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Abstract

Purpose ApcMin'+

mouse is an excellent animal model bearing multiple intestinal neoplasia, used to simulate human familial

adenomatous polyposis and colorectal tumors. The key point of this model is the mutation of Apc gene, which is a significant
tumor-suppressor gene in the Wnt signaling pathway. There are also some other possible mechanisms responsible for the

development of colorectal tumors in the ApcM™/*

mouse model, such as tumor-associated signaling pathways activation, the

changes of tumor-related genes, and the involvement of some related proteins or molecules.

Methods The relevant literatures about Apc™™+

Results In recent years, increasing studies have focused on the application of Apc

trying to find effective therapeutic targets for further use.

Conclusion This article will give a brief review on the related molecular mechanisms of the Apc

application in colorectal tumor researches.

mouse model from PUBMED databases are reviewed in this study.

Minl+ mouse model in colorectal tumor,

Minl+ mouse model and its

Keywords Apc™™* . Animal models - Colorectal tumor - Molecular targets - Application

Introduction

Colorectal tumor is one of the most commonly diagnosed
tumors, while its malignant lesion, colorectal cancer (CRC),
ranks third in males and second in females, with approxi-
mately 1.4 million incidences and 693,900 deaths in the
year of 2012 (Jemal et al. 2010; Torre et al. 2015; Ji et al.
2016). As is all known, the mutations of tumor-suppressor
gene Apc, responsible for the familial adenomatous poly-
posis (FAP) syndrome with a precancerous lesion, almost
always stand for the initial step in most colorectal tumor
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(Morin et al. 1997). If not treated properly, the probabil-
ity of FAP patients developing sporadic colorectal cancer
is 100%. Currently, animal models of all stripes, including
mouse, rat, pig, zebrafish, drosophila and C. elegans, have
been generated to study Apc’s functions in tumorigenesis
and development as required. Among them, characterized by
multiple intestinal neoplasia, Apc™* mouse has been rec-
ognized as an ideal model for FAP researches. Meanwhile,
few evidences can deny that it brings great benefits as an
experimental vector to explore the deep-seated mechanism
of CRC. This article will give a brief review on the charac-
teristics of the Apc™™* mouse model and its application in
colorectal tumor researches.

Establishment and genetic characteristics
of Apc™™* mouse model

Background of Apc"™* mouse model

ApcM+ mouse develops numerous adenomas and is the
first successful animal model employed to study the Apc

gene involved in multiple intestinal tumorigenesis (McCart
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Fig. 1 Timeline of the develop- 1990

ment of Apc¥™* mouse models. The Apchin** model
Originally, Apc¥™* mouse,
developed in 1990, recapitulates
the disease observed in FAP
patients. Later in 1997, the first
conditional deletion of Apc
performed in the colon led to
colonic adenomas. To model
more advanced diseases, the
ApcM™* model was combined
with commonly mutated
oncogenes Or tumor suppressor- .

intestinal adenoma

1997 2000+

The 1st conditional ApcMin+ model combined with

deletion of Apc commonly mutated oncogenes/
tumor suppressor-related genes

adenocarcinoma

related genes (2000 onwards)
(Jackstadt and Sansom 2016)

et al. 2008). The development of Apc™™* mouse is briefly
displayed in Fig. 1.

ApcM"* mouse model was first established by Dove Lab
of Wisconsin-Madison University (Moser et al. 1990). Ini-
tially, the researchers treated C57BL/6J male mice with the
mutation agent ethylnitrosourea (ENU) and then hybridized
it with the AKR/J female mice. They intriguingly found that
some offspring were prone to intestinal tumors. Interestingly,
further studies revealed that a non-sense mutation emerged
in the 850th codon of one of the two chains in the Apc gene
and finally formed a truncated protein. This kind of mouse
model is, therefore, called multiple intestinal neoplasia
(MIN) mouse or Apc™™* mouse for it is prone to intesti-
nal multiple adenomas. It is worth mentioning that the Apc
mutant mouse specifically refers to C57BL/6K strain mouse
that has a non-sense mutation (TTG to TAG) at the 850th
codon of the Apc gene, while the other ones are not so called
Apc™™* mice (Westbrook et al. 2016). The studies of Apc-
Minl+ mouse can further clarify the mechanism of colorectal
cancer and provide ideas and methods for clinical propensity
patients to prevent and treat colorectal tumors through pro-
spective experiments (Fig. 2).

Genetic and phenotypic characteristics of ApcM™’*+
mouse model

The main genetic feature of Apc™* mice is the transloca-
tion of the 2549th base in the 850th codon occurs, and the
leucine-encoding codon TTG converts to the stop codon
TAG. As a result, the truncated proteins were produced to
hobble Apc against its effective work. The intestinal tumors
in Apc™™* mouse are prone to loss of Apc heterozygosity,
that is, the normal Apc™ is absent in the Apc allele, and only
the ApcMi“ band leaves. However, studies have shown that
one tumor being developed derives not only from the loss
of alleles of Apc™, but also from other factors involved. Apc-
Min/+ mice have a natural survival period ranging from 120
to 150 days and are often accompanied by characteristics
of chronic anemia, manifested as increased reticulocytes
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and decreased red blood cell count, together with bloody
stools, prolapse of the anus, splenomegaly, hyperlipidemia
and other performances. In addition, some female mice can
develop breast tumors (Sheng et al. 2008). Homozygous
Apc™™* mice are confronted with low survival and difficult
reproduction. The mouse Apc gene is located on chromo-
some 18 and 90% homologous to the human Apc gene (Su
et al. 1992). However, unlike humans, most tumor lesions in
the mouse model are mainly distributed in the small intes-
tine. Almost all tumors are benign adenomas at first. As
the mice age, colon adenomas and adenocarcinomas can be
observed in some older animals (Chandrakesan et al. 2017,
Grill et al. 2015).

Possible reasons for the development
of colorectal tumors in the Apc”"™* mouse
model

Apc"™* mouse model and tumor-associated
signaling pathway activation

Apc"™* mouse model and the Wnt signaling pathway

Commonly accepted, Wnt signaling is associated with tumor
formation. Its activated mutations are principal genetic
alterations in the premalignant lesions of the small intestine.
Generally, Apc downregulates the Wnt signaling pathway by
binding to p-catenin coupled with promoting its destruction
(Liu et al. 2013a). In normal cells, the Apc gene degrades
B-catenin, which is a key component of the Wnt signaling
cascade and functions at the cell membrane to enhance inter-
cellular adhesion (Wang et al. 2014). Deletion or mutation
of the Apc gene makes f-catenin unable to be effectively
degraded and accumulated, thereby resulting in abnormal
activation of Wnt pathway in cells. Accumulated f-catenin
in nucleus leads to transcription of some target oncogenes
(Cheung et al. 2010; Hawkes and Alkan 2011). Meanwhile,
studies have illustrated that mutations in one strand of the
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Fig.2 Apc gene with Wnt signaling and TGF- signaling pathways.
As the Apc gene mutates at its 850th codon, the Wnt signaling path-
way and the TGF-p signaling pathway are affected, eventually leading

Apc gene are sufficient to affect the level of microtubule
polarization, but not certainly cause dysregulation of the
Whnt pathway, and may be necessary for the inactivation of
both Apc alleles of the latter (Husoy et al. 2003).

Apc™* mouse model and the TGF-B signaling pathway

Loss of TGF-f signaling pathway is a common phenom-
enon during CRC progression. TGF- pathway abrogation
in CRC can generate through mutation of either TGF-p-
receptor]l (TGFBRI1) or TGFBR2 loss of heterozygosity
(LOH) of chromosome 18q, where Smad2 and Smad4
are located, which are the two downstream mediators of
TGF-p signaling pathway. In the mouse, Apc mutation in
combination with inactivation of various components of
TGF-p signaling (Tgfpr2, Smad2, Smad3 or Smad4) gen-
erally leads to the production of invasive adenocarcinoma,
although apart from metastasis (Hamamoto et al. 2002;
Munoz et al. 2006; Sodir et al. 2006; Takaku et al. 1998).
Smad3 loss also alters tumor location in the Apc™n/*
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to an increase in tumor-associated genes such as C-myc in the down-
stream, which promotes the transformation of the mouse intestine
from normal to adenoma and even adenocarcinoma

model, as more tumors arise in the distal colon. One of
the postulated mechanisms for how the loss of TGF-§
drives invasion, although it is required for processes such
as EMT, is attributable to a protumorigenic microenviron-
ment that mutations in the tumor bring about.

Apc™* mouse model and the NF-kB/COX-2 signaling
pathway

Numerous studies have demonstrated that NF-kB/COX-2
signaling pathway plays an important role in the develop-
ment of intestinal cancers. Among these, NF-kB/COX-2
interaction was reported to govern the stimulation of ade-
noma growth in intestinal polyps (Rao 2004; Yuan et al.
2008). NF-kB acts as ‘first responder’ of various types of
cellular stress, induces COX-2 expression in response to
cellular stress, and further stimulates Wnt signaling path-
way. Finally, polyps expand and the tumorigenesis occurs.
Increased COX-2 expression has been reported in intesti-
nal tumors derived from human of multiple origins, and a
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variety of animal models. All selective COX-2 inhibitors
have the ability to narrow polyp frequency and size, which
strongly highlights a causal role for COX-2 expression as a
driver for FAP. While the reduction in intestinal tumor num-
ber and size in Apc™™* mice (Chulada et al. 2000) with total
COX-2 gene deletions provided conclusive proof that COX-2
expression, in some cell type(s), plays a pivotal role in tumor
progression. Clearly, the causal role COX-2 expression has
been recognized as an important role both in hereditary FAP
patients with Apc gene mutated in the progression of intes-
tinal cancer and in ApcM '+ mice (Cherukuri et al. 2014).

Ap"* mouse model and other signaling pathways

There are some other signaling pathways associated with
ApcM™* mouse model that contribute to the development of
intestinal tumors as reported. Previous works showed that
the inhibition of Delta-like 4/Notch signaling can repress
tumor growth (Lopez-Arribillaga et al. 2015; Van Dussen
et al. 2012; Zhao et al. 2011; Folkman 1990). Recently, the
study by Badenes et al. determined the idea that D114/Notch
signaling induced Apc™™* tumor initiation through angio-
genic and non-angiogenic dependent mechanisms (Badenes
et al. 2017). The RP-MDM2-p53 pathway has been shown to
be important in preventing C-myc-induced lymphomagen-
esis (Macias et al. 2010), while another research unearthed
that the RP-MDM2-p53 pathway is a critical mediator of
colorectal tumorigenesis with the loss of Apc gene (Liu et al.
2017). In addition, according to the result of Tippin, prosta-
glandin D2 signaling mediated by prostaglandin D, recep-
tor (PTGDR) can suppress intestinal tumors in the mice of
ApcM™+ (Tippin et al. 2014).

Apc”"™* mouse model and the alteration
of tumor-related genes

Ap""* mouse model and low expression or inactivation
of tumor suppressor genes

Normally, some genes are considered as a significant tar-
gets or suppressor in colorectal tumorigenesis, when they
are with a low expression or inactivation in the tumor cells.
Applied firstly in 1979 (DeLeo et al. 1979; Kress et al. 1979;
Lane and Crawford 1979; Linzer and Levine 1979; Melero
et al. 1979; Smith et al. 1979), the tumor suppressor p53,
frequently mutated in many human cancers (Hollstein et al.
1991), has been broadly identified as an essential for the core
functions of tumor suppression, such as cell cycle arresting,
apoptosis, DNA repairing, and anti-angiogenesis (Menen-
dez et al. 2009). Recently, the mitochondria-eating protein
(Mieap) was identified as a p53-inducible protein. In a study
of Mieap-deficient Apc™™*+ mice, Nakamura and Arakawa
discovered that tumor suppressor p53 freshly controls
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Mieap-regulated mitochondrial quality, which is critical in
tumor suppression (Nakamura and Arakawa 2017; Tsuneki
et al. 2015). Mouse models of myeloid line-age-specific p53
deletion or activation have been established, to unveil that
the level of p53 is correlated with the levels of inflammatory
mediators in Apc™™* mice and is more resistant to the devel-
opment and invasion of colorectal tumors initiated by Apc
mutations or carcinogens and promoted by colitis (He et al.
2015). Other than this, genetic disruption of B-catenin target
gene immunoglobulin transcription factor 2 (/#f2) (Kolligs
et al. 2002) on the Apc™* background has been reported
to result in earlier death and a significant increase in tumor
number and size in the small intestine. Based on these data,
Itf2 acts as a tumor suppressor gene of the intestinal tract
that inhibits tumor initiation and growth (Grill et al. 2015).
Meanwhile, as is proven that Cables! is an another tumor
suppressor gene which located on chromosome 18q in Apc-
Min+ mouse model. After establishing a hybridization model
between Apc™™* mouse and the mouse with inactivation of
the tumor suppressor gene Cablesl, researchers concluded
that the Cablesl gene could exert in all probability a tumor
suppressive effect in human colon cancer (Arnason et al.
2013).

Ap""* mouse model and tumor suppressor gene
methylation or mismatch repair gene defect

Several studies have pointed out that the tumor suppressor
gene CpG-island hyper-methylation, which leads to its inac-
tivation and transcription inhibition, is one of the important
causes of tumorigenesis (Sansom et al. 2003; Zhang and Wu
2006). The methyltransferase Dnmtl is an essential gene
involved in methylation, whose increased expression may
promote the methylation of the tumor suppressor gene. A
study relating to Apc™™* mouse model reported that reduc-
tion of methylated CpG islands caused by Dnmt1 deficiency
could suppress intestinal polyp formation (Eads et al. 2002).

Mismatch repair (MMR) gene defection has been con-
firmed as another important reason in colorectal tumorigen-
esis. Data from Lai and Cheng showed that microsatellite
instability caused by defects in the mismatch repair gene
could be demonstrated even at the early stage of CRC, and
adenoma stage (Cheng et al. 2004). Basically, one of the
major mismatch repair genes associated with CRC is Msh2.
A study from Sohn group unveiled that the defect of the
mismatch repair gene Msh2 in Apc”™*+ mouse can enhance
the mutation of Apc gene and p53 gene to generate the inac-
tivation of tumor suppressor genes, thereby inducing a large
number of intestinal tumors (Sohn et al. 2003).
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Ap™* mouse model and tumor-promoting genes

Numerous studies generally confirm that overexpression of
some genes is closely related to the poor prognosis of CRC
and conversely the inhibition of these genes can reduce the
incidence. For example, the high expressions of -catenin
and COX-2 were reported to promote tumorigenesis, while
their selective inhibitors showed an opposite effect, that is,
hobble intestinal tumors in Apc™* mouse model (Jacoby
et al. 2000; Mohammed et al. 2011). These phenomena were
attributable to the main mechanisms related to their relevant
signaling pathways. Back to the clinic, it is well believed
that multidrug resistance (MDR) of tumor cells is one of
the key contributors in the failure of cancer chemotherapy.
Replacing the Mdr] gene in the mouse model of Apc™™'* to
achieve defect of MdrI, the polypogenesis was significantly
decreased in the new mouse model (Yamada et al. 2003). In
addition, Mdr] is considered as one of the principal targets
that Wnt pathway regulates and its expression increased by
that pathway contributes to the development of tumor.

Ap"* mouse model and other related genes

During the development of multiple intestinal polyps or
CRC in ApcMi"/ * model mouse, other related genes include
and are directly involved in or indirectly affecting this pro-
cess. Autophagy-related gene-5 (Azg5), an essential gene in

autophagy, is lost in 23% of the patients with CRC (An et al.
2011). Recently, a study by Apc™"* mouse model showed
that heterozygous deletion of Azg5 promotes intestinal ade-
noma growth and enhances the antitumor efficacy of inter-
feron-gamma (Wang et al. 2015). For example, decreased
expression of EphB gene can accelerate the development of
intestinal tumor in mouse models (Batlle et al. 2005). And
trefoil factor family 2 (7ff2) gene is a novel important factor
capable of enlarging intestinal tumor size in Apc™™* model
mouse (Fujimoto et al. 2015). Other than that, after estab-
lishing a kind of hybridization model between Apc"™* mice
and Mac-1 deletion mice, scholars pointed out that the loss
of integrin Mac-1 gene may inhibit the growth of adenomas
in Apc™™* mice and may be related to lipid metabolism
(Zoller et al. 1996; McNally et al. 2006).
Altogether, the tumor-related genes in Apc
model as reported are summarized in Table 1.

Min/+ mouse

The role of proteins in Apc"™* mouse model

Generally, multifarious proteins are involved in the process
of tumor development in Apc”™* model mice. Numer-
ous reports confirm that epidermal growth factor receptor
(EGFR) deficiency can inhibit the occurrence of colorectal
tumors and treatment with EGFR tyrosine kinase inhibitors
inhibits intestinal tumor growth in Apc™™* mice (Good-
lad et al. 2006). Meanwhile, prostaglandin D2 receptor

Table 1 Summary of tumor-related genes studied with Apc¥™* mouse model

Gene Types Comments References

ps53 Tumor suppressor gene Cell cycle arresting, apoptosis, DNA repairing, He et al. (2015); Nakamura and Arakawa (2017);
and anti-angiogenesis, mitochondrial quality Tsuneki et al. (2015)
control

Itf Tumor suppressor gene [-catenin target gene, tumor initiation and growth Grill et al. (2015); Kolligs et al. (2002)
with its disruption

Cablesl Tumor suppressor gene Inactivation of Cablesl results in activation of the Arnason et al. (2013)

Whnt signaling pathway

CpG-island Tumor suppressor gene

Its hyper-methylation leads to tumor suppressor
gene inactivation and transcription inhibition

Eads et al. (2002); Sansom et al. (2003); Zhang and
Wu (2006)

Msh2 Mismatch repair gene Enhance the mutation of Apc gene and p53 gene, Sohn et al. (2003)
resulting in inactivation of tumor suppressor
genes

Mdrl Multidrug resistance gene Important targets for the regulation of Wnt path- ~ Yamada et al. (2003)
way, leading to failure of cancer chemotherapy,
promoting the development of tumor

Atgs Autophagy related gene  Lost in 23% of the patients with CRC, its het- Anetal. (2011); Wang et al. (2015)
erozygous deletion promotes intestinal adenoma
growth

T2 Trefoil factor family gene A novel important factor stably expressed in Fujimoto et al. (2015)
gastrointestinal mucosa to enlarge intestinal
tumor size

Mac-1 Integrin gene Inhibit the growth of adenomas through lipid Fujimoto et al. (2015); McNally et al. (2006);
metabolism Zoller et al. (1996)

EphB Others Accelerate intestinal tumor production Batlle et al. (2005)
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(PTGDR) can mediate PGD?2 inhibition in intestinal tumors
in mouse models (Tippin et al. 2014). As a member of
the selectin family of cell adhesion molecules, P-selectin
(CD62P) has been reported to play an important role in
tumor growth and metastasis (Kim et al. 1998; Nash et al.
2002; Smyth et al. 2009; Varki and Varki 2002). By virtue
of spontaneous intestinal tumor mouse models, researchers
determined that the deletion of P-selectin suppressed intes-
tinal tumor growth (Qi et al. 2015). In addition, the inhibi-
tor of DNA-binding/differentiation (ID) proteins has been
identified to regulate normal cell fate determination, pro-
liferation and differentiation (Ruzinova and Benezra 2003).
ID1 is overexpressed in numerous malignancies including
CRC and modulates tumor cell behavior (Gumireddy et al.
2014; Norton 2000; Sikder et al. 2003). In the analysis of
ID1 in Apc™"* mouse models, Zhang et al. found that its
deficiency played a significant reduction in the number of
colorectal tumors in Apc™™*+ mice and prolonged survival
(Zhang et al. 2015). Olfactomedin 4 (OLFM4, also known
as hGC-1 and GW112) is an evolutionarily conserved glyco-
protein that belongs to the olfactomedin family (Zhang et al.
2002). It affects a diverse set of cellular processes, including
proliferation, differentiation, apoptosis, adhesion and innate
immunity against bacterial infections (Liu et al. 2006, 2010,
2012, 2013b). According to a latest study of Apc™™* mice,
systematic deletion of OLFM4 promoted colorectal tumori-
genesis, conveying the view that OLFM4 could be used as a
potential therapeutic target for malignant intestinal tumors
(Liu et al. 2016). According to some researches, the status
of some enzymes in colorectal polyps and tumors is also
verified by the classical Apc™* mouse models. For exam-
ple, DCLK1 (Doublecortin-like kinase 1), Wip1 (Wild-type
P53-induced phosphatase 1), and SIRT1 can promote tumor
growth (Chandrakesan et al. 2017; Leko et al. 2013; Suman
et al. 2014), while PHLPP1 exerts an opposite effect on
tumors (Li et al. 2014).

ApcM™* mouse model and other related factors

In addition to the above factors, there are other factors
inseparable according to the Apc™™* model study, such
as stem cells, inflammatory cells and factors, and para-
sites. In Apc-deficient mice, inactivation of the Apc gene
in intestinal stem cells causes abnormal Wnt signaling to
activate downstream tumor-associated target genes, as
described above, and further promotes intestinal stem cell-
derived tumorigenesis (Barker et al. 2009; Tabrizian et al.
2017). Studies have found that in Lgr5-positive intestinal
stem cells, the homeostatic conditions of the intestinal
epithelium are damaged by inhibiting normal Wnt signal-
ing, and tumor initiation is drove (Gregorieff et al. 2015;
Yamamoto et al. 2003). It has conclusively been shown
that IL-17A controls the ability of Treg (a functional
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thymus T cell) to inhibit intestinal tumorigenesis in Apc-
Min'+ mice (Chae and Bothwell 2015). IL-17F deficiency
inhibits small intestinal tumorigenesis in Apc™™* mice
(Chae and Bothwell 2011), while IL-6 may be responsible
for obesity-related colorectal tumorigenesis (Yaoita et al.
2015). There is a relatively small body of literatures that
emphasis that platelet adherent to tumor cells can promote
tumor growth and metastasis (Qi et al. 2015), and platelet-
activating factor (PAF) is a proinflammatory phospholipid
that plays important roles in the control of immune cell
functions (Wang and Chakrabarty 2003). Study from Xu
et al. pointed out that PAF has bidirectional regulation of
tumors, but suggests an anti-tumorigenic role in settings
characterized by aberrant function of the tumor suppres-
sor Apc (Xu et al. 2013). In addition, an interesting study
showed that intestinal nematodes 7. muris infection can be
obviously conductive to tumor formation in a colon cancer
model (Hayes et al. 2017).

Application of Apc"™* mouse model
in the prevention and treatment
of colorectal tumors

Applications of Apc"™* mouse model in chemical
and drug prevention of colorectal tumors

Undoubtedly, the birth of Apc”™*+ mouse model provides
a reliable tool for humans to study prevention and treat-
ment of FAP and CRC. And at present, mounting reports
focus on its chemical and drug prevention. Being a com-
ponent of the gum resin of Boswellia serrate, Acetyl-11-
keto-beta-BA (AKBA) may exert its chemopreventive
action through multiple mechanisms (Liu et al. 2013a).
Besides that, the activity of AKBA is more effective than
that of aspirin in the prevention of small intestinal and
colonic polyps (Wang et al. 2014). And the combination
of sulindac and atorvastatin significantly constrained
microadenomas and tumors in model mice (Chang et al.
2018) while repletion of retinoic acid (RA) could reduce
tumorigenesis in FAP patients (Penny et al. 2016). Res-
veratrol is a naturally occurring stilbenoid and has diverse
biologic properties including anticarcinogenic, antioxi-
dant, anti-inflammatory, anti-mutagenic, proapoptotic,
and immuno-regulatory activities (Szekeres et al. 2011).
Existing research recognizes that resveratrol mediates anti-
inflammatory properties and suppresses intestinal tumo-
rigenesis through miRNA modulation, potentially reveal-
ing an effective chemoprevention strategy (Huderson et al.
2013; Altamemi et al. 2014). As is known, glucocorticoids
(GCs) are widely accepted as the most potent, endogenous,
specific COX-2 inhibitors (Clark and Lasa 2003; Newton
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2000; Zhang et al. 1999). Possibly, uplifting the activity
of GCs realizes to inhibit tumor growth and, therefore,
achieve chemoprevention against CRC. Other than above,
data from several research findings have demonstrated
that SHetA2 by virtue of modulating biomarkers in colon
polyps prevents colon and small intestinal tumorigenesis
and identifies potential pharmacodynamic endpoints for
its clinical trials (Benbrook et al. 2013).

Application of Apc”™* mouse model in other
measures for colorectal tumors prevention

Apart from chemical and drug prevention, there is a growing
body of views and findings to outline additional methods
for prevention and treatment, such as surgery, exercise and
diet. In the aspect of surgery, clinical scholars concluded
that extrinsic innervation of the small bowel was likely to
modulate tumor development in Apc™™* mouse. Interrupted
vagal innervation, but not sympathetic denervation, seems
to inhibit tumor growth (Liu et al. 2015). In terms of diet,
more and more people think that dietary ingredients are
linked to the prevention of CRC. Cranberry (Jin et al. 2017),
black raspberry (Pan et al. 2015), blueberry (Jeyabalan et al.
2014) and certain dietary fiber (Sancho et al. 2016) have
been identified to show certain preventive effects on tumor
growth of Apc™™*+ model mice. However, different diets on
ApcM™* model mice do not work necessarily the same. Most
researchers substantiate the belief that diet can affect the
colon polyps and CRC by regulating intestinal flora (Ray
2011; Kostic et al. 2013). Meanwhile, as exercise of kinds,
the newest study shows that aerobic exercise can reduce the
progression of colon tumors in mice of Apc™"* by immu-
nomodulation (McClellan et al. 2014; Hamasaki 2017). This
conclusion undoubtedly gives a new insight into the clinical
prevention of CRC. We believe that similar methods will
continuously emerge to further power the basis for the clini-
cal application.

All the applications of Apc mouse model in the pre-
vention and treatment of colorectal tumors, as stated above,
are summarized and listed in Table 2.

Min/+

Discussions

As the mouse model of Apc™™* becomes grown in sophis-
tication, mounting valuable researches concentrate on the
mechanisms concerned with the development of colorectal
tumors from novel perspectives of kinds. As a result, the
applications of Apc™"* model for preventing and treating
colorectal tumors have advanced most, among which are
mainly chemical and pharmaceutical preventive measures.
However, there are little published data on those primitive

effective measures, such as dietary and aerobic exercise.

@ Springer

Intriguingly, the current research frontier suggests that the
intestinal flora plays an important part in the occurrence and
development of colon polyps and colorectal tumors (Hale
et al. 2017). We consider whether it is possible to find out
the influences of diet or aerobic exercise on the intestinal
flora and furthermore to explore its effects on colorectal
diseases. Considering all of these evidences, we believe
that applications of Apc™™* mouse model in more broad
fields will finally come. In summary, the Apc¥™* mouse
model could help us to have a better understanding about the
potential mechanisms in the course of tumor development,
contributing to its further application in the prevention and
treatment of colorectal cancer.

Funding This study was supported by the National Natural Science
Foundation of China (nos. 81830120, 81503632, 81673738).

Compliance with ethical standards

Conflict of interest The authors declare no conflicts of interest.

References

Altamemi I, Murphy EA, Catroppo JF, Zumbrun EE, Zhang J, McClel-
lan JL, Singh UP, Nagarkatti PS, Nagarkatti M (2014) Role of
microRNAs in resveratrol-mediated mitigation of colitis-associ-
ated tumorigenesis in Apc(Min/+) mice. J Pharmacol Exp Ther
350(1):99-1009. https://doi.org/10.1124/jpet.114.213306

An CH, Kim MS, Yoo NJ, Park SW, Lee SH (2011) Mutational and
expressional analyses of ATGS, an autophagy-related gene, in
gastrointestinal cancers. Pathol Res Pract 207(7):433—437. https
://doi.org/10.1016/j.prp.2011.05.002

Arnason T, Pino MS, Yilmaz O, Kirley SD, Rueda BR, Chung DC,
Zukerberg LR (2013) Cables] is a tumor suppressor gene that
regulates intestinal tumor progression in Apc(Min) mice. Cancer
Biol Ther 14(7):672-678. https://doi.org/10.4161/cbt.25089

Badenes M, Trindade A, Pissarra H, Lopes-da-Costa L, Duarte A
(2017) Delta-like 4/Notch signaling promotes Apc (Min/+)
tumor initiation through angiogenic and non-angiogenic related
mechanisms. BMC Cancer 17(1):50. https://doi.org/10.1186/
$12885-016-3036-0

Barker N, Ridgway RA, van Es JH, van de Wetering M, Begthel H, van
den Born M, Danenberg E, Clarke AR, Sansom OJ, Clevers H
(2009) Crypt stem cells as the cells-of-origin of intestinal cancer.
Nature 457(7229):608-611. https://doi.org/10.1038/nature07602

Batlle E, Bacani J, Begthel H, Jonkheer S, Gregorieft A, van de Born
M, Malats N, Sancho E, Boon E, Pawson T, Gallinger S, Pals S,
Clevers H (2005) EphB receptor activity suppresses colorectal
cancer progression. Nature 435(7045):1126-1130. https://doi.
org/10.1038/nature03626

Benbrook DM, Guruswamy S, Wang Y, Sun Z, Mohammed A,
Zhang Y, Li Q, Rao CV (2013) Chemoprevention of colon
and small intestinal tumorigenesis in APC(min/+4) mice by
SHetA2 (NSC721689) without toxicity. Cancer Prev Res
(Phila) 6(9):908-916. https://doi.org/10.1158/1940-6207.
CAPR-13-0171


https://doi.org/10.1124/jpet.114.213306
https://doi.org/10.1016/j.prp.2011.05.002
https://doi.org/10.1016/j.prp.2011.05.002
https://doi.org/10.4161/cbt.25089
https://doi.org/10.1186/s12885-016-3036-0
https://doi.org/10.1186/s12885-016-3036-0
https://doi.org/10.1038/nature07602
https://doi.org/10.1038/nature03626
https://doi.org/10.1038/nature03626
https://doi.org/10.1158/1940-6207.CAPR-13-0171
https://doi.org/10.1158/1940-6207.CAPR-13-0171

Journal of Cancer Research and Clinical Oncology (2019) 145:1111-1122

119

Chae WJ, Bothwell AL (2011) IL-17F deficiency inhibits small intesti-
nal tumorigenesis in Apc™™* mice. Biochem Biophys Res Com-
mun 414(1):31-36. https://doi.org/10.1016/j.bbrc.2011.09.016

Chae WJ, Bothwell AL (2015) Spontaneous intestinal tumorigen-
esis in Apc (/Min+) mice requires altered T cell develop-
ment with IL-17A. J Immunol Res 2015:860106. https://doi.
org/10.1155/2015/860106

Chandrakesan P, Yao J, Qu D, May R, Weygant N, Ge Y, Ali N, Sure-
ban SM, Gude M, Vega K, Bannerman-Menson E, Xia L, Bronze
M, An G, Houchen CW (2017) Dclk1, a tumor stem cell marker,
regulates pro-survival signaling and self-renewal of intestinal
tumor cells. Mol Cancer 16(1):30. https://doi.org/10.1186/s1294
3-017-0594-y

Chang WL, Jackson C, Riel S, Cooper HS, Devarajan K, Hensley
HH, Zhou Y, Vanderveer LA, Nguyen MT, Clapper ML (2018)
Differential preventive activity of sulindac and atorvastatin in
Apc(+/Min-FCCC)mice with or without colorectal adenomas.
Gut 67(7):1290-1298. https://doi.org/10.1136/gutjnl-2017-
313942

Cheng L, Wang HP, Huang Q, Lai MD (2004) Microsatellite instability
and relative gene expressions in sporadic and familial adenoma-
tous polyposis adenomas. Yi Chuan 26(1):1-7

Cherukuri DP, Ishikawa TO, Chun P, Catapang A, Elashoff D, Grogan
TR, Bugni J, Herschman HR (2014) Targeted Cox2 gene deletion
in intestinal epithelial cells decreases tumorigenesis in female,
but not male, ApcM™* mice. Mol Oncol 8(2):169-177. https://
doi.org/10.1016/j.molonc.2013.10.009

Cheung AF, Carter AM, Kostova KK, Woodruft JF, Crowley D, Bron-
son RT, Haigis KM, Jacks T (2010) Complete deletion of Apc
results in severe polyposis in mice. Oncogene 29(12):1857-1864.
https://doi.org/10.1038/onc.2009.457

Chulada PC, Thompson MB, Mahler JF, Doyle CM, Gaul BW, Lee
C, Tiano HF, Morham SG, Smithies O, Langenbach R (2000)
Genetic disruption of Ptgs-1, as well as Ptgs-2, reduces intestinal
tumorigenesis in Min mice. Cancer Res 60(17):4705-4708

Clark AR, Lasa M (2003) Crosstalk between glucocorticoids and
mitogen-activated protein kinase signalling pathways. Curr Opin
Pharmacol 3(4):404-411

DeLeo AB, Jay G, Appella E, Dubois GC, Law LW, Old LJ (1979)
Detection of a transformation-related antigen in chemically
induced sarcomas and other transformed cells of the mouse. Proc
Natl Acad Sci USA 76(5):2420-2424

Eads CA, Nickel AE, Laird PW (2002) Complete genetic suppression
of polyp formation and reduction of CpG-island hypermeth-
ylation in Apc(Min/+) Dnmt1-hypomorphic mice. Cancer Res
62(5):1296-1299

Folkman J (1990) What is the evidence that tumors are angiogenesis
dependent? J Natl Cancer Inst 82(1):4-6

Fujimoto K, Fujii G, Taguchi K, Yasuda K, Matsuo Y, Hashiyama
A, Mutoh M, Tanaka H, Wada M (2015) Involvement of tre-
foil factor family 2 in the enlargement of intestinal tumors in
Apc(Min/+) mice. Biochem Biophys Res Commun 463(4):859—
863. https://doi.org/10.1016/j.bbrc.2015.06.025

Goodlad RA, Ryan AJ, Wedge SR, Pyrah IT, Alferez D, Poulsom
R, Smith NR, Mandir N, Watkins AJ, Wilkinson RW (2006)
Inhibiting vascular endothelial growth factor receptor-2 signal-
ing reduces tumor burden in the Apc™™* mouse model of early
intestinal cancer. Carcinogenesis 27(10):2133-2139. https://doi.
org/10.1093/carcin/bgl113

Gregorieff A, Liu Y, Inanlou MR, Khomchuk Y, Wrana JL (2015) Yap-
dependent reprogramming of Lgr5(+4) stem cells drives intestinal
regeneration and cancer. Nature 526(7575):715-718. https://doi.
org/10.1038/nature15382

Grill JI, Herbst A, Brandl L, Kong L, Schneider MR, Kirchner T, Wolf
E, Kolligs FT (2015) Inactivation of Itf2 promotes intestinal

tumorigenesis in Apc(Min/+) mice. Biochem Biophys Res Com-
mun 461(2):249-253. https://doi.org/10.1016/j.bbrc.2015.04.009

Gumireddy K, Li A, Kossenkov AV, Cai KQ, Liu Q, Yan J, Xu H,
Showe L, Zhang L, Huang Q (2014) ID1 promotes breast cancer
metastasis by S1I00A9 regulation. Mol Cancer Res 12(9):1334—
1343. https://doi.org/10.1158/1541-7786.MCR-14-0049

Hale VL, Chen J, Johnson S, Harrington SC, Yab TC, Smyrk TC, Nel-
son H, Boardman LA, Druliner BR, Levin TR, Rex DK, Ahnen
DJ, Lance P, Ahlquist DA, Chia N (2017) Shifts in the fecal
microbiota associated with adenomatous polyps. Cancer Epide-
miol Biomark Prev 26(1):85-94. https://doi.org/10.1158/1055-
9965.EPI-16-0337

Hamamoto T, Beppu H, Okada H, Kawabata M, Kitamura T, Miya-
zono K, Kato M (2002) Compound disruption of smad2 accel-
erates malignant progression of intestinal tumors in apc knock-
out mice. Cancer Res 62(20):5955-5961

Hamasaki H (2017) Exercise and gut microbiota: clinical implica-
tions for the feasibility of Tai Chi. J Integr Med 15(4):270-281.
https://doi.org/10.1016/S2095-4964(17)60342-X

Hawkes WC, Alkan Z (2011) Delayed cell cycle progression from
SEPW1 depletion is p53- and p21-dependent in MCF-7 breast
cancer cells. Biochem Biophys Res Commun 413(1):36-40.
https://doi.org/10.1016/j.bbrc.2011.08.032

Hayes KS, Cliffe LJ, Bancroft AJ, Forman SP, Thompson S, Booth
C, Grencis RK (2017) Chronic Trichuris muris infection causes
neoplastic change in the intestine and exacerbates tumour for-
mation in APC™"* mice. PLoS Negl Trop Dis 11(6):e0005708.
https://doi.org/10.1371/journal.pntd.0005708

He XY, Xiang C, Zhang CX, Xie YY, Chen L, Zhang GX, Lu Y,
Liu G (2015) p53 in the myeloid lineage modulates an inflam-
matory microenvironment limiting initiation and invasion
of intestinal tumors. Cell Rep 13(5):888-897. https://doi.
org/10.1016/j.celrep.2015.09.045

Hollstein M, Sidransky D, Vogelstein B, Harris CC (1991) p53 muta-
tions in human cancers. Science 253(5015):49-53

Huderson AC, Myers JN, Niaz MS, Washington MK, Ramesh A
(2013) Chemoprevention of benzo(a)pyrene-induced colon pol-
yps in ApcMin mice by resveratrol. J Nutr Biochem 24(4):713—
724. https://doi.org/10.1016/j.jnutbio.2012.04.005

Husoy T, Cruciani V, Knutsen HK, Mikalsen SO, Olstorn HB, Alex-
ander J (2003) Cells heterozygous for the ApcMin mutation
have decreased gap junctional intercellular communication
and connexin43 level, and reduced microtubule polymeriza-
tion. Carcinogenesis 24(4):643-650

Jackstadt R, Sansom OJ (2016) Mouse models of intestinal cancer.
J Pathol 238(2):141-151. https://doi.org/10.1002/path.4645

Jacoby RF, Seibert K, Cole CE, Kelloff G, Lubet RA (2000) The
cyclooxygenase-2 inhibitor celecoxib is a potent preventive
and therapeutic agent in the min mouse model of adenomatous
polyposis. Cancer Res 60(18):5040-5044

Jemal A, Siegel R, Xu J, Ward E (2010) Cancer statistics, 2010.
CA Cancer J Clin 60(5):277-300. https://doi.org/10.3322/
caac.20073

Jeyabalan J, Aqil F, Munagala R, Annamalai L, Vadhanam MYV,
Gupta RC (2014) Chemopreventive and therapeutic activity
of dietary blueberry against estrogen-mediated breast cancer. J
Agric Food Chem 62(18):3963-3971. https://doi.org/10.1021/
jf403734;

Ji Q, Luo YQ, Wang WH, Liu X, Li Q, Su SB (2016) Research
advances in traditional Chinese medicine syndromes in cancer
patients. J Integr Med 14(1):12-21. https://doi.org/10.1016/
52095-4964(16)60237-6

Jin D, Liu T, Dong W, Zhang Y, Wang S, Xie R, Wang B, Cao H
(2017) Dietary feeding of freeze-dried whole cranberry inhibits
intestinal tumor development in Apc(min/+) mice. Oncotarget
8(58):97787-97800. https://doi.org/10.18632/oncotarget.22081

@ Springer


https://doi.org/10.1016/j.bbrc.2011.09.016
https://doi.org/10.1155/2015/860106
https://doi.org/10.1155/2015/860106
https://doi.org/10.1186/s12943-017-0594-y
https://doi.org/10.1186/s12943-017-0594-y
https://doi.org/10.1136/gutjnl-2017-313942
https://doi.org/10.1136/gutjnl-2017-313942
https://doi.org/10.1016/j.molonc.2013.10.009
https://doi.org/10.1016/j.molonc.2013.10.009
https://doi.org/10.1038/onc.2009.457
https://doi.org/10.1016/j.bbrc.2015.06.025
https://doi.org/10.1093/carcin/bgl113
https://doi.org/10.1093/carcin/bgl113
https://doi.org/10.1038/nature15382
https://doi.org/10.1038/nature15382
https://doi.org/10.1016/j.bbrc.2015.04.009
https://doi.org/10.1158/1541-7786.MCR-14-0049
https://doi.org/10.1158/1055-9965.EPI-16-0337
https://doi.org/10.1158/1055-9965.EPI-16-0337
https://doi.org/10.1016/S2095-4964(17)60342-X
https://doi.org/10.1016/j.bbrc.2011.08.032
https://doi.org/10.1371/journal.pntd.0005708
https://doi.org/10.1016/j.celrep.2015.09.045
https://doi.org/10.1016/j.celrep.2015.09.045
https://doi.org/10.1016/j.jnutbio.2012.04.005
https://doi.org/10.1002/path.4645
https://doi.org/10.3322/caac.20073
https://doi.org/10.3322/caac.20073
https://doi.org/10.1021/jf403734j
https://doi.org/10.1021/jf403734j
https://doi.org/10.1016/S2095-4964(16)60237-6
https://doi.org/10.1016/S2095-4964(16)60237-6
https://doi.org/10.18632/oncotarget.22081

1120

Journal of Cancer Research and Clinical Oncology (2019) 145:1111-1122

Kim YJ, Borsig L, Varki NM, Varki A (1998) P-selectin deficiency
attenuates tumor growth and metastasis. Proc Natl Acad Sci USA
95(16):9325-9330

Kolligs FT, Nieman MT, Winer I, Hu G, Van Mater D, Feng Y, Smith
IM, Wu R, Zhai Y, Cho KR, Fearon ER (2002) ITF-2, a down-
stream target of the Wnt/TCF pathway, is activated in human
cancers with beta-catenin defects and promotes neoplastic trans-
formation. Cancer Cell 1(2):145-155

Kostic AD, Chun E, Robertson L, Glickman JN, Gallini CA, Michaud
M, Clancy TE, Chung DC, Lochhead P, Hold GL, El-Omar EM,
Brenner D, Fuchs CS, Meyerson M, Garrett WS (2013) Fusobac-
terium nucleatum potentiates intestinal tumorigenesis and modu-
lates the tumor-immune microenvironment. Cell Host Microbe
14(2):207-215. https://doi.org/10.1016/j.chom.2013.07.007

Kress M, May E, Cassingena R, May P (1979) Simian virus 40-trans-
formed cells express new species of proteins precipitable by
anti-simian virus 40 tumor serum. J Virol 31(2):472-483

Lane DP, Crawford LV (1979) T antigen is bound to a host protein in
SV40-transformed cells. Nature 278(5701):261-263

Leko V, Park GJ, Lao U, Simon JA, Bedalov A (2013) Enterocyte-
specific inactivation of SIRT1 reduces tumor load in the
APC(+/min) mouse model. PLoS One 8(6):€66283. https://
doi.org/10.1371/journal.pone.0066283

Li X, Stevens PD, Liu J, Yang H, Wang W, Wang C, Zeng Z, Schmidt
MD, Yang M, Lee EY, Gao T (2014) PHLPP is a negative
regulator of RAF1, which reduces colorectal cancer cell motil-
ity and prevents tumor progression in mice. Gastroenterology
146(5):1301-1312 e1301-e1310. https://doi.org/10.1053/j.
gastro.2014.02.003

Linzer DI, Levine AJ (1979) Characterization of a 54K dalton cel-
lular SV40 tumor antigen present in SV40-transformed cells
and uninfected embryonal carcinoma cells. Cell 17(1):43-52

Liu W, Chen L, Zhu J, Rodgers GP (2006) The glycoprotein hGC-1
binds to cadherin and lectins. Exp Cell Res 312(10):1785-
1797. https://doi.org/10.1016/j.yexcr.2006.02.011

Liu W, Lee HW, Liu Y, Wang R, Rodgers GP (2010) Olfac-
tomedin 4 is a novel target gene of retinoic acids and 5-aza-
2'-deoxycytidine involved in human myeloid leukemia cell
growth, differentiation, and apoptosis. Blood 116(23):4938—
4947. https://doi.org/10.1182/blood-2009-10-246439

Liu W, Yan M, Liu Y, McLeish KR, Coleman WG Jr, Rodgers GP
(2012) Olfactomedin 4 inhibits cathepsin C-mediated protease
activities, thereby modulating neutrophil killing of Staphy-
lococcus aureus and Escherichia coli in mice. J Immunol
189(5):2460-2467. https://doi.org/10.4049/jimmunol. 1103179

Liu HP, Gao ZH, Cui SX, Wang Y, Li BY, Lou HX, Qu XJ (2013a)
Chemoprevention of intestinal adenomatous polyposis by
acetyl-11-keto-beta-boswellic acid in APC(Min/+) mice. IntJ
Cancer 132(11):2667-2681. https://doi.org/10.1002/ijc.27929

Liu W, Yan M, Sugui JA, Li H, Xu C, Joo J, Kwon-Chung KJ,
Coleman WG, Rodgers GP (2013b) Olfm4 deletion enhances
defense against Staphylococcus aureus in chronic granuloma-
tous disease. J Clin Invest 123(9):3751-3755. https://doi.
org/10.1172/1C168453

Liu V, Dietrich A, Kasparek MS, Benhaqi P, Schneider MR, Sche-
mann M, Seeliger H, Kreis ME (2015) Extrinsic intestinal den-
ervation modulates tumor development in the small intestine
of Apc(Min/+) mice. J Exp Clin Cancer Res 34:39. https://doi.
org/10.1186/s13046-015-0159-0

Liu W, Li H, Hong SH, Piszczek GP, Chen W, Rodgers GP (2016)
Olfactomedin 4 deletion induces colon adenocarcinoma in
Apc(Min/+) mice. Oncogene 35(40):5237-5247. https://doi.
org/10.1038/0nc.2016.58

Liu S, Tackmann NR, Yang J, Zhang Y (2017) Disruption of the
RP-MDM2-p53 pathway accelerates APC loss-induced

@ Springer

colorectal tumorigenesis. Oncogene 36(10):1374-1383. https
://doi.org/10.1038/0nc.2016.301

Lopez-Arribillaga E, Rodilla V, Pellegrinet L, Guiu J, Iglesias M,
Roman AC, Gutarra S, Gonzalez S, Munoz-Canoves P, Fernan-
dez-Salguero P, Radtke F, Bigas A, Espinosa L (2015) Bmil
regulates murine intestinal stem cell proliferation and self-
renewal downstream of Notch. Development 142(1):41-50.
https://doi.org/10.1242/dev.107714

Macias E, Jin A, Deisenroth C, Bhat K, Mao H, Lindstrom MS,
Zhang Y (2010) An ARF-independent c-MYC-activated
tumor suppression pathway mediated by ribosomal protein—
Mdm?2 interaction. Cancer Cell 18(3):231-243. https://doi.
org/10.1016/j.ccr.2010.08.007

McCart AE, Vickaryous NK, Silver A (2008) Apc mice: models, modi-
fiers and mutants. Pathol Res Pract 204(7):479-490. https://doi.
org/10.1016/j.prp.2008.03.004

McClellan JL, Steiner JL, Day SD, Enos RT, Davis MJ, Singh UP,
Murphy EA (2014) Exercise effects on polyp burden and immune
markers in the ApcM™+ mouse model of intestinal tumorigenesis.
Int J Oncol 45(2):861-868. https://doi.org/10.3892/ij0.2014.2457

McNally JB, Kirkpatrick ND, Hariri LP, Tumlinson AR, Besselsen
DG, Gerner EW, Utzinger U, Barton JK (2006) Task-based imag-
ing of colon cancer in the Apc(Min/+) mouse model. Appl Opt
45(13):3049-3062

Melero JA, Stitt DT, Mangel WF, Carroll RB (1979) Identification of
new polypeptide species (48-55K) immunoprecipitable by anti-
serum to purified large T antigen and present in SV40-infected
and -transformed cells. Virology 93(2):466—480

Menendez D, Inga A, Resnick MA (2009) The expanding universe
of p53 targets. Nat Rev Cancer 9(10):724-737. https://doi.
org/10.1038/nrc2730

Mohammed A, Janakiram NB, Li Q, Choi CI, Zhang Y, Steele VE,
Rao CV (2011) Chemoprevention of colon and small intestinal
tumorigenesis in APC(Min/+) mice by licofelone, a novel dual
5-LOX/COX inhibitor: potential implications for human colon
cancer prevention. Cancer Prev Res (Phila) 4(12):2015-2026.
https://doi.org/10.1158/1940-6207.CAPR-11-0233

Morin PJ, Sparks AB, Korinek V, Barker N, Clevers H, Vogelstein
B, Kinzler KW (1997) Activation of beta-catenin-Tcf signaling
in colon cancer by mutations in beta-catenin or APC. Science
275(5307):1787-1790

Moser AR, Pitot HC, Dove WF (1990) A dominant mutation that pre-
disposes to multiple intestinal neoplasia in the mouse. Science
247(4940):322-324

Munoz NM, Upton M, Rojas A, Washington MK, Lin L, Chytil A,
Sozmen EG, Madison BB, Pozzi A, Moon RT, Moses HL, Grady
WM (2006) Transforming growth factor beta receptor type II
inactivation induces the malignant transformation of intestinal
neoplasms initiated by Apc mutation. Cancer Res 66(20):9837—
9844. https://doi.org/10.1158/0008-5472.CAN-06-0890

Nakamura Y, Arakawa H (2017) Discovery of Mieap-regulated mito-
chondrial quality control as a new function of tumor suppres-
sor p53. Cancer Sci 108(5):809-817. https://doi.org/10.1111/
cas.13208

Nash GF, Turner LF, Scully MF, Kakkar AK (2002) Platelets and can-
cer. Lancet Oncol 3(7):425-430

Newton R (2000) Molecular mechanisms of glucocorticoid action:
what is important? Thorax 55(7):603-613

Norton JD (2000) ID helix-loop-helix proteins in cell growth, differ-
entiation and tumorigenesis. J Cell Sci 113 (Pt 22):3897-3905

Pan P, Skaer CW, Wang HT, Stirdivant SM, Young MR, Oshima K,
Stoner GD, Lechner JF, Huang YW, Wang LS (2015) Black rasp-
berries suppress colonic adenoma development in ApcM™* mice:
relation to metabolite profiles. Carcinogenesis 36(10):1245-
1253. https://doi.org/10.1093/carcin/bgv117


https://doi.org/10.1016/j.chom.2013.07.007
https://doi.org/10.1371/journal.pone.0066283
https://doi.org/10.1371/journal.pone.0066283
https://doi.org/10.1053/j.gastro.2014.02.003
https://doi.org/10.1053/j.gastro.2014.02.003
https://doi.org/10.1016/j.yexcr.2006.02.011
https://doi.org/10.1182/blood-2009-10-246439
https://doi.org/10.4049/jimmunol.1103179
https://doi.org/10.1002/ijc.27929
https://doi.org/10.1172/JCI68453
https://doi.org/10.1172/JCI68453
https://doi.org/10.1186/s13046-015-0159-0
https://doi.org/10.1186/s13046-015-0159-0
https://doi.org/10.1038/onc.2016.58
https://doi.org/10.1038/onc.2016.58
https://doi.org/10.1038/onc.2016.301
https://doi.org/10.1038/onc.2016.301
https://doi.org/10.1242/dev.107714
https://doi.org/10.1016/j.ccr.2010.08.007
https://doi.org/10.1016/j.ccr.2010.08.007
https://doi.org/10.1016/j.prp.2008.03.004
https://doi.org/10.1016/j.prp.2008.03.004
https://doi.org/10.3892/ijo.2014.2457
https://doi.org/10.1038/nrc2730
https://doi.org/10.1038/nrc2730
https://doi.org/10.1158/1940-6207.CAPR-11-0233
https://doi.org/10.1158/0008-5472.CAN-06-0890
https://doi.org/10.1111/cas.13208
https://doi.org/10.1111/cas.13208
https://doi.org/10.1093/carcin/bgv117

Journal of Cancer Research and Clinical Oncology (2019) 145:1111-1122

121

Penny HL, Prestwood TR, Bhattacharya N, Sun F, Kenkel JA, David-
son MG, Shen L, Zuniga LA, Seeley ES, Pai R, Choi O, Tolen-
tino L, Wang J, Napoli JL, Engleman EG (2016) Restoring reti-
noic acid attenuates intestinal inflammation and tumorigenesis
in APCM"* mice. Cancer Immunol Res 4(11):917-926. https://
doi.org/10.1158/2326-6066.CIR-15-0038

Qi C, Li B, Guo S, Wei B, Shao C, LiJ, Yang Y, Zhang Q, LiJ, He X,
Wang L, Zhang Y (2015) P-selectin-mediated adhesion between
platelets and tumor cells promotes intestinal tumorigenesis in
Apc(Min/+) mice. Int J Biol Sci 11(6):679-687. https://doi.
org/10.7150/ijbs.11589

Rao CV (2004) Nitric oxide signaling in colon cancer chemopreven-
tion. Mutat Res 555(1-2):107-119. https://doi.org/10.1016/j.
mrfmmm.2004.05.022

Ray K (2011) Colorectal cancer: Fusobacterium nucleatum found in
colon cancer tissue—could an infection cause colorectal can-
cer? Nat Rev Gastroenterol Hepatol 8(12):662. https://doi.
org/10.1038/nrgastro.2011.208

Ruzinova MB, Benezra R (2003) Id proteins in development, cell cycle
and cancer. Trends Cell Biol 13(8):410-418

Sancho SC, Olson SL, Young So E, Shimomura K, Ouchi T, Preuss
F (2016) Fibersol-2 induces apoptosis of Apc-deficient colo-
rectal cancer (SW480) cells and decreases polyp formation in
Apc MIN mice. Cancer Biol Ther 17(6):657-663. https://doi.
org/10.1080/15384047.2016.1177685

Sansom OJ, Berger J, Bishop SM, Hendrich B, Bird A, Clarke AR
(2003) Deficiency of Mbd2 suppresses intestinal tumorigenesis.
Nat Genet 34(2):145-147. https://doi.org/10.1038/ng1155

Sheng HQ, Chen J, Lai MD (2008) [Use of Apc(Min/+) mouse model
in the studies of intestinal tumors]. Hereditas 30(3):277-282

Sikder HA, Devlin MK, Dunlap S, Ryu B, Alani RM (2003) Id proteins
in cell growth and tumorigenesis. Cancer Cell 3(6):525-530

Smith AE, Smith R, Paucha E (1979) Characterization of different
tumor antigens present in cells transformed by simian virus 40.
Cell 18(2):335-346

Smyth SS, McEver RP, Weyrich AS, Morrell CN, Hoffman MR,
Arepally GM, French PA, Dauerman HL, Becker RC, Platelet
Colloquium P (2009) Platelet functions beyond hemostasis. J
Thromb Haemost 7(11):1759-1766. https://doi.org/10.111
1/j.1538-7836.2009.03586.x

Sodir NM, Chen X, Park R, Nickel AE, Conti PS, Moats R, Bading
JR, Shibata D, Laird PW (2006) Smad3 deficiency promotes
tumorigenesis in the distal colon of ApcM"* mice. Cancer
Res 66(17):8430-8438. https://doi.org/10.1158/0008-5472.
CAN-06-1437

Sohn KJ, Choi M, Song J, Chan S, Medline A, Gallinger S, Kim YI
(2003) Msh2 deficiency enhances somatic Apc and p53 muta-
tions in Apc+/_Msh2"/_ mice. Carcinogenesis 24(2):217-224

Su LK, Kinzler KW, Vogelstein B, Preisinger AC, Moser AR, Luongo
C, Gould KA, Dove WF (1992) Multiple intestinal neoplasia
caused by a mutation in the murine homolog of the APC gene.
Science 256(5057):668-670

Suman S, Moon BH, Thakor H, Fornace AJ Jr, Datta K (2014) Wip1
abrogation decreases intestinal tumor frequency in APC(Min/+)
mice irrespective of radiation quality. Radiat Res 182(3):345—
349. https://doi.org/10.1667/RR13770.1

Szekeres T, Saiko P, Fritzer-Szekeres M, Djavan B, Jager W (2011)
Chemopreventive effects of resveratrol and resveratrol deriva-
tives. Ann N 'Y Acad Sci 1215:89-95. https://doi.org/10.111
1/j.1749-6632.2010.05864.x

Tabrizian T, Wang D, Guan F, Hu Z, Beck AP, Delahaye F, Huffman
DM (2017) Apc inactivation, but not obesity, synergizes with
Pten deficiency to drive intestinal stem cell-derived tumorigene-
sis. Endocr Relat Cancer 24(6):253-265. https://doi.org/10.1530/
ERC-16-0536

Takaku K, Oshima M, Miyoshi H, Matsui M, Seldin MF, Taketo MM
(1998) Intestinal tumorigenesis in compound mutant mice of
both Dpc4 (Smad4) and Apc genes. Cell 92(5):645-656

Tippin BL, Kwong AM, Inadomi MJ, Lee OJ, Park JM, Materi AM,
Buslon VS, Lin AM, Kudo LC, Karsten SL, French SW, Naru-
miya S, Urade Y, Salido E, Lin HJ (2014) Intestinal tumor sup-
pression in ApcMi™* mice by prostaglandin D2 receptor PTGDR.
Cancer Med 3(4):1041-1051. https://doi.org/10.1002/cam4.251

Torre LA, Bray F, Siegel RL, Ferlay J, Lortet-Tieulent J, Jemal
A (2015) Global cancer statistics, 2012. CA Cancer J Clin
65(2):87-108. https://doi.org/10.3322/caac.21262

Tsuneki M, Nakamura Y, Kinjo T, Nakanishi R, Arakawa H (2015)
Mieap suppresses murine intestinal tumor via its mitochondrial
quality control. Sci Rep 5:12472. https://doi.org/10.1038/srepl
2472

VanDussen KL, Carulli AJ, Keeley TM, Patel SR, Puthoft BJ, Mag-
ness ST, Tran IT, Maillard I, Siebel C, Kolterud A, Grosse AS,
Gumucio DL, Ernst SA, Tsai YH, Dempsey PJ, Samuelson LC
(2012) Notch signaling modulates proliferation and differentia-
tion of intestinal crypt base columnar stem cells. Development
139(3):488-497. https://doi.org/10.1242/dev.070763

Varki NM, Varki A (2002) Heparin inhibition of selectin-
mediated interactions during the hematogenous phase
of carcinoma metastasis: rationale for clinical studies in
humans. Semin Thromb Hemost 28(1):53-66. https://doi.
org/10.1055/s-2002-20564

Wang H, Chakrabarty S (2003) Platelet-activating factor activates
mitogen-activated protein kinases, inhibits proliferation, induces
differentiation and suppresses the malignant phenotype of human
colon carcinoma cells. Oncogene 22(14):2186-2191. https://doi.
org/10.1038/sj.onc.1206348

Wang R, Wang Y, Gao Z, Qu X (2014) The comparative study of
acetyl-11-keto-beta-boswellic acid (AKBA) and aspirin in the
prevention of intestinal adenomatous polyposis in APC(Min/+)
mice. Drug Discov Ther 8(1):25-32

Wang L, Wang Y, Lu Y, Zhang Q, Qu X (2015) Heterozygous dele-
tion of ATGS5 in Apc(Min/+) mice promotes intestinal adenoma
growth and enhances the antitumor efficacy of interferon-gamma.
Cancer Biol Ther 16(3):383-391. https://doi.org/10.1080/15384
047.2014.1002331

Westbrook AM, Szakmary A, Schiestl RH (2016) Mouse models of
intestinal inflammation and cancer. Arch Toxicol 90(9):2109—
2130. https://doi.org/10.1007/s00204-016-1747-2

Xu C, Reichert EC, Nakano T, Lohse M, Gardner AA, Revelo MP,
Topham MK, Stafforini DM (2013) Deficiency of phospholipase
A2 group 7 decreases intestinal polyposis and colon tumorigen-
esis in Apc(Min/+) mice. Cancer Res 73(9):2806-2816. https://
doi.org/10.1158/0008-5472.CAN-12-2374

Yamada T, Mori Y, Hayashi R, Takada M, Ino Y, Naishiro Y, Kondo T,
Hirohashi S (2003) Suppression of intestinal polyposis in Mdr1-
deficient ApcMi“/Jr mice. Cancer Res 63(5):895-901

Yamamoto Y, Sakamoto M, Fujii G, Tsuiji H, Kenetaka K, Asaka M,
Hirohashi S (2003) Overexpression of orphan G-protein-cou-
pled receptor, Gpr49, in human hepatocellular carcinomas with
beta-catenin mutations. Hepatology 37(3):528-533. https://doi.
org/10.1053/jhep.2003.50029

Yaoita T, Sasaki Y, Yokozawa J, Sato T, Kanno N, Sakuta K, Yagi M,
Yoshizawa K, Iwano D, Nagino K, Nomura E, Abe Y, Nishise
S, Takeda H, Kawata S, Ueno Y (2015) Treatment with anti-
interleukin-6 receptor antibody ameliorates intestinal polyposis
in Apc(Min/+) mice under high-fat diet conditions. Tohoku J
Exp Med 235(2):127-134. https://doi.org/10.1620/tjem.235.127

Yuan HQ, Kong F, Wang XL, Young CY, Hu XY, Lou HX (2008)
Inhibitory effect of acetyl-11-keto-beta-boswellic acid on andro-
gen receptor by interference of Spl binding activity in prostate

@ Springer


https://doi.org/10.1158/2326-6066.CIR-15-0038
https://doi.org/10.1158/2326-6066.CIR-15-0038
https://doi.org/10.7150/ijbs.11589
https://doi.org/10.7150/ijbs.11589
https://doi.org/10.1016/j.mrfmmm.2004.05.022
https://doi.org/10.1016/j.mrfmmm.2004.05.022
https://doi.org/10.1038/nrgastro.2011.208
https://doi.org/10.1038/nrgastro.2011.208
https://doi.org/10.1080/15384047.2016.1177685
https://doi.org/10.1080/15384047.2016.1177685
https://doi.org/10.1038/ng1155
https://doi.org/10.1111/j.1538-7836.2009.03586.x
https://doi.org/10.1111/j.1538-7836.2009.03586.x
https://doi.org/10.1158/0008-5472.CAN-06-1437
https://doi.org/10.1158/0008-5472.CAN-06-1437
https://doi.org/10.1667/RR13770.1
https://doi.org/10.1111/j.1749-6632.2010.05864.x
https://doi.org/10.1111/j.1749-6632.2010.05864.x
https://doi.org/10.1530/ERC-16-0536
https://doi.org/10.1530/ERC-16-0536
https://doi.org/10.1002/cam4.251
https://doi.org/10.3322/caac.21262
https://doi.org/10.1038/srep12472
https://doi.org/10.1038/srep12472
https://doi.org/10.1242/dev.070763
https://doi.org/10.1055/s-2002-20564
https://doi.org/10.1055/s-2002-20564
https://doi.org/10.1038/sj.onc.1206348
https://doi.org/10.1038/sj.onc.1206348
https://doi.org/10.1080/15384047.2014.1002331
https://doi.org/10.1080/15384047.2014.1002331
https://doi.org/10.1007/s00204-016-1747-2
https://doi.org/10.1158/0008-5472.CAN-12-2374
https://doi.org/10.1158/0008-5472.CAN-12-2374
https://doi.org/10.1053/jhep.2003.50029
https://doi.org/10.1053/jhep.2003.50029
https://doi.org/10.1620/tjem.235.127

1122

Journal of Cancer Research and Clinical Oncology (2019) 145:1111-1122

cancer cells. Biochem Pharmacol 75(11):2112-2121. https://doi.
org/10.1016/j.bcp.2008.03.005

Zhang LL, Wu JX (2006) DNA methylation: an epigenetic mechanism
for tumorigenesis. Yi Chuan 28(7):880-885

Zhang MZ, Harris RC, McKanna JA (1999) Regulation of cycloox-
ygenase-2 (COX-2) in rat renal cortex by adrenal glucocor-
ticoids and mineralocorticoids. Proc Natl Acad Sci USA
96(26):15280-15285

Zhang J, Liu WL, Tang DC, Chen L, Wang M, Pack SD, Zhuang
Z, Rodgers GP (2002) Identification and characterization
of a novel member of olfactomedin-related protein family,
hGC-1, expressed during myeloid lineage development. Gene
283(1-2):83-93

Zhang N, Subbaramaiah K, Yantiss RK, Zhou XK, Chin Y, Benezra R,
Dannenberg AJ (2015) Id1 deficiency protects against tumor for-
mation in Apc(Min/+) mice but not in a mouse model of colitis-
associated colon cancer. Cancer Prev Res (Phila) 8(4):303-311.
https://doi.org/10.1158/1940-6207.CAPR-14-0411

@ Springer

Zhao Y, Bao Q, Renner A, Camaj P, Eichhorn M, Ischenko I, Angele
M, Kleespies A, Jauch KW, Bruns C (2011) Cancer stem cells
and angiogenesis. Int J Dev Biol 55(4-5):477-482. https://doi.
org/10.1387/ijdb.103225yz

Zoller B, Holm J, Svensson P, Dahlback B (1996) Elevated levels of
prothrombin activation fragment 1 4+ 2 in plasma from patients
with heterozygous Arg506 to Gln mutation in the factor V gene
(APC-resistance) and/or inherited protein S deficiency. Thromb
Haemost 75(2):270-274

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.bcp.2008.03.005
https://doi.org/10.1016/j.bcp.2008.03.005
https://doi.org/10.1158/1940-6207.CAPR-14-0411
https://doi.org/10.1387/ijdb.103225yz
https://doi.org/10.1387/ijdb.103225yz

	The application of ApcMin+ mouse model in colorectal tumor researches
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Establishment and genetic characteristics of ApcMin+ mouse model
	Background of ApcMin+ mouse model
	Genetic and phenotypic characteristics of ApcMin+ mouse model

	Possible reasons for the development of colorectal tumors in the ApcMin+ mouse model
	ApcMin+ mouse model and tumor-associated signaling pathway activation
	ApcMin+ mouse model and the Wnt signaling pathway
	ApcMin+ mouse model and the TGF-β signaling pathway
	ApcMin+ mouse model and the NF-κBCOX-2 signaling pathway
	ApcMin+ mouse model and other signaling pathways

	ApcMin+ mouse model and the alteration of tumor-related genes
	ApcMin+ mouse model and low expression or inactivation of tumor suppressor genes
	ApcMin+ mouse model and tumor suppressor gene methylation or mismatch repair gene defect
	ApcMin+ mouse model and tumor-promoting genes
	ApcMin+ mouse model and other related genes

	The role of proteins in ApcMin+ mouse model
	ApcMin+ mouse model and other related factors

	Application of ApcMin+ mouse model in the prevention and treatment of colorectal tumors
	Applications of ApcMin+ mouse model in chemical and drug prevention of colorectal tumors
	Application of ApcMin+ mouse model in other measures for colorectal tumors prevention

	Discussions
	References


