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Abstract

The cGMP signaling axis has been implicated in the
suppression of intestinal cancers, but the inhibitory
mechanism and the extent to which this pathway can
be targeted remains poorly understood. This study has
tested the effect of cGMP-elevating agents on tumori-
genesis in the ApcMin/þ mouse model of intestinal cancer.
Treatment of ApcMin/þ mice with the receptor guanylyl-
cyclase C (GCC) agonist linaclotide, or the phosphodies-
terase-5 (PDE5) inhibitor sildenafil, significantly reduced
the number of polyps per mouse (67% and 50%, respec-
tively).Neither of thedrugs affectedmeanpolyp size, or the
rates of apoptosis and proliferation. This was possibly due
to increased PDE10 expression, as endogenous GCC
ligands were not deficient in established polyps. These
results indicated that the ability of these drugs to reduce

polyp multiplicity was primarily due to an effect on non-
neoplastic tissues. In support of this idea, ApcMin/þ mice
exhibited reduced levels of endogenous GCC agonists in
the nonneoplastic intestinal mucosa compared with wild-
type animals, and this was associated with crypt hyperpla-
sia and a loss of goblet cells. Administration of either
sildenafil or linaclotide suppressed proliferation, and
increased both goblet cell numbers and luminal apoptosis
in the intestinal mucosa. Taken together, the results dem-
onstrate that targeting cGMP with either PDE5 inhibitors
or GCC agonists alters epithelial homeostasis in a manner
that reduces neoplasia, and suggests that this could be a
viable chemoprevention strategy for patients at high risk of
developing colorectal cancer. Cancer Prev Res; 11(2); 81–92.
�2018 AACR.

Introduction
Colorectal cancer is the thirdmost commonly diagnosed

cancer in the United States with 1 in 20 being diagnosed
each year (1). Early screening and treatment is the corner-
stone of colorectal cancer prevention; but the high mor-
tality rate associated with diagnosis at advanced stages
makes it one of the leading causes of cancer-related deaths.
Chemoprevention has therefore emerged as a complemen-
tary strategy for patients that are predisposed to colon
cancer because of hereditary disease, ulcerative colitis, or
family history (2, 3). The most widely investigated che-

mopreventive agents are nonsteroidal anti-inflammatory
drugs (NSAID). They have been shown to reduce the
incidence of colorectal cancer when used long-term, but
side effects in the average-risk population of predisposed
patients limits their utility (4).
A derivative of the NSAID sulindac called Exisulind,

lacks COX-inhibitory activity, but was found to block
growth in colon cancer cell lines by inhibiting phos-
phodiesterases (PDE; refs. 5, 6). The underlying mech-
anism was shown to involve inhibition of b-catenin
signaling, leading to apoptosis (7, 8). In clinical trials,
Exisulind suppressed tumorigenesis in familial adeno-
matous polyposis (FAP) patients (9). Although Exisu-
lind induced regression of rectal polyps in FAP patients,
it did not get FDA approval due to harmful side effects
reported in phase III trials (10). Although Exisulind
was ultimately not successful, it did highlight the ther-
apeutic potential of cyclic guanosine monophosphate
(cGMP) signaling.
The central source of cGMP in the intestinal epithelium

arises from the activity of guanylyl cyclase C (GCC), which
is activated by the endogenous peptide secretagogues uro-
guanylin and guanylin (11). The well-established role of
cGMP in the intestine is ion channel regulation to promote
fluid secretion (12), but a growing body of evidence has
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shown that it also controls epithelial homeostasis. Analysis
of knockout mice suggests that the cGMP signaling axis
suppresses proliferation, and apoptosis, while promoting
differentiation in the intestinal epithelium (13–15). In
addition to its role in regulation of epithelial homeo-
stasis, growing evidence also suggests that activating
cGMP signaling in the colon could have therapeutic
potential for colon cancer. GCC knockout mice exhibit
increased tumorigenesis in both AOM and ApcMin/þ

mouse models of colon cancer (16, 17). The endogenous
GCC peptides uroguanylin and guanylin are commonly
lost gene products in most human colon cancers suggest-
ing that supplementing with exogenous hormone could
be a potential treatment strategy (18, 19). In support of
this idea, administration of the exogenous uroguanylin
reduced tumorigenesis in ApcMin/þ mice, but the protec-
tive mechanism was not addressed (20). More recent
studies with the GCC agonist plecanatide (21), and the
PDE5 inhibitor sildenafil demonstrate that cGMP eleva-
tion can promote barrier integrity, and protect from
inflammation-driven colorectal cancer (22–24). However,
the relative efficacy of the two approaches to cGMP eleva-
tion, and the role of suppressing colitis in the protective
mechanism remain unclear. This study sought to compare
the tumor prevention effects of orally administered silden-
afil and linaclotide in a colitis-independent intestinal
polyposis model.

Materials and Methods
Animals and drug administration
All procedures were approved by the Augusta Univer-

sity Committee on the Care and Use of Animals. For
tumorigenesis studies, male C57/BL6J-ApcMin/þmice and
female C57/BL6J mice were obtained from Jackson Labo-
ratory (Bar Harbor, ME) at age 6 weeks for breeding. Mice
were housed in the Augusta University animal facility in a
temperature- and humidity-controlled room with free
access to food and water. Pharmaceutical grade sildenafil
citrate (Revatio) was ground with a mortar and pestle, and
stored in suspension with diH2O at�80�C until use. Stock
sildenafil was diluted in drinking water to a concentration
representing a dose of 5.7mg/kg. Linaclotide was prepared
by grinding the contents of Linzess capsules in diH2Ousing
a tissue homogenizer. Aliquots were stored at �80�C and
were diluted fresh for each experiment. Mice were gavaged
daily with 100 mL of the linaclotide suspension at a
concentration of 2.07 mg/mL.

Tumorigenesis studies
Mice were genotyped by PCR from tail-clip DNA at 3

weeks of age and drug treatment started at 4 weeks. Body
weight was recorded weekly to monitor disease progres-
sion. At the end of 14 weeks, the animals were sacrificed
and the entire gastrointestinal tract from stomach to rec-
tumwas removed and flushedwith ice-cold PBS. The small

intestine was then divided into three sections, opened
longitudinally, and spread on a light box for the acquisi-
tion of high-resolution images. The images were subse-
quently enhanced and enlarged for identification and
selection of polyps, which were quantitated and sized
using ImageJ software (NIH, Bethesda, MD). After captur-
ing images, representative polyps were collected for RNA,
protein, or histologic analysis.

Histopathology
Intestinal tissues from age-matched mice were forma-

lin-fixed, embedded in paraffin, and sectioned at 5-mm
thickness by the Augusta University Histology Core.
Sections were processed as follows: deparaffinization
with xylene, rehydration with decreasing concentrations
of ethanol (100%–50%), and antigen retrieval by boiling
in citrate buffer. Tissues were stained directly by the
histology core with H&E and Alcian blue/periodic acid
Schiff to visualize polyps and goblet cells. The tissues
were probed using antibodies against Ki-67 (1:100; Dako
Cytomation) and cleaved caspase-3 (1:500; Cell Signal-
ing Technology). Antibody visualization was done using
an anti-rat/anti-rabbit ImmunoCruz ABC kit (Santa Cruz
Biotechnology) to enhance DAB staining. Mucus density
and proliferative and apoptotic indices were quantitated
using ImageJ software. Equivalent regions of intestine
were compared between groups for all quantitative his-
tologic studies. Briefly, for surrounding tissue, 10 differ-
ent sections containing approximately 8 crypts per sec-
tion were analyzed for each mouse. For polyps, three
sections from four different polyps per mouse were
analyzed.

Analysis of gene expression
Polyps were removed with scissors and forceps, and

the mucosa was scraped from the underlying connective
tissues. Tissue was vortexed briefly in TRIzol reagent
(Life Technologies) and flash-frozen. RNA was DNAse
treated (TURBO DNA-free kit, Life Technologies) and
converted to cDNA using M-MLV reverse transcriptase
(Invitrogen). Quantitative PCR (qRT-PCR) analysis of
the cDNA was performed using SYBR Green PCR Master
Mix (Applied Biosystems). Relative expression levels
were calculated using the 2–DDCt method with b-actin
(ACTB) as a reference. Amplifications were performed
in triplicate wells and melt curve analysis was done to
confirm the specificity of the primers used. Primers were
designed using Primer Blast Software (NCBI; Supplemen-
tary Table S1).

Statistical analysis
All data are expressed as mean � SEM, unless stated

otherwise. A one-way ANOVA was used to test the signif-
icant differences between control mice and the two treat-
ment groups, unless otherwise stated. Statistical signifi-
cance was set at P < 0.05.
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Figure 1.

Linaclotide treatment suppresses polyp
multiplicity in the ApcMin/þ mouse intestine.
A, Top, representative jejunal sections from the
intestines of 14-week-old ApcMin/þ mice,
untreated (Ctrl) or treated for 10 weeks with
linaclotide (Lin). Bottom, an H&E-stained section
containing a representative intestinal polyp froma
control animal. B, Plot shows the effect of
linaclotide on median polyp number per animal.
C, Mean polyp size in ApcMin/þ mice, untreated
(Ctrl), or treated for 10 weeks with linaclotide
(Lin). D, Average number of polyps in various size
classes in ApcMin/þ mice, untreated (Ctrl), or
treated for 10 weeks with linaclotide (Lin).
E and F, Histologic analysis of proliferative index
(Ki-67), and apoptotic index (CC3) within polyps
from control and linaclotide-treated animals.
Indices were calculated as staining nuclei (or cells
for CC3) as a function of the total number of nuclei
stained by hematoxylin. Error bars, SEM, and the P
values are from a two-tailed Student t test. Scale
bars, top panel, 10 mm; bottom panel, 50 mm.
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Figure 2.

Sildenafil treatment reduces the number but not the
phenotype of intestinal polyps from ApcMin/þ mice.
A, The effect of sildenafil on median polyp number
per animal. B, Mean polyp size in ApcMin/þ mice,
untreated (Ctrl) or treated for 10 weeks with
sildenafil (sild). C, Average number of polyps in
various size classes in ApcMin/þ mice, untreated
(Ctrl) or treated for 10 weeks with sildenafil (Sild).
D and E, Histologic analysis of proliferative index
(Ki-67), and apoptotic index (CC3) within polyps
from control and sildenafil-treated animals.
Indices were calculated as staining nuclei (or
cells for CC3) as a function of the total number of
nuclei stained by hematoxylin. Error bars, SEM,
and the P values are from a two-tailed Student
t test.
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Results
cGMP-elevating agents reduce intestinal polyp
multiplicity in ApcMin/þ mice
Treatment with the GCC agonist plecanatide or with

the PDE5 inhibitor sildenafil has recently been shown
to suppress polyp multiplicity in inflammation-driven
models of colon cancer in mice (21, 23). To better
understand the inhibitory mechanism, this study com-
pared the two approaches to cGMP elevation in a non-
inflammatory model of intestinal carcinogenesis. Loss of
heterozygosity at the Apc locus causes ApcMin/þ mice to
develop numerous adenomatous polyps primarily in the
small intestine (Fig. 1A). Daily administration of linaclo-
tide by gastric gavage reduced the number of intestinal
polyps per mouse by 67% compared with controls given
water alone (P < 0.001, Fig. 1B). The suppressive effect of
linaclotide on polyp number was more pronounced on
smaller polyps (<2 mm), but the mean polyp size was

unaffected (Fig. 1C and D). Further analysis of polyp
sections by IHC showed that linaclotide treatment of the
host did not significantly affect proliferation (P¼ 0.07) or
apoptosis (P ¼ 0.43) of the polyps (Fig. 1E and F).
Treatment of ApcMin/þ mice with sildenafil in the drinking
water resulted in 56% fewer intestinal polyps compared
with control mice on water alone (P ¼ 0.003, Fig. 2A). As
with the linaclotide-treated animals, the smaller polyps
from sildenafil-treated mice were also suppressed while
mean polyp size did not differ compared with controls
(Fig. 2B andC). Histologic analysis showed that the polyps
did not differ with respect to proliferative and apoptotic
indices (Fig. 2 D and E).

Sildenafil does not affect inflammation in the ApcMin/þmouse
intestine. Sildenafil has been reported to suppress mye-
loid-derived suppressor cell (MDSC) function and
reduce inflammation in colonic polyps (23, 25, 26). To

Figure 3.

Sildenafil treatment does not reduce inflammation within polyps of ApcMin/þ mice. A–C, Real-time qPCR analysis of inflammatory cytokine gene expression
in mucosa from C57BL/6 mice and mucosa and polyps from untreated or sildenafil-treated ApcMin/þ mice (n ¼ 6). D and E, Representative images and
quantification of Cd11bþ cells (red) in intestines of C57BL/6 mice and untreated or sildenafil-treated ApcMin/þ mice. Tissues were counterstained with DAPI,
n ¼ 3 mice, 3 polyps per mouse. Scale bars, 50 mm.
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determine whether this phenomenon played a role in
this study, RT-qPCR was used to measure inflammatory
cytokine expression in the ApcMin/þ mouse intestinal
tissues. These studies showed that the expression of IL1b,
TNFa, and IFNg in the nonpolyp tissue from the ApcMin/þ

mouse intestine was comparable with the levels in wild-
type mice (Fig. 3A–C). In contrast, the intestinal polyps
showed dramatic increases in the mRNA levels of these
inflammatory cytokines. Furthermore, treatment of mice
with sildenafil did not significantly reduce the cytokine
expression in either the polyp or nonpolyp tissue. In
support of this, the slightly higher density of CD11b cells
associated with polyps did not change in response to
sildenafil treatment (Fig. 3D and E). These results support
the idea that mucosal inflammation is not a central driver
of intestinal carcinogenesis in theApcMin/þmouse, and that
the suppressive effect of cGMP is not due to an effect on
polyp inflammation.

The expression of cGMP signaling components in the ApcMin/þ

intestinal polyps.While both cGMP-elevating drugs exam-
ined in this study reduced polyp multiplicity in the
ApcMin/þ intestine, neither drug affected polyp size, pro-
liferation, or apoptosis. Similar observationswere reported
recently using the AOM/DSS inflammatory carcinogene-
sis model, where a dramatic loss of cGMP-generating
machinery in the polyps partially explained the phenom-
enon (23). To determine whether this occurred in the
intestinal polyps in ApcMin/þ mice, the expression of
cGMP signaling components was examined using RT-
qPCR. These studies revealed that the mRNA levels of
uroguanylin andGCCwere unchanged between nonpolyp
epithelium and the polyp tissue (Fig. 4A). Surprisingly,
guanylin mRNA levels were significantly higher in the
polyps compared with the surrounding tissue (P ¼
0.007), but the physiologic significance is not clear as the
relative transcript levelsweremuch lower thanuroguanylin
(data not shown). The expression of the effector protein
kinases PKG1a, b did not differ significantly between
polyp andnonpolyp tissue in theApcMin/þmouse intestine,
but the relative mRNA level of the PKG2 isoform was
elevated in the polyps (P ¼ 0.02, Fig. 4B). Expression
analysis of phosphodiesterases with activity toward cGMP
(PDE5, 9, and10a) revealed little change in PDE5or PDE9,
but significantly higher levels of the dual-specificity
PDE10a were observed in the polyps compared with non-
polyp tissue (P ¼ 0.001, Fig. 4C). However, the increased
expression of PDE10a in the ApcMin/þ polyps was inde-
pendent of sildenafil treatment.

cGMP-elevating agents regulate homeostasis in the preneo-
plastic tissue of ApcMin/þ mice. The suppression of tumor-
igenesis by both sildenafil and linaclotide in the absence
of any effect on initiated polyps suggested that the
principal effect of cGMP is on the preneoplastic epithe-
lium. To explore this further, RT-qPCR analysis of cGMP

signaling component expression in the nonpolyp epi-
thelium of the ApcMin/þ intestine was compared with
wild-type animals. These studies revealed significantly less
uroguanylin and guanylin (P ¼ 0.025 and 0.04, respec-
tively), but elevated levels of GCC in the ApcMin/þ intestine
(P ¼ 0.03, Fig. 5A). To determine whether the altered

Figure 4.

Expression of cGMP signaling components in intestinal polyps from ApcMin/þ

mice. A, The expression of cGMP generators was measured by RT-qPCR in
nonneoplastic tissue and untreated and treated polyps from ApcMin/þ mice
(Control, Ctrl; Sildenafil, Sild). B, The expression of cGMP effectors were
measured by real-time qPCR in nonpolyp tissue and polyps from untreated and
treated ApcMin/þ mice. C, The expression of phosphodiesterases with activity
toward cGMPweremeasured by RT-qPCR in nonpolyp tissue and untreated and
treated polyps fromApcMin/þmice. n¼6mice; error bars, SEM;P values are from
a one-way ANOVA and Tukey post hoc analysis.
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expression of these components affected epithelial
homeostasis, histologic analysis of proliferation, apo-
ptosis, and differentiation was examined in the nonpo-
lyp epithelium. These results showed that the intestine
of ApcMin/þ mice exhibited significantly higher crypt

proliferation as evidenced by Ki67 staining (Fig. 5A)
and total PCNA levels (Supplementary Fig. S1). In addi-
tion, ApcMin/þ mice had fewer goblet cells and more
apoptosis at the villus tip compared with wild-type
animals (P ¼ 0.003, Fig. 5B–D).

Figure 5.

Nonpolyp epithelium from ApcMin/þ mice appears deficient in cGMP signaling. A, RT-qPCR analysis of uroguanylin, guanylin, and GCC gene expression in C57BL/6
mucosal tissue and nonpolyp mucosal tissue from ApcMin/þ mice. B–D, Quantification and representative images of goblet cells (AB/PAS), proliferation
(Ki-67), and apoptosis (CC3) in stained sections of intestine from C57/BL6 mice and ApcMin/þ mice. A, n ¼ 6; B–D, n ¼ 3. Error bars, SEM; P values are from a
two-tailed Student t test. Scale bars, 50 mm (B and C) and 25 mm (D).
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It has been reported that increasing cGMP in the intestine
with PDE5 inhibitors can suppress proliferation and apo-
ptosis in the mouse colon, but this has not been examined
previously in the small intestine (22, 24). To better under-
stand the effect of cGMP-elevating agents in the ApcMin/þ

mice, the effects of linaclotide and sildenafil on homeo-
stasis in the nonneoplastic intestinal epithelium was mea-
sured. Similar to the effect of these agents on the colon,
both drugs increased goblet cell density and suppressed
proliferation (Fig. 6A and B). In contrast to previously
reported effects on the colon, however, both linaclotide
and sildenafil treatment increased apoptosis at the tip of
the villi. These drugs had a similar effect in the small
intestine of wild-type mice as in the ApcMin/þ, except that
the effect on proliferation is much weaker and did not
attain significance (Supplementary Fig. S2).

Discussion
Recent reports show that the GCC agonist plecanatide

can reduce DSS-induced tumorigenesis in the colon
of ApcMin/þ mice (21), and that sildenafil can inhibit
tumorigenesis in colon of AOM/DSS–treated mice (23,
25). However, these two classes of drugs have not been
compared in a single model, and the tumor-suppressive
mechanism remains poorly understood. Results shown
here demonstrate that the GCC agonist linaclotide
and the PDE5 inhibitor sildenafil were equally able to
suppress polyp multiplicity in the intestine of ApcMin/þ

mice. Moreover, the magnitude of the tumor-suppressive
effect in the intestinewas the same as reported for sildenafil
in the colon of AOM/DSS–treated mice. Despite differ-
ences in tumor initiation and location, these observations
underscore a common cGMP-dependent mechanism.
PDE5 inhibitors have been shown to suppress DSS-
induced inflammation, suggesting that this could play an
important role in the tumor prevention effect of sildenafil
(22). However, the AOM/DSS study concluded that the
tumor-suppressive effect of sildenafil was mostly during
the mutagenesis/initiation phase, and based on the timing
of drug administration it was independent of inflamma-
tion (23). This study supports the idea that these drugs
suppress initiation as it affected the smaller polyps but not
the larger ones that presumably were initiated in the 4
weeks prior to drug administration. A separate study that
used a very high dose of sildenafil in the AOM/DSS model
suggested that the tumor-suppressive effect is due to block-
ade of myeloid cell function (25). However, the results
shown here do not support this idea because endogenous
inflammation is not a driver of tumorigenesis in the small
intestine of ApcMin/þ mice, and in contrast to the colonic
polyps in AOM/DSS mice, inflammation in the intestinal
polyps was not affected by sildenafil.
Sildenafil only slightly reduced proliferation in the

colonic polyps of AOM/DSS–treated mice, but notably

increased mucus differentiation (23). This contrasts with
the intestinal polyps from ApcMin/þ mice, which were
largely devoid of goblet cells and this was not altered by
treatment with either drug (data not shown). The obser-
vation that neither linaclotide nor sildenafil affected pro-
liferation or apoptosis of establishedpolyps is ostensibly at
odds with numerous reports describing antitumor effects
of cGMP(27–29). Theprevious studyof sildenafil inAOM/
DSS–treated mice partly attributed the relatively benign
effect of the drug on established polyps to reduced gua-
nylin expression (23). Guanylin levels are also reduced in
human colorectal tumors relative to nontumor tissue (18,
19, 30). AsGCC ligands havebeen shown tohave cytostatic
effects in colon cancer cell lines (5, 16, 29), "hormone
replacement therapy" has been suggested as an approach to
use exogenous ligands to treat colon tumors (31–33). The
results shown here do not support this idea, as linaclotide
did not affect mean size or proliferation of polyps. More-
over, the mRNA levels of uroguanylin and guanylin were
not reduced in the intestinal polyps from ApcMin/þ mice.
These observations indicate that the loss of GCC ligands
is not the central reason for a lack of effect of cGMP-
elevating drugs on initiated polyps. In support of several
previous studies, it was shown here that the PDE10a
increased dramatically in the intestinal polyps (23, 34,
35). It is possible that this dual-specificity PDE impedes the
activation of cGMP signaling in tumors. As inhibition of
PDE10a inhibits proliferation of colon cancer cell lines
(35), whether such inhibitors might be used as a treatment
strategy for colon cancer will be an important area for
future investigation.
The lack of effect of either sildenafil or linaclotide on

established polyps strongly suggested that the reduced
polyp formation resulting from treatment with these
agents was due to an effect on the preneoplastic tissue.
A growing body of evidence demonstrates that cGMP
signaling controls intestinal homeostasis, and that increas-
ing cGMP can suppress proliferation while increasing
goblet cell density (13, 14, 24, 36). It was shown here that
treatment with either linaclotide or sildenafil caused an
increase in epithelial apoptosis in the intestine, which
contrasts with previous reports of reduced apoptosis in
the colon epithelium (22, 24). However, because the
apoptosis is restricted to the luminal border, and because
these agents prevent polyp formation in both colon and
intestine, it is unlikely that the apoptosis contributes to the
mechanism of tumor suppression.
A novel observation in this study was the reduced

expression of GCC ligands in the mucosa of ApcMin/þ mice
relative to wild-type animals, and increased proliferation
that is consistent with reduced cGMP signaling. While
further study is needed to determine the significance of
this to human FAP patients, both linaclotide and sildenafil
were found to reduce proliferation in the intestine of
ApcMin/þ mice. The carcinogenic mechanisms underlying
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Figure 6.

Linaclotide and sildenafil treatment
suppress proliferation in the nonpolyp
epithelium of ApcMin/þ mice. Nonpolyp
tissue from ApcMin/þ mice treated with
sildenafil or linaclotide for 10 weeks were
collected and prepared for histologic
analysis. A–C, Tissue was stained for
goblet cell density (AB/PAS), proliferation
(Ki-67), and apoptosis (CC3).
Representative pictures of the staining are
shown at the right of the graph. Arrows on
C indicate CC3-positive cells. Error bars,
SEM; P values are from a two-tailed
Student t test. Scale bars, 50 mm (A andB)
and 25 mm (C).
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the AOM/DSS and ApcMin/þ colon cancer models are
different. In the AOM/DSS model, carcinogenesis is due
to mutations caused by azoxymethane, whereas in the
ApcMin/þ model, it is due to loss of heterozygosity (LOH)
at the Apc gene locus (37, 38). Assuming an equal rate of
DNA repair, the rate of LOH should be proportional to
the size of the proliferative compartment. The suppression
of proliferation in response to cGMP-elevating agents
would affect both the LOH in ApcMin/þ mice, and muta-
genic efficacy in the AOM/DSS model, and is therefore
likely to be part of the tumor preventativemechanism. The
mechanism by which cGMP can reduce the proliferative
compartment of both the intestine and colon of mice is
presently unknown. However, this novel interpretation
predicts that increasing epithelial cGMP is also likely to
reduce tumorigenesis in sporadic and Lynch syndrome–
associated lesions that are also a function of proliferation.
Taken together, the results shown here demonstrate

that PDE5 inhibitors and GCC agonists can equally
suppress intestinal tumorigenesis in mice. The equal
efficacy of the two drugs to suppress polyp multiplicity
underscores the common mechanism involving eleva-
tion cGMP in the preneoplastic epithelium resulting in
a reduced proliferative compartment. A recent report
demonstrated that linaclotide administration can
reduce proliferation in the colon epithelium of human
patients (39). This preclinical study therefore under-

scores the potential for targeting cGMP signaling for
chemoprevention of colorectal cancer in human patients
at increased risk.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

Authors' Contributions
Conception and design: S.K. Sharman, B.N. Islam, D.D. Browning
Development of methodology: S.K. Sharman, B.N. Islam, N. Singh
Acquisition of data (provided animals, acquired and managed
patients, provided facilities, etc.): S.K. Sharman, B.N. Islam, Y. Hou,
F.G. Berger, S. Sridhar
Analysis and interpretation of data (e.g., statistical analysis, bio-
statistics, computational analysis): S.K. Sharman, W. Yoo, D.D.
Browning
Writing, review, and/or revision of themanuscript: S.K. Sharman, S.
Sridhar, D.D. Browning
Study supervision: D.D. Browning

Acknowledgments
This work was supported by the NCI grant #CA17262701A1.

The costs of publication of this article were defrayed in part by the
payment of page charges. This articlemust therefore be herebymarked
advertisement in accordance with 18 U.S.C. Section 1734 solely to
indicate this fact.

Received September 18, 2017; revised November 9, 2017; accepted
December 19, 2017; published OnlineFirst January 4, 2018.

References
1. Siegel RL, Miller KD, Fedewa SA, AhnenDJ, Meester RGS, Barzi A,

et al. Colorectal cancer statistics, 2017. CA Cancer J Clin
2017;67:177–93.

2. Drew DA, Cao Y, Chan AT. Aspirin and colorectal cancer: the
promise of precision chemoprevention. Nat Rev Cancer 2016;
16:173–86.

3. GwynK, Sinicrope FA.Chemopreventionof colorectal cancer. Am
J Gastroenterol 2002;97:13–21.

4. Rothwell PM, Fowkes FG, Belch JF, Ogawa H, Warlow CP,
Meade TW. Effect of daily aspirin on long-term risk of death
due to cancer: analysis of individual patient data from ran-
domised trials. Lancet 2011;377:31–41.

5. Thompson WJ, Piazza GA, Li H, Liu L, Fetter J, Zhu B, et al.
Exisulind induction of apoptosis involves guanosine 30,50-cyclic
monophosphate phosphodiesterase inhibition, protein kinase G
activation, and attenuated beta-catenin. Cancer Res 2000;60:
3338–42.

6. Whitt JD, Li N, Tinsley HN, Chen X, Zhang W, Li Y, et al. A novel
sulindac derivative that potently suppresses colon tumor cell
growth by inhibiting cGMP phosphodiesterase and beta-catenin
transcriptional activity. Cancer Prev Res 2012;5:822–33.

7. ChangWC, Everley LC, Pfeiffer GR 2nd, Cooper HS, Barusevicius
A, Clapper ML. Sulindac sulfone is most effective in modulating
beta-catenin-mediated transcription in cells with mutant APC.
Ann N Y Acad Sci 2005;1059:41–55.

8. Richter M, Weiss M, Weinberger I, Furstenberger G, Marian B.
Growth inhibition and induction of apoptosis in colorectal
tumor cells by cyclooxygenase inhibitors. Carcinogenesis 2001;
22:17–25.

9. Giardiello FM, Hamilton SR, Krush AJ, Piantadosi S, Hylind LM,
Celano P, et al. Treatment of colonic and rectal adenomas with
sulindac in familial adenomatous polyposis. N Engl J Med
1993;328:1313–6.

10. Arber N, Kuwada S, Leshno M, Sjodahl R, Hultcrantz R, Rex D.
Sporadic adenomatous polyp regression with exisulind is effec-
tive but toxic: a randomised, double blind, placebo controlled,
dose-response study. Gut 2006;55:367–73.

11. Francis SH, Busch JL, Corbin JD. cGMP-dependent protein
kinases and cGMP phosphodiesterases in nitric oxide and cGMP
action. Pharmacol Rev 2010;62:525–63.

12. Vaandrager AB, Bot AG, Ruth P, Pfeifer A, Hofmann F, De Jonge
HR. Differential role of cyclic GMP-dependent protein kinase II
in ion transport in murine small intestine and colon. Gastro-
enterology 2000;118:108–14.

13. Wang R, Kwon IK, Thangaraju M, Singh N, Liu K, Jay P, et al.
Type 2 cGMP-dependent protein kinase regulates proliferation
and differentiation in the colonic mucosa. Am J Physiol Gas-
trointest Liver Physiol 2012;303:G209–19.

14. Li P, Lin JE, Chervoneva I, Schulz S, Waldman SA, Pitari GM.
Homeostatic control of the crypt-villus axis by the bacterial
enterotoxin receptor guanylyl cyclase C restricts the proliferating
compartment in intestine. Am J Pathol 2007;171:1847–58.

15. Steinbrecher KA, Wowk SA, Rudolph JA, Witte DP, Cohen MB.
Targeted inactivation of the mouse guanylin gene results in
altered dynamics of colonic epithelial proliferation. Am J Pathol
2002;161:2169–78.

16. Li P, Schulz S, Bombonati A, Palazzo JP, Hyslop TM, Xu Y, et al.
Guanylyl cyclase C suppresses intestinal tumorigenesis by

Cancer Prev Res; 11(2) February 2018 Cancer Prevention Research90

Sharman et al.

Research. 
on February 5, 2018. © 2018 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst January 4, 2018; DOI: 10.1158/1940-6207.CAPR-17-0267 

http://cancerpreventionresearch.aacrjournals.org/


restricting proliferation and maintaining genomic integrity.
Gastroenterology 2007;133:599–607.

17. Lin JE, Li P, SnookAE, Schulz S, Dasgupta A,Hyslop TM, et al. The
hormone receptor GUCY2C suppresses intestinal tumor forma-
tion by inhibiting AKT signaling. Gastroenterology 2010;138:
241–54.

18. Steinbrecher KA, Tuohy TM, Heppner Goss K, Scott MC, Witte
DP, Groden J, et al. Expression of guanylin is downregulated in
mouse and human intestinal adenomas. Biochem Biophys Res
Commun 2000;273:225–30.

19. Wilson C, Lin JE, Li P, Snook AE, Gong J, Sato T, et al. The
paracrine hormone for theGUCY2C tumor suppressor, guanylin,
is universally lost in colorectal cancer. Cancer Epidemiol Bio-
markers Prev 2014;23:2328–37.

20. Shailubhai K, Yu HH, Karunanandaa K, Wang JY, Eber SL, Wang
Y, et al. Uroguanylin treatment suppresses polyp formation in the
Apc(Min/þ) mouse and induces apoptosis in human colon
adenocarcinoma cells via cyclic GMP. Cancer Res 2000;60:
5151–7.

21. Chang WL, Masih S, Thadi A, Patwa V, Joshi A, Cooper HS, et al.
Plecanatide-mediated activation of guanylate cyclase-C sup-
presses inflammation-induced colorectal carcinogenesis in
Apcþ/Min-FCCC mice. World J Gastrointest Pharmacol Ther
2017;8:47–59.

22. Wang R, Kwon IK, Singh N, Islam B, Liu K, Sridhar S, et al. Type 2
cGMP-dependent protein kinase regulates homeostasis by block-
ing c-Jun N-terMinal kinase in the colon epithelium. Cell Death
Differ 2014;21:427–37.

23. Islam BN, Sharman SK, Hou Y, Bridges AE, Singh N, Kim S, et al.
Sildenafil suppresses inflammation-driven colorectal cancer in
mice. Cancer Prev Res 2017;10:377–88.

24. Sharman SK, Islam BN, Hou Y, Usry M, Bridges A, Singh N, et al.
Sildenafil normalizes bowel transit in preclinical models of
constipation. PLoS One 2017;12:e0176673.

25. Lin S, Wang J, Wang L, Wen J, Guo Y, Qiao W, et al. Phospho-
diesterase-5 inhibition suppresses colonic inflammation-
induced tumorigenesis via blocking the recruitment of MDSC.
Am J Cancer Res 2017;7:41–52.

26. Serafini P,Meckel K, KelsoM,NoonanK,Califano J, KochW, et al.
Phosphodiesterase-5 inhibition augments endogenous antitu-
mor immunity by reducing myeloid-derived suppressor cell
function. The J Exp Med 2006;203:2691–702.

27. Basu N, Saha S, Khan I, Ramachandra SG, Visweswariah SS.
Intestinal cell proliferation and senescence are regulated by recep-
tor guanylyl cyclase C and p21. J Biol Chem 2014;289:581–93.

28. Deguchi A, Thompson WJ, Weinstein IB. Activation of pro-
tein kinase G is sufficient to induce apoptosis and inhibit
cell migration in colon cancer cells. Cancer Res 2004;64:
3966–73.

29. Pitari GM, Di Guglielmo MD, Park J, Schulz S, Waldman SA.
Guanylyl cyclase C agonists regulate progression through the cell
cycle of human colon carcinoma cells. Proc Natl Acad Sci U S A
2001;98:7846–51.

30. Birbe R, Palazzo JP, Walters R, Weinberg D, Schulz S, Waldman
SA. Guanylyl cyclase C is a marker of intestinal metaplasia,
dysplasia, and adenocarcinomaof the gastrointestinal tract. Hum
Pathol 2005;36:170–9.

31. Lin JE, Li P, Pitari GM, Schulz S, Waldman SA. Guanylyl cyclase C
in colorectal cancer: susceptibility gene and potential therapeutic
target. Future Oncol 2009;5:509–22.

32. Li P, Lin JE, Schulz S, Pitari GM, Waldman SA. Can colorectal
cancer be prevented or treated by oral hormone replacement
therapy? Curr Mol Pharmacol 2009;2:285–92.

33. Li P, Lin JE, Snook AE, Gibbons AV, Zuzga DS, Schulz S, et al.
Colorectal cancer is a paracrine deficiency syndrome amenable
to oral hormone replacement therapy. Clin Transl Sci 2008;1:
163–7.

34. Li N, Lee K, Xi Y, Zhu B, Gary BD, Ramirez-Alcantara V,
et al. Phosphodiesterase 10A: a novel target for selective
inhibition of colon tumor cell growth and beta-catenin-
dependent TCF transcriptional activity. Oncogene 2015;34:
1499–509.

35. Lee K, Lindsey AS, Li N, Gary B, Andrews J, Keeton AB, et al. beta-
catenin nuclear translocation in colorectal cancer cells is sup-
pressed by PDE10A inhibition, cGMPelevation, and activationof
PKG. Oncotarget 2016;7:5353–65.

36. Lin JE, Snook AE, Li P, Stoecker BA, Kim GW, Magee MS, et al.
GUCY2C opposes systemic genotoxic tumorigenesis by regulat-
ing AKT-dependent intestinal barrier integrity. PLoS One 2012;7:
e31686.

37. Robertis MD, Massi E, Poeta ML, Carotti S, Morini S, Cecche-
telli L, et al. The AOM/DSS murine model for the study of
colon carcinogenesis: From pathways to diagnosis and ther-
apy studies. J Carcinog 2011;10:9.

38. Luongo C, Moser AR, Gledhill S, Dove WF. Loss of Apcþ
in intestinal adenomas from Min mice. Cancer Res 1994;54:
5947–52.

39. WeinbergDS, Lin JE, FosterNR,Della'ZannaG,UmarA, SeislerD,
et al. Bioactivity of oral linaclotide in human colorectum for
cancer chemoprevention. Cancer Prev Res 2017;10:345–54.

www.aacrjournals.org Cancer Prev Res; 11(2) February 2018 91

cGMP in Normal Epithelium Prevents Intestinal Neoplasia

Research. 
on February 5, 2018. © 2018 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst January 4, 2018; DOI: 10.1158/1940-6207.CAPR-17-0267 

http://cancerpreventionresearch.aacrjournals.org/


Research. 
on February 5, 2018. © 2018 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst January 4, 2018; DOI: 10.1158/1940-6207.CAPR-17-0267 

http://cancerpreventionresearch.aacrjournals.org/


2018;11:81-92. Published OnlineFirst January 4, 2018.Cancer Prev Res 
  
Sarah K. Sharman, Bianca N. Islam, Yali Hou, et al. 
  
by Targeting the Preneoplastic Epithelium

 miceMinApcElevating Agents Suppress Polyposis in −Cyclic-GMP

  
Updated version

  
 10.1158/1940-6207.CAPR-17-0267doi:

Access the most recent version of this article at:

  
Material

Supplementary

  
 1

http://cancerpreventionresearch.aacrjournals.org/content/suppl/2018/01/04/1940-6207.CAPR-17-0267.DC
Access the most recent supplemental material at:

  
  

  
  

  
Cited articles

  
 http://cancerpreventionresearch.aacrjournals.org/content/11/2/81.full#ref-list-1

This article cites 39 articles, 12 of which you can access for free at:

  
  

  
E-mail alerts  related to this article or journal.Sign up to receive free email-alerts

  
Subscriptions

Reprints and 

  
.pubs@aacr.org

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at

  
Permissions

  
Rightslink site. 
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)

.http://cancerpreventionresearch.aacrjournals.org/content/11/2/81
To request permission to re-use all or part of this article, use this link

Research. 
on February 5, 2018. © 2018 American Association for Cancercancerpreventionresearch.aacrjournals.org Downloaded from 

Published OnlineFirst January 4, 2018; DOI: 10.1158/1940-6207.CAPR-17-0267 

http://cancerpreventionresearch.aacrjournals.org/lookup/doi/10.1158/1940-6207.CAPR-17-0267
http://cancerpreventionresearch.aacrjournals.org/content/suppl/2018/01/04/1940-6207.CAPR-17-0267.DC1
http://cancerpreventionresearch.aacrjournals.org/content/suppl/2018/01/04/1940-6207.CAPR-17-0267.DC1
http://cancerpreventionresearch.aacrjournals.org/content/11/2/81.full#ref-list-1
http://cancerpreventionresearch.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerpreventionresearch.aacrjournals.org/content/11/2/81
http://cancerpreventionresearch.aacrjournals.org/


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




