
ll
OPEN ACCESS
iScience
Review
Mouse models in colon
cancer, inferences, and implications

Melanie Haas Kucherlapati1,2,*
SUMMARY

Mouse models of colorectal cancer (CRC) have been crucial in the identification of
the role of genes responsible for the full range of pathology of the human disease
and have proved to be dependable for testing anti-cancer drugs. Recent research
points toward the relevance of tumor, angiogenic, and immune microenviron-
ments in CRC progression to late-stage disease, as well as the treatment of it.
This study examines important mouse models in CRC, discussing inherent
strengths and weaknesses disclosed during their construction. It endeavors to
provide both a synopsis of previous work covering how investigators have
defined various models and to evaluate critically how researchers are most likely
to use them in the future. Accumulated evidence regarding the metastatic
process and the hope of using checkpoint inhibitors and immunological inhibitor
therapies points to the need for a genetically engineered mouse model that is
both immunocompetent and autochthonous.
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INTRODUCTION

Colorectal cancer (CRC) is the third most common cancer worldwide with more than 1.9 million new cases

diagnosed in 2020.1 Almost half the population of developed countries will have at least one benign intes-

tinal tumor during their lifetime.2 There has been a decrease in mortality attributed to better screening and

removal of early lesions in people aged forty-five and older. However, clinicians increasingly see younger

people with early CRC that may be attributable to age versus screening recommendations or diet.3–7 Over-

all survival frequency is 64% at five years;8 staging at diagnosis is the most significant indicator for survival.

At diagnosis approximately 35% of CRC patients are stage IV metastatic; twenty to fifty percent of stage II

and stage III patients progress to metastatic disease. Conventional therapeutic approaches include sur-

gery, cytotoxic agents, targeted therapies, and immune checkpoint inhibitors that extend survival for 12

to 24 months. Almost all develop resistance, and expert opinion generally recognizes the inadequacy of

the approaches. This has led to the suggestion that new pharmaceutical targets and immuno-oncologic

options be identified. Target authentication ultimately depends on understanding the cause of the disease

and the role different genetic and genomic changes play in its initiation and progression. In an appropriate,

if somewhat ironic turn of events, the development of genetically engineered mouse models (GEMMs) that

more closely mimic late-stage disease are being called for to help elucidate how mutations cooperate in

the natural environment.9 Investigators are now using CRISPR-Cas9 technology to generate ‘‘autochtho-

nous’’ mouse models where tumor initiation happens in a normal cell within the intact organism permitting

identification of a gene’s pathophysiological relevance.

Researchers have used mouse and cell-based models for decades to study the molecular etiology of CRC

andmore recently to clinically identify drug and immune response to defined CRC types. Attributes that led

to mice being a choice model have included short lifespan, ease in generation and maintenance, and rela-

tive lack of expense compared to larger mammals such as dogs, pigs, or chimpanzees. The anatomy and

histology of the mouse are close to humans in structure and function in the adult animal and during devel-

opment. Research on humans directly, prior to the development of next-generation sequencing (2003), was

generally reasoned unethical, making the use of animal models a necessity. The public also questioned the

ethics of animal research, leading scientists to replace, reduce, and refine mouse work in cancer research.

The issue is, as many dichotomous issues are, debated without unequivocal resolution for or against. For

many years written protocols designed for both humans and animals and approved by internal review

boards have been required and have helped to establish better ethical standards in the treatment of
iScience 26, 106958, June 16, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:mkucherlapati@bwh.harvard.edu
mailto:mkucherlapati@bwh.harvard.edu
https://doi.org/10.1016/j.isci.2023.106958
https://doi.org/10.1016/j.isci.2023.106958
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106958&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


ll
OPEN ACCESS

iScience
Review
humans and animals used for research. Mouse facilities at academic institutions funded by federal grants

are staffed by veterinarians and animal welfare overseen routinely.

Human CRC subtypes (consensus molecular subtypes, CMS1-4)10 currently fall into four groups: CMS1 (mi-

crosatellite unstable and strong immune activation), CMS2 (epithelial, Wnt signaling activation (wingless-

related integration site) and MYC activation (MYC proto-oncogene/BHLH transcription factor), CMS3

(epithelial, metabolic dysregulation), and CMS4 (mesenchymal, transforming growth factor b [TGF-b]

activation, stromal invasion, and angiogenesis). Investigators are considering subtyping mouse models

analogous to the human CMS1-4 phenotypes; mice seem to have a narrower phenotype when compared

to human tumors suggesting they will need to be subtyped themselves before comparing with human

subtypes.11 This is especially true as murine backgrounds are often congenic and artificially altered; mod-

ifiers exist that are not fully identified that affect tumor phenotype. Interestingly, studies of gut microbiota

versus immune phenotype have led to examining naturalistic indoor housing system for mice closer to that

of a farmyard as opposed to hygienic laboratory mice; these animals appear to have elevated levels of

memory T cells and late-stage natural killer (NK) cells12,13

One of the most frequent problems mentioned in the literature is that no mouse model exactly recapitu-

lates the progression of human disease from adenoma and adenocarcinoma to metastasis, or changes in

microenvironment. While there were multiple reasons for making early GEMMs, a major ambition was to

mimic human CRC to explore drug efficacy pre-clinically. Despite fundamental discoveries being made

about stem cells, homeostasis, and transformation, the community was proclaimed to have ‘‘failed success-

fully’’9 due to the lack of a reliable and consistent metastatic phenotype. At one timemouse models did not

have significant penetrance of the metastatic phenotype, and tumors tended to form in the small intestine

as opposed to the colon unless induced by laparoscopy.14 In 2013 the National Institute of Health officially

terminated its Mouse Models in Human Cancer Consortium (MMHCC), and researchers, in addition to

using GEMMs, began using other models such as patient-derived xenografts (PDXs) and patient-derived

organoids (PDOs) to study the disease. The establishment of PDX15 in mice and the identification of intes-

tinal stem cells by the leucine rich repeat containing G protein-coupled receptor 5 (LGR5) marker16 with the

development of organoids17 led to the development of transplantation models for the study of conven-

tional treatment response, response prediction, and various immunotherapies.

At present, as research focuses on tumormicroenvironment, partially because of its relatively recent finding

of importance in metastasis but also with the hope of using checkpoint inhibitors and other immunological

and inhibitor therapies, the lack of a perfect model continues to be an issue, and the need for immunocom-

petent autochthonousmodel has become evenmore important. An interesting proposal for the use of such

a mouse has been for single-cell RNA sequencing and its application in understanding mechanisms under-

lying immune-modulating therapies.18 However, despite inadequacies the abundant ways researchers

have used mice, the flexibility of the system, and the ability to deductively create an image of CRC from

the different models that exist are striking (Figure 1).19 The mouse selected by an investigator for a study

can be made with some prior knowledge of its advantages and disadvantages relative to the study goals,

whether they want to determine therapy for a patient or to elucidate the mechanism behind the disease

and identify gene function.

It has been said that ‘‘history, like a badly constructed concert hall, has occasional dead spots where the

music can’t be heard’’.20 The metaphor is out of its context here, but it is oddly applicable to reviews,

systematic or subjective, as all have vantage points, search terms, or simply lack of space that can lead

to ‘‘unheard’’ work. This article presents an accounting of important mouse models in colon cancer and

the technology behind them, discussing inherent strengths and weaknesses revealed in their making.

Thousands of reports covering mouse models in colon cancer and their variations exist; not all could be

examined in this study. The review does endeavor to provide both a synopsis of what experts in the field

have thought in yearly chronology of the past and to evaluate critically and collectively on its own how

mice are used at present and are likely to be used in the future.
Adenomatous polyposis coli (APC)

The earliest mouse models for CRC were the result of genetic engineering prior to the introduction of

CRISPR-Cas9 techniques. Apc Min/+21 was the first model; it was identified and named by its phenotype

of ‘‘multiple intestinal neoplasia’’. The mouse was made by chemical mutagenesis, and at the time of its
2 iScience 26, 106958, June 16, 2023



Figure 1. Schematic representation of mouse models in coloretal cancer

FAP, Familial adenomatous polyposis; HNPCC, Hereditary non-polyposis colon cancer.
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initial characterization the gene responsible for the phenotype was not known. It was later determined to

be the result of a nonsense mutation at codon 850 of the adenomatous polyposis coli gene. Clinicians had

identified the familial adenomatous phenotype (FAP) in 1947,22,23 but the disease entity, extraordinarily,

was described centuries earlier in a publication dating to 1721.24 The region responsible for the phenotype

was localized to human chromosome 5 in 1987,25 and the gene26,27 that would come to be considered the

initiating event in CRC was identified shortly afterward through linkage analysis followed by sequencing of

candidate genes in the region of interest.28,29

Apc was subsequently shown to control Wnt signaling through the beta catenin complex (cadherin asso-

ciation proteins [eg. CTNNB1] (Figure 2A -B). Despite the importance of proband analysis in gene identi-

fication, only three to four percent of all cases have been found attributable to inherited disease. Almost

ninety-seven percent of CRC are the result of spontaneous mutations, seventy to eighty percent having

truncation mutations to the APC gene. Data supporting this finding are from The Cancer Genome Atlas

(TCGA) initiated in 2005 which provided a comprehensive understanding of genomic alterations that un-

derlie all major human cancers; its first report on colon cancer was in 2012.30

The Apc Min/+ mouse, made in 1990, was followed by the construction of Apc 1638N four years later which

removed the 15th exon of the gene using technology that took advantage of cellular homologous recom-

bination.32 These two genetic changes in the Apc gene led to different phenotypes, where the Apc Min/+

mice developed as many as 40 adenomas by four months of life; the Apc1638Nmice developed fewer than

five adenomas in nine months of time (Table 1). In the next ten to twelve years, Apc functional motifs and

their contribution to phenotype were explored, and investigators began looking at the contribution of

important secondary genes in double knockout mice. The general finding, despite small differences in

phenotype, was that Apc alteration alone led to adenomas of the small intestine without progression to

metastases. This unexpectedly included dual knockouts of Apc and TP53, found bymultiple groups. Table 1

presents models in order of publication year (not strictly chronological for month and date), partially draw-

ing from earlier reviews.33–35 Comparing genotype/phenotype information in Apcmousemodels to human

lesions has gained interest recently as many removed during screening colonoscopies are adenomas; it is

thought the comparison may be useful in the elucidation of the basic pathways of carcinogenesis and

chemoprevention in humans.33

By the mid-2000s the drawbacks of null knockouts, described below, would lead to the development of

conditional knockout technology and its application to the Apc gene. Around the same time and until

the present, observations exploring the effects of inflammation and immunity in intestinal cancer were
iScience 26, 106958, June 16, 2023 3



Figure 2. The adenomatous polyposis coli (APC) gene

(A) Important APC motifs.

(B)Wnt signaling controlled by APC (Pathway obtained from National Center for Biotechnology Information, NCBI31).
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undertaken. Conclusions from Apc dual knockout models regarding inflammation are complex as defi-

ciency in some factors (e.g., interleukin 17A [IL17A], interleukin 17F [IL17F], prostaglandin-endoperoxide

synthase 2 [PTGS2/COX-2], C-C motif chemokine ligand 2 [CCL2/MCP1], macrophage migration inhibitory
4 iScience 26, 106958, June 16, 2023



Table 1. A yearly chronological listing of selected apc mouse models and their phenotypes

Year published Alterations Description of Genotypea Phenotype Reference

1990 Apc Min/+ Nonsensemutation in codon 850 of the

Apc gene (Armadillo repeats present).

Adenomas of small intestine upon loss

of heterozygosity, high mortality with

increasing age, is a result of intestinal

obstruction and anemia, no

progression to adenocarcinoma.

Moser et al.21

1994 Apc 1638N Truncation mutation at Exon 15 (1638

aa) made using cellular homologous

recombination (Armadillo repeats

present).

Adenomas of small intestine (fewer

than Apc Min/+) often duodenal,

occasionally in colon. Fibromatosis

(desmoid tumors), gastric carcinoma,

cutaneous cysts, occasional liver

metastasis found.

Fodde et al.32

1995 Apc D716/+ Nonsensemutation in codon 716 of the

Apc gene using cellular homologous

recombination (Armadillo repeats

disrupted, C57BL/6J background).

Adenomas of the small intestine, ten-

fold increase over Apc Min/+.

Oshima et al.36

1995 Apc Min/+

p53�/�
Apc Min/+ mutation21 simultaneous

with p53 mutation.37
Adenomas of the small intestine, no

difference to Apc Min/+ mutation

alone.

Clarke et al.38

1996 Apc Min/+/Msh2+/+ and Apc Min/+/

Msh2+/� and Apc Min/+/Msh2�/�
Apc Min/+ mutation21 simultaneous

with Msh2 null mutation.39
Accelerated small intestinal tumor

formation (MSH2-deficient mice

develop lymphomas).

Reitmair et al.39

1997 Apc 580S Apc Exon 14 flanked by loxP, induction

by Adenovirus-Cre (AxCANCre or

AxSRaCre) causes exon fourteen

deletion and introduces a frameshift

mutation at codon 580 (Armadillo

repeats disrupted).

Homozygotes develop adenomas of

distal rectum attributed to the location

of virus delivery. When mice were left

to age over one year, approximately

50% progressed to invasive

adenocarcinoma, no metastasis.

Shibata et al.40

1997 Apc Min/+p53�/� and Apc Min/+

p53+/�
Apc Min mutation21 simultaneous with

homozygous recessive and

heterozygous p53 mutation.41

Adenomas of the small intestine, no

difference to Apc Min/+ mutation

alone.

Fazeli et al.42

1998 Apc 1309/+ Nonsense mutation at codon 1309

(Armadillo repeats and beta-catenin

sites present).

Adenomas of small intestine, fewer in

number and more proximal than Apc

Min/+.

Quesada et al.43

1998 Apc 1638N p53�/� Apc 1638N mutation32 simultaneous

with p53 homozygous recessive

mutation.41

Seven-fold increase in desmoid

multiplicity.

Smits et al.44

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

1998 Apc +/D716/Dpc4/+ Apc D716 mutation36 in combination

with Dpc4 (known at present as

SMAD4) inactivated in the study.

Dpc4 (SMAD4) and Apc D716 double

heterozygous mice lead to adenomas

that develop to adenocarcinomas in

the small intestine and colon with

submucosal infiltration.

Takaku et al.45

1999 Apc 1638N/+/Mlh1 �/� Apc 1638N32 mutation simultaneous

with Mlh1 homozygous recessive

mutation inactivated in the study.

Increased tumor incidence and

multiplicity, 30% adenocarcinomas,

significantly reduced lifespan, high

number of tumors outside the

intestine.

Edelmann et al.46

2000 Apc Min/+

Mom1/+/

p53�/�

Apc Min/+21 simultaneous with

Mom1AKR,47 (known at present as

PLA2G2A) heterozygotes and p53

homozygous recessive mutations.48

In this study, contrary to earlier model

implications, p53 deficiency increases

intestinal adenoma multiplicity, and

malignancy mutations were on

congenic background (C57BL6/J).

Halberg et al.49

2000 Apc Min/+ Msh2�/� Apc 1638N

Msh2�/�
Apc Min/+21 or Apc1638N/+32

simultaneous with Msh2 null knockout

(exon 7 deletion).50

Rapid tumor formation in the small

intestine, early death (2–3 months),

more tumors in Apc Min/+ Msh2 �/�
mice.

Smits et al.50

2000 Apc D474 Mutant form of mRNA encoding only

474 aa of the Apc gene, created by

exon duplication using homologous

recombination.

Adenomas of the small intestine are

present in duodenum, stomach, colon,

andmammary gland. Mice treated with

COX-2 inhibitor reduced the number

of polyps.

Sasai et al.51

2002 Apc Min/+ treated with azoxymethane

(AOM)

Apc Min/+21 simultaneous with

random unidentified mutations.

Significantly increased incidence of

colonic adenocarcinomas.

Møllersen, Suzui et al.52,53

2002 Apc D716/+ SMAD2/+ Nonsensemutation in codon 716 of the

Apc gene36 and heterozygous

mutation of SMAD2 inactivated in the

study.

Combination of Apc mutation and loss

of SMAD2 leads to no changes in

tumor size or properties compared to

Apc D716/+ mice.

Takaku et al.54

2002 Apc D580/+ SMAD2/+ Nonsensemutation in codon 580 of the

Apc gene40 and heterozygous

mutation of SMAD2 inactivated in

study.

Combination of Apc mutation and loss

of SMAD2 leads to larger tumors,

higher incidence of malignant

phenotype compared to Apc D580/+

mice.

Hamamoto et al.55

2002 Apc 1638N/+ Fen1/+ Apc 1638N/+32 and Fen1/+ double

heterozygous mice inactivated in

study.

Increased malignancy of intestinal

tumors compared to Apc1638N mice,

Fen1 heterozygosity led to

microsatellite instability in tumors.

Kucherlapati et al.56

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2002 Apc D716/+ Smad4

Apc D716/+ PTGS2(COX-2)

Apc D716/+ PTGER2

Nonsensemutation in codon 716 of the

Apc gene36 with Smad4,45

PTGS2(COX-2),57 or PTGER258

alterations.

Micro-vessel density (MVD) is

determined in tumors. Apc D716 alone

produced polyps, with Smad4 polyps

progress to adenocarcinomas, MVD

was size dependent; with PTGS and

PTGER2, adenoma growth was

suppressed, MVD did not increase.

Seno et al.59

2003 Apc D716/+ CDX2/+ Apc D716/+36 and CDX2/+

inactivated in the study, double

heterozygous mice.

Increased adenoma formation in the

colon reported, reduced number of

polyps in the small intestine.

Aoki et al.60

2004 Apc D14/+ Heterozygotes have Apc Exon 14

deletion (Armadillo repeats deleted),

Cre-loxP strategy (MeuCre40

transgene).

Reported shift of tumors to distal colon

and rectum associated with rectal

prolapse.

Colnot et al.61

2004 Apc Min/+ treated with PhIP PHIP (2-amino-1-methyl-6

phenylimidazo[4,5-b] pyridine)

treatment of ApcMin/+21mice leads to

APC LOH.

Increased tumor initiation two- to

three-fold compared to Apc Min/+

mice.

Møllersen et al.62

2005 Apc Min/+ BubR1/+ Apc Min/+21 BubR1/+ double

heterozygous mice.

Increased colonic tumor initiation

compared to Apc Min/+ (ten-fold) and

progression by chromosomal

instability.

Rao et al.63

2005 Apc Min/+ EphB2 �/+ Apc Min/+

EphB3 �/+ Apc Min/+ EphB3 �/�
Apc Min/+21 mutation simultaneous

with homozygous recessive and

heterozygous EphB364 and

heterozygous EphB2 mutation65

(dominant negative, transgenic).

Reduced adenomas of the small

intestine, increased adenocarcinomas

of the colorectum.

Batlle et al.66

2005 Apc Min/+ MIF �/� Apc Min/+ mutations simultaneous

with homozygous MIF (cytokine

macrophage migratory inhibitory

factor)

MIF expression and ‘‘tautomerase’’

activity were higher in Apc Min/+

tumors (epithelial and stromal cells)

over normal mucosa, increasing with

higher grade tumors. Loss of MIF

associated with reduction in the

number of adenomas and

angiogenesis suggesting MIF drives

tumorigenesis.

Wilson et al.67

2006 Apc CKO/FRT Exon 14 of Apc flanked by loxP and FRT

sites, ‘‘FLP e-deleter’’ used to make

Apc CKO/+ mice.

Hung et al. used this conditional

knockout to create sporadic colon

tumors with metastasis by laparoscopy.

Kuraguchi et al.68, Hung et al.14

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2006 Apc Min/+ treated with dextran sulfate

sodium salt (DSS)

Apc Min/+ mutation21 in the presence

of inflammation and disruption of the

intestinal epithelial lining caused by

DSS.

High incidence of well-differentiated

colonic carcinomas.

Tanaka et al.69

2006 Apc 580S AhCreT/+ Kras/LSLV12/+ Apc Exon 14 flanked by loxP,40

induction and deletion by AhCre, and

Kras V12 mutation. (Cre induction in

liver and intestine by napthoflavone

treatment).

Kras V12 mutation has no effect on

intestinal epithelium, APC loss in the

presence of activated Kras increases

tumor progression, 17% are invasive

adenocarcinomas.

Sansom et al.70

2006 Apc 1638N/TGFBR2flx/flx Villin-Cre Apc1638N/+32 simultaneous with

TGFRB2 �/� predominantly in

intestine and colon

Tumor incidence unchanged, tumor

progression to invasive

adenocarcinoma

Muñoz et al.71

2006 Apc Min/+ SMAD3�/� Apc Min/+ mutation21 simultaneous

with SMAD3 homozygous recessive

mutation

Tumor progression in distal colon with

mixed histology reduces lifespan, no

metastases

Sodir et al.72

2006 Apc 1638N SMAD4/+ Apc +/1638N32 mutation simultaneous

with SMAD4/DPC4 (SMAD4 E6sad,

single nucleotide deletion in the exon 6

splice acceptor site results in unstable

mRNA). Genes map to the same

chromosome and are therefore

analyzed "in cis" and "in trans" to each

other.

Increased tumor multiplicity for double

heterozygotes both "in cis" and "in

trans"

LOHof SMAD4 occurs at later stages of

tumor progression

Alberici et al.73

2007 Apc 1638N/+ Exo1 +/� Fen1+/� Double and triple heterozygous mice

combinations for Apc 1638N,32

Exonuclease 1,74 and Flap

endonuclease 1.56

Increased tumor incidence, higher

progression to malignancy, high

incidence of hematopoietic cancers.

Kucherlapati et al.75

2007 Apc Min/+

MYD88 �/�
Apc Min/+21

MYD88�/� (innate immune signal

transduction adaptor)

MYD88 reduced the number of polyps,

mortality decreased.

Rakoff-Nahoum et al.76

2008 Apc 2lox14/+ Kras LSL-G12D/+

Apc 2lox14/+ Nras LSL-G12D/+

Fapbl-Cre (or) Villin-Cre

APC Exon 14 flanked by loxP

Kras and Nras flanked by loxP.

Induction and deletion by Fapbl-Cre77

(or) Villin-Cre78

Kras G12D, but not NrasG12D, drives

colon cancer progression.

Haigis et al.79

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2008 Apc1638N

Rb1�/�
Villin-Cre

Apc1638N32

Rbtm2Brn80 Rb1 exon 19(20) flanked by

loxP

Villin-Cre78

Tumors of the small and large intestine.

The small intestinal tumors are a

mixture of adenomas and

adenocarcinomas. Tumors of the

cecum and proximal colon are mostly

adenomas.

Kucherlapati et al.81

2009 Apc Min/+ (C57BL/6)

Apc Min/+ (SWR/J)

Apc Min/+ (C57BR/cdcJ

Apc Min/+ (Nbs1DB)

C57BL/6J Apc Min/+21 bred with mice

of different backgrounds to make

hybrids (SWR/J or C57BR/cdcJ); APC

Min/+ also bred with Nbs1DB

(Nijmegen breakage syndrome

alteration)

Hybrid Apc Min/+ mice had decreased

adenoma frequency, longer survival,

increased adenocarcinomas with

occasional metastasis to the lymph

nodes.

The presence Nbs1 DB alteration

created MSI that did not affect tumor

multiplicity, mouse lifespan, or tumor

progression

Halberg et al.82

2009 cis-ApcD716/+Smad4/+ Mmp7�/� Apc truncated at codon 716

heterozygote,36 Smad4

heterozygote,45 with

metalloproteinase (MMP7�/�)83

homozygous recessive

MMP7 knockout reduces tumor

frequency and size but not invasiveness

Kitamura et al.84

2009 Apc 1638N/+ Notch1 Apc 1638N32 mutation simultaneous

with a constitutively activated

NOTCH1 receptor

Notch1 activation reported to result in

increased adenoma formation at an

earlier age, decreased survival,

dysplastic lesions in the colon

Fre et al.85

2009 Apc 1322T Nonsense mutation at codon 1322,

transcript retain the first 20- armadillo

repeats

High number of adenomas of the

proximal small intestine, small number

in the colon and stomach

Pollard et al.86

2010 APC D242 Gene trap cassette placed between

exons 7 and 8 of Apc gives truncated

fusion transcript without armadillo

repeats

Adenomas found higher in numbers,

smaller in size, histology same as for

ApcMin/+ mice

Crist et al.87

2010 Apc 15lox/+ Exon 15 flanked by loxP sites, induction

by Fabpl (Fatty acid binding protein)

Cre

Increased survival due to small number

of tumors, larger tumors found in the

colon. Ninety-one percent of mice

have low-grade adenoma, 50%

adenocarcinoma

Robanus-Maandag et al.88
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2010 Apc 580S/+ Nonsensemutation in codon 580 of the

Apc gene40 (armadillo repeats

present), induction by Cre transgene

under control of Carbonic anhydrase 1

promoter (limited to large intestine)

Transgene expression limited to the

large intestine, adenoma formation

without malignancy.

Xue et al.89

2010 Apc fle 1-15 Complete deletion of the entire APC

gene (exons 1–15) by Villin-Cre

More severe polyposis compared to

Apc Min/+ mice

Cheung et al.90

2010 APC CKO/FRT/Kras Removal of exon 14 of APC68 by

orthotopic application of Adenoviral-

Cre, mated to mice with K-ras G12D

activation mutation

Adenocarcinomas of the colon, 20%

liver metastasis

Hung et al.,14 Roper et al.91

2010 Apc Min/+ Fbw7DG APC Min/+ mutation21 simultaneous

with E3 ubiquitination ligase F box and

WD repeat containing 7 (Fbw7) exon 5

deleted

APC Min+/� Fbw7 �/� mice had

enhanced tumor numbers and tumor

size, APC Min+/� Fbw7 +/� mice

increased tumor number but not tumor

size.

Sancho et al.92

2010 Apc Min/+

IL17A �/�
Apc Min/+21

IL17A (exons 1 and 2 deleted)93
Intestinal tumorigenesis reduced,

recovery of thymic and splenic

cellularity.

Chae et al.94

2010 Apc Min/+

MYD88 �/�
Apc Min/+21 mutation simultaneous

with MYD8895 (innate immune signal

transduction adaptor) removal.

Lower phospho-ERK levels, fewer and

smaller intestinal epithelial cell tumors

than Apc Min/+ mice.

Lee et al.96

2011 Apc Min/+

IL-17F �/�
Apc Min/+21

IL-17F (exons two deleted)97
Inhibition of spontaneous intestinal

tumorigenesis, partially restores thymic

atrophy, does not affect splenomegaly.

Chae et al.98

2012 Apc Min/+

MCP1 �/�
Apc Min/+21

MCP1/CCL2 �/�
(Monocyte chemoattractant protein,

purchased from Jackson Labs)

MCP1 knockout decreased polyps

20–45%.

McClellan et al.99

2012 Apc Min/+

IKKb(transgene/overexpression)

Apc Min/+21

IKKb (inhibitor of NF-kB).

More early lesions and visible small

intestinal and colonic tumors than Apc

Min/+.

Shaked et al.100

2013 Apc 580S/+ CDX2P-CreERT2 APC 580S40 conditional knockout by

CDX2P-CreERT2-Cre regulation

through tamoxifen added to chow.

Apc knockout led to changes in

proliferation, apoptosis, morphology,

mitotic spindle axis misorientation,

b-catenin nuclear localization,

induction of stem cell marker and Sox9,

ectopic Paneth-like cell so observed.

Feng et al.101

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2013 APC CKO/FRT/BrafVE Removal of exon fourteen of APC68

and exons 15–17 of Braf (BrafV600E) by

orthotopic application of Adenoviral-

Cre leads to focal inactivation of Apc

and activation of Braf.

Sessile serrated adenoma with

dysplasia, adenocarcinoma, and

invasive carcinoma.

Coffee et al.102

2013 Apc Min/+

IL-8 human transgene/overexpression

Apc Min/+21 IL-8 (interleukin 8/initiator

of inflammation) transgene not found

naturally in mice.

Increased tumorigenesis with

transgene.

Asfaha et al.103

2014 Apc Min/+ on hybrid background Apc Min/+21 model described earlier82

on different backgrounds, treated with

DSS

Histology reassessed, tumors develop

in the distill colon, with occasional

progression to adenocarcinoma.

Paul Olson et al.104

2014 Apc 580S/+ Kras LSL-G12D/+ CAC+ CAC-Cre under the control of Carbonic

anhydrase promoter inactivates APC40

and Kras

Adenomas formed. Byun et al.105

2014 Apc 580S

Pten fl/fl

Kras LSL/+

Villin-Cre (ERT)

APC 580S: conditional knockout40

PTEN: Exons 4–5 flanked by LoxP106

Kras (LoxP/Stop/LoxP)107 gives G12V

inducible oncogenic mutation.

Villin-Cre ERT78 is under the control of

the Estrogen receptor promoter.

Survival reduction, adenomas,

occasional adenocarcinomas of the

small intestine, no metastasis.

Davies et al.108

2015 Sh Apc

Kras G12D

P53 fl/fl

Lgr5 +/+

Short hairpin RNA regulated by

doxycycline responsive promoter/Cre

suppresses Apc expression in colonic

epithelium. The effects of compound

mutations to Kras (activation) and p53

(deactivation) and reversible Apc loss

are examined.

The histological andmolecular features

of colon cancer are recapitulated and

are reversed upon Apc re-expression.

Apc loss increases MYC-dependent

proliferation.

Dow et al.109

2015 Apc D 716

TGFBR2 fl/fl

Villin-Cre (ERT)

Apc36 and TGFBR2 are conditionally

knocked down using Villin-Cre (ERT)

Only invasive adenocarcinomas found

to have inflammatory

microenvironment; treatment with DSS

caused invasive colon cancer. TGFB

signaling disruption in the presence of

inflammation is sufficient to produce

colon cancer

Oshima et al.110

2015 Apc fl/fl

KrasG12D/+

PIK3CA+

Apc fl/fl68

Kras G12D

PIK3CA

Cre-Adenovirus (orthotopic injection)

Additional mutations to Apc cause

progression to adenocarcinoma and

metastasis.

Hadac et al.111

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2016 A/J Apc Min/+ Apc Min/+21 on A/J background Increased tumor initiation in intestine,

increased progression (50%

adenocarcinoma). Carcinoma of the

colon (21%).

Sødring et al.112

2016 Apc CKO/FRT

LSL Kras G12D

CDX2P9.5-G22Cre

Apc68 inactivation, Kras activation by

CDX2P9.5-G22Cre (‘‘CDX2’’ is caudal

type homeobox protein, normally

expressed in the proximal colon).

Moderately differentiated

adenocarcinomas of the proximal

colon, Kras mutation did not increase

malignancy.

Kawaguchi et al.113

2016 Apc CKO/FRT

Kras LSL G12D/+

P53KO

Smad4 fl/fl

Car1CreER

Apc68 inactivation, Kras activation, p53

knockout, Smad4 inactivation using

Car1CreERT2 (Carbonic anhydrase

promoter enhancer under the control

of Estrogen receptor 2 controls Cre

recombinase upon tamoxifen

induction).

No adenomas of the small intestine.

Apc and Kras led to colonic adenomas.

Compound mutations Apc, Kras, p53,

Smad4 led to aggressive colonic

carcinomas with occasional lymph-

node invasion.

Tetteh et al.114

2017 Apc D716

TP53 +/LSL-R270H

Apc D716

TP53 LSL-R270H/LSL-R270H

Villin-Cre ER

Apc36 inactivation by Villin-Cre, TP53

mutant allele TP53R270H/R270H

generated after removal of floxed TP53

by Villin-Cre ER.

Apc D716 with homozygous mutation

to p53 die of lymphoma,

heterozygotes have invasive

adenocarcinomas with evidence of

epithelial to mesenchyme transition

(EMT).

Nakayama et al.115

2017 Apc CKO/FRT Orthotopic injection of PGK::Cre

lentivirus, Ad5CMV::Cre, Villin-Cre ER,

or U6::sgApc-EFS::Cas9-P2A-GFP into

‘‘mucosa bubble’’ of Apc CKO/FRT68

mice inactivates Apc.

Rapid tumor formation with

histological features of adenomatous

change and CTNNB1 nuclear

localization using PGK::Cre lentivirus,

Villin-Cre ER.

U6::sgAPC-efs::Cas9-P2A-GFP

delivered the Crispr-Cas9 system and

inactivated Apc produced tumors in

34% of the mice. (The study also

looked at tumor-associated genes

TP52 and Kras in combination with

Apc).

Roper et al.116

2017 Apc Min/+

TDG fl/fl

Fabpl:Cre

Apc Min/+21 mutation with Thymine

DNA Glycosylase (TDG) exons 3–6 are

deleted by Fabpl::Cre

TDG knockout in Apc Min/+ mice led

to a two-fold increase in adenomas in

female mice.

Xu et al.117

2017 Apc Min/+

PLD1 �/�
AOM/DSS

Apc Min/+21

PLD �/� exons 13–14 deleted.

Decreased number of adenomas. Kang et al.118

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2018 Apc D716

Kras +/LSL-G12D TGFBR2 fl/fl

TRP53 +/LSL-R270H FBXW7fl/fl

Villin-CreER

Various combinations examined:

Apc D71636

Kras +/LSL-G12D119

TGFBR2 fl/fl120

TRP53 +/LSL-R270H121

FBXW7fl/fl122

Villin-CreER78

Apc alteration led to adenomas,

addition of TRP53R270H or TGFBR2

deletion induced submucosal invasion.

KrasG12D activation led to epithelial-

mesenchymal transition (EMT) and

lymph vessel intravasation.

Apc alteration with Kras G12D and

FBXW7 insufficient for submucosal

invasion but not EMT histology. Apc,

Kras, TGFBR2 were sufficient for

metastasis.

Sakai et al.123

2018 Apc Min/+ Apc Min/+21 Computer learning-based algorithm

gives quantitative analysis of

immunofluorescence staining on whole

colon sections, used to characterize the

immune environment. Total leukocytes

and T cell sub-populations are counted

in colonic mucosa, lymphoid follicles,

and tumors. T cells quantified in

lymphoid follicles.

Cassé et al.124

2018 Apc Min/+

Tob1

AOM/DSS treated

Apc Min/+21

Tob1 �/�
Reduced tumorigenesis Li et al.125

2019 Apc Min/+

Apc 580S

Villin-Cre ERT2 Rosa

Apc Min/+21

Apc 580S40

Villin-Cre ERT2 Rosa (reference not

given)

Vaccine to MYB (overexpressed

transcription factor in polyps) given to

both models with anti PD-1 antibody.

The TetMYB vaccine is shown to be

effective in both prophylactic and

therapeutic animal models, the vaccine

will be used in a future clinical trial.

Pham et al.126

2019 Apc580S

Cdx2-CreERT2

Mcl1 fl/fl

LysMCre

AOM/DSS

Apc580S40

Mcl1�/� (neutrophil deficient)127

Microbiota assessed

Neutrophils slowed colon tumor

growth and progression over controls

by restricting numbers of bacteria and

tumor-associated inflammatory

response.

Triner et al.128

(Continued on next page)
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Table 1. Continued

Year published Alterations Description of Genotypea Phenotype Reference

2019 Apc fle 1-15 Apc fle 1–1590

Villin-Cre

TFAMfl/fl129

TFAM deficiency diminishes

mitochondrial formation and oxidative

phosphorylation, site-specific removal

prevented tumorigenesis in Apc-

mutant mouse intestines.

Wen et al.130

2020 Apc Min/+

Mucin 2 �/�(Winnie)

Apc Min/+21

Mucin 2 �/�(Winnie)131
Winnie-ApcMin/+ mice combine an

inflammatory background with a

genetic predisposition to CRC.

Aberrant crypt foci form in the colon

recapitulating human CRC.

De Santis et al.132

2021 Apc Min/+ Apc Min/+21 pretreated with

rapamycin

Rapamycin extended lifespan of Apc

Min/+ mice.

Parihar et al.133

2021 Apc Min/+ Apc Min/+21 inoculated with

Fusobacterium nucleatum, treated

with aspirin.

Aspirin-supplemented chow is

sufficient to inhibit F. nucleatum-

potentiated colonic tumorigenesis.

Brennan et al.134

2021 Apc fle 1-15

Cdx2P-CreERT2

Apc fle 1–1590 or Apc Min/+ animals

treated with NSAID (sulindac) and

rexinoid (bexarotene).

Significant polyp reduction. Bowen et al.135

aIn Table 1, the first time an Apc mutation is mentioned the alteration is described under ‘‘Description of Genotype’’ and the reference for its creation given under ‘‘Reference’’. When mentioned in a second

study, references for all alterations are given under ‘‘Description of Genotype’’, and the study examining compound gene alterations is under ‘‘Reference’’.
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factor [MIF], myeloid differentiation primary response protein/ MYD88 innate immune signal transduction

adaptor [MYD88]) alters or blocks inflammation inhibiting intestinal tumor development in ApcMin/+mice,

whereas overexpression in others (e.g., nuclear factor kappa B subunit 1 [NFKB1], C-X-C motif chemokine

ligand 8/interleukin 8 [CXCL8/IL8], and interleukin 6 [IL-6]) promotes it.35 Apc mouse models despite their

drawbacks (no metastases and tumor location) are considered autochthonous and widely used at present

for innate and adaptive immunological study.
Hereditary non-polyposis colon cancer (HNPCC)

After APC was shown responsible for familial adenomatous polyposis, a second inherited type of colon

cancer, HNPCC, was found to result from germline mutations in genes in DNA mismatch repair (MMR,

1993-6).136–140 MutL homologue 1 [MLH1]141 and MutS homologue 2 [MSH2]142 were the first two MMR

genes implicated in colon cancer; other components of the MMR system were later identified and exam-

ined. The relevance of mammalian MMR to HNPCC was possible because of earlier work on the Mut

HLS complex (methyl directed mismatch repair system comprised ofmutH/mutL/mutS proteins) in Escher-

ichia coli143,144 and in yeast. Mouse models were used later to explore MMR’s relationship to colon can-

cer.145,146 Mice with a null knockout of the Mlh1 gene (1996) developed intestinal tumors and additionally

resulted in sterility of both male and female mice caused by failure to progress beyond meiotic prophase

and arrest at pachytene.141 Null knockout of Msh2 alone in mice (1995) led to the development of lym-

phomas,142 in combination with the Apc Min/+ mouseMsh2 could accelerate intestinal tumor formation.39

Conditional knockout of Msh2 alone (2010) under the control of a constitutive Villin-Cre transgene (cre,

cyclization recombinase of bacteriophage P1) permitted routine development of adenocarcinomas of

the small intestine147 without lymphoma.

The ability to identify and understand mammalian orthologues of Mut HLS led to understanding MMR

contribution to intestinal cancer. This colon cancer genotype has turned out to be the first and one of

the most successfully treated tumor types with immune checkpoint inhibitor therapies148 when knockout

mouse model studies in 2004 showed that the programmed cell death 1 ligand 1 gene [CD274/PD-L1]

negatively regulated T cells.149
Chemical induction of CRC

The creation of the APC min/+ mouse was achieved using ethyl nitrosourea (ENU), followed by screening

for the adenomatous phenotype; chemical induction was the first method used to generate CRC in mice,

reports being published as early as the 1940s.150 An accounting of reagents and their use has been recently

made.151 Chemically induced models are not invasive and do not have metastases as a rule; tumors initi-

ated in this manner reflect progression from aberrant crypt foci and adenoma to adenocarcinoma.

Currently, researchers use these animals to examine the effects of diet, colitis-associated carcinogenesis,

chemoprevention, and gut microbiota.152–154 Mouse strain,155 housing conditions, and route of administra-

tion are known to have effect on carcinogenic potential. Routes of administration include feeding, oral

gavage, injection (intraperitoneal, subcutaneous, or intramuscular), or enema.

Systematized approaches for the use of azoxymethane (AOM) and/or dextran sulfate sodium salt (DSS) in

C57BL/6J and A/J mice have been generated.156,157 These animals turn out to be good models for colitis-

associated CRC;158 however, because they generate an inflammatory response, they are not considered

applicable for the study of normal tumor microenvironment and its immune response. Additionally, intes-

tinal tumors produced by AOM appear to have higher numbers of mutations to Kras proto-oncogene

GTPase [Kras] and Ctnnb1 than A and tumor protein p53 [Tp53].159,160 This mutation profile deviates

from human CRC where APC was found to be mutated in seventy-two percent of TCGA cases, and

TP53, fifty-nine percent. The underlying mechanism of AOM/DSS is a result of the formation of O6 and

N7methylguanine in the DNA leading to carcinogenesis, with DSS physically damaging the colonic epithe-

lium by altering mucosal permeability leading to inflammation and a shortened length of time to tumor

development. Tosti et al.154 have examined MMR-deficient mouse models with compound transforming

growth factor beta receptor 2 [Tgfbr2] deficiency, often found accompanying MMR alteration, along

with AOS/DSS chemical induction of tumorigenesis. TGFBR2, as mentioned below, is associated in non-

MMR CRC with metastasis; in CRC MMR-deficient mice Tgfbr2 was found responsible for microbiota

alterations161 and induction of the equivalent of human inflammatory bowel disease (IBD).
iScience 26, 106958, June 16, 2023 15
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GEMMs

Most early GEMMs were null knockouts made by using the cellular homologous recombination sys-

tem.162,163 When it was found that homozygous knockouts often had embryonic lethality as a develop-

mental phenotype, the loxP/cre system164 was developed and used mostly to generate gene knockdown

in the adult animal rather than the zygote. Cre, a bacterial recombinase that specifically cleaved loxP sites,

was placed under the control of tissue-specific promoters and introduced into animals by transgenic injec-

tion. These strains were then mated to mice where the gene of interest had been flanked by loxP sites,165

giving progeny with gene deletions where the promoter/cre was active. Investigators thus had some ability

to stop specific gene expression in a tissue-specific manner and to generate site-specific tumors.

The first available cre/promoters acted constitutively which could lead to cre expression in unwanted pla-

ces. cre/promoters were later designed to have inducible expression using tamoxifen166 or tetracycline167

permitting site-specific cre expression during adulthood; this was accomplished specifically in the small in-

testine and colonic epithelium of mice.77 The system was also later creatively modified to ‘‘knockin’’ acti-

vation mutations using ‘‘loxP/Stop/loxP (LSL)’’ cassettes that removed inhibitory sequences adjacent to

gene sequences of choice by cre recombinase, permitting gene expression; another important advance-

ment saw short hairpin RNA (2002168–170) under the control of an LSL cassette permitting expression to

be turned off and then returned to normal levels using an inducible cre recombinase.

The drawbacks and complexities of the loxP system are aptly illustrated by studies of the retinoblastoma

(Rb1) tumor suppressor and cell-cycle regulator in intestinal tissues. Rb1 conditional knockouts80,171

were put under the control recombinases, constitutive Villin-cre81,172 or Fabpl-cre171 (fatty acid-binding

protein of the liver). Both ‘‘Villin’’ and ‘‘Fabpl’’ promoters, function in the mouse intestine; both promoters

have known activity in extraintestinal tissues. Several Villinmodels exist that make use of different promoter

fragments,78,173 with varied activity in extraintestinal tissues174 (including the tamoxifen inducible pro-

moter). Initial studies of Rb1�/�Villin-cre animals showed they died of extraintestinal tumors by 17months.

By comparison, this was not seen with analogousMsh2�/� Villin-cre animals,147 which developed invasive

adenocarcinomas of the small intestine, dying at 18 months. Dual knockout of Rb1�/� by Villin-cre and

Apc1638N (Table 1) led to tumors of the cecum and proximal colon81 with all animals dying at 12 months.

In Parisi et al.,171 Rb1�/� Fabpl-cremice were found to live almost a full year longer (28 months), leading to

invasive, poorly differentiated adenocarcinomas of the colon at an old age. Researchers examined Apc

expression by immunohistochemistry in this interesting report, and it raised the question if truncation

mutations occurred. APC is thought to be expressed upstream of G1/S in human CRC preventing RB1

phosphorylation,175 likely during G2/M of the cell cycle in colon adenocarcinoma.176 TCGA found ‘‘C to

T’’, the predominant mutational signature of Apc in these tumors, a signature frequently associated with

transcriptional mutation, suggesting transcription sometimes is not turned off fast enough in G2/M phase

and when chromosomes begin to condense uracil gets incorporated (by R loops) resulting in nonsense

mutations. This could place cell cycle or basic transcriptional machinery as the initial ‘‘hit(s)’’ in colon tumor

initiation.

Conditional knockouts are best characterized as capable of giving great insight and unexpected results,

leading to further questions and hypotheses.
Metastasis and tumor microenvironment

By 2017 it was well known that intestinal tumor development required multiple genetic changes. Examina-

tion of human CRC revealed that activationmutations in KRAS, loss-of-functionmutations in SMAD (supres-

sor of mothers against decapentaplegic transcriptional factors) genes, and loss-of-function mutations in

TP53 were common in CRC; genetic and genomic analysis revealed the involvement of many other genes.

Many mouse models with modifications in these genes were developed and studied. With the develop-

ment of the ‘‘iKAP’’ mouse model, Boutin et al.177 identified the progressive genomic changes necessary

for a metastatic phenotype and were able to increase the number of tumors with correct location in the co-

lon. In iKAP mice, Apc and Tp53 were knocked out and the Kras G12D activation mutation knocked into

colonic intestinal epithelial cells engineered with appropriate transgenes to accomplish the process in a

multi-step manner. Prior observations in multiple studies supported the involvement of KRAS in the forma-

tion of metastases; these included high mutation rate to KRAS and mutation association with highly inva-

sive stage CRC and liver metastasis. Investigators suggested the limited success in KRAS-targeting
16 iScience 26, 106958, June 16, 2023



Table 2. Benefits and disadvantages of different mouse model types

Type

Models early

stage Late stage

Used for drug

response Immune status Benefits Disadvantages

GEMMS

Null Yes No Yes Normal Can identify phenotype of

single genetic alteration on

congenic backgrounds.

Phenotypes may differ

between mice and humans.

Can identify genes involved in

tumor initiation and

progression.

Tumor genotypes may differ

between mice and humans.

Can assess tumor response

to drugs.

Drug response not to human

tumor.

Can identify developmental

genes and haploinsufficient

phenotypes.

Embryonic lethality may

prevent identification of

function in adult tissues.

Technology adapted to

knockout by CRISPR-Cas9.

Technology considered

expensive and time

consuming.

Conditional Yes Potentially Yes Normal unless by

design

Bypasses embryonic lethality

phenotype.

Optimally, Cre recombinase

should be expressed solely in

the desired tissue; promoters

driving Cre recombinase in the

colon almost all have some

extraintestinal activity.

Can relocate Apc-initiated

tumor from small intestine

to colon.

Laparotomy Yes No Yes Altered inflammation Can relocate Apc-initiated

tumor from small intestine

to colon.

Procedure creates atopic

inflammation.

Metastatic Yes Yes Yes Altered through TGF-b Can reproduce metastasis by

changing immune response

(APC, KRAS, TP53, TGFBR2).

No model gives both liver and

lung metastasis routinely.

TRANSGENIC

Random No No No Normal Can observe phenotype when

gene is overexpressed.

Random insertion affects genes

other than gene of interest.

Site specific No Potentially No Normal RNA guide can eliminate

random insertion.

(Continued on next page)
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Table 2. Continued

Type

Models early

stage Late stage

Used for drug

response Immune status Benefits Disadvantages

CHEMICAL INDUCTION Yes No Yes Altered inflammation Tumor progression from

adenoma to adenocarcinoma

similar with human histology.

Tumors rarely proceed to

metastasis.

Tumors have high KRAS/

CTNNB1 and low APC/TP53

mutation frequency.

Human tumors have high APC/

TP53 and lower KRAS mutation

frequency.

AOS/DSS good model for

inflammatory bowel disease.

Not applicable for the study of

the normal immune response,

requires chemical injury to

colon.

Technically simple,

inexpensive.

Low tumor burden, tumors take

a long time to develop.

PERITONEUM No Potentially Yes Normal Technically simple. Dependent on syngeneic,

xenografted, or transgenic

mice to model.

Spontaneous GEMMs models

do not yet exist

SYNGENEIC Yes No Yes Normal No tumor rejection. Cannot use human tumor

material.

Cell lines often used for grafts

are not an original tumor

genotype.

XENOGRAFT

Subcutaneous No No Yes Altered deficient Tests human cancer directly. Immuno-deficient.

Technically simple, rapid tumor

formation.

Tumors are not present in the

correct microenvironment.

Can assess tumor response to

drugs.

Not always easy to identify

antitumoral drug response.

Mouse stroma replaces human.

No insight into tumor initiation

events.

Mostly non-metastatic, rarely

models late-stage disease.

Orthotopic No Potentially Yes Altered deficient Tests human cancer directly. Immuno-deficient.

Histology similar. Mouse stroma replaces human.

(Continued on next page)
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Table 2. Continued

Type

Models early

stage Late stage

Used for drug

response Immune status Benefits Disadvantages

Potential to generate liver

metastasis.

Tumor burden is lower than

subcutaneous xenografts.

Genetically engineered mice

are not necessary.

No insight into tumor initiation

events.

Can assess tumor response to

drugs.

Not always easy to identify

antitumoral drug response.

ORGANOID

Subcutaneous No No Yes Altered deficient Technically simple, rapid tumor

formation.

Tumors are not present in the

correct microenvironment.

Immuno-deficient.

No insight into tumor initiation

events.

Mostly non-metastatic, rarely

models late-stage disease.

Orthotopic Transplantation

and in situ gene editing

Yes Yes Yes Potentially altered

deficient

Mouse and human organoids

are both transplantable into

the colon.

Requires colonoscopy system

and special equipment.

Can obtain metastasis. If using human tissue for

transplantation, mice must be

immuno-deficient.

It is not necessary to generate

genetically engineered mice.

Use of CRISPR-Cas9 Can get tumor formation in

selected sites in distal colon.

Tumors monitored with

colonoscopy.

ll
O
P
E
N

A
C
C
E
S
S

iS
cie

n
ce

2
6
,
1
0
6
9
5
8
,
Ju

n
e
1
6
,
2
0
2
3

1
9

iS
cience

R
e
v
ie
w



ll
OPEN ACCESS

iScience
Review
strategies could be explained by a role for the gene in tumor progression rather than CRC maintenance;

the TGF-b pathway was observed to be one of the major effectors of the process.

Subsequently, in a model also examining quadruple mutations to Apc, Kras, Tp53, and Tgfbr2 in intestinal

stem cells, Tauriello et al.178 found Tgf-b able to cause metastasis by its ability to drive immune evasion in

MMR stabile CRC. Inhibition of Cd274/Pd-l1 gave only a limited response in these tumors, and inhibition of

Tgf-b created a cytotoxic T cell response against them that prevented metastasis. Tumor microenviron-

ment through TGF-b, long thought to be involved in the relationship of tumor and host,179 was thus iden-

tified as a means of immune evasion that promoted T cell exclusion and blocked acquisition of the TH1-

effector (CD4/Type 1 T helper) phenotype. The study implied that therapies against TGF-b signaling180

would have broad application in treating patients with advanced CRC. Upon examining NOTCH signaling

activation (neurogenic locus homologue signaling) in the Kras G12D mice, researchers found TGF-

b-dependent neutrophil recruitment drove poor-prognosis tumor subtypes, suggesting neutrophil recruit-

ment as a potential therapeutic approach.181 Sakai et al. also demonstrated Apc, Kras, and Tgfbr2 were

sufficient to drive metastasis in CRC.123

In the studies mentioned above177,178 metastases were exclusively found in the liver; human CRC metas-

tasizes to both the liver and the lung. A recent report finds reliable lung metastases arise when Rag-1

knockout mice, another immune-deficient mouse negative for B, T, and NK cells, were orthotopically

transplanted during colonoscopy with the human HCT116 cell line (HCT, human colorectal tumor).182 In-

vestigators suggested that Rag-1 mice differ from the nude mice used previously because leakage of B

and T cells does not happen as the mice age. While the study is encouraging, liver metastases are absent

in the Rag-1 model; the report itself is based on a very few numbers of mice, and the investigators do not

mention the genetic background of the animals. However, the involvement of the immune system and

tumor microenvironment in the metastasis observed is not likely incidental. Other mouse models con-

taining different combinations of genetic changes have been studied. These include combinations of

different Apc-mutant mice with those containing Kras, Tp53, and others. Overall, combinations of

different mutations including tumor microenvironment generally result in acceleration of the develop-

ment of intestinal tumors.

Transgenic mouse models

GEMMs permitted researchers to remove a gene and examine the change in phenotype; transgenic mice

permitted overexpression of genes for the same purpose. First constructed in the Ruddle laboratory in the

1980s,183 transgenics specific for the study of colon cancer were made in the early 1990s.184,185 Initially re-

combinant vectors containing the gene of interest adjacent to promoter/enhancer elements were injected

into the pronuclei of fertilized eggs, and the DNA transmitted to progeny by randomly inserting into the

mouse genome. Later with the development of CRISPR/Cas9 technology, the desired gene could be

‘‘knocked in’’ at a specific locus. The technology is still being used to understand gene function in CRC.185

Peritoneum models

CRC coexists with peritoneal carcinomatosis (PC) in approximately 3% of patients without metastases and

25–30% of patients with recurrent metastatic disease.186 It is not entirely clear if PC is part of metastasis or

represents its own separate phenotypic and molecular entity. This has limited their use in studying CRC,

and researchers use them more often now to examine nonsolid tumors or to assess pharmacologic

responsiveness.

In a recent report, investigators demonstrated an orthotopic xenograft from a patient with PC could be

labeled with red-fluorescent protein (RFP) simply by stromal invasion of the graft. Human stroma in PDX

becomes replaced very quickly by murine stroma, despite the histological characteristics of the tumor re-

maining unchanged.187,188 When placed in a transgenic mouse expressing RFP, enough stroma from the

transgenic animal invaded the tumor that it could be followed by imaging when those tumors were reposi-

tioned into a second non-transgenic mouse.189 The study anticipates the process might be useful in the

identification of effective treatments using a personalized approach for PC patients.

At present, there are no spontaneous models (GEMMs) for PC. Syngeneic and xenografted mice model the

condition, with mouse cell lines injected into the intraperitoneal cavity and human colon cancer cells

xenografted subcutaneously or orthotopically. A few transgenic animals for genes found associated with
20 iScience 26, 106958, June 16, 2023
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PC have been reported.190 The use of CRISPR-Cas9 technology is expected to lead to the development of

genetically engineered models soon.
Syngeneic (allograft) models

In syngeneic mouse models, investigators graft tumor tissues into mice with the same genetic background;

grafts are not rejected as the immune response is not triggered. The transplanted tissue is often from cell

lines induced originally by chemical carcinogenesis. These animals have an intact immune system and are

considered useful in studies of immunotherapy; the drawbacks are that cell lines are not the original tumor

genotype and humanmaterial cannot be used.191 The first syngeneic transplants were done in the 1960s;192

the system is still being used in treatment response studies in CRC193 and the immune response to colon

cancer.194
Xenografted mice

Xenografts refer to the transfer of tissue from one species into another; the earliest work was done in the

1940s.195 Today the term refers to the transfer of fresh human tumor, intact or single cell, into mice that are

necessarily immuno-incompetent. Implantation of tumor fragments has been shown preferable to cell sus-

pensions in orthotopic models.196 Immuno-incompetency may include genetic deficiency of an entire

branch of the immune system (athymic nude mice), combined immunodeficiency, or animals that have

had their immune systems humanized. Transplantation routes include subcutaneous, intrasplenic, or ortho-

topic,197,198 with orthotopic transplantation being the delivery of cancer cells to the anatomic location or

tissue in mice from which a tumor type was derived.15

Subcutaneous xenografts generally do not result in metastases, and injection into the spleen, portal vein,

and liver to create them artificially does not permit identification of the molecular changes necessary for

their development.199,200 Patient-derived orthotopic xenografts better mimic metastasis than subcutane-

ous xenografts.201 In 1991, the Hoffman laboratory showed it is possible to construct a CRC model using

orthotopic transplantation with a variety of clinical behaviors reflecting human pathology, including local

growth, abdominal metastasis, abdominal carcinomatosis with extensive peritoneal seeding, lymph-

node metastasis, liver metastasis, and colonic obstruction, with a high rate of success, and then went on

to use adaptations of the model for drug discovery.202 Advantages to xenograft models that led to their

original development and their continued use include that cancer alterations growing in the graft are close

to the patients’ original tumor, and they are far less expensive to make than most other models. Investiga-

tors can make cell lines with human tumor material and use early passages to measure various biological

properties. Xenografted mice have long been considered the most reliable model for research and testing

of anti-cancer drugs, the idea being that one had to examine human as opposed to mouse tumors to accu-

rately model chemotherapy.203

A serious drawback using subcutaneous or orthotopic PDX in modeling CRC is that the microenvironment

in an immuno-deficient mouse is significantly different from that of a tumor growing in an otherwise normal

gastrointestinal tract.197,204 Immune-deficient mice are prone tometastasis, and this has been taken advan-

tage of for the testing of combinations of many drugs, but a major aim of personalized medicine has been

to develop chemotherapeutic regimens such as checkpoint inhibitors that are less deleterious to the

patient. To test the effectiveness of an immune checkpoint inhibitor in a mouse, there must be an immune

system to release.

Both patient-derived tumors and organoids205 are xenografted subcutaneously and orthotopically; 3D cul-

tures are made of both. Researchers are increasingly culturing PDX onto sponge-matrixes (Gelfoam)206

when doing ‘‘histoculture drug-response assays’’ (HDRA), giving the ability to discern drug sensitivity be-

tween individual patients with similarly classified tumors.207 By comparison, organoids are grown on a

laminar-rich extracellular matrix known as Matrigel.208,209 Murine tumors and organoids, syngeneic and

non-syngeneic, have also been transplanted in the samemanner as human xenografts.210 RNA interference

of genes of interest is made in cell lines, and the resulting altered cell lines are xenografted into mice for

studies on chemosensitivity in colon cancer.211 In a recent comparison of PDXs to patient-derived organo-

ids (PDOs) upon orthotopic transplantation into mice,212 analysis showed good in vivo reproduction

by both.
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Organoids

The development of organoids permitted another approach to the creation and utilization of mouse

models. Over the last four years organoid banks have been assembled, becoming publicly available for

almost all human tissues and patient-derived tumors, as well as mouse tumors. Researchers defined

them as three-dimensional structures embedded in an extracellular matrix, which originate from embry-

onic, pluripotent, or adult stem cells (ASCs). These structures develop important characteristics of the ex-

pected organ through self-organization, sorting, and spatially restricted lineage commitment of cells.17

ASC differs from pluripotent organoids (iPSCs, induced pluripotent stem cells) by being lower in

complexity and having an absence of stroma nerves and vasculature. They were originally developed to

study intestinal cancer,213,214 when LGR5-positive stem cells were cultured into crypt-villus-like organoids.

A recent systematic literature review215 reports overall acceptance that organoids have potential use in

both personalized medicine and in understanding disease progression. Progress in endoscopic capability,

transplantation techniques,198 and the identification of ASC by marker has permitted organoid use in

mouse models to predict therapeutic drug response in patients.216,116 Accepted limitations in their use

in mouse models include unwanted genomic alterations during culture, an inability to model the human

tumor immune environment completely, lack of stroma when derived from ASC, and reliance on Matrigel

for extracellular matrix. Major strengths in studies using organoids include greater ability to establish the

organoid compared to establishment of a 2D cell line, the ability to determine drug response to patient-

derived tumors, and the ability to compare matched pairs of cancer versus normal tissues.
DISCUSSION

Inferences and implications

Data, primarily from the Human Genome Project (1990–2003), estimated the total number of coding genes

in one nucleus at about 20,000. The mouse genome was later found to have 24,408, with 17,094 human or-

thologs. Interestingly, an organism’s size was not directly proportional to the number of its genes;

‘‘Daphnia magna’’ (the water flea) has 31,000. Researchers for many years altered genes in multiple species

to determine function and considered mutations in human disease genes as nature’s experiments. The

development of ‘‘next-generation sequencing’’, the initiation of TCGA, and xenograft and organoid trans-

plantation all dramatically changed how mouse models were made and used in cancer research. An argu-

ment was made that one did not have to understand gene function; it was best to identify compounds that

were effective against tumor pathways, and human tumors transplanted into mice would be the most

informative. The argument had weight; transplanted organoids and xenografts have been effectively

used to determine treatment response, and this type of modeling is being further developed. But it is

also found to be an over-simplification as time has shown that the immune response can be altered to treat

some tumors successfully, angiogenesis is altered, and that micro-environment plays an important role in

metastasis and cancer progression (Table 2). These observations are responsible for investigators suggest-

ing the development of an immunocompetent autochthonous mouse that models the full spectrum of

CRC. GEMMs in the past were criticized as expensive endeavors, which will likely be true in future; the

adage suggesting we are too poor to afford bargain commodities may well be deemed practicable.

This direction implies that the Herculean but finite task of understanding howmost of 20,000–24,000 human

andmouse genes function in ontogeny may be necessary to fully understand alterations in cancer and treat

them successfully. It infers the numerous pathways and processes we have uncovered in any one nucleus

are components of a jigsaw puzzle responsible for multiple cell fates that interact to form an organism

and/or a cancer cell, and we are over time required to assemble the full picture.
CONCLUSION

Many types of mouse models have been used to understand the biology of CRC. Xenografting human cell

lines into immune-deficient mice or transplantation of mouse cell lines into immune-competent mice have

been very popular in evaluating drug toxicity and efficacy; however, they do not provide basic information

about tumor development and maintenance processes, nor do they adequately describe innate and

adaptive immunity to human tumors. Newer approaches using PDOs have become useful tools in devel-

oping models for human CRC. GEMMs in the past permitted recreation of multiple alterations seen in

CRC providing novel insights into the process of tumor development. Other methods of developing

mutant mice such as the CRISPR-CAS9 system are now being used in the development of new GEMMs

that are both immunocompetent and autochthonous. All are expected to give further insight into the
22 iScience 26, 106958, June 16, 2023



ll
OPEN ACCESS

iScience
Review
oncological process and to be used in evaluating new drugs with the abiding hope of providing effective

therapeutic opportunities for patients.
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