehyde (MDA)
and 4-hydroxynonenal (4-HNE), both of which are known risk factors for various diseases, in-
cluding chronic inflammation and various cancers [7,43-45].

Ijssennagger et al. [25] found that heme has two separate effects on colonic epithelium; an
acute reactive oxygen species stress and a delayed cytotoxicity stress. The delayed effects of
heme caused cytotoxicity, hyperproliferation, and hyperplasia in the colon. Acute ROS stress
induced the formation of lipid peroxidation products, and was evident shortly after heme in-
take, but no indication that ROS stress directly causes colonic hyperproliferation was found.
However, intake of heme may lead to the formation of a cytotoxic heme factor (CHF), a com-
pound thought to be formed when reactive lipid peroxides covalently bind to the protoporphy-
rin ring of the heme [46]. Cytotoxic heme factor formation is highly dependent on the
presence of lipid peroxides, and, when enough accumulates in the colon, the cytotoxicity of the
luminal contents increases, which in turn damages the colonic mucosa, and leads to hyperpro-
liferation and hyperplasia [25]. In the present study, we observed a decrease in colonic lesions
in animals fed hemin, and although this differs from other studies, it may possibly be because
we did not add extra fat to the diet to bring about heme-induced ROS, and consequently for-
mation and accumulation of cytotoxic heme factor.

Most studies investigating the effect of dietary heme add an additional amount of fat to the
experimental diet, often 40% fat, to simulate the amount of a typical westernized diet, and
these studies observe an increased risk of CRC [25-27,47-49]. However, there are a few studies
in which less than 40% fat has been added to the experimental diet, and these studies show a
somewhat similar tendency to what is seen in the present study. For example, neither Pence
et al. [50] nor Lai et al. [51] observed an increase in colonic tumors in carcinogen-treated rats
fed beef with a fat content of 5% and 6.35%, respectively. Pierre et al. [28] found that rats fed
diets with 0.5 pmol/g hemin, in combination with 5% saftlower oil, did not differ significantly
from the control animals in the number of lesions recorded. The aforementioned, in combina-
tion with the results from the present study, may suggest that heme iron, which has been
shown to be a CRC risk factor, may in fact require other dietary factors such as dietary fat, to
be present, to cause cancer.

In contrast to results observed in the colon of the A/] Min/+ mice, lesions in the small intes-
tine of animals fed hemin (Hemin": Hemin and Hemin+Nitrite), were on average larger than
lesions observed in animals not fed hemin (Hemin: Nitrite and Control), which correlates
with previous research with rodent models showing an increased risk of CRC with intake of di-
etary heme [26,48,52], however most of these studies are mainly conducted in the colon. In ad-
dition, we found that mice fed diets containing nitrite experienced a decrease in the size of
small intestinal lesions, indicating a potential protective effect of nitrite on small intestinal
tumor promotion. It is unclear why nitrite seemed to have a protective effect in the small intes-
tine of A/] Min/+ mice, but it may be due to nitric oxide (NO) derived from dietary nitrite in
the feed. NO is a signaling molecule that can regulate a variety of biological processes, and it
has been suggested that dietary nitrite may have an anti-inflammatory effect [53,54]. NO may
also possibly increase the amount of small intestinal mucus, which could likely explain the pro-
tective effect observed; the mucous layer in the intestine plays many important roles, including
being the first line of defense against detrimental factors from the outside environment, such as
those from foods [55,56].Van Hecke et al. [57] found that nitrite-cured pork meat inhibited
both lipid and protein oxidation in in vitro digestion studies; however, at higher fat contents
(20%), this inhibitory effect was less evident [57]. Also, Chenni et al. [9] found that nitrite
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given via drinking water reduced heme-induced lipid peroxidation in the colon of rats; howev-
er, this effect was not observed to be significant at lower doses.

During this study, a parallel group of A/J Min/+ mice were fed the standard rodent diet,
RM1. These mice were included purely as a positive control to be compared to the control ani-
mals fed the AIN-93M special diet, and thus to demonstrate the effectiveness of the novel A/J
Min/+ mouse model. The results indicate that animals fed RM1 had both larger and a higher
number of colonic lesions than animals fed the AIN-93M control diet, which is consistent with
previous results seen in C57BL/6] Min/+ mice, and likely attributed to compositional differ-
ences in these two diets, such as fiber, fat, and carbohydrate content [58].

After 8 weeks on the special diet, mice fed hemin or hemin in combination with nitrite had
a significantly lower body weight at termination than those fed the control diet. Similar de-
crease in body weight has been observed previously in animals fed heme [26,35]. Even though
we did not observe an increase in colonic lesions in animals fed hemin, the decreased body
weight may indicate that there was a toxic effect of heme.

In conclusion, our results showed that dietary hemin decreased the number of colonic le-
sions in the A/] Min/+ mouse, an effect contrary to what was expected. However, the present
study also revealed that dietary hemin had an opposite effect in the small intestine, where it ap-
peared to stimulate tumor growth. Furthermore, our results showed that dietary nitrite had no
effect in the colon of the A/] Min/+ mice, but a suppressive effect on CRC promotion in the
small intestine.
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