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Abstract: The neuroendocrine circuit of the corticotropin-releasing hormone (CRH) family peptides,
via their cognate receptors CRHR1 and CRHR2, copes with psychological stress. However, peripheral
effects of the CRH system in colon cancer remains elusive. Thus, we investigate the role of CRHR1
and CRHR2 in colon cancer. Human colon cancer biopsies were used to measure the mRNA levels
of the CRH family by quantitative real-time PCR. Two animal models of colon cancer were used:
Apcmin/+ mice and azoxymethane (AOM)/dextran sulfate sodium (DSS)-treated mice. The mRNA
levels of CRHR2 and UCN III are reduced in human colon cancer tissues compared to those of normal
tissues. Crhr1 deletion suppresses the tumor development and growth in Apcmin/+ mice, while Crhr2
deficiency exacerbates the tumorigenicity. Crhr1 deficiency not only inhibits the expression of tumor-
promoting cyclooxygenase 2, but also upregulates tumor-suppressing phospholipase A2 in Apcmin/+
mice; however, Crhr2 deficiency does not change these expressions. In the AOM/DSS model, Crhr2
deficiency worsens the tumorigenesis. In conclusion, Crhr1 deficiency confers tumor-suppressing
effects in Apcmin/+ mice, but Crhr2 deficiency worsens the tumorigenicity in both Apcmin/+ and
AOM/DSS-treated mice. Therefore, pharmacological inhibitors of CRHR1 or activators of CRHR2
could be of significance as anti-colon cancer drugs.

Keywords: cyclooxygenase 2; neuropeptide; stress; tumorigenicity; gastrointestinal; colitis; azoxymethane

1. Introduction

Corticotropin-releasing hormone (CRH, also known as corticotrophin-releasing factor)
is a group of hypothalamic peptides that regulates the psychological responses of the
hypothalamic-pituitary-adrenal (HPA) axis [1,2]. CRH is secreted from the hypothalamus
in response to stress, and subsequently induces the production of stress hormones such as
glucocorticoids and adrenocorticotropin [3]. CRH-induced glucocorticoids mitigate the
stress response by suppressing the endocrine activity of the hypothalamus and the pituitary
gland [4]. Given the ability of glucocorticoids to suppress inflammation and immune
responses, the CRH family peptides additionally regulate the inflammation and immune
responses at peripheral organs [5,6]. The CRH family peptides include CRH [7], urocortin I
(UCN I) [8], UCN II (stresscopin-related peptide) [9], and UCN III (stresscopin) [10]. Each
member acts via two distinct G protein-coupled receptors, CRH receptor 1 (CRHR1) and
CRHR2 [3]. CRHR1 is mainly expressed in the brain. Accordingly, it is generally accepted
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that CRHR1 copes with stress responses of the HPA axis by inducing adrenal corticotropic
hormone [11]. In contrast, CRHR2 is abundantly expressed in several peripheral organs,
which were examined with rodents and humans [12]. CRHR2 is involved in regulating
various cellular events, including mucosal repair in colitis [13], angiogenesis [14], and
Fas-mediated apoptosis in colon cancer [15].

Regarding the receptor binding affinity, CRH and UCN I bind to both CRHR1 and
CRHR2 in order to mediate their physiological and cellular effects [11]. It is worth noting
that the binding affinity of CRH is highly biased toward CRHR1 [16]. UCN II and UCN
III are the selective ligands for CRHR2 [9,10]. When the CRH family peptide binds to its
cognate receptor, it activates the Gα subunit and subsequently the adenylyl cyclase/cAMP
signaling pathway to mediate physiological and cellular responses. Through this signaling
pathway, it is of significance that the CRH family also activates the gut neuroendocrine
system to regulate the gut motility and inflammatory responses [2].

Previously, we have demonstrated that either loss of Crhr1 encoding gene or a phar-
macological blockade of CRHR1 confers protective effects in dextran sulfate sodium (DSS)-
induced mouse colitis [14]. On the other hand, either Crhr2 encoding gene deletion or
CRHR2 inhibitor treatment exacerbates DSS-induced mouse colitis [14]. Loss of Crhr1
encoding gene results in reduced microvascular density due to diminished expression
of vascular endothelial growth factor A (VEGF-A) in the inflamed colon of mice. In-
deed, CRHR1 stimulation with CRH activates AKT in microvascular endothelial cells,
leading to enhanced formation of microvascular structures. Accordingly, the absence of
CRHR1-mediated responses appears to suppress the angiogenesis in the intestine; thereby
diminishing the inflammatory response in the gut. In contrast, Crhr1 deficiency leads
to increased angiogenesis with enhanced VEGF-A expression [14]. Therefore, blocking
the CRHR2-mediated responses can enhance angiogenesis, thereby worsening intestinal
inflammation [1].

Likewise, the CRH family peptides appear to play a pivotal role in the onset and
progress of various pathological conditions in extra-hypothalamic peripheral organs [1,6].
Among them, the correlation of CRHRs with colon cancer has been poorly investigated.
Therefore, in this study, we examine the impact of CRHRs on intestinal tumorigenesis using
Crhr1−/− and Crhr2−/− mice that were tested in two experimental mouse models of colon
cancer: the Apcmin/+ and the azoxymethane (AOM)-DSS models. We found that the Crhr1
deficiency confers the tumor-suppressing effect in the Apcmin/+ mouse model, while the
Crhr2 deficiency exacerbates the tumorigenicity in these two experimental models. These
data are clinically of significance in developing a prophylactic and therapeutic approach to
colon cancer in humans.

2. Results
2.1. The mRNA Levels of Corticotropin-Releasing Hormone Receptor 2 (CRHR2) and Urocortin
(UCN) III Are Reduced in Human Colon Cancer Tissues Compared to Those of Normal Tissues

Although the CRH family peptides mediate the neuroendocrine responses primarily
in the nervous system, they are able to affect the onset and perpetuation of intestinal
inflammation, indicating a role of the CRH family in maintaining intestinal homeostasis [14].
However, the impact of the CRH family on colon cancer has not been fully investigated.
To address this issue, we first examined the mRNA expression levels of the CRH family
and cognate receptors in human colon cancer tissues and unmatched normal colon tissues.
We found that the mRNA level of CRHR2 was substantially lower in colon cancer tissues
than that of normal tissues, while the CRHR1 levels are comparable between these tissues
(Figure 1A).
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obtained from healthy control subjects. ** p < 0.01, *** p < 0.001, n.s. stands for not significant 
(Mann–Whitney U test). Horizontal bar in each graph indicates mean. 
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Crhr2−/− mice, respectively. Given the importance of mouse age in the tumorigenesis, we 
examined the tumor development of these mice at the age of 10 months. We observed 
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2A,B). The number of tumors developed in the small intestine of Apcmin/+; Crhr1−/− mice 
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wise, the number of tumors was also reduced in the small intestine of Apcmin/+; Crhr1+/− 
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Figure 1. The mRNA levels of corticotropin-releasing hormone receptor 2 (CRHR2) and its cognate
ligand urocortin (UCN) III are reduced in human colon cancer tissues relative to normal tissues.
(A,B) Relative mRNA expression levels of CRHR1 and CRHR2 (A) and the CRH family member and
NLRC4 (B) were evaluated by quantitative real-time PCR (qPCR) with colon cancer tissues obtained
from colon cancer patients (n = 11) and unmatched normal tissues (n = 10) independently obtained
from healthy control subjects. ** p < 0.01, *** p < 0.001, n.s. stands for not significant (Mann–Whitney
U test). Horizontal bar in each graph indicates mean.

Furthermore, the mRNA level of UCN III, a CRHR2-specific peptide among the CRH
family, was dramatically reduced in colon cancer tissues compared to that of controls;
however, the level of CRH, a CRHR1-restricted ligand, was not changed in these tissues
(Figure 1B). Intriguingly, the level of CRHR2-targeting UCN II was markedly increased
in colon cancer tissues compared to that of controls, while NLRC4 levels are preserved.
Given the reduced expression of CRHR2 and its ligand UCN III in human colon cancer
tissues, these findings indicate that the impairment of CRHR2-mediated responses should
be associated with colon cancer development in humans, which may contribute to cancer
metastasis or poor patient survival.

2.2. Loss of Crhr2 Gene Promotes Tumor Development in the Apcmin/+ Mouse, While Crhr1
Deficiency Suppresses the Tumorigenesis

To study the impact of CRHR-mediated responses in colon cancer, we utilized the
Apcmin/+ mouse model of intestinal epithelial tumorigenesis, in which tumor development
occurs mainly in the small intestine [17,18]. Specifically, Crhr1−/− and Crhr2−/− mice were
combined with Apcmin/+ mice to generate Apcmin/+; Crhr1−/− mice and Apcmin/+; Crhr2−/−

mice, respectively. Given the importance of mouse age in the tumorigenesis, we examined
the tumor development of these mice at the age of 10 months. We observed massive
development of tumor polyps throughout the small intestine of the mice (Figure 2A,B).
The number of tumors developed in the small intestine of Apcmin/+; Crhr1−/− mice was
substantially lower than that of littermate Apcmin/+; Crhr1+/+ mice (Figure 2C). Likewise,
the number of tumors was also reduced in the small intestine of Apcmin/+; Crhr1+/− mice
compared to that of littermate Apcmin/+; Crhr1+/+ mice. It is worth noting that the number
of tumors developed in the intestine of Apcmin/+; Crhr1−/− mice is much lower than the
tumors in Apcmin/+; Crhr1+/− mice. These data indicate that Crhr1 deficiency is capable
of suppressing the tumor development in the Apcmin/+ mouse model of colon cancer;
the haplodeficiency of Crhr1 gene is also capable of suppressing the tumorigenesis.
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Crhr1+/+ mice, and Apcmin/+; Crhr2−/− mice and littermate Apcmin/+; Crhr2+/+ mice at the age of 5 

Figure 2. Loss of Crhr1 gene reduces the intestinal tumor development and growth in the Apcmin/+ background, while
Crhr2 gene deletion greatly increases the tumorigenesis. (A,B) Gross images of the tumors observed in the small intestine of
Apcmin/+; Crhr1−/− mice and littermate Apcmin/+; Crhr1+/+ mice, and Apcmin/+; Crhr2−/− mice and littermate Apcmin/+;
Crhr2+/+ mice at the age of 5 months. Presented are the representative images. (C,D) At 5 months old, the tissues were
harvested. Using stereoscopic microscopy, we counted the number of tumors that were developed throughout the small
intestine of each mouse. * p < 0.05, ** p < 0.01, *** p < 0.001 (Mann–Whitney U test). Apcmin/+; Crhr1+/+ (n = 11), Apcmin/+;
Crhr1+/− (n = 11), Apcmin/+; Crhr1−/− (n = 11), Apcmin/+; Crhr2+/+ (n = 13), Apcmin/+; Crhr2+/− (n = 9), Apcmin/+; Crhr2−/−

mice (n = 14). (E,F) Tumors observed throughout the small intestine were enumerated to analyze relative proportions (%)
of tumor size. Adenomas were classified based on the tumor size: small (<2 mm diameter), medium-sized (2–4 mm), or
large (>4 mm). The relative proportions of the size classes were counted and given as a percentage of the total number
of adenomas.

In contrast, we found that both Apcmin/+; Crhr2−/− mice and Apcmin/+; Crhr2+/− mice
had greatly increased numbers of tumors in their small intestine, compared to the tumor
development in littermate Apcmin/+; Crhr2+/+ mice (Figure 2D). However, the number of
tumors between Apcmin/+; Crhr2−/− mice and Apcmin/+; Crhr2+/− mice were comparable.
These data indicate that either Crhr2 gene deficiency or heterozygous deletion of Crhr2
gene substantially increases the number of adenomas in the intestine of Apcmin/+ mice.
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Furthermore, we measured the adenoma size to examine the adenoma burden in the
intestine. The percentage proportions of large adenoma (> 4 mm diameter) and medium-
sized adenoma (2–4 mm) were greatly reduced in Apcmin/+; Crhr1−/− mice compared to
those of littermate Apcmin/+; Crhr1+/− and Apcmin/+; Crhr1+/+ mice (Figure 2E). Conversely,
the percentage proportion of large adenomas was markedly increased in the intestine of
Apcmin/+; Crhr2−/− mice compared to those of littermate Apcmin/+; Crhr2+/− and Apcmin/+;
Crhr2+/+ mice (Figure 2F). These data indicate that loss of Crhr1 gene should suppress the
tumor growth in the Apcmin/+ mouse model, while Crhr2 gene deficiency can enhance the
tumor growth.

Taken together, our findings suggest that blocking CRHR1-mediated responses inhibit
tumor development and growth in an Apcmin/+ background, while inhibiting CRHR2-
mediated responses promote tumorigenesis.

2.3. Crhr2 Deficiency Exacerbates the Severity of Intestinal Tumorigenesis in Apcmin/+ Mice,
While Crhr1 Deletion Confers Tumor-Protective Effects

With the microscopic examination of hematoxylin & eosin (H&E) stained tissue sec-
tions, we confirmed that Apcmin/+; Crhr1−/− mice and Apcmin/+; Crhr2−/− mice develop
hyperplasia with enhanced mitosis. The tumor mass is characterized with massive neu-
trophil infiltration and marked architectural distortion of crypts with epithelial cell atypia
(Figure 3A,B). These histological features were similarly observed in the tumors obtained
in Apcmin/+; Crhr1+/+ mice and Apcmin/+; Crhr2+/+ mice. Accordingly, the histological
analysis exhibited that either Crhr1 or Crhr2 deletion does not alter the histopathological
nature of adenomas developed in Apcmin/+ mice.

Given the massive tumor development throughout the small intestine, we next car-
ried out blood sample analysis to evaluate the disease severity. Reduced levels of serum
albumin and hematocrit indicate protein-losing enteropathy and anemia, respectively.
These are atypical manifestations of severe intestinal tumorigenesis in Apcmin/+ mice [19].
Along these lines, the level of albumin was markedly increased in Apcmin/+; Crhr1−/− mice
compared to that of littermate Apcmin/+; Crhr1+/+ mice (Figure 3C). Similarly, the level
of hematocrit in Apcmin/+; Crhr1−/− mice was much higher than the level in Apcmin/+;
Crhr1+/+ mice. It is worth noting that Apcmin/+; Crhr1+/− mice had a higher level of hemat-
ocrit than Apcmin/+; Crhr1+/+ mice. These data indicate that Crhr1 deficiency ameliorates
the disease severity in the Apcmin/+ mouse model of intestinal tumorigenesis.

In contrast, we observed that Apcmin/+; Crhr2−/− mice and Apcmin/+; Crhr2+/− mice
have markedly reduced level of albumin compared to that of Apcmin/+; Crhr2+/+ mice
(Figure 3D). Similarly, reduced hematocrit level was observed in Apcmin/+; Crhr2−/− mice
compared to Apcmin/+; Crhr2+/+ mice. In contrast to the data from Apcmin/+; Crhr1−/−

mice, this finding suggests that the Crhr2 deficiency exacerbates the disease severity in
Apcmin/+ mice.

In line with the results from the serum analysis, survival of Apcmin/+; Crhr1−/− mice
was greatly improved compared to that of Apcmin/+; Crhr1+/+ mice (Figure 3E). Due to the
extensive tumorigenicity, however, survival of Apcmin/+; Crhr2−/− mice was dramatically
reduced compared to that of Apcmin/+; Crhr2+/+ mice (Figure 3F).

Taken together, these data demonstrate that the Crhr1 deficiency not only suppresses
tumor development and growth in the Apcmin/+ mouse, but also ameliorates the disease
severity. In contrast, the Crhr2 deficiency promotes the tumor development and worsens
the disease severity.
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to compare significant survival difference (p = 0.0008 in E, p = 0.0002 in F). Data were analyzed 
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To answer this question, we hypothesized that the Crhr1 deficiency could alter intracellu-
lar signaling networks, which contribute to suppressing the tumorigenicity. To test this 

Figure 3. Crhr1 deletion reduces the severity of intestinal tumorigenesis in Apcmin/+ mice, whereas Crhr2 deletion worsens
the disease severity. (A,B) Histopathology of intestinal tumor tissues were visualized by hematoxylin & eosin (H&E) staining
(scale bars, 100 µm). (C,D) Serum albumin and hematocrit levels were analyzed using mouse blood samples. Apcmin/+;
Crhr1+/+ (n = 10–12), Apcmin/+; Crhr1+/− (n = 10–12), Apcmin/+; Crhr1−/− (n = 11–12), Apcmin/+; Crhr2+/+ (n = 10–14),
Apcmin/+; Crhr2+/− (n = 11–14), Apcmin/+; Crhr2−/− mice (n = 10–15). * p < 0.05, ** p < 0.01, *** p < 0.001 (one-way ANOVA).
(E,F) The mouse mortality was evaluated over 10 months after birth. Difference in survival was analyzed by a Kaplan–Meier
plot. The log-rank (Mantel–Cox) test was used to compare significant survival difference (p = 0.0008 in E, p = 0.0002 in F).
Data were analyzed with the results accumulated by 3 independent experiments. Apcmin/+; Crhr1+/+ (n = 14), Apcmin/+;
Crhr1+/− (n = 8), Apcmin/+; Crhr1−/− (n = 8), Apcmin/+; Crhr2+/+ (n = 30), Apcmin/+; Crhr2+/− (n = 13), Apcmin/+; Crhr2−/−

mice (n = 22).

2.4. Crhr1 Deficiency Reduces the Expression of Tumor-Promoting Cyclooxygenase 2 (Cox2), While
Upregulating the Expression of Tumor-Suppressing Phospholipase A2 (Pla2) in Apcmin/+ Mice

The above observations prompted us to seek an explanation for how Crhr1 gene
deletion could confer a protective effect against intestinal tumorigenicity in Apcmin/+ mice.
To answer this question, we hypothesized that the Crhr1 deficiency could alter intracellular
signaling networks, which contribute to suppressing the tumorigenicity. To test this
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hypothesis, we analyzed the expression of tumor-associated genes with adenoma tissues
isolated from the mice by carrying out quantitative real-time PCR (qPCR) analyses.

Among various genes associated with tumorigenesis, we found that the expression
of Cox2 is dramatically reduced in tumors of Apcmin/+; Crhr1−/− mice and Apcmin/+;
Crhr1+/− mice, compared to the expression in adenomas from Apcmin/+; Crhr1+/+ mice.
It is worth noting that enhanced Cox2 expression potently enhances both colon cancer in
humans and tumorigenesis in Apcmin/+ mice; specifically, inhibition of Cox2 expression or
its enzymatic activity by nonsteroidal anti-inflammatory drugs greatly suppresses tumor
development [20]. Therefore, it is reasonable to believe that reduced Cox2 expression
by Crhr1 deficiency may be associated with the tumor-protective effect observed in both
Apcmin/+; Crhr1−/− mice and Apcmin/+; Crhr1+/− mice (Figure 4A). Furthermore, we ob-
served that the mRNA expression of Pla2 is markedly increased in adenomas of Apcmin/+;
Crhr1−/− mice and Apcmin/+; Crhr1+/− mice, compared to the level of Apcmin/+; Crhr1+/+

mice. However, the mRNA levels of tumor-associated genes, including Vegf-a, interleukin 6
(Il6), and tumor necrosis factor α (Tnfα), were comparable in all adenomas from Apcmin/+;
Crhr1−/−, Apcmin/+; Crhr1+/−, and Apcmin/+; Crhr1+/+ mice. Just like the tumor protective
effect elicited by reduced Cox2 expression, it had been demonstrated that augmented Pla2
levels are associated with suppressed tumor development in Apcmin/+ mice [21,22]. In con-
junction with reduced Cox2 levels, our data suggested that upregulated Pla2 expression
plays a crucial role in eliciting the tumor-protective effect by Crhr1 deficiency. However, the
mRNA levels of these tumor-associated genes were similar between the adenomas from
Apcmin/+; Crhr2−/−, Apcmin/+; Crhr2+/−, and Apcmin/+; Crhr2+/+ mice (Figure 4B).
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Figure 4. Crhr1 deletion alters the expression of Cox2 and Pla2 in the tumors developed in Apcmin/+
mice. (A,B) The mRNA levels of cancer-associated genes, including Cox2, Pla2, Vegf-a, Il6, and Tnfα,
were evaluated by performing qPCR. Using tumor tissues isolated from the small intestine, total
RNA was isolated to carry out qPCR, and the mRNA level of each gene in the tumor tissues was
measured. In addition, total RNA of normal intestinal tissues from Apcmin/+; Crhr1+/+ mice (A) or
from Apcmin/+; Crhr2+/+ mice (B) was also isolated. With qPCR, the mRNA level of each gene in the
normal tissues was measured. The level of normal tissues was set as ‘1’. To this value, the mRNA
level of each gene from the tumor tissues was then compared to calculate the relative gene expression
in a fold unit. Presented are the accumulated data of three independent experiments. Error bars
indicate ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. stands for not significant (one-way ANOVA,
n = 11–16 per group).

Taken together, these data indicate that a blockade of CRHR1-mediated responses
should inhibit the expression of Cox2, and upregulate the expression of Pla2. Thereby, Crhr1
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gene deficiency is capable of not only suppressing the tumor development and growth,
but also ameliorating the disease severity, at least in the Apcmin/+ mouse model of intestinal
tumorigenesis.

2.5. Crhr2 Deficiency Promotes Tumor Development and Growth in the Azoxymethane (AOM)
and Dextran Sulfate Sodium (DSS)-Treated Model of Colon Cancer, While Crhr1 Deletion Does
Not Alter the Tumorigenesis

Apc is a tumor suppressor gene. In humans, somatic mutations of Apc result in large
numbers of adenomatous polyps in the colon and rectum, which is regarded as familial ade-
nomatous polyposis (FAP) [23]. The Apcmin/+ mouse that harbors a heterozygous germline
mutation in the Apc gene also develops multiple neoplasia in the intestine [24]. Thus,
the Apcmin/+ mouse has been widely utilized as an animal model of human colon cancer.
However, Apcmin/+ mice develop tumors predominately in the small intestine [17,18],
while human FAP patients develop polyps in their colon and rectum [23]. To reconcile
this discrepancy between the Apcmin/+ mouse model and human colon cancer patients,
it is necessary to examine whether CRHR1- or CRHR2-mediated responses would result
in a similar effect in a different mouse model of colon cancer. Accordingly, we harnessed
the AOM/DSS-induced mouse model of colon cancer, in which multiple tumors develop
in the colon [25]. Crhr1−/−, Crhr2−/−, and their littermate control mice were treated with
an intraperitoneal administration of AOM and DSS in drinking water to induce tumor
development (Figure 5A). With this experimental approach, we observed massive tumor
development primarily throughout the mid and distal colon (Figure 5B).

Subsequently, we observed that the number of polys in the colon of Crhr1−/− mice is
comparable to that of Crhr1+/+ mice (Figure 5C). However, the number of adenomas was
dramatically increased in the colon of Crhr2−/− mice compared to that of Crhr2+/+ mice
(Figure 5D). These data indicate that the tumor development in the AOM/DSS model is not
influenced by Crhr1 deficiency; but, Crhr2 deficiency greatly promotes tumor development
in the colon. In agreement with these data, the proportional size distribution of tumors
developed in the colon of Crhr1−/− mice was similar to that of Crhr1+/+ mice (Figure 5E).
In contrast, the percentage proportions of large adenoma (>4 mm diameter) and medium-
sized adenoma (2–4 mm) were markedly increased in Crhr2−/− mice compared to those of
Crhr1+/+ mice (Figure 5F).

Taken together, these data indicate that loss of the Crhr2 gene promotes tumor for-
mation and growth in the chemically induced model of colon cancer. In contrast to the
tumor suppressing effect observed in the Apcmin/+ mice, Crhr1 deficiency does not alter
tumorigenesis in the AOM/DSS model.

2.6. Crhr2 Deficiency Exacerbates the Severity of AOM/DSS-Induced Tumorigenesis

Next, we examine the severity of AOM/DSS-induced tumor development. The levels
of serum albumin and total protein were not altered in Crhr1−/− mice compared to those
of Crhr1+/+ mice (Figure 6A). However, these protein levels, indicative of protein-losing
enteropathy in mice with intestinal tumors, were markedly reduced in Crhr2−/− mice com-
pared to those of Crhr2+/+ mice (Figure 6B). In line with these observations, Crhr1−/− and
Crhr1+/+ mice had similar survival during the experimental period (Figure 6C); however,
survival of Crhr2−/− mice was greatly reduced compared to that of Crhr2+/+ mice through-
out the experimental course of AOM/DSS-induced tumor development (Figure 6D).
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Figure 5. Crhr2 deficiency enhances the tumor development and growth in the azoxymethane
(AOM)/dextran sulfate sodium (DSS)-treated mouse model of colon cancer. (A,B) Presented is
the experimental timeline of the AOM/DSS-treated model of colon cancer. Sex and age matched
(5–6 weeks old) mice were intraperitoneally injected with AOM (12.5 mg/kg), followed by the
treatment of three cycles of DSS. Then, mice were housed under normal conditions over a total of
approximately 140 days before harvesting the tissues. (B) Gross images of tumors developed in the
colon of mice treated with AOM/DSS. Tumors were mainly developed throughout the mid and distal
colon. (C,D) We counted the number of visible tumors that were developed in the colon of each mouse.
Horizontal bar in each graph indicates mean. ** p < 0.01, n.s. stands for not significant (Mann–Whitney
U test). Crhr1+/+ (n = 22), Crhr1−/− (n = 26), Crhr2+/+ (n = 20), and Crhr2−/− (n = 20). (E,F) Tumors
developed in the colon were enumerated to analyze relative proportions (%) of tumor size. Tumors
were classified based on the tumor size: small (<2 mm diameter), medium-sized (2–4 mm), or large
(>4 mm). Presented are the accumulated data from three independent experiments.
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(n = 15), Crhr1−/− (n = 20–24), Crhr2+/+ (n = 14–21), and Crhr2−/− (n = 10–17). (C,D) Difference in
survival was analyzed by Kaplan–Meier plot. The log-rank (Mantel–Cox) test was used to compare
significant survival difference (p = 0.0041 in D). n.s. stands for not significant. Crhr1+/+ (n = 28),
Crhr1−/− (n = 35), Crhr2+/+ (n = 23), and Crhr2−/− (n = 26). Data were analyzed with the results
accumulated by 5 independent experiments.

Together, these data suggest that in the mouse model of AOM/DSS-induced colon
cancer, Crhr2 deficiency exacerbates tumorigenicity, while loss of Crhr1 does not seem to
alter the intestinal tumor development and growth.

3. Discussion

The CRH family peptides stimulate cognate CRHRs to regulate psychological stress
through the HPA axis, indicating their essential roles in regulating the neuroendocrine
response in the nervous system. Emerging evidence suggests an important contribution of
the CRH family peptides and their receptors in regulating physiological homeostasis of
peripheral organs. For instance, the expression of CRH has been observed in the adrenal
gland and the gastrointestinal tract [26]. The expression of UCN I is detected in heart, skin
and adipose tissue [12,27,28]. UCN II and UCN III are observed in peripheral blood cells,
skeletal muscle, pancreas, and gestational tract [29,30]. Moreover, CRHR1 and CRHR2
exist in various peripheral tissues, including the heart, adrenal gland, fat tissues, skeletal
muscle and skin [30,31]. Intriguingly, the expression of CRHR1 and CRHR2 is observed in
the small intestine and in the colon [32–34]. These findings suggest that the physiological
network of the CRH family system is also involved in executing physiological roles outside
the HPA axis.

Nonetheless, the impact of CRHR-mediated responses in the development and growth
of colon cancer clearly remains to be further investigated. In this study, we observed that
the mRNA levels of CRHR2 and its cognate ligand UCN III are substantially reduced in
human colon cancer tissues compared to normal colon tissues (Figure 1A,B). Our finding
is in agreement with the previous study that the CRHR2 mRNA level is lower in human
colon cancer tissues compared to normal tissues [34]. Together, these data strongly in-
dicate that the CRH family peptides and their receptors should be associated with the
pathogenesis or pathophysiology of colon cancer. It is of interest that in contrast to the
reduced expression of CRHR2 and UCN III, the expression of UCN II (another specific
ligand of CRHR2) is markedly increased in the colon cancer tissues compared to normal



Int. J. Mol. Sci. 2021, 22, 1043 11 of 16

tissues (Figure 1B). Given the inflammatory condition that is frequently observed within
tumor tissues, we speculate that immune cells infiltrated into the tumor mass could lead
to increased expression of UCN II in colon cancer tissues. Indeed, it has been suggested
that UCN II expression is greatly induced in a large population of immune cells that have
infiltrated into the lamina propria and submucosa of the distal colon [35].

Furthermore, to access the role of CRHR-mediated responses in colon cancer, we
tested Crhr1−/− mice and Crhr2−/− mice in two different animal models of human colon
cancer: the Apcmin/+ mouse model and the AOM/DSS-treated model. In an Apcmin/+
mouse, loss of an Apc allele inhibits the degradation of β-catenin, which leads to the
constitutive activation of the WNT pathway to induce perpetual cell proliferation for
tumor development. Therefore, K-Ras mutations and inactivation of p53, other pathways
of tumor development, are not observed in the tumor development of Apcmin/+ mice [24].
On the other hand, AOM is a carcinogen that can induce adenomas in rodents. Therefore,
AOM treatment in rodents can recapitulate the initiation and progression of tumors in
the colon, which is similar to the tumorigenic pathway of human colon cancer. Therefore,
a combination of AOM with DSS treatment has been broadly utilized as an appropriate
animal model of human colon cancer [36,37]. Due to the carcinogenic nature of AOM, the
histopathology of tumors developed in the AOM/DSS model has a lot in common with
human colon cancer; for instance, AOM/DSS-induced tumors have a defective mismatch
repair system and mutations in K-Ras and β-catenin [36]. Accordingly, the AOM/DSS
model is particularly useful to evaluate the activity of tumor-preventive drugs.

With these two mouse models of colon cancer, our data clearly show that Crhr2
deficiency greatly promotes the development and growth of tumors in the intestine, while
worsens disease severity in mice. Considering these data, it is reasonable to speculate that
a pharmacological stimulation of the CRHR2-mediated response would induce tumor-
preventive or tumor-suppressive effect in individuals with a risk of colon cancer.

In contrast, our data demonstrate that Crhr1 deficiency markedly suppresses tumor
development and growth in Apcmin/+ mice (Figures 2 and 3). However, we could not
observe this tumor-suppressing effect of Crhr1 deficiency in the AOM/DSS model of colon
cancer (Figures 5 and 6). Intriguingly, a study has previously showed that Crhr1−/− mice
develop much fewer tumors when the mice are tested in the AOM/DSS model, suggesting
that Crhr1 deficiency can induce tumor-suppressive effects in this model [33]. In that study,
the authors showed that the tumor tissues have decreased levels of inflammatory cytokines
such as Il6 and Tnfα. It is worth noting that the tumor development and growth in the
AOM/DSS model is elicited by the degree of DSS-induced colitis; the microbiome in mice
and microbial environment in an animal housing facility heavily influence the severity
of DSS-induced mouse colitis. Depending on the diversity of the microflora, therefore,
the tumor-suppressing effect of Crhr1 deficiency could be recapitulated with different
outcomes, providing an explanation why we could not observe the tumor-suppressing
effect of Crhr1 deficiency in the AOM/DSS model. In contrast to the AOM/DSS model
that can be affected by the degree of DSS-induced colitis, our data clearly show that Crhr1
deficiency potently inhibits tumorigenicity in the Apcmin/+ mouse model.

Regarding the mechanism by which Crhr1 deficiency suppresses tumorigenicity in
Apcmin/+ mice, we identified that the Crhr1 deletion abolishes the expression of Cox2
(Figure 4A). It is of significance that the inhibition of COX2 induces tumor-preventive
effects against colon cancer [20]. In addition, Crhr1 deficiency upregulates the level of
Pla2 in the tumor tissues. It is worth noting that PLA2 has the potential to suppress the
development of colon cancer [21,22]. Accordingly, we hypothesize that Crhr1 deficiency not
only reduces the expression of Cox2, but also increases the Pla2 level, thereby, suppressing
tumor development and growth. Indeed, we observed that Crhr2 deficiency does not
change the expression levels of Cox2 and Pla2 in the tumor tissues of Apcmin/+ mice
(Figure 4B). Therefore, we speculate that unchanged expression levels of Cox2 and Pla2
may contribute to exacerbated tumorigenesis in Apcmin/+; Crhr2−/− mice. When it comes
to the exacerbated tumorigenesis in Crhr2−/− mice tested in the AOM/DSS model, we have
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previously demonstrated that Crhr2 gene deletion or CRHR2 inhibitor treatment worsens
DSS-induced mouse colitis [14]. Given the pathological nature of the AOM/DSS model, it
is reasonable to believe that enhanced colitis in DSS-treated Crhr2−/− mice contributes to
exacerbated tumor development.

In conclusion, our data clearly suggest that the Crhr1 deficiency confers a tumor-
suppressing effect, while the Crhr2 deficiency has the potential to worsen the development
and growth of colon cancer. Therefore, either antagonists against CRHR1 or pharmaco-
logical activation of CRHR2-mediated responses should merit further investigation for
developing a novel approach against colon cancer in humans.

4. Materials and Methods
4.1. Human Tissues

All human tissues were harvested and examined under the approval of the UCLA
Institutional Review Board (protocol: 14-000132) and Wonkwang University Sanbon Hos-
pital Institutional Review Board (protocol: 2011-07). Subjects (aged 32–85) who were under
colonoscopy screening provided written informed consent for this study. We excluded
patients with a personal or first-degree family history of cancer. Patients with previous
chemotherapy or radiation therapy were excluded. Patients with any infectious disease
or intestinal inflammatory disease such as IBD were also excluded. While carrying out
the colonoscopy, board certified gastroenterologists harvested the colorectal cancer tissues
at Wonkwang University Sanbon Hospital, South Korea. A small piece of each specimen
was sent to a pathologist to determine the pathological assessment. Remaining parts of the
specimen were immediately immersed in RNAlater RNA stabilization reagent (Qiagen,
Valencia, CA, USA) and stored at 4 ◦C overnight and kept in liquid nitrogen until RNA
isolation. Based on the pathologic determination, cancerous (adenocarcinoma) colonic
tissues were selected for the experiment. Similarly, unmatched normal colonic mucosa
specimens were collected from tumor-free healthy subjects undergoing routine colonoscopy
screening at Wonkwang University Sanbon Hospital.

4.2. Animals

Crhr1 knockout (Crhr1−/−) mice were obtained from the Jackson Laboratory (Bar
Harbor, ME). Crhr1−/− mice and littermate Crhr1+/+ mice were maintained by the breeding
pairs of Crhr1+/− mice. Crhr2-deficient (Crhr2−/−) mice were kindly provided by Dr. W.
Vale (Salk Institute, La Jolla, CA, USA) [38] and had been backcrossed to a C57BL/6
background at least more than 10 generations. Similarly, Crhr2−/− mice and littermate
Crhr2+/+ mice were derived from the breeding pairs of Crhr2+/− mice. Apcmin/+ mice [39]
on the C57BL/6 background were obtained from the Jackson Laboratory. Mouse genotypes
were determined at the age of 3 weeks by performing genotyping PCR provided by the
Jackson laboratory for Crhr1−/− and Apcmin/+ mice and by Dr. Vale’s laboratory for
Crhr2−/− mice [38]. Mice were housed under specific pathogen-free conditions in an
isolator (4 mice per cage) at a constant temperature (22 ◦C) and in 12-h-light:dark cycle.
Mice were given free access to water and unpurified mouse food (Harlan Teklad Laboratory
diet #8604, Madison, WI, USA). This diet contains (g/kg): 466.4 carbohydrate, 244.8 protein,
44.0 fat, 36.9 fiber and 78.4 ash [40]. The Institutional Animal Care and Use Committee of
University of California Los Angeles approved all procedures (Approval number: 2007-137;
Date: 03/12/2016).

4.3. Apcmin/+ Mouse Model of Intestinal Tumorigenesis

We utilized the Apcmin/+ mouse model of intestinal tumorigenesis [41,42], in which
the Apcmin/+ mouse mainly develops more polyps in the small intestine than in the
colon [17,18]. Crhr1−/− and Crhr2−/− mice were crossed with Apcmin/+ mice to generate
Apcmin/+; Crhr1−/− and Apcmin/+; Crhr2−/−, respectively. During the breeding procedures,
littermate control mice were also generated. These mice were maintained for 10 months
after birth. During this experimental period, the mouse health conditions were monitored
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every other day. Large dissectible adenomas were isolated for molecular studies. After
briefly staining colons in methylene blue, adenomas and aberrant crypt foci were scored
under a stereoscope.

4.4. AOM and DSS-Treated Mouse Model of Colon Cancer

As a mouse model of colon cancer, we harnessed the AOM/DSS model [25]. To induce
tumor development in the mouse colon, sex and age (5–6 weeks old) matched mice were
intraperitoneally (i.p.) injected with a single dose of AOM (12.5 mg/kg), followed by
normal housing for 5 days without any challenge. Then, mice were treated with two cycles
of DSS (2.5%) administered in the drinking water for 5 days separated by 16 days of normal
drinking water. Subsequently, mice were treated with DSS (1%) for 5 days, followed by
regular drinking water treatment for 16 days. Then, mice were housed in a routine housing
condition for additional 88 days. Mice were euthanized in total 20 weeks after the AOM
injection. The colon tissues were harvested, longitudinally opened, and fixed for 16 h
in formalin.

4.5. Adenoma Enumeration and Measurement of Adenoma Burden

Mice were euthanized by CO2 asphyxiation, and the small intestine and the colon
were excised, then opened longitudinally. The tissues were rinsed with 0.9% NaCl solution,
and spread onto microscope slides. The adenomas were counted, and the diameter of
each adenoma was measured to the nearest 1.0 mm under an inverted light microscope
with a screen at 2.5× magnification. The location and diameter of each adenoma was
recorded with a millimeter scale placed on the screen. The adenomas were classified based
on the tumor size: small (<2 mm diameter), medium-sized (2–4 mm), or large (>4 mm).
The relative proportions of the size classes were calculated and given as a percentage of the
total number of adenomas [43].

4.6. Clinical Assessment of Intestinal Tumorigenesis in Mice

Mice were co-housed in separate cages with less than 4 mice per cage. Mice were
observed every day for morbidity and mortality. Body weight change was monitored every
day during the experimental period. Kaplan–Meier survival curves were generated to
analyze the mouse survival with the log-rank test [44,45].

4.7. Histology

The transverse colon segments (1 cm) were fixed in 10% buffered formalin, paraffin-
embedded, and stained with H&E [19].

4.8. Quantitative Real-Time PCR (qPCR)

As described previously [44,46], total RNA was initially isolated from the tissue sam-
ples using RNeasy Plus Universal Midi Kit (Qiagen, Valencia, CA, USA). Then an equal
amount of RNA (4 µg in 40 µL) was transcribed into cDNA with a High Capacity Re-
verse Transcription Kit obtained from “Applied Biosystems” (Foster City, CA, USA). Sub-
sequently, quantitative real-time PCR was performed with TaqMan Universal Master Mix
to measure gene expression by following the standard conditions from Applied Biosys-
tems in 7500 Fast Real-Time PCR system. After incubating at 50 ◦C (2 min) and activating
AmpliTaq Gold activation at 95 ◦C (10 min), samples were denatured at 95 ◦C (15 s) and
annealed/extended at 60 ◦C (1 min) for 40 cycles. The primer pairs and FAM™ dye-labeled
TaqMan® MGB (minor groove binding) probes were purchased from Thermo Fisher Scientific
(Waltham, MA, USA): CRH (Hs01921237_s1), UCN2 (Hs00264218_s1), UCN3 (Hs00846499_s1),
CRHR1 (Hs00366363_m1), CRHR2 (Hs00266401_m1), human GAPDH (Hs02786624_g1), Cox2
(Mm00478374_m1), Pla2 (Mm01316982_m1), Vegf-a (Mm00437306_m1), Il6 (Mm00446190_m1),
Tnf-alpha (Mm00443258_m1), mouse Gapdh (Mm99999915_g1). Using the PCR cycle (CT) at
which the probe’s fluorescent intensity passes a certain threshold value (CT) at the exponential
phase, the level of expression was calculated. Through the difference in the CT values of the
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target genes after normalization to RNA input level, relative gene expression was determined
using CT value of control Gapdh. The delta/delta CT (2−∆∆C

T) method [47] was used to
calculate the relative gene expression. Each reaction was performed in triplicate.

4.9. Blood Sample Collection for Serum Chemistry

Blood samples were harvested by cardiac puncture from mice and collected in clot
activator-containing Capillary Blood Collection Tubes, T-MG (Terumo Medical Corp.,
Elkton, MD, USA). Immediately after blood collection, tubes were gently inverted several
times and subsequently kept upright at 4 ◦C for 30 min to allow for clot formation. Then,
serum was separated by centrifugation at 1800× g for 10 min at 4 ◦C. The serum samples
were subjected to serum chemistry analysis at the DLAM Diagnostic Laboratory at UCLA.

4.10. Statistical Analysis

Statistical analysis was conducted with GraphPad Prism (GraphPad Software, Inc.,
San Diego, CA, USA) unless stated otherwise. Additional information regarding statistical
analysis is presented in the corresponding figure legend. p values less than 0.05 were
considered significant.

Author Contributions: Conceptualization, E.I. and S.H.R.; methodology, G.K. and C.H.; software,
E.L.M.; validation, Y.L., E.L.M., M.P. and C.H.; formal analysis, Y.L. and E.L.M.; investigation, E.I. and
S.H.R.; resources, C.P. and Y.S.K.; data curation, Y.L. and E.I.; writing—original draft preparation, Y.L.,
E.I. and S.H.R.; writing—review and editing, E.L.M., M.P., G.K., C.H., C.P. and Y.S.K.; visualization,
Y.L. and E.L.M.; supervision, E.I. and S.H.R.; project administration, S.H.R.; funding acquisition, E.I.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a 2-Year Research Grant of Pusan National University (E.I.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of UCLA (protocol code:
14-000132 and date of approval: 02/27/2014) and Wonkwang University Sanbon Hospital (protocol
code: 2011-07 and date of approval: 11/01/2011).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Im, E. Multi-facets of Corticotropin-releasing Factor in Modulating Inflammation and Angiogenesis. J. Neurogastroenterol. Motil.

2015, 21, 25–32. [CrossRef] [PubMed]
2. Tache, Y.; Larauche, M.; Yuan, P.Q.; Million, M. Brain and Gut CRF Signaling: Biological Actions and Role in the Gastrointestinal

Tract. Curr. Mol. Pharmacol. 2018, 11, 51–71. [CrossRef] [PubMed]
3. Im, E. Corticotropin-releasing Hormone and Its Biological Diversity toward Angiogenesis. Intest. Res. 2014, 12, 96–102. [CrossRef]
4. Jiang, Y.; Peng, T.; Gaur, U.; Silva, M.; Little, P.; Chen, Z.; Qiu, W.; Zhang, Y.; Zheng, W. Role of Corticotropin Releasing Factor

in the Neuroimmune Mechanisms of Depression: Examination of Current Pharmaceutical and Herbal Therapies. Front. Cell
Neurosci. 2019, 13, 290. [CrossRef]

5. Baritaki, S.; de Bree, E.; Chatzaki, E.; Pothoulakis, C. Chronic Stress, Inflammation, and Colon Cancer: A CRH System-Driven
Molecular Crosstalk. J. Clin. Med. 2019, 8, 1669. [CrossRef]

6. Meng, L.; Lu, Z.; Xiaoteng, W.; Yue, H.; Bin, L.; Lina, M.; Zhe, C. Corticotropin-releasing Factor Changes the Phenotype and
Function of Dendritic Cells in Mouse Mesenteric Lymph Nodes. J. Neurogastroenterol. Motil. 2015, 21, 571–580. [CrossRef]

7. Erspamer, V.; Melchiorri, P.; Broccardo, M.; Erspamer, G.F.; Falaschi, P.; Improota, G.; Negri, L.; Renda, T. The brain-gut-skin
triangle: New peptides. Peptides 1981, 2, 7–16. [CrossRef]

8. Vaughan, J.; Donaldson, C.; Bittencourt, J.; Perrin, M.H.; Lewis, K.; Sutton, S.; Chan, R.; Turnbull, A.V.; Lovejoy, D.; Rivier, C.; et al.
Urocortin, a mammalian neuropeptide related to fish urotensin I and to corticotropin-releasing factor. Nature 1995, 378, 287–292.
[CrossRef]

9. Reyes, T.M.; Lewis, K.; Perrin, M.H.; Kunitake, K.S.; Vaughan, J.; Arias, C.A.; Hogenesch, J.B.; Gulyas, J.; Rivier, J.; Vale, W.W.; et al.
Urocortin II: A member of the corticotropin-releasing factor (CRF) neuropeptide family that is selectively bound by type 2 CRF
receptors. Proc. Natl. Acad. Sci. USA 2001, 98, 2843–2848. [CrossRef]

http://doi.org/10.5056/jnm14076
http://www.ncbi.nlm.nih.gov/pubmed/25540945
http://doi.org/10.2174/1874467210666170224095741
http://www.ncbi.nlm.nih.gov/pubmed/28240194
http://doi.org/10.5217/ir.2014.12.2.96
http://doi.org/10.3389/fncel.2019.00290
http://doi.org/10.3390/jcm8101669
http://doi.org/10.5056/jnm15019
http://doi.org/10.1016/0196-9781(81)90003-6
http://doi.org/10.1038/378287a0
http://doi.org/10.1073/pnas.051626398


Int. J. Mol. Sci. 2021, 22, 1043 15 of 16

10. Lewis, K.; Li, C.; Perrin, M.H.; Blount, A.; Kunitake, K.; Donaldson, C.; Vaughan, J.; Reyes, T.M.; Gulyas, J.; Fischer, W.; et al.
Identification of urocortin III, an additional member of the corticotropin-releasing factor (CRF) family with high affinity for the
CRF2 receptor. Proc. Natl. Acad. Sci. USA 2001, 98, 7570–7575. [CrossRef]

11. Takefuji, M.; Murohara, T. Corticotropin-Releasing Hormone Family and Their Receptors in the Cardiovascular System. Circ. J.
2019, 83, 261–266. [CrossRef] [PubMed]

12. Seres, J.; Bornstein, S.R.; Seres, P.; Willenberg, H.S.; Schulte, K.M.; Scherbaum, W.A.; Ehrhart-Bornstein, M. Corticotropin-releasing
hormone system in human adipose tissue. J. Clin. Endocrinol. Metab. 2004, 89, 965–970. [CrossRef] [PubMed]

13. Hoffman, J.M.; Baritaki, S.; Ruiz, J.J.; Sideri, A.; Pothoulakis, C. Corticotropin-Releasing Hormone Receptor 2 Signaling Promotes
Mucosal Repair Responses after Colitis. Am. J. Pathol. 2016, 186, 134–144. [CrossRef] [PubMed]

14. Im, E.; Rhee, S.H.; Park, Y.S.; Fiocchi, C.; Tache, Y.; Pothoulakis, C. Corticotropin-releasing hormone family of peptides regulates
intestinal angiogenesis. Gastroenterology 2010, 138, 2457–2467e5. [CrossRef] [PubMed]

15. Pothoulakis, C.; Torre-Rojas, M.; Duran-Padilla, M.A.; Gevorkian, J.; Zoras, O.; Chrysos, E.; Chalkiadakis, G.; Baritaki, S.
CRHR2/Ucn2 signaling is a novel regulator of miR-7/YY1/Fas circuitry contributing to reversal of colorectal cancer cell
resistance to Fas-mediated apoptosis. Int. J. Cancer 2018, 142, 334–346. [CrossRef] [PubMed]

16. Inda, C.; Armando, N.G.; Dos Santos Claro, P.A.; Silberstein, S. Endocrinology and the brain: Corticotropin-releasing hormone
signaling. Endocr. Connect. 2017, 6, R99–R120. [CrossRef]

17. Howe, C.; Mitchell, J.; Kim, S.J.; Im, E.; Rhee, S.H. Pten gene deletion in intestinal epithelial cells enhances susceptibility to
Salmonella Typhimurium infection in mice. J. Microbiol. 2019, 57, 1012–1018. [CrossRef]

18. Jackstadt, R.; Sansom, O.J. Mouse models of intestinal cancer. J. Pathol. 2016, 238, 141–151. [CrossRef]
19. Howe, C.; Kim, S.J.; Mitchell, J.; Im, E.; Kim, Y.S.; Kim, Y.S.; Rhee, S.H. Differential expression of tumor-associated genes and

altered gut microbiome with decreased Akkermansia muciniphila confer a tumor-preventive microenvironment in intestinal
epithelial Pten-deficient mice. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 3746–3758. [CrossRef]

20. Oshima, M.; Dinchuk, J.E.; Kargman, S.L.; Oshima, H.; Hancock, B.; Kwong, E.; Trzaskos, J.M.; Evans, J.F.; Taketo, M.M.
Suppression of intestinal polyposis in Apc delta716 knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell 1996,
87, 803–809. [CrossRef]

21. Cormier, R.T.; Hong, K.H.; Halberg, R.B.; Hawkins, T.L.; Richardson, P.; Mulherkar, R.; Dove, W.F.; Lander, E.S. Secretory
phospholipase Pla2g2a confers resistance to intestinal tumorigenesis. Nat. Genet. 1997, 17, 88–91. [CrossRef] [PubMed]

22. Dietrich, W.F.; Lander, E.S.; Smith, J.S.; Moser, A.R.; Gould, K.A.; Luongo, C.; Borenstein, N.; Dove, W. Genetic identification of
Mom-1, a major modifier locus affecting Min-induced intestinal neoplasia in the mouse. Cell 1993, 75, 631–639. [CrossRef]

23. Gebert, H.F.; Jagelman, D.G.; McGannon, E. Familial polyposis coli. Am. Fam. Phys. 1986, 33, 127–137.
24. Fodde, R.; Smits, R. Disease model: Familial adenomatous polyposis. Trends Mol. Med. 2001, 7, 369–373. [CrossRef]
25. Bugni, J.M.; Rabadi, L.A.; Jubbal, K.; Karagiannides, I.; Lawson, G.; Pothoulakis, C. The neurotensin receptor-1 promotes tumor

development in a sporadic but not an inflammation-associated mouse model of colon cancer. Int. J. Cancer 2012, 130, 1798–1805.
[CrossRef] [PubMed]

26. Suda, T.; Tomori, N.; Tozawa, F.; Mouri, T.; Demura, H.; Shizume, K. Distribution and characterization of immunoreactive
corticotropin-releasing factor in human tissues. J. Clin. Endocrinol. Metab. 1984, 59, 861–866. [CrossRef]

27. Kimura, Y.; Takahashi, K.; Totsune, K.; Muramatsu, Y.; Kaneko, C.; Darnel, A.D.; Suzuki, T.; Ebina, M.; Nukiwa, T.; Sasano, H.
Expression of urocortin and corticotropin-releasing factor receptor subtypes in the human heart. J. Clin. Endocrinol. Metab. 2002,
87, 340–346. [CrossRef]

28. Wierzbicka, J.M.; Zmijewski, M.A.; Antoniewicz, J.; Sobjanek, M.; Slominski, A.T. Differentiation of Keratinocytes Modulates Skin
HPA Analog. J. Cell Physiol. 2017, 232, 154–166. [CrossRef]

29. Petraglia, F.; Imperatore, A.; Challis, J.R. Neuroendocrine mechanisms in pregnancy and parturition. Endocr. Rev. 2010, 31, 783–816.
[CrossRef]

30. Simpson, S.J.S.; Smith, L.I.F.; Jones, P.M.; Bowe, J.E. UCN2: A new candidate influencing pancreatic beta-cell adaptations in
pregnancy. J. Endocrinol. 2020, 245, 247–257. [CrossRef]

31. Hillhouse, E.W.; Grammatopoulos, D.K. Characterising the corticotropin-releasing hormone (CRH) receptors mediating CRH
and urocortin actions during human pregnancy and labour. Stress 2001, 4, 235–246. [CrossRef] [PubMed]

32. Larauche, M.; Kiank, C.; Tache, Y. Corticotropin releasing factor signaling in colon and ileum: Regulation by stress and
pathophysiological implications. J. Physiol. Pharmacol. 2009, 60, 33–46. [PubMed]

33. Liu, Y.; Fang, X.; Yuan, J.; Sun, Z.; Li, C.; Li, R.; Li, L.; Zhu, C.; Wan, R.; Guo, R.; et al. The role of corticotropin-releasing hormone
receptor 1 in the development of colitis-associated cancer in mouse model. Endocr. Relat. Cancer 2014, 21, 639–651. [CrossRef]
[PubMed]

34. Rodriguez, J.A.; Huerta-Yepez, S.; Law, I.K.; Baay-Guzman, G.J.; Tirado-Rodriguez, B.; Hoffman, J.M.; Iliopoulos, D.;
Hommes, D.W.; Verspaget, H.W.; Chang, L.; et al. Diminished expression of CRHR2 in human colon cancer promotes tumor
growth and EMT via persistent IL-6/Stat3 signaling. Cell. Mol. Gastroenterol. Hepatol. 2015, 1, 610–630. [CrossRef] [PubMed]

35. Chang, J.; Hoy, J.J.; Idumalla, P.S.; Clifton, M.S.; Pecoraro, N.C.; Bhargava, A. Urocortin 2 expression in the rat gastrointestinal
tract under basal conditions and in chemical colitis. Peptides 2007, 28, 1453–1460. [CrossRef]

36. De Robertis, M.; Massi, E.; Poeta, M.L.; Carotti, S.; Morini, S.; Cecchetelli, L.; Signori, E.; Fazio, V.M. The AOM/DSS murine
model for the study of colon carcinogenesis: From pathways to diagnosis and therapy studies. J. Carcinog 2011, 10, 9. [CrossRef]

http://doi.org/10.1073/pnas.121165198
http://doi.org/10.1253/circj.CJ-18-0428
http://www.ncbi.nlm.nih.gov/pubmed/30584229
http://doi.org/10.1210/jc.2003-031299
http://www.ncbi.nlm.nih.gov/pubmed/14764822
http://doi.org/10.1016/j.ajpath.2015.09.013
http://www.ncbi.nlm.nih.gov/pubmed/26597886
http://doi.org/10.1053/j.gastro.2010.02.055
http://www.ncbi.nlm.nih.gov/pubmed/20206175
http://doi.org/10.1002/ijc.31064
http://www.ncbi.nlm.nih.gov/pubmed/28929494
http://doi.org/10.1530/EC-17-0111
http://doi.org/10.1007/s12275-019-9320-3
http://doi.org/10.1002/path.4645
http://doi.org/10.1016/j.bbadis.2018.10.006
http://doi.org/10.1016/S0092-8674(00)81988-1
http://doi.org/10.1038/ng0997-88
http://www.ncbi.nlm.nih.gov/pubmed/9288104
http://doi.org/10.1016/0092-8674(93)90484-8
http://doi.org/10.1016/S1471-4914(01)02050-0
http://doi.org/10.1002/ijc.26208
http://www.ncbi.nlm.nih.gov/pubmed/21630261
http://doi.org/10.1210/jcem-59-5-861
http://doi.org/10.1210/jcem.87.1.8160
http://doi.org/10.1002/jcp.25400
http://doi.org/10.1210/er.2009-0019
http://doi.org/10.1530/JOE-19-0568
http://doi.org/10.3109/10253890109014748
http://www.ncbi.nlm.nih.gov/pubmed/22432144
http://www.ncbi.nlm.nih.gov/pubmed/20388944
http://doi.org/10.1530/ERC-14-0239
http://www.ncbi.nlm.nih.gov/pubmed/25015995
http://doi.org/10.1016/j.jcmgh.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26495412
http://doi.org/10.1016/j.peptides.2007.05.008
http://doi.org/10.4103/1477-3163.78279


Int. J. Mol. Sci. 2021, 22, 1043 16 of 16

37. Burtin, F.; Mullins, C.S.; Linnebacher, M. Mouse models of colorectal cancer: Past, present and future perspectives.
World J. Gastroenterol. 2020, 26, 1394–1426. [CrossRef]

38. Bale, T.L.; Contarino, A.; Smith, G.W.; Chan, R.; Gold, L.H.; Sawchenko, P.E.; Koob, G.F.; Vale, W.W.; Lee, K.F. Mice deficient for
corticotropin-releasing hormone receptor-2 display anxiety-like behaviour and are hypersensitive to stress. Nat. Genet. 2000,
24, 410–414. [CrossRef]

39. Kuhn, R.; Lohler, J.; Rennick, D.; Rajewsky, K.; Muller, W. Interleukin-10-deficient mice develop chronic enterocolitis. Cell 1993,
75, 263–274. [CrossRef]

40. Gaetke, L.M.; Oz, H.S.; de Villiers, W.J.; Varilek, G.W.; Frederich, R.C. The leptin defense against wasting is abolished in the
IL-2-deficient mouse model of inflammatory bowel disease. J. Nutr. 2002, 132, 893–896. [CrossRef]

41. Moser, A.R.; Mattes, E.M.; Dove, W.F.; Lindstrom, M.J.; Haag, J.D.; Gould, M.N. ApcMin, a mutation in the murine Apc gene,
predisposes to mammary carcinomas and focal alveolar hyperplasias. Proc. Natl. Acad. Sci. USA 1993, 90, 8977–8981. [CrossRef]
[PubMed]

42. Moser, A.R.; Pitot, H.C.; Dove, W.F. A dominant mutation that predisposes to multiple intestinal neoplasia in the mouse. Science
1990, 247, 322–324. [CrossRef] [PubMed]

43. Kettunen, H.L.; Kettunen, A.S.; Rautonen, N.E. Intestinal immune responses in wild-type and Apcmin/+ mouse, a model for
colon cancer. Cancer Res. 2003, 63, 5136–5142. [PubMed]

44. Im, E.; Jung, J.; Pothoulakis, C.; Rhee, S.H. Disruption of pten speeds onset and increases severity of spontaneous colitis in il10
(-/-) mice. Gastroenterology 2014, 147, 667–679. [CrossRef]

45. Mitchell, J.; Kim, S.J.; Koukos, G.; Seelmann, A.; Veit, B.; Shepard, B.; Blumer-Schuette, S.; Winter, H.S.; Iliopoulos, D.;
Pothoulakis, C.; et al. Colonic Inhibition of Phosphatase and Tensin Homolog Increases Colitogenic Bacteria, Causing Develop-
ment of Colitis in Il10-/- Mice. Inflamm. Bowel Dis. 2018, 24, 1718–1732. [CrossRef]

46. Choi, Y.J.; Im, E.; Pothoulakis, C.; Rhee, S.H. TRIF modulates TLR5-dependent responses by inducing proteolytic degradation of
TLR5. J. Biol. Chem. 2010, 285, 21382–21390. [CrossRef]

47. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2 (-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef]

http://doi.org/10.3748/wjg.v26.i13.1394
http://doi.org/10.1038/74263
http://doi.org/10.1016/0092-8674(93)80068-P
http://doi.org/10.1093/jn/132.5.893
http://doi.org/10.1073/pnas.90.19.8977
http://www.ncbi.nlm.nih.gov/pubmed/8415640
http://doi.org/10.1126/science.2296722
http://www.ncbi.nlm.nih.gov/pubmed/2296722
http://www.ncbi.nlm.nih.gov/pubmed/12941845
http://doi.org/10.1053/j.gastro.2014.05.034
http://doi.org/10.1093/ibd/izy124
http://doi.org/10.1074/jbc.M110.115022
http://doi.org/10.1006/meth.2001.1262

	Introduction 
	Results 
	The mRNA Levels of Corticotropin-Releasing Hormone Receptor 2 (CRHR2) and Urocortin (UCN) III Are Reduced in Human Colon Cancer Tissues Compared to Those of Normal Tissues 
	Loss of Crhr2 Gene Promotes Tumor Development in the Apcmin/+ Mouse, While Crhr1 Deficiency Suppresses the Tumorigenesis 
	Crhr2 Deficiency Exacerbates the Severity of Intestinal Tumorigenesis in Apcmin/+ Mice, While Crhr1 Deletion Confers Tumor-Protective Effects 
	Crhr1 Deficiency Reduces the Expression of Tumor-Promoting Cyclooxygenase 2 (Cox2), While Upregulating the Expression of Tumor-Suppressing Phospholipase A2 (Pla2) in Apcmin/+ Mice 
	Crhr2 Deficiency Promotes Tumor Development and Growth in the Azoxymethane (AOM) and Dextran Sulfate Sodium (DSS)-Treated Model of Colon Cancer, While Crhr1 Deletion Does Not Alter the Tumorigenesis 
	Crhr2 Deficiency Exacerbates the Severity of AOM/DSS-Induced Tumorigenesis 

	Discussion 
	Materials and Methods 
	Human Tissues 
	Animals 
	Apcmin/+ Mouse Model of Intestinal Tumorigenesis 
	AOM and DSS-Treated Mouse Model of Colon Cancer 
	Adenoma Enumeration and Measurement of Adenoma Burden 
	Clinical Assessment of Intestinal Tumorigenesis in Mice 
	Histology 
	Quantitative Real-Time PCR (qPCR) 
	Blood Sample Collection for Serum Chemistry 
	Statistical Analysis 

	References

