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Abstract

Colorectal cancer (CRC) is a common malignant tumor of the gastrointestinal tract with increasing morbidity and mortality.
Exploring the factors affecting colorectal carcinogenesis and controlling its occurrence at its root is as important as studying
post-cancer treatment and management. Establishing ideal animal models of CRC is crucial, which can occur through various
pathways, such as adenoma-carcinoma sequence, inflammation-induced carcinogenesis, serrated polyp pathway and de-novo
pathway. This article aims to categorize the existing well-established CRC animal models based on different carcinogenesis
pathways, and to describe their mechanisms, methods, advantages and limitations using domestic and international literature
sources. This will provide suggestions for the selection of animal models in early-stage CRC research.
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Colorectal cancer (CRC) not only ranks second in terms of
cancer-related mortality but the third most common type
of cancer globally [1]. In recent years, the incidence rate of
CRC is still increasing and getting younger [2]. Researchers
estimated that about 160,000 people will fall ill with CRC in
the US by 2023, and nearly 60,000 people will die of CRC;
interestingly, about 4000 individuals are under the age of
50 [1]. Therefore, it is crucial to early identify CRC and to
explore factors affecting the malignant phenotypic transi-
tion of tumors are crucial. While establishing animal mod-
els is a common method to address the challenges of CRC
research and serves as an important bridge between experi-
mental and clinical studies. Normal intestinal epithelium can
develop colon cancer through various pathways, including
the adenoma-carcinoma pathway, the inflammatory bowel
disease-carcinoma pathway, the serrated polyp-carcinoma
pathway, and the de novo pathway [3]. Most reviews focus
on classification based on modeling methods and different
animal strains, but few articles describe CRC animal models
surrounding different carcinogenic pathways. So, this paper
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aims to review existing animal models of colon cancer under
different carcinogenic pathways and provide recommenda-
tions for researchers to choose the most suitable experimen-
tal animal models.

Adenoma-Carcinoma Pathway

Most colorectal tumors originate from precancerous polyps.
Changes in genes that regulate DNA repair and cell pro-
liferation lead to the formation of adenomas. As reported,
APC gene mutation is the first step in traditional adenomas
and subsequent the accumulation of gene mutation, such as
Kras, p53 and others. Adenomas continue to grow, showing
increasingly dysplastic characteristics and eventually acquir-
ing invasive potential [3]. Common models are categorized
in the table.

The pathological type of CRC is mostly adenocarcinoma.
In the development of the majority of human colorectal
adenocarcinomas, it follows the pattern of “aberrant crypt
foci (ACF)-adenoma—adenocarcinoma”. Different stages of
cancer progression have different histopathological mani-
festations. ACF is a cluster-like abnormal tubular gland in
the inner layer of the colon and rectum. Under chromoen-
doscopy, it appears as crypts darker than the surrounding
tissue, slightly enlarged, with crypt openings often fissure-
like. Histologically, the crypt clusters of ACF vary in size
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and appearance. Adenoma appears as atypical hyperplasia
of the intestinal epithelium under the microscope, with
enlarged, deeply stained cell nuclei that are spindle-shaped
to varying degrees, with loss of polarity and stratification.
In histology, adenomas can be divided into tubular adeno-
mas (tubular component > 75%), villous adenomas (villous
component > 75%), and tubulovillous adenomas (both tubu-
lar and villous components between 25% and 75%). Among
them, adenomas with a diameter of 1 cm, villous structure,
or high-grade dysplasia may progress to adenocarcinoma.

Carcinogen-Induced CRC Models

Carcinogen-induced CRC models have a long history that
can highly reproduce the initiation and progression of human
CRC and, therefore, are commonly used in research of the
etiology, pathogenesis, and related therapies for CRC [4].
Carcinogens are commonly classified as direct and indirect
ones. Unlike direct carcinogens, indirect carcinogens must
to be converted into active substances by enzymes in the
body to exert effects. There are four categories of carcino-
gens widely used, including (1) azoxymethane (AOM) and
dimethylhydrazine (DMH); (2) heterocyclic amines (HCAs)
like PhIP; (3) aromatic Amines like Dmab; (4) alkylating
agents like MNNG and MNU. All of them can be used alone
or in combination, and they are administered by free feeding,
gavage, intraperitoneal injection, subcutaneous injection,
muscle injection and rectal administration.

Carcinogenic Mechanisms

The commonly used carcinogen DMH is oxidized to
AOM in hepatic cells, and the latter is hydroxylated to
form MAM through cytochrome P450-dependent path-
way. MAM reaches the intestine directly through bile and
intestinal lumen or enters through the circulatory system
[5]. It is unstable in the body and can be decomposed to
produce alkylating methyl diazonium ions [6], resulting
in O-6 or N-7 position guanine methylation in DNA and
causing gene mutations during the replication process [7].
ACEF arise in the normal gut as a result of DNA alkylation
damage by activating oncogenes and inactivating tumor sup-
pressor genes. ACF is a precursor lesion of CRC, with the
tendency to further become colorectal adenomas and cancer
[8]. Research has shown that treating C57BL/6J mice with
AOM can lead to the presence of ACF in the colonic mucosa
after 2 weeks, and the occurrence of CRC can be seen with
continued feeding [9]. HCAs, found in grilled meat and fish,
are genotoxic compounds that also cause DNA mutation
damage after metabolism in the liver, eventually leading to
cancer [10]. MNNG and MNU are direct carcinogens and
are often used to induce CRC in rats through gavage or rectal
administration.
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Modeling Methods

Animal models of carcinogen-induced colon cancer can be
established differently according to different animal strains,
dosing regimens, and routes of administration. Currently,
multiple injections of carcinogens are used. The animal
strains can be selected according to their sensitivity to the
carcinogens, and the administration methods are mostly sub-
cutaneous and intraperitoneal. Izumi et al. [11] injected 30
mg/kg of DMH subcutaneously into 85 Balb/c mice, and
tumors developed in the distal colon of all mice after 24
weeks. Turusov et al. [12] gave subcutaneous injections of
8 mg/kg DMH to Balb/c and C3HA mice for 25 weeks and
found that the colonic tumors incidence was higher in Balb/c
mice compared to C3HA mice (93.3% vs 30.9%). Nambiar
et al. [13] gave A/J, AKR/J and Balb/c mice intraperitoneally
with 10 mg/kg AOM for 6 weeks, after 24 weeks, they found
A/J mice had the highest sensitivity to AOM (9.2 tumors
per mouse). Dikeocha et al. [14] gave weekly subcutane-
ous injections of 7 mg/kg AOM to 10-week-old male SD
rats for 3 weeks, and large amounts of ACF could be seen
at 8 weeks. Reddy et al. [15] subcutaneously injected male
F344 rats with 50 mg/kg DMAB 20 times per week. Finally
about 70% of rats with a high-fat diet were induced with
multiple colonic tumors.

Advantages and Disadvantages

Carcinogen-induced colon cancer models have specific
advantages, including (a) Easy to operate, copy, and inex-
pensive. (b) Induced-onset colon tumors are mostly located
in the distal colon, where human colon cancers typically
occur [16]. (c) The tumor initially grows with a polypoid fea-
ture and often exhibits features similar to those of male CRC
in histopathological aspects [17]. (d) the induced tumors
are molecularly similar to human CRC, showing mutations
in APC and Kras, activation of the wnt signaling pathway,
and upregulation of COX-2 levels [18-20]. Meanwhile, CRC
models also have some drawbacks, e.g., (a) Although most
studies indicate that AOM and DMH have some organ affin-
ity, tumor formation occurs mainly in the small intestine, and
a considerable amount of alkylated DNA adducts can form
in the liver and kidney [21]. (b) There is a very long latency
period from carcinogen application to tumorigenesis, which
depends on the kind of carcinogens, dosing regimens and
mouse strain. The latency period ranges from 24 to 50 weeks
[13, 22, 23]. (c) Indirect carcinogens have to be metabolized
by the liver, tumor formation is affected if it is blocked. (d)
Tumors usually lack mucosal invasiveness, as well as metas-
tasis, so the model is not applied to study advanced colon
cancer.

This model is consistent with the progress of the CRC
adenoma—carcinoma sequence, which can be used to study
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factors that play a regulatory role in the development of spo-
radic colon tumors. It is also suitable to predict the effects of
chemotherapy in human colon cancer [24-26]. Nevertheless,
future improvements in modeling techniques based on the
shortcomings are still needed. For example, further confirm
the specific details of each scheme, discovery of better novel
colon cancer inducers, and, in order to solve the problems of
long modeling time and the difficulty of metastasis, trans-
genic mice treated with oncogenes can accelerate the tumor
progression [27].

Genetically Engineered Colon Cancer Models

Transgenic technology refers to the use of modern biotech-
nology to artificially isolate the target genes that people
need, recombine and introduce into the chromosome, then
integrate and stably inherit them by the next generation. At
present, most of the applications of microinjection tech-
nology, that is, through the microinjector, will be injected
into the male nucleus of the fertilized egg of the exogenous
genes to obtain transgenic animals. The knockout colon
cancer model artificially knocks out the relevant oncogenes
so as to induce colon polyps to become cancerous. APC
gene encodes a tumor suppressor protein that can be directly
involved in inhibiting the adverse effects of the Wnt signal
pathway on G1 to the S phase transition of the cell cycle.
The APC gene mutation can affect the growth of intestinal
epithelial cells and promote the occurrence of adenomas.
The Apc Min (multiple intestinal neoplasia) mutant mouse
is a classic model for studying intestinal tumorigenesis and
development. Adenomatous phenotypes of APC Min/+ mice
and C57 mice were obtained by crossing APC Min male
adult mice with C57 female adult mice in a 1:2 ratio after
three months. Then full-sibling mating was performed to
expand the population. This mouse model develops intesti-
nal tumors when fed either high-fat chow or normal chow
[28]. The pattern of intestinal adenomas during the life cycle
of APC Min mice is as follows: adenomas are formed at
9 weeks, followed by the number of small intestinal adeno-
mas remaining constant and increasing in size. Then adeno-
mas grow rapidly after 15 weeks. 24 weeks later, the mice
died of anaemic due to the large size of the glands and exces-
sive nutrient depletion.

Carcinogenic Mechanism

Knockdown of the APC gene leads to the blockage of APC
protein synthesis and reduces the degradation of f-catenin
protein in the cytoplasm of intestinal epithelial cells. The
free f-catenin protein aggregates in the cytoplasm, further
transfers to the nucleus and binds to TCF4/LA4F to initiate the
activation of downstream proto-oncogenes. APC gene muta-
tion is the early factor inducing CRC which mainly plays a

role in the nucleus and cytoplasm, resulting in the gradual
increase of abnormal lesions in the CRC until they develop
into multiple adenomatous polyps or adenocarcinoma.

Advantages and Disadvantages

Studies have shown that 80% of the initial sporadic colorec-
tal carcinogenesis is related to APC mutations, so APC Min
mice have many advantages as a classical and widely used
model for studying intestinal tumor occurrence and develop-
ment, including (a) Mature technology, simple application
method, and low cost. (b) Convenient case evaluation, for
example, can find out the regularity of adenoma occurrence
by comparing the number and size of adenomas in mice
of different weekly ages. (c) The changes in the expres-
sion of p-catenin as determined by immunohistochemical
staining can help to elucidate the pathogenesis. At the same
time, this model also has several shortcomings. Firstly, the
induced tumor mainly found in the small intestine, while
fewer occurred in the colorectum, so the obtained samples
were insufficient. Secondly, the proliferation of intestinal
tumors was slower, but the apoptosis level was higher, which
required a longer experimental time. In addition, although
the larger adenomas had obvious cellular anisotropy, the
submucosal layer did not have invasive infiltration, which
indicated that the adenomas had not yet progressed to carci-
noma. So, the process of adenoma to cancer is more difficult
to observe in this model. Many other animal models have
been improved from the APC Min mouse model.

Improvements and Developments

Cdc20loxp/+APC  min/+villin-cre+/— Mutant Mouse
Model Cell division cycle 20 (Cdc20) homolog is one of the
major cofactors of the late-promoting Anaphase-promoting
complex/cyclosome (APC/C). It activates the APC/C by
binding to specific elements of the substrate and involves
in the process of mitotic termination. It has been shown that
the spindle assembly checkpoint (SAC) is a monitor of the
duplicated chromosome bipolar segregation during the mid-
to late-phase transition. When the sister chromatid mono-
mer segregation process occurs incorrectly, the mitotic
checkpoint complex (MCC) is activated, resulting in the
inactivation of Cdc20 and failure of mitosis to terminate in
time. Therefore, abnormal or dysfunctional expression lev-
els of Cdc20 may eliminate mitotic arrest by deregulating
the activation of the APC, which in turn leads to the genera-
tion of cancer cells [29]. The Cdc20loxp/+ mutant mice pre-
pared using gene targeting technology were mated in cages
with villin-cre+/— gene mice and APC Min/+ gene mutant
mice to obtain Cdc20loxp/+ villin-cre4/— transgenic mice
and APC Min/+ villin-cre+/— transgenic mice respectively.
Then, Cdc20loxp/+ APC Min/+/— villin-cre+/— mutant
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mice were obtained by mating the two mice in cages. This
model promotes colon cancer development and accelerates
tumor malignancy in APC Min/+ mice but has no effect on
tumor number or size [30].

Tiam1/C1199-CopGFP Transgenic Mice The Tiam1 gene, an
invasive metastasis inducer in T lymphoma, is also found to
be upregulated in CRC and tightly linked to the invasion and
metastasis of CRC [31]. Silencing Tiam1 in CRC cell lines
inhibits cell migration, invasion and metastasis in vitro.
The full-length cDNA of Tiaml in C1199 is cloned into
the lentiviral vector pCDF1-CopGFP, and transgenic mice
are prepared using the prokaryotic micromolecule method.
Superovulatory and pseudo-pregnant ICR mice are used
for the modeling. Lentiviral microinjections containing the
genes of Tiaml and EGFP are injected into the prokary-
otic nucleus of each embryo. Then, it was put in the culture
medium for 72 h, and the embryos were transferred into the
oviducts of pseudo-pregnant mice. The mice deliveries pups
at 20-21 days. Then we can obtain genomic DNA from the
tail biopsies of the mice. Yu et al. [32] injected the carcino-
gen DMH (20 mg/kg) weekly intraperitoneally to 4-week-
old Tiaml transgenic or non-transgenic mice for 24 weeks,
and pathological sections confirmed that Tiam1 promoted
CRC invasion and metastasis.

Inflammatory Bowel Disease (IBD)-Cancer
Pathway

Colitis-associated colon cancer (CAC) is the result of the
further development of IBD. Its prognosis is poor due to
late detection and local development or metastasis [33]. The
pathogenesis of IBD is unclear, but its pathology is char-
acterized by localized persistent inflammation. Ulcerative
colitis (UC) and Crohn’s disease (CD) are the most common
types. Chronic recurrent intestinal mucosal inflammation
leads to tumor formation through a variety of mechanisms,
including induction of genetic mutations, immune responses,
and alteration of the tumor microenvironment. The immuno-
logical features of CD are the presence of activated Th1 cells
in the intestinal tract, as well as high expression of interferon
and tumor necrosis factor, whereas UC exhibits activation
of Th2 cells [34, 35].

Under persistent inflammation stimulation, the patho-
logical development process of CAC follows a pattern of
“inflammation—atypical hyperplasia—carcinogenesis”, with
pathological manifestations similar to adenoma-cancer. In
gross tissue, CAC can be observed with ulcers extending
deep into the muscle layer. Histologically, there is obvi-
ous infiltration of inflammatory cells in the tissue, includ-
ing basal plasmacytes, lymphocytes and neutrophils, and
tend to form crypt abscess. Even inflammatory cells break
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through the basement membrane and infiltrate into the
submucosa. The colonic crypts lose their original tubular
structure, presenting as twisted, branched, atrophic crypts,
with a decrease in goblet cells. Significant proliferation
of crypt cells was observed by Ki67 staining. The lumi-
nal surface showed high-grade intraepithelial tumor-like
changes, further showing marked cellular atypia, with a
few infiltrates into the muscle layer, and these tumors were
histologically diagnosed as tubular adenoma or tubular
adenocarcinoma.

A combination of oncogenic and inflammatory agents is
commonly used to induce the CAC model. See “Carcino-
gen-Induced CRC Models” section for details of oncogenic
agents. Common inflammatory agents include dextran
sodium sulfate (DSS) and oxazolone, both of which mimic
the UC immune process, and TNBS mimics the immune
process of CD [36, 37].

TNBS and oxazolidinone are semi-antigens [38, 39],
which are converted to antigens and trigger a variety of
immune responses when bound to tissue proteins. TNBS-
induced colitis is a delayed hypersensitivity reaction to semi-
antigenic proteins [38]. The use of inflammatory agents after
treatment of animals with the carcinogens DMH and AOM
accelerate colon carcinogenesis. TNBS and oxazolone are
administered by enema and TNBS needs to be mixed with
ethanol for it to be effective. Fragoso et al. [40] adminis-
tered 4 doses of DMH (40 mg/kg) twice weekly to Wistar
rats. Two weeks later, 10 mg of TNBS mixed with 0.25 mL
of 50% ethanol was given in the rectum and executed rats
after 25 weeks. 60% showed low-grade abnormal hyperpla-
sia with the presence of ACF. Xiao et al. [41] gave a single
intraperitoneal injection of AOM (10 mg/kg) followed by
intrarectal administration of 2.5 mg TNBS mixed with 150
pL 50% ethanol to C57BL/6 mice, which showed extensive
atypical hyperplasia and precancerous lesions in the mucosa.
Currently most of the studies use AOM/DSS to establish the
CAC model.

AOM/DSS Induced Model
Carcinogenic Mechanism

DSS, as a chemical inflammatory agent, its essence is a
sulfated polysaccharide that directly damages the colonic
epithelium, leading to an impaired mucosal barrier and the
continuous entry of bacteria and related antigens to cause
inflammation [42]. Ingesting DSS in mice can induce intes-
tinal inflammation, with manifestations such as blood in the
stool and ulceration of the intestinal mucosa. Multi-cycle
feeding of DSS can cause chronic and recurrent inflamma-
tion in the intestinal tract, miming the process of human
CAC genesis after synergistic action with carcinogens.
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Modeling Method

At the beginning of the modeling process, mice or rats are
given a single injection of carcinogen AOM and fed water
containing DSS once a week later. Depending on the cycles
DSS is given, the modeling method can be categorized as
“two-step” and “four-step.” The former involves a single
AOM injection and a single cycle of DSS to induce acute
colonic inflammation. Studies have shown that different
mouse strains can develop colonic tumors within 20 weeks
[43, 44]. The latter refers to a single AOM injection followed
by three rounds of using DSS administration, shortening the
modeling time to around 10 weeks [45]. As the driver of
CAC progression is mostly chronic inflammation, the “four-
step” method is mostly used in studies. Becker et al. [46]
administered a single injection of AOM (7.4 mg/kg) to FVB
mice. One week later, mice cycled through three cycles of
3% DSS drinking water for 1 week and normal drinking
water for 2 weeks. On day 45 endoscopy found polyps. Doul-
beris et al. [47] gave a single injection of AOM (10 mg/kg)
to 5-6 week old Balb/c mice, followed 1 week later by three
cycles of DSS (1 week of drinking 1% DSS and 1 week of
normal drinking water as a cycle). Necropsy 3.5 months
later revealed 20 polypoid adenomas in the colon of 70%
of mice. Angelou et al. [48] found that C57BL/6 mice were
induced to develop colon cancer either by three times the
use of 3% DSS administrations for 5 days or three times the
use of 2.5% DSS administrations for 7 days after injection
of AOM (10 mg/kg).

Advantages and Disadvantages

This model is relatively quick to establish, easy to oper-
ate, reproducible, and cost-effective. However, the mod-
eling success rate is influenced by factors such as mouse
strain, diet, microbiota, the cycle number of DSS, and its
concentration, with more uncertainty and low colon cancer
incidence. Likewise, in carcinogen-induced CRC models,
the rate of invasion and metastasis is rare. Furthermore, it
does not detect common Kras or p53 gene mutations fre-
quently seen in human CRC [49]. Since human sporadic
colon carcinogenesis is not accompanied by inflammation of
the colonic mucosa, this model is distinct from carcinogen-
induced models and is rarely used to conduct studies related
to sporadic colon cancer.

In order to improve the rate of invasion and metastasis,
a model using DSS-treated APC mutation mice was devel-
oped, further increasing dysplasia and cancer formation rates
as well as shortening the modeling time. Cooper et al. [50]
showed that after two cycles of 4% DSS treatment in APC
Min mice, the occurrence rate of CRC increased by 40%
compared with the control group, and when treated for a
single cycle (3 weeks), all mice developed dysplasia. Similar

to carcinogen-induced models, most models also reflect the
progression from ACF to adenoma and cancer well [4]. This
model simulates the development process of human IBD and
is suited to study the interaction of inflammation and CRC. It
is particularly useful for studying tumor progression driven
by chronic colonic inflammation.

Serrated Polyps-Cancer Pathway

Intestinal dysplastic adenomas are not the only precur-
sor lesion of CRC, as it has been shown that 15% of CRC
develop from serrated polyps via the serrated neoplasia
pathway [51]. Serrated polyps are a kind of heterogene-
ous disease, including hyperplastic polyps, sessile serrated
adenomas (SSA), and traditional serrated adenomas (TSA).
SSA and TSA have a tendency to malignancy, especially
SSA, which has a high tendency and is closely associated
with CRC, whereas hyperplastic polyps are essentially non-
cancerous. Unlike traditional adenomas, serrated adeno-
mas have unique manifestations in pathology. SSA is seen
throughout the lumen and the proliferative zone is often
distributed asymmetrically other than the crypt. The crypt
is twisted and dilated, serrated, and may be inverted as
T-shaped or L-shaped. TSA has an overall complex villous-
like structure with coated columnar epithelium, and a pen-
shaped, narrow nucleus with eosinophilic cytoplasm. TSA
has the formation of ectopic crypts, that is, the crypts are far
away from the mucosal muscle layer, and a visible serrated
structure can appear locally.

A serrated mutation pathway is a unique form of colon
carcinogenesis; the rate of tumor progression correlates
with microsatellite instability (MSI). A striking feature of
the serrated mutation pathway is the activation of the BRAF
gene at the V60OE site [52]. As a member of the mitogen-
activated protein kinase (MAPK) pathway, BRAF mutation
leads to structural activation of the MAPK-ERK pathway
and uncontrolled cell division. Another feature is the high
level of CpG island methylation in gene promoter regions
[53]. It disrupts transcription when the upstream promoter
region of the tumor suppressor gene has high CpG methyla-
tion, causing the silencing of tumor suppressor genes and,
eventually, tumor formatting. Therefore, transgenic mice are
commonly used to prepare this type of model. See Table 1.

Genetic Engineering Mouse Models

Carcinogenic Mechanism

Current research on the molecular mechanisms of the ser-
rated pathway in CRC suggests that the serrated mutation

pathway mainly involves BRAF mutation, KRAS mutation,
and CpG island methylation. Therefore, transgenic models

@ Springer
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can be prepared by targeting specific genes for knockout
using genetic engineering technology. In recent years, mod-
els based on the above gene mutations have been developed.
Sakamoto et al. [54] further molecularly analyzed tumors
diagnosed as serrated colon cancer and found that the loss
of CDX2 gene function leads to intestinal epithelial transdif-
ferentiation, expressing serrated changes similar to gastric
epithelium, and the loss of the CDX?2 gene interacts syner-
gistically with BRAF mutation. Studies have also shown
that, like the KRAS gene, the PTEN gene is associated with
the occurrence of colon cancer through the regulation of the
PI3K pathway [55-57]. Fortunately, in lung cancer, endo-
metrial cancer, and pancreatic cancer model systems, the
tumor synergistic effect between Pten and Kras mutations
has been observed [58—62]. Therefore, targeting the knock-
out of PTEN and Kras can induce the occurrence of serrated
adenomas and enhance tumor metastasis.

Modeling Methods

Based on the above mechanisms, the Cre—loxP recombina-
tion system, with its simple operation and high recombina-
tion rate, is widely used. This recombination system can
not only be used to operate specific site-specific recombina-
tion in cells but also in tissues or entire organisms and even
to knockout or express a specific gene at a specific time,
achieving temporal and spatial specificity of gene opera-
tion. Cre recombinase recognizes loxP sites, producing three
types of recombination events: excision, inversion and trans-
location. Breeding Flox mice with specific lox sites for genes
that need to be excised with Cre mice can produce transgenic
mice with the corresponding gene knockout. To study the
gene function at specific stages of organism development, a
tamoxifen (Tam)-induced Cre system has been developed,
in which Cre is fused with the estrogen receptor (ER). In
the presence of Tam, the interaction between ER and Tam
induces nuclear translocation of Cre. In the nucleus, CreER
recognizes loxP sites, leading to the inactivation of the cor-
responding gene in the tissue. For example, the PTEN""Kra-
s"SE* model and the CDX2~"/BRAF' mouse model were
reported in the literature [54, 62].

Advantages and Disadvantages

First, the genetic combined mutation model is an improve-
ment on the model of inducing single gene mutations,
summarizing the entire morphological spectrum of human
colorectal serrated pathway tumors. Meanwhile, the tumors
exhibit phenotypes similar to human serrated CRC, provid-
ing new insights into the molecular pathogenesis of serrated
CRC. Second, there are currently no known biomarkers that
can clearly distinguish serrated lesions-induced CRC from
traditional adenoma-induced CRC, so the model may help

further discover new phenotypic markers for the relationship
between serrated precursor lesions and CRC. It is worth not-
ing that the injuries observed in these mice were found in the
small intestine rather than the colon.

Improvements and Developments

Chromosome Engineering Organ System Transplantation
Model Although we can use genetic engineering technology
to introduce mutations in certain genes and establish mouse
models with specific gene mutations, human CRC is a pro-
cess involving multiple gene mutations, so it is important to
develop models to introduce multiple gene mutations in the
mouse colon. The recent chromosome engineering organ
system transplantation model first proposed for TSA. TSA
has unique histological features, and research has found that
1%-5% of sporadic CRCs involve chromosomal rearrange-
ments of the R-spondin gene without APC gene mutations
[63]. Subsequent studies also showed that over 30% of TSA
patients repeatedly had fusions of the R-spondin gene [64],
but the role of this gene in TSA development remains to
be elucidated. Therefore, Kawasaki et al. [65] developed a
chromosome engineering organ model to study the fusion of
the R-spondin gene and its role in TSA. They used CRISPR-
Cas9 (chromosome engineering organ) to introduce chro-
mosomal rearrangements involving the R-spondin gene into
human colon organoids and then induced BRAFV600E
mutations using transgenic technology, transplanting the
organoids into the colon of NOG mice to induce the occur-
rence of mouse TSA.

This model elucidates the necessary steps for the initia-
tion and progression of TSA at the histopathological level
and can introduce multiple gene mutations in the colon
organoids through chromosomal rearrangements, provid-
ing insights into the pathogenesis of serrated colon cancer.
However, the genome editing efficiency and transplantation
efficiency are issues that cannot be ignored, and Kawasaki
et al. are hopeful that the use of a niche-based selection and
fine culture conditions can improve this issue.

De-Novo Pathway

Most colon cancers develop from colonic polyps, but a few
reports have described a special pathway through which
CRC directly develops from normal colonic mucosa, bypass-
ing the intermediate process of traditional polyp formation.
This type of cancer progression is referred to the De-novo
pathway. CRC occurring from this pathway is also known
as De-novo cancer [61], which has characteristics such as
small tumor size, rapid growth, gross morphology of shallow
depressed type, absence of adenomatous components around
the tumor and high malignancy. In addition to common

@ Springer



1590

Digestive Diseases and Sciences (2024) 69:1583-1592

malignant tumor pathological features such as crowded
disordered crypt glands in the mucosa and submucosa and
marked cellular atypia, the most prominent histological fea-
ture of de-novo cancer is well-defined border with normal
mucosa, absence of adenomatous components, and invasion
of cancer tissue into the superficial muscle layer.

Due to the low occurrence and low detection rate of
these lesions under endoscopy, there are few reports of such
lesions. Regarding animal models, back in 1978, Miyoshi
et al. [62] found De-novo cancer without any adenomatous
components in a rat model of CRC induced by DMH. How-
ever, there is limited research on animal models, with a focus
mainly on the molecular mechanisms. Current research sug-
gests that the occurrence of De-novo cancer may involve
two mutation pathways, namely the p53-APC gene mutation
pathway and the only p53 gene mutation pathway [66, 67].
However, the exact mechanism of its occurrence is still not
fully understand, so further research is needed to develop
animal models for this type of cancer progression.

Outlook

With the change in people’s lifestyles, the incidence of colon
cancer is increasing and tends to be younger, which con-
stantly forces us to conquer cancer. More and more animal
models of colon cancer have been proposed. The classifica-
tion of the existing mature models from the perspective of
different pathways of colon carcinogenesis reveals that there
is no animal model for the de-novo pathway. We still need
to study the related mechanisms further and develop mod-
els that can simulate this mutation pathway. Additionally,
existing models need to be further optimized to shorten the
modeling time while ensuring animal welfare, making the
animal models more representative of the actual occurrence
of human CRC and better serving humanity.
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