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Inactivating cholecystokinin-2 receptor inhibits
progastrin-dependent colonic crypt fission,
proliferation, and colorectal cancer in mice
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Hyperproliferation of the colonic epithelium, leading to expansion of colonic crypt progenitors, is a rec-
ognized risk factor for colorectal cancer. Overexpression of progastrin, a nonamidated and incompletely
processed product of the gastrin gene, has been shown to induce colonic hyperproliferation and promote
colorectal cancer in mice, but the mechanism of pathogenesis has not been defined. Cholecystokinin-2 recep-
tor (CCK2R) is the primary receptor for cholecystokinin (CCK) and amidated gastrin. Here, we show that
Cck2r was expressed in murine colonic crypts and upregulated in the transgenic mice that overexpress human
progastrin. Murine deletion of Cck2r abrogated progastrin-dependent increases in colonic proliferation,
mucosal thickness, and 3-catenin and CD44 expression in the colon tumor. In addition, either deletion or
antagonism of Cck2r resulted in the inhibition of progastrin-dependent increases in progenitors express-
ing doublecortin and CaM kinase-like-1 (DCAMKIL1), stem cells expressing leucine rich repeat-containing
G protein-coupled receptor 5 (LgRS5), and colonic crypt fission. Furthermore, in the azoxymethane mouse
model of colorectal carcinogenesis, Cck2r deletion in human progastrin-overexpressing mice resulted in
markedly decreased aberrant crypt foci formation and substantially reduced tumor size and multiplicity.
Taken together, these observations indicate that progastrin induces proliferative effects, primarily in colonic
progenitor cells, through a CCK2R-dependent pathway. Moreover, our data suggest that CCK2R may be a

potential target in the treatment or prevention of colorectal cancer.

Introduction

Colorectal cancer is one of the most common cancers and the sec-
ond leading cause of cancer-related death in the United States (1).
The majority of colorectal cancers originate in a multi-step process
from adenomatous polyps, acquiring a series of somatic muta-
tions (i.e., p53, KRas, and APCs) (1-4). Colorectal cancer is believed
to arise from colonic stem or progenitor cells in association with
nuclear localization of B-catenin leading to crypt fission, the
development of aberrant crypt foci (ACFs), and the emergence of
colorectal cancer stem cells. Hyperproliferation of the colonic epi-
thelium has been recognized as a risk factor for colorectal cancer
development and represents an important first step in a sequence
of events leading to neoplastic progression (5). Past investigations
have focused on dietary factors, hormones, and growth factors that
may modulate colonic epithelial cell proliferation and the risk of
colon carcinogenesis, but few of these growth pathways have been
directly linked to effects on colonic progenitors.

The peptide hormone gastrin is a well-recognized acid secre-
tagogue and growth factor that is produced primarily by gastric
G cells. Gastrin exists in a number of molecular forms; the most
abundant and well-studied forms of gastrin, G17 and G34, are
amidated at the C terminus after posttranslational processing of
the 101-amino acid precursor molecule, preprogastrin (6). Prior
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to its conversion to the amidated forms, preprogastrin undergoes
cleavage of a signal peptide to yield progastrin, an 80-amino acid
peptide. Progastrin and other nonamidated, incompletely pro-
cessed forms of gastrin (such as glycine-extended gastrin) typically
comprise less than 10% of the total secreted peptide in most indi-
viduals, but elevations can occur when processing is impaired.
Although amidated gastrins were for many years thought to be
the only biologically active form of gastrin, data derived initially
from transgenic mouse models demonstrated unequivocal bio-
logical activity for progastrin. Human progastrin (hGAS) trans-
genic mice (hGAS/* mice) showed increased colonic proliferation
and mucosal thickness in 2 independent studies, consistent with
a role for progastrin as a trophic growth factor for the colonic
epithelium (7, 8). Several in vitro studies with colorectal cancer
cell lines showed that progastrin is able to stimulate cellular pro-
liferation (9, 10). Furthermore, progastrin overexpression or exog-
enous administration could maintain colonic epithelial mitosis
after DNA damage by y irradiation or chemical carcinogens (11).
These effects of progastrin were not dependent on other forms of’
gastrin, since progastrin-expressing hGAS mice showed a similar
phenotype when crossed with a gastrin knockout background
(12). Nevertheless, there has been a report on increased azoxy-
methane-induced (AOM-induced) carcinogenesis in GAS knock-
out mice (13), in contrast to our findings of decreased colonic
proliferation, polyposis, and prolonged survival when crossed to
Apc/Min mice (14, 15).
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type 2 receptor (CCK2R, originally known
as the CCK-B receptor) (29). CCK2R is a
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affinity. With the identification and charac-
*x terization of CCK2R (29), the receptor was
demonstrated to have a negligible affinity
for nonamidated gastrins (10). CCK2R has
been shown to be widely expressed, with
transcripts most abundant in the brain and
stomach but also detectable in the colon,
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Figure 1

CCK2R is expressed in murine colonic crypts and upregulated in the hGAS* mouse colon. (A)
In situ hybridization. Detection of murine Cck2r mRNA with a digoxin-labeled antisense cRNA
probe in the hGAS*, WT, and Cck2r”- mouse colonic mucosa (original magnification, x600).
The arrows indicate the locations of Cck2r mRNA expression. (B) gRT-PCR analysis of murine
CCK2R expression in WT mouse stomach, small intestine, and colon (n = 4/group). mRNA
was prepared, cDNA was synthesized, and qRT-PCR was performed. (C) gRT-PCR analysis
of murine CCK2R expression in each group of murine colonic mucosa (n = 4 mice/group). The
expression levels of Cck2r mRNA in the colon were analyzed 2 weeks after 2 weekly injections
of AOM (10 mg/kg). The expression levels were normalized to GAPDH expression levels. All
values represent the mean + SD. *P < 0.05, **P < 0.01, ****P < 0.0001.

Consistent with a mitogenic effect on the colon, elevated pro-
gastrin levels are associated with an increased susceptibility to
colon carcinogenesis. Both short-term and long-term studies with
AOM treatment in hGAS mice showed a significant increase in
the number and multiplicity of ACFs, adenomas, and adenocarci-
nomas, which all correlated positively with progastrin levels (16,
17). In support of these findings in mice, significantly elevated
circulating plasma levels of progastrin can be observed in human
patients with colorectal carcinoma (18, 19). Furthermore, gastrin
gene expression is upregulated early in the adenoma-carcinoma
sequence, since gastrin mRNA and progastrin have been detect-
ed in the majority of adenomatous polyps (20). Compared with
normal tissue, progastrin has been reported to be synthesized at
much higher levels in colorectal cancers and colon cancer cell lines
(19, 21). Indeed, numerous types of cancer cell lines and primary
tumors express nonamidated gastrin, including gastric, pancre-
atic, lung, and ovarian cancers (22). The gastrin gene is frequently
upregulated in colorectal cancer, as known oncogenic pathways
(KRas and B-catenin) have been demonstrated to induce gastrin
gene expression in colon cancer cells (23, 24).

Nevertheless, while reproducible biological effects have been
demonstrated in vivo for progastrin, the interacting molecules that
mediate progastrin’s effects have not been well defined. Some high-
affinity binding sites for progastrin have been demonstrated by
several groups (9, 25, 26), but validated cell surface receptors have
remained elusive. A recent report has indicated that annexin II can
bind progastrin and mediate growth factor effects (27), although
annexin II does not appear to represent a cell surface receptor and
genetic evidence for a role in colorectal cancer has been lacking.
Our group has confirmed the expression of progastrin binding
molecules on the surface of a number of cancer cell lines (28). How-
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AOM kidney, ovary, and pancreas (30-32). It has

been shown that overexpression of CCK2R
can mediate growth-promoting effects on
pancreatic cells both in vitro (33) and in
vivo (34). Studies of human adenomatous
polyps have demonstrated that CCK2R is
upregulated early in the adenoma-carci-
noma sequence, as the vast majority of pol-
yps show increased expression of CCK2R.
However, the precise location of CCK2R
expression is unknown (20).

In order to explore the role for CCK2R
in the progastrin pathway, we pursued
a genetic approach and crossed progas-
trin-overexpressing hGAS mice to CCK2R-deficient mice. Our
studies suggest an important role for CCK2R in mediating the
effects of progastrin on the murine colon and the overall suscep-
tibility to colorectal cancer.

Results
CCK2R is expressed in the murine colonic crypts and upregulated by pro-
gastrin transgenic mice. Previous studies have indicated that CCK2R
is expressed in the murine colon (30), but the precise location of
expression has not been defined. Using quantitative RT-PCR (qRT-
PCR) analysis, we confirmed that CCK2R was highly expressed in
the stomach and, as expected, expressed at much lower levels in the
small intestine and colon in 6-week-old WT FVB/N mice (Figure
1B). Moreover, using in situ hybridization, CCK2R expression could
be localized to the most basal colonic crypt cells in hGAS/* and
WT mice, while no expression could be observed in Cck2r~~ mice
(Figure 1A). Consistently, immunofluorescence analysis detected
CCK2R-expressing cells predominantly located at the bottom of
the colonic crypts (Supplemental Figure 1; supplemental mate-
rial available online with this article; doi:10.1172/JCI38918DS1).
CCK2R was upregulated in hGAS/* mouse colonic mucosa com-
pared with that of WT mice (Figure 1C). Furthermore, the carcino-
gen AOM significantly induced CCK2R upregulation in the hGAS/*
mouse colonic mucosa compare with that of WT mice (Figure 1C).
These observations suggest that increased progastrin expression in
hGAS/* mice leads to marked upregulation of CCK2R expression,
with the increased appearance of CCK2R-expressing cells.
Inactivation of the Cck2r gene inhibits progastrin-dependent colonic
proliferation and increases colonic apoptosis. In order to clarify the
role of CCK2R in progastrin-dependent colonic mucosa prolif-
eration, we crossed hGAS/* mice with CCK2R-deficient mice and
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Figure 2

Inactivation of the Cck2r gene inhibits progastrin-dependent colonic proliferation and increases colonic apoptosis. (A) Top: Hematoxylin and
eosin—stained sections from the distal colon show the mucosa thickness in each mouse group (original magnification, x200). Mucosa thickness
was measured with Nikon TE2000 microscope image analysis software. Scale bar: 20 um. Bottom: Immunohistochemical staining of BrdU-posi-
tive cells in the colon from each group of mice after intraperitoneal injection of BrdU (original magnification, x200). Representative results from
4 different groups are shown. (B) Relative colonic mucosal thickness was measured at 3 different locations (proximal, middle, and distal colon) in
mice from 4 groups (n = 4/group). (C) The percentage of BrdU-positive cells in the colonic crypts was measured at 10 crypts in different locations
in mice from each of the 4 groups (n = 4/group). (D) Percentage of TUNEL-positive cells in different locations in mice from each of the 4 groups
(n = 4/group). All values represent the mean + SD. *P < 0.05, **P < 0.01.

analyzed 4 different groups of mice on a FVB/N background:
hGAS/*, hGAS/*Cck2r/~, Cck2r7/-, and WT. In histopathologic
analysis, we observed an increased number of cells per crypt in
colons of hGAS/* mice (7), correlating with an increased height
of distal colonic crypts compared with the other 3 groups of
mice (hGAS/*Cck2r7/~, Cck2r/-, and WT mice) (Figure 2A). When
measuring the relative colonic mucosal crypt height at 3 differ-
ent locations (proximal, middle, and distal colon), the height of
the hGAS/* mouse colonic crypts was significantly greater than
that in the other 3 groups of mice (Figure 2B). Analysis of the
BrdU incorporation revealed that most of the proliferating cells
were located in the bottom of vertically oriented colonic crypts
(Figure 2A). Furthermore, quantification of BrdU-positive cells
relative to total epithelial cell number in 20 crypts at randomly
chosen sites in each colon showed significantly higher prolifera-
tion in hGAS/* mice compared with hGAS/*Cck2r/-, Cck2r~/-, and
WT mice (Figure 2C). Thus, genetic deletion of CCK2R inhibited
colonic epithelial proliferation in progastrin-overexpressing mice
but notin WT mice. In addition, the distribution of apoptotic cells
along the colonic crypts, analyzed by TUNEL assay, was markedly
different in all groups. Interestingly, in hGAS/* mice there were
the fewest apoptotic cells and most of these apoptotic cells were
observed on the mucosal surface (data not shown). Quantitative
analysis throughout the colonic crypts showed significant differ-
ences in the amount of apoptotic cells in hGAS/* mice compared
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with hGAS/*Cck2r7/~ and Cck2r7/~ mice (Figure 2D). These results
were confirmed by gene expression analysis of caspase-3 and FAS,
which has been shown to be an important mediator of apoptotic
cell death (Supplemental Figure 2). These results suggest that pro-
gastrin significantly inhibits colonic mucosa apoptosis.

Inactivation of the Cck2r gene inhibits progastrin-dependent colonic ACF
and tumor formation. ACFs are generally regarded as preneoplastic
lesions for colorectal cancer (35). In order to investigate the role
of CCK2R deficiency in the formation of ACFs, AOM was given in
short-term studies to all 4 groups of mice. Two weeks after the last
AOM injection, ACFs were found in all 4 groups of AOM-treated
mice. ACFs were present primarily in the distal half of the colon,
with fewer numbers present in the proximal half of the colon. ACFs
could be classified according to multiplicity into 3 different mor-
phologic types of ACF: single crypt, double crypt, or multi-crypt
ACFs (Figure 3A). Overall, hGAS/* mice had significantly more
ACFs of all 3 types (Figure 3B) — single crypt (Figure 3C), double
crypt (Figure 3D), and multi-crypt (Figure 3E) — compared with
the other 3 groups of mice. The greatest difference was apparent
for multi-crypt ACFs, which were abundant in hGAS/* mice but
completely suppressed in Cck2r7~ mice (Figure 3E).

Additionally, colonic tumors were observed in all 4 groups of
mice 11 weeks after a 6-week course of AOM treatment. Similar
to the localization of ACFs, tumors in all 4 groups of examined
mice were located primarily in the distal half of the colon, with
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A Figure 3
Inactivation of the Cck2r gene inhib-
its progastrin-dependent colonic ACF
formation. (A) Representative pictures
of the 3 different types of ACF (single,
double, and multiple crypt) in the colon
of AOM-treated mice (original magnifica-
tion, x200). The arrows indicate the loca-
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only a few tumors present in the proximal half of the colon (Figure
4A). Overall, the tumors were more frequent and much larger in
the hGAS/* mice. The average tumor number in hGAS/* mice was
significantly higher than in hGAS/*Cck2r~/~, Cck2r~-,and WT mice
(Figure 4C). Moreover, the tumor size correlated with tumor num-
ber, as hGAS/* mice had significantly more tumors measuring less
than 2.5 mm (Figure 4D), between 2.5 and 5 mm (Figure 4E), and
more than 5§ mm (Figure 4F), compared with the other 3 groups.
More importantly, CCK2R deficiency markedly suppressed the
growth of large tumors, since there were no large (>5S mm) tumors
present in hGAS/*Cck2r~~ or Cck2r~~ mice (Figure 4F). In the long-
term survival study, following 6 weeks of AOM treatment, tumors
in hGAS/* mice appeared to be highly invasive and led to early
mortality. The hGAS/* mice began to die at 17 weeks, and more
than 90% of mice died before 30 weeks. In contrast, hGAS/*Cck2r~/~
mice began to die only after 27 weeks, and 70% mice remained alive
at the 40-week study endpoint (Figure 4B).

In both hGAS/* and hGAS/*Cck2r~~ mice, progastrin levels were,
as expected, highly elevated (about 1,500 fmol/ml) without sig-
nificant difference. In contrast, progastrin levels were quite low
(0.6 fmol/ml) in WT and Cck2r~7~ mice and showed significant dif-
ferences from those of hGAS/* mice (Figure 4G). Plasma-amidated
gastrin levels were low in hGAS/* and WT mice (about 50 fmol/
ml), but were highly elevated in hGAS/*Cck2r7~ and Cck2r7~ mice
(about 230 fmol/ml) and clearly related to loss of CCK2R function
(Figure 4H), as previously reported (36).

Upregulation of B-catenin and CD44 expression in colon tumors is
CCK2R dependent. Activation of B-catenin, an integral component
of Wnt signaling pathway, is a critical early step in colonic prolif-
eration and progression to colon cancer carcinogenesis (37). In a
2694

The Journal of Clinical Investigation

htep://www.jci.org

recent study, it was demonstrated that B-catenin/Tcf-4 inhibition
after progastrin targeting reduces growth and drives differentia-
tion of intestinal tumors (38). Immunohistochemistry analysis of
the untreated colons of the 4 groups of mice (hGAS/*, hGAS/*
Cck2r7/-, Cck2r7/-, and WT) showed no significant difference in
[-catenin expression (Figure SA). Contrarily, f-catenin expression
was markedly increased in colonic tumor cells in all 4 groups of
mice after AOM treatment. Interestingly, in tumors from hGAS/*
mice, B-catenin cytoplasmic accumulation and nuclear localiza-
tion was much higher than in tumors from the other 3 groups of
mice (Figure SA), and this was consistent with the more aggressive
nature of tumors in these animals. While cytoplasmic -catenin
was present in tumors from all 4 groups of mice, we only observed
nuclear localization in hGAS/* mouse tumor cells.

CD44 is a known downstream target gene of B-catenin (39), a can-
cer stem cell marker and functionally relevant with regard to colon
cancer metastasis (40). Inmunohistochemistry revealed focal CD44
expression in both colonic crypt and stromal cells, with no signifi-
cant difference in epithelial CD44 expression among the 4 groups of
mice (Figure 5SB). As expected, CD44 was expressed in colonic tumors
in all 4 groups but showed much higher expression in hGAS/* mice
tumors compared with the other 3 groups (Figure 5B). qRT-PCR
analysis demonstrated that Cd44 gene expression was significantly
upregulated in the hGAS/* mice colon tumors compared with the
other 3 groups (Figure 5C). Cyclin D1, another downstream target
of B-catenin, is an important cell regulator of the G1- to S-phase
transition that also functions as a cofactor for several transcription
factors in numerous cell types (41). qRT-PCR analysis revealed a sig-
nificant upregulation of cyclin D1 in hGAS/* mice compared with
the other 3 mouse groups (Supplemental Figure 3).
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Progastrin overexpression promotes expansion of colonic progeni-
tors and crypt fission via CCK2R. Recently, doublecortin and CaM
kinase-like-1 (DCAMKL1) was reported to be a transcript spe-
cifically upregulated in gut epithelial progenitors (42) and
shown to be a putative progenitor or stem cell marker (43).
Furthermore, leucine rich repeat-containing G protein-cou-
pled receptor 5 (LgRS) has been well validated as a marker for
both intestinal and colonic stem cells (44). Immunostaining of
colons from WT mice confirmed that DCAMKLI1 expression
was highly localized to the +4 position and close to the isthmus
in the colonic crypts. In hGAS/* mice, additional DCAMKL1-
positive cells appeared to migrate toward the bottom of the
colonic crypts, in contrast to the crypts of hGAS/*Cck2r/~ and
Cck2r~~ mice, in which DCAMKLI1-positive cells tended to be
located more in the upper part of the colon crypts (Figure 6A).
Interestingly, there were many more DCAMKLI1-positive cells in
hGAS/* mouse colonic crypts compared with the other 3 groups
of mice (Figure 6B). Within tumors, we observed a widely dis-
tributed pattern of expression of DCAMKLI1-positive cells in
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hGAS/* mouse colon tumors, compared with WT mice tumors,
and only very few DCAMKLI1-positive cells in hGAS/*Cck2r~/~
and Cck2r7/~ mouse tumors (Figure 6C). Therefore, DCAMKL1
expression seems to correlate with progastrin- and CCK2R-
dependent tumor growth. Similar results were obtained using
LgRS5 immunostaining. While the available antibodies do not
precisely reflect the pattern of expression reported using trans-
genic tagging (44), we confirmed that LgRS cells are expressed
at the bottom of WT colonic crypts, with increased expression
evident in hGAS/* colonic crypts (Supplemental Figure 5).
Expansion of colonic stem cells is thought to promote colonic
growth in part through crypt fission, and it has been reported
that intestinal crypts divide in response to a doubling of stem
cell number (45). Crypt fission is a physiologic mechanism of
crypt reproduction that increases in pathophysiologic situations
in which crypt regeneration is required. Increased crypt fission
is thus another indicator of high cell turnover and a marker of
colorectal cancer risk. We found a significant increase in crypt fis-
sion in hGAS/* mice (Figure 7A), with predominance in the distal
Number 9 2695
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Figure 5

hGAS"Cck2r-

Upregulation of 3-catenin and CD44 expression in colon tumors is CCK2R dependent. Immunohistochemistry for g-catenin (A) and CD44 (B)
in colon mucosa (upper panels) and colon tumors (lower panels) of mice from each group. Representative results from 4 different groups are
shown (original magnification, x600). (C) gRT-PCR analysis of Cd44 mRNA expression in each group of colon tumors (n = 4/group). mRNA
was prepared, and cDNA was synthesized. The expression levels were normalized to GAPDH expression levels. All values represent the

mean + SD. ***P < 0.001, ****P < 0.0001.

colon. In contrast, we observed a much lower rate of crypt fission
in hGAS/*Cck2r7/~, Cck2r~/-, and WT mice (Figure 7B).

In order to confirm the importance of progastrin for colonic
stem cell division, we investigated the response of progenitor cells
in hGAS/* and WT mouse colonic mucosa to y irradiation. Previ-
ous studies by our group had shown that hGAS/* mice are mark-
edly resistant to y irradiation-induced cell cycle arrest, and studies
by others had shown thaty irradiation results in a marked decrease
in DCAMKLI progenitors in WT mice (43). We confirmed that
DCAMKULI-positive cells were significantly decreased after irradia-
tion in WT mice (Supplemental Figure 4). In contrast, in hGAS/*
mouse colonic crypts, we did not observe any significant decrease
in DCAMKLI cells after y irradiation, suggesting a specific protec-
tive role of progastrin on DCAMKLI1 progenitors in the colon.

The CCK2R antagonist YM022 blocks progastrin-dependent colonic mucosa
proliferation, increases colonic apoptosis, and inbibits ACF formation. In
order to confirm that colonic proliferation in the hGAS trans-
genic mice was CCK2R dependent, we treated hGAS/* mice with
the highly specific CCK2R antagonist, YM022 (46). Similar to our
observations regarding hGAS/*Cck2r/~ mice, cellular proliferation
as reflected by the BrdU-labeling index (Figure 8A) was significantly
decreased in hGAS/* mice treated with YM022 compared with
saline-treated hGAS/* mice (Figure 8B). Furthermore, the number of
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DCAMKLI1-positive cells in the colon crypts (Figure 8A) was signifi-
cantly decreased in hGAS/* mice treated with YM022 and similar to
that in hGAS/*Cck2r/~ mice (Figure 8C). These findings were con-
firmed by decreased crypt fission rates in hGAS/* mice treated with
YMO022, which were similar in range to hGAS/*Cck2r~/~ mice (Fig-
ure 8D). Furthermore, TUNEL assay showed a higher number of
apoptotic cells in YM022-treated hGAS/* mice and hGAS/*Cck2r7/~
mice compared with untreated hGAS/* mice (Figure 8E). Finally,
ACF numbers in the YM022-treated hGAS/* mice were significantly
decreased compared with untreated hGAS/* mice and were identi-
cal to those in hGAS/*Cck2r7/~ mice (Supplemental Figure 6).

Discussion
Previous studies have shown that progastrin, the precursor of ami-
dated gastrin, could stimulate colonic proliferation and increase
susceptibility to colorectal cancer (7,9, 11). In the current study,
we link the proliferative effects of progastrin and colorectal cancer
progression to a genetic pathway that involves CCK2R, the only
known receptor for amidated gastrin. We show that CCK2R is
expressed in colon crypt cells adjacent to the proliferative zone and
that elevated levels of progastrin lead to an expansion of CCK2R-
expressing cells. Deletion or antagonism of CCK2R blocked the
proliferative effects of progastrin and resulted in increased epithe-
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Figure 6

Progastrin overexpression promotes the expansion of colonic progenitors in a CCK2R-dependent manner. (A) Immunohistochemistry of
DCAMKL1 expression in colonic mucosa (upper panels) and colon tumors (lower panels) in each group of mice. Representative results from
4 different groups are shown (original magnification, x600). The arrows indicate the locations of DCAMKL1-expressing cells. (B and C) The
average percentage of DCAMKL1-positive cells in colonic crypts (B) and tumors (C) observed in the 4 groups of mice (n = 4/group). All values

represent the mean + SD. *P < 0.05; **P < 0.01.

lial apoptosis. While progastrin overexpression resulted in acceler-
ation of AOM-dependent colonic carcinogenesis, CCK2R deletion
led to a reduction in both ACFs and tumors in the AOM model.
Progastrin-dependent colon carcinogenesis was associated with an
increase in B-catenin, CD44, and cyclin D1 expression, and these
increases were abrogated by deletion of CCK2R. Finally, progastrin
overexpression led to a CCK2R-dependent expansion of colonic
DCAMKLI progenitors and LgRS stem cells and increased colonic
crypt fission. Overall, these findings suggest a role for CCK2R in
the proliferation and survival of colonic stem cells, the presumed
target of carcinogens.

The biological effects of progastrin on colonic proliferation and
colon cancer susceptibility have been firmly established in the past,
although a different report revealed increased proliferation in gas-
trin knockout mice (13), which we did not find in our previous
studies (14, 15). Nevertheless, the cell surface molecules mediating
the effects of progastrin have been elusive. Although several pro-
gastrin-interacting proteins have been reported (e.g., annexin II)
(27), none of these have represented authentic cell surface recep-
tors or have been localized specifically to the colonic crypts, where
progastrin is known to have its primary effects. CCK2R was the
first and only gastrin receptor identified (29) but was thought to
be highly specific for amidated gastrin, since CCK2R was shown
not to bind or directly interact with glycine-extended gastrin (47)
or with recombinant progastrin (9). In addition, in vitro studies
from other labs have suggested that progastrin’s proliferative
effects were likely to be independent of CCK2R, since they could
not be blocked with CCK2R antagonists such as L365,260 (9, 29).
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However, based on the genetic evidence in this study and our
localization of CCK2R to the colonic crypts, the site of progastrin’s
activity, it appears that CCK2R is required for progastrin’s prolif-
erative and anti-apoptotic effects in vivo. One possibility is that
CCK2R is a direct downstream target of progastrin, and indeed
receptor mRNA expression was upregulated in hGAS/* colon. On
the other hand, our previous studies with hGAS/*/GAS knockout
mice have shown that progastrin is able to stimulate colonic pro-
liferation in the absence of amidated gastrin (12), which is con-
tradictory to another report (13). Formally, another possibility is
that CCK2R deficiency results in a dominant inhibitory cancer
phenotype independent of progastrin effects. Thus, despite the
negative results of in vitro studies to date, it remains a possibility
that CCK2R is part of the receptor complex that directly medi-
ates progastrin’s effect in vivo, possibly binding progastrin directly
or else involved in downstream signaling. Previous studies have
shown that carboxyterminal-extended gastrins resembling pro-
gastrin can induce histamine release in a vascularly perfused rat
stomach through a CCK2R-dependent pathway (48). Progastrin’s
interaction, if any, with CCK2R must be quite different from clas-
sical G-17/CCK2R interactions, and amidated G-17, which binds
CCK2R, does not stimulate colonic proliferation.

However, in addition to mediating the proliferative effects of
progastrin on the colon, our study demonstrates an important
role for CCK2R in the progression of colorectal cancer. AOM-
induced ACFs and colon tumors were significantly decreased in
the hGAS/*Cck2r/~ mice compared with hGAS/* mice, and the
effect of CCK2R deletion appeared to be greatest in reducing
Number 9 2697
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the multiplicity of ACFs and large colon tumors that measured
more than 5 mm in diameter. Nevertheless, it seems to be impor-
tant to distinguish dysplastic ACFs from non-dysplastic ACFs,
as a recent study showed a lack of correlation between ACF and
colon cancer carcinogenesis (49). Previous studies have shown
that CCK2R is expressed in many colorectal cancers (50, 51),
although the frequency reported varies depending on the meth-
ods of detection and whether isoforms
are present (52). CCK2R appears early in
the adenoma-carcinoma sequence and is
often upregulated early at the adenoma
stage, consistent with its localization in
crypt progenitors (20). Thus, our find-
ings are likely to be of physiological rel-
evance, given the decreased tumors in
Cck2r~~ mice compared with those in WT
mice. Enhanced expression of CCK2R has
been shown to correlate with more rapid
progression of colorectal cancer (53), and
gastrinomas have been linked in case
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Figure 7

Progastrin overexpression promotes the expansion of colonic crypt
fission. (A) Representative hematoxylin and eosin staining of 6-week-
old mouse distal colonic mucosa with crypt fission (arrows) (original
magnification, x300). (B) Relative number of mouse colonic mucosa
crypt fissions per section of slide (n = 4/group). All values represent the
mean + SD. *P < 0.05.

reports to increased colon polyposis (54). In addition, overexpres-
sion of CCK2R has been shown to promote the development of
pancreatic tumors in animal models (34).

With respect to the potential mechanism for the progastrin’s
carcinogenic effects, recent reports have linked progastrin stim-
ulation to activation of B-catenin/TCF-4 activity and inhibition
of apoptosis (38). Here we show that hGAS/* mice treated with
AOM show strong accumulation of nuclear -catenin, along with
increased expression of CD44 and cyclin D1, 2 downstream targets
of Wnt signaling. 3-Catenin activation was not observed in hGAS/*
mice not treated with AOM, and since AOM is known to induce
Catnb mutations in colonic crypts, this suggests that progastrin
acts primarily to stabilize -catenin activity in mutated progeni-
tor cells. Inactivation of CCK2R inhibited -catenin activation and
upregulation of expression of CD44, which has also been shown
to be a marker of cancer stem cells (55), and this suggests that
CCK2R may either act to amplify Wnt signaling or perhaps help
expand colon progenitors that carry these mutations.
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The important role of CCK2R in colonic proliferation and
colonic carcinogenesis appears to be related to its location in
the colon crypts and on colon stem cells. A number of potential
intestinal stem cell markers have been described, some of which
appear to characterize active stem cells and others that character-
ize quiescent (position 4) stem cells (56, 57). Previous studies have
shown that progastrin-derived peptides bind preferentially to the
colonic crypts (58). In the current study, we were able to localize
CCK2R to the colonic crypts of WT mice, and showed that CCK2R
cells were expanded in mice overexpressing progastrin. In addition,
elevations in progastrin led to an expansion of DCAMKLI- and
LgRS5-positive cells in the colonic crypts. DCAMKLI1, a microtu-
bule-associated kinase expressed in postmitotic neurons (59), was
first identified as a gene ontogeny-enriched transcript expressed
in comparison with gastric epithelial progenitor and whole stom-
ach libraries (42) and has since been suggested to be a putative
intestinal and colonic stem cell marker (43). LgRS/GPR49, a leu-
cine-rich orphan G protein-coupled receptor, was elegantly shown
to specifically label stem cells in the mouse small intestine in the
crypt base columnar (CBC) cells between Paneth cells (44). In our
current study, we found that inactivation of CCK2R reduced both
proliferation and the number of DCAMKLI1- or LgRS5-positive
cells in hGAS/* mice. These results strongly suggest that CCK2R
expression is likely present on, but perhaps not specific for, colonic
stem/progenitor cells.

However, in contrast to other stem/progenitor markers that have
been reported, the current data suggest an important functional
role for CCK2R in regulating colonic stem cell function. Elevated
levels of progastrin led to a CCK2R-dependent expansion of crypt
progenitors both in the basal state as well as after whole-body radi-
ation. Previous studies have demonstrated that intestinal stem cells
are sensitive to low-dose radiation, and DCAMKLI1-positive cells
undergo cell cycle arrest with apoptosis 24 hours after radiation
(43). In addition, we have shown the progastrin stimulation pre-
vents crypt apoptosis and maintains crypt mitosis after y irradia-
tion (12). Anti-apoptotic effects for progastrin have been reported
by others (60, 61). Here, we show that progastrin’s effects on inhibi-
tion of apoptosis and stimulation of mitosis are CCK2R dependent
and that progastrin prevents loss of DCAMKLI cells after radiation.
Furthermore, progastrin appeared to stimulate crypt fission in a
CCK2R-dependent fashion. Crypt fission is a physiologic mecha-
nism of crypt reproduction that is most commonly seen in neo-
natal animals and humans in situations requiring rapid mucosal
growth (62). Crypt fission involves the reduplication of crypts from
colonic progenitor cells and is a rare event in adults but increases
in pathophysiologic situations in which intestinal regeneration is
required (e.g., radiation injury) (63). In our study, elevated levels of
circulating progastrin in hGAS/* mice significantly increased mice
colonic crypt fission, but these increases were inhibited when mice
were treated with a CCK2R antagonist or bred into a Cck2r~/~ back-
ground. The increase in crypt fission correlated with an increase
in DCAMKLI progenitors and an expansion of crypt stem cells,
likely resulting from symmetrical stem cell division that has been
postulated to contribute to crypt fission and to cancer (64). Pre-
vious studies have suggested that APC mutation, which activates
[-catenin, also stimulates the expansion of the crypt stem cells,
leading to the initiation of crypt fission (62, 65).

Finally, our data showing reduced proliferation (DCAMKLI1
progenitor number), crypt fission, and ACFs in mice treated with
a CCK2R inhibitor suggest a possible role for CCK2R antago-
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nism in colorectal cancer chemoprevention. We have previously
shown the efficacy of another CCK2R antagonist, YF476, in the
chemoprevention of Helicobacter-dependent gastric cancer (66).
Other groups have demonstrated in preclinical studies the pos-
sible efficacy of CCK2R antagonists in carcinogenesis (67, 68). A
number of CCK2/gastrin receptor antagonists have been devel-
oped, but only a few have been tested in clinical trials in human
patients, and mostly in patients with advanced cancer (69). Thus,
future studies should explore further the utility of targeting
CCK2R in cancer prevention.

Methods

Mice experiments. hGAS transgenic mice on an FVB/N background were
crossed with Cck2r/~ mice (F9 on FVB/N). Breeding resulted in littermates
that included mice of hGAS/*, hGAS/*Cck2r7/~, Cck2r/-, and WT (FVB/N).
Cck2r~~ mice were provided by Alan S. Kopin (Tufts New England Medi-
cal Center, Boston, Massachusetts, USA). Mice were bred and maintained
under specific pathogen-free conditions at the animal facility of Colum-
bia University Medical Center (CUMC). All experiments were approved by
the Subcommittee on the Research and Animal Care in the Irving Cancer
Research Center at CUMC.

In the study of mouse colonic mucosa proliferation, four 6-week-old male
mice in each group were injected intraperitoneally with 50 mg/kg BrdU
(Sigma-Aldrich) 1 hour before being sacrificed. To further investigate the
role of CCK2R in colonic mucosa proliferation, hGAS/* mice (n = 4) were
injected intraperitoneally with 1 mg/kg CCK2R inhibitor YM022 (Tocris
Bioscience) on days 1, 3, and S and sacrificed on day 7. To investigate the
DCAMKLI1 expression after whole-body irradiation (8 Gy), hGAS/* and
WT mice (n = 3/group) were treated with y irradiation with a '3’Cs source
and sacrificed after 4.5 hours. To induce ACFs, 4 groups of 6-week-old sex-
matched mice (n = 12/group) were given weekly intraperitoneal injections
of 10 mg/kg AOM (Sigma-Aldrich; molecular weight, 36,000-50,000) in
PBS for 2 weeks. Two weeks after the last injection, the mice were sacrificed
and full-length colons were removed. Longitudinally dissected colons were
spread on Whatman filter paper, followed by fixing with 70% ethanol for
24 hours. After staining with 0.3% methyl-blue for 1 minute, the total num-
ber of ACFs per colon was counted under a light microscope. To induce
colorectal cancer, 4 groups of 6-week-old mice (n = 12/group) were injected
weekly with AOM (10 mg/kg) for 6 weeks. Eleven weeks after the last injec-
tion, the mice were sacrificed, the colons were removed, and the total num-
ber and size (diameter in millimeters) of tumors per colon were analyzed.
For animal mortality studies, 2 groups of 6-week-old mice (hGAS/*, n = 25;
hGAS/*Cck2r/-,n = 23) were injected with AOM (10 mg/kg) once a week for
6 weeks and housed in separate cages under specific pathogen-free condi-
tions at the animal facility of CUMC.

Histopathological and immunohistochemical analysis. Removed mouse colon
tissues were rolled on a plastic bar using the Swiss roll technique (70),
fixed in 10% neutral buffer formalin (VWR International) for paraffin
embedding or fixed in 4% paraformaldehyde for freezing in Tissue-Tek
O.C.T. compound (Sakura). Paraffin-embedded tissues were cut in 4-um
slices and deparaffinized for hematoxylin and eosin staining or further
immunohistochemical analysis. f-Catenin staining was performed with the
Animal Research Kit (Dako). The deparaffinized colon tissues were blocked
with peroxidase blocking solution for 5 minutes, washed, and incubated
for 15 minutes in prepared anti-B-catenin antibody (BD Biosciences), fol-
lowed by 15 minutes of incubation with streptavidin-peroxidase. The stain-
ing was completed with 8 minutes of incubation with diaminobenzidine
(Dako). For BrdU, CD44, DCAMKL1, and LgRS immunohistochemistry,
the deparaffinized tissues were incubated in hydrogen peroxide (3%) for
5 minutes and blocked with 2% BSA (Sigma-Aldrich) for 1 hour, followed
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by incubation in anti-BrdU (Abcam Inc), anti-CD44 (BD Biosciences),
anti-DCAMKLI1 (Abgent), and anti-LgRS (Novus Biologicals) antibodies
for 1 hour. Samples were washed and incubated with HRP-conjugated
anti-rat or anti-rabbit IgG (Dako). The epithelial cell proliferation rate was
expressed as the number of BrdU-positive cells divided by the total number
of cells in each crypt. Twenty crypts in different sites of each colon were
randomly chosen. For immunofluorescence analysis of CCK2R expression
in the colonic crypt, frozen sections were blocked with 2% BSA for 1 hour,
followed by incubation in anti-CCK2R antibody (Santa Cruz Biotechnol-
ogy Inc.) and anti-E-cadherin antibody (Cell Signaling Technology) at 4°C
overnight. The samples were then washed and incubated with Texas Red-
conjugated anti-goat IgG (Jackson ImmunoResearch Laboratories Inc.)
and FITC-conjugated anti-rabbit IgG (Jackson ImmunoResearch Labora-
tories Inc.) and analyzed under a Nikon TE2000 microscope.

In situ hybridization. The removed colons of 6-week-old hGAS/* and WT
mice were fixed in RNase-free 4% paraformaldehyde (VWR International)
at 4°C overnight, dehydrated in RNase-free 30% sucrose (VWR Interna-
tional) for 24 hours, imbedded in O.C.T. compound, frozen cut into 8-um
sections, and stored at -80°C. Murine Cck2r gene cDNA (338 base pairs)
was cloned into pCRII-TOPO vector (Invitrogen), and the oligonucleotide
probes were synthesized with a Digoxin RNA labeling kit (Roche Applied
Science). cRNA was used at a concentration of 500 ng/ml in hybridization
buffer (50% formamide, 2x standard saline citrate [SSC], 5x Denhardt’s
solution, 1.0 mg/ml transfer RNA, 1.0 mg/ml salmon sperm DNA, 5 mM
EDTA, 1 M DTT). Hybridization was performed at 55°C water bath over-
night. Sections were washed in 5x SSC (150 mM NaCl, 15 mM sodium
citrate, pH 7.0) at room temperature (15 minutes), 2x SSC at 50°C (15
minutes), and 1x SSC at 50°C (15 minutes). To remove nonspecific bound
DIG-labeled RNA probes, slides were incubated with RNase A (10 ug/ml
in 500 mM NaCl, 10 mM Tris-HCI pH 8.0, 1 mM EDTA) for 15 minutes
at 37°C, then washed once more with 2x SSC at 50°C (15 minutes) and
1x SSC at 50°C (15 minutes). Blocking was performed with 1% blocking
solution (Roche Applied Science). Antibody incubation and detection with
anti-digoxigenin-alkaline phosphatase were performed according to the
manufacturer’s instructions (Roche Applied Science). Sections were dehy-
drated, mounted with coverslips, and analyzed using light microscopy.

Analysis of apoptosis by TUNEL assay. Deparaffinized colonic tissues slides
were stained with an In Situ Apoptosis Detection Kit (Chemicon) according
to the manufacturer’s instructions. The apoptotic index of TUNEL-positive

cells was calculated using the total number of positive cells per field of sight
at 10 different locations in each colon under light microscopy (x400).

Analysis of serum progastrin and amidated gastrin levels. Mice serums were col-
lected by heart puncture on anesthetized mice, followed by centrifugation
of the blood (10 minutes at 4,500 g) and separation of the serum. Serum
progastrin was extracted with ethanol extraction in a 1:2 ratio of serum to
ethanol and measured using antiserum 1137 (19). Amidated gastrin levels
were measured in unextracted serum with antiserum 1296.

Gene expression analyses. For QRT-PCR analysis of CCK2R, CD44, caspase-3,
FAS, and cyclin D1, 6-week-old male WT FVB/N mouse stomach, small
intestine, colon, and colon tumor tissues were homogenized with IKA
ULTRA-TURRAX Dispersers (IKA Works Inc.). The RNA was isolated using
the TRIzoL (Invitrogen) reagent, and reverse transcription was performed
using the SuperScript III First-Strand Synthesis System (Invitrogen). qRT-
PCR was performed on a 7300 Real-Time PCR System (Applied Biosystems)
using the comparative Ct quantitation method with QuantiTect SYBR
Green PCR kit. Reactions were done at 95°C for 15 minutes, followed by 40
cycles of 94°C for 15 seconds, 55°C for 20 seconds, and 72°C 30 seconds.

Statistics. Group measures are expressed as mean + SD for all parameters
determined, unless otherwise indicated. Statistical analysis was performed
using 1-way ANOVA followed by a Tukey or Dunnet’s test. P values less
than 0.05 were considered statistically significant. The mouse mortality
analysis used the Mantel-Haenszel/log-rank test.
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