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Abstract
AIM
To evaluate the effect of orally administered plecanatide 
on colorectal dysplasia in Apc+/Min-FCCC mice with dextran 
sodium sulfate (DSS)-induced inflammation. 

METHODS
Inflammation driven colorectal carcinogenesis was 
induced in Apc+/Min-FCCC mice by administering DSS in 
their drinking water. Mice were fed a diet supplemented 
with plecanatide (0-20 ppm) and its effect on the 
multiplicity of histopathologically confirmed polypoid, 
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flat and indeterminate dysplasia was evaluated. 
Plecanatide-mediated activation of guanylate cyclase-C 
(GC-C) signaling was assessed in colon tissues by 
measuring cyclic guanosine monophosphate (cGMP) by 
ELISA, protein kinase G-II and vasodilator stimulated 
phosphoprotein by immunoblotting. Ki-67, c-myc and 
cyclin D1 were used as markers of proliferation. Cellular 
levels and localization of b-catenin in colon tissues were 
assessed by immunoblotting and immunohistochemistry, 
respectively. Uroguanylin (UG) and GC-C transcript levels 
were measured by quantitative reverse transcription 
polymerase chain reaction (RT-PCR). A mouse cytokine 
array panel was used to detect cytokines in the 
supernatant of colon explant cultures. 

RESULTS
Oral treatment of Apc+/Min‑FCCC mice with plecanatide 
produced a statistically significant reduction in the forma
tion of inflammation-driven polypoid, flat and indeter
minate dysplasias. This anti-carcinogenic activity of 
plecanatide was accompanied by activation of cGMP/GC-C 
signaling mediated inhibition of Wnt/b-catenin signaling 
and reduced proliferation. Plecanatide also decreased 
secretion of pro-inflammatory cytokines (IL-6, IL‑1 TNF), 
chemokines (MIP-1, IP-10) and growth factors (GCSF and 
GMCSF) from colon explants derived from mice with acute 
DSS-induced inflammation. The effect of plecanatide-
mediated inhibition of inflammation/dysplasia on endo
genous expression of UG and GC-C transcripts was 
measured in intestinal tissues. Although GC-C expression 
was not altered appreciably, a statistically significant 
increase in the level of UG transcripts was detected in 
the proximal small intestine and colon, potentially due to 
a reduction in intestinal inflammation and/or neoplasia. 
Taken together, these results suggest that reductions in 
endogenous UG, accompanied by dysregulation in GC-C 
signaling, may be an early event in inflammation-promoted 
colorectal neoplasia; an event that can potentially be 
ameliorated by prophylactic intervention with plecanatide.

CONCLUSION
This study provides the first evidence that orally admini
stered plecanatide reduces the multiplicity of inflam
mation-driven colonic dysplasia in mice, demonstrating the 
utility for developing GC-C agonists as chemopreventive 
agents.

Key words: Guanylate cyclase-C; Uroguanylin; Plecana
tide; Inflammation; Colorectal cancer 
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Core tip: Plecanatide, an analog of human uroguanylin, 
binds and activates guanylate cyclase-C signaling to 
produce its anti-tumorigenic activity. This study provides 
the first evidence that oral treatment with plecanatide 
inhibits inflammation-driven colorectal carcinogenesis. 
The potential mechanism in Apc+/Min‑FCCC mice appears to 
be agonist-mediated activation of guanylate cyclase-C 
signaling, resulting in inhibition of Wnt/b-catenin pathway 

and downregulation of pro-inflammatory cytokines and 
growth factors.
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INTRODUCTION
Colorectal cancer (CRC) ranks third among newly dia­
gnosed cancers in the United States and is the third most 
common cause of cancer mortality[1]. Clinical studies 
indicate that patients with long-standing inflammatory 
bowel disease (IBD) have a 2 to 8-fold increased risk of 
developing CRC as compared to the general population[2]. 
Although the precise etiology underlying inflammation-
promoted CRC remains unclear, emerging data suggest 
that chronic inflammation, oxidative stress and excessive 
production of cytokines, chemokines and growth factors 
by infiltrating immune cells, may eventually lead to 
the development of dysplasia[3-6]. Like sporadic CRC, 
development of IBD-promoted carcinogenesis follows 
a sequential progression of disease from low-grade to 
high-grade dysplasia, and eventually CRC[7]. Prophylactic 
intervention with 5-aminosalicylate (5-ASA) is widely 
considered as a promising chemopreventive strategy[8]. 
However, additional case-controlled studies with larger 
numbers of patients are needed to further elucidate the 
chemopreventive utility of 5-ASA in IBD-promoted CRC. 
Conceptually, chronic prophylactic intervention with an 
orally safe and mucosally active agent that not only 
suppresses inflammation but also regulates renewal of 
the gastrointestinal (GI) mucosa is desirable. 

Uroguanylin (UG) and guanylin (GN), endogenous 
natriuretic peptides, are agonists of guanylate cyclase-C 
(GC-C) that are structurally similar to bacterial entero­
toxin (ST), secreted by the pathogenic Escherichia coli 
(E. coli) responsible for traveler’s diarrhea[9]. Binding of 
these peptides to GC-C on the apical surface of epithelial 
cells lining the GI tract stimulates intracellular production 
of cyclic guanosine monophosphate (cGMP), resulting in 
activation of cGMP-dependent protein kinase G-II (PKG-
II) and cystic fibrosis transmembrane conductance 
regulator. This leads to enhanced transepithelial efflux 
of Cl‑ and HCO3

-
, inhibition of Na+ absorption and passive 

secretion of water into the intestinal lumen; a process 
essential for a normal bowel movement[10]. Thus, a 
major physiological function of UG and GN is to regulate 
ion and fluid homeostasis in the GI tract[10-12].

GC-C signaling also plays a key physiological role 
in regulating the proliferative index of epithelial cells 
and maintaining the integrity of the GI mucosa[10,13,14]. 
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Thus, disruption of GC-C signaling, due to reduced 
production of UG and/or GN, could potentially lead to 
neoplastic transformation. Indeed, transcript levels 
of both UG and GN are reduced dramatically in colon 
polyps and adenocarcinomas[13]. Furthermore, dietary 
supplementation of Apc+/Min mice with human UG not 
only inhibits polyp formation but also delays tumor 
progression[13]. Recent studies performed using GC-C 

and UG knockout mice further illustrate the involve­
ment of GC-C signaling in the maintenance of homeo­
static intestinal barrier function, gut permeability and 
intestinal epithelial cell proliferation[15]. Recently, we 
demonstrated that oral treatment with GC-C agonists 
such as plecanatide or dolcanatide effectively amelio­
rated GI inflammation in acute and chronic models 
of experimental colitis in murine models[16]. Thus, 
treatment with UG to overcome this deficiency may 
represent a promising approach for the prevention of 
inflammation-driven CRC.

The present study provides the first evidence to 
demonstrate that oral treatment with plecanatide 
effectively suppresses the formation of inflammation-
driven CRC in Apc+/Min-FCCC mice.

MATERIALS AND METHODS
Materials
DSS (molecular weight 30000-40000) was purchased 
from MP Biomedicals (Solon, OH). All other chemicals 

and reagents were obtained from commercial vendors. 
Plecanatide (H-Asn1-Asp2-Glu3-Cys4-Glu5-Leu6-Cys7-
Val8-Asn9-Val10-Ala11-Cys12-Thr13-Gly14-Cys15-Leu16-OH; 
Disulfide bond between Cys4 and Cys12; Cys7 and Cys15) 
was synthesized for this study according to procedures 
described previously[17].

Animals
Female Apc+/Min-FCCC (C57BL/6J) mice (7-wk-old, n = 92) 
were obtained from the Laboratory Animal Facility at Fox 
Chase Cancer Center (FCCC)[18]. Mice were genotyped 
for a point mutation in codon 850 of the Apc gene[19]. 
Animals were maintained in a temperature- and humi­
dity-controlled room and received Teklad Global 2018SX 
diet (Harlan Teklad, Madison, WI) and drinking water 
ad libitum. All animal protocols were approved by the 
Institutional Animal Care and Use Committee at FCCC 
(IACUC # 08-4). Drug-supplemented diet was prepared 
as described previously[13]. 

Methods
Experimental design: Inflammation-promoted colo­
rectal neoplasia was induced by administering 2% 
dextran sodium sulfate (DSS) to female Apc+/Min-FCCC 
mice in the drinking water as outlined in Figure 1A. At 
treatment week 0 (8 wk of age), mice were randomized 
to one of four experimental groups: DSS treatment 
alone (no plecanatide treatment (control)) or DSS plus 
2, 10 or 20 ppm plecanatide in the diet (n = 23/group). 
All animals were administered DSS for 4 d beginning 
at treatment week 1 and received regular water for the 
remainder of the study (Figure 1A). At the end of the 
study, the entire small intestine and colon were excised, 
cut longitudinally and rinsed with saline. An equivalent 
strip of the small intestine and colon from each animal 
was snap frozen for molecular analysis of UG and GC-C 
transcript levels by quantitative reverse-transcription 
polymerase chain reaction (RT-PCR). The remainder 
of the colon was fixed in 10% formalin overnight, 
cross-sectioned at 2 mm intervals and processed for 
histopathological review.

Histopathological analyses: Sections stained with H 
and E were histopathologically evaluated for neoplasia 
in a blinded manner, as described previously[20]. All 
classifications were based on standardized morphology 
and nomenclature for the human pathology of inflam
mation-promoted colorectal neoplasia[21]. A diagnosis 
of carcinoma was assigned when neoplastic glands 
had invaded into the muscularis mucosae or beyond. 
Any dysplasia or cancer exhibiting an elevated growth 
pattern was considered polypoid. Non-polypoid (flat) 
lesions were elevated less than 2-fold above the ad­
jacent non-neoplastic colorectal mucosa. Lesions that 
could not be readily classified as either polypoid or non-
polypoid were categorized as indeterminate.

Immunohistochemistry: Ki-67 was selected as a 
biomarker of cell proliferation. Antigen retrieval was 

49 February 6, 2017|Volume 8|Issue 1|WJGPT|www.wjgnet.com

Regular drinking water
Plecanatide (0, 2, 10, 20 ppm in chow)

0          1         2          3                                           7 wk

0          1         2          3         4          5         6          7 
Week of treatment

DSS control

Plecanatide (2 ppm)

Plecanatide (10 ppm)

Plecanatide (20 ppm)

22

20

18

16

M
ea

n 
bo

dy
 w

ei
gh

t 
(g

 ±
 S

EM
)

*A

B

Figure 1  Inflammation-driven colorectal carcinogenesis in Apc+/Min-

FCCC mice. A: Outline depicting the experimental design of the animal study. 
Female Apc+/Min-FCCC mice (n = 23/group) were randomized into four treatment 
groups: DSS alone (vehicle control) or DSS plus diet supplemented with 2, 
10 or 20 ppm plecanatide. One week later, all animals were administered 2% 
DSS in the drinking water for 4 d (shaded box with asterisk) and regular water 
for the remainder of the study. At the time of euthanasia, (7 wk of study), the 
entire colon were fixed in formalin for histopathological evaluation; B: Body 
weights of Apc+/Min-FCCC mice treated with either DSS alone or DSS plus a diet 
supplemented with indicated concentrations of plecanatide (n = 20-23/group). 
Body weights were obtained weekly, and DSS was administered to all animals 
on days 7-10 of study. DSS: Dextran sodium sulfate.
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to prepare crude tissue lysates. The levels of cGMP 
were determined using an ELISA kit (Cayman Chemical 
Co., Ann Arbor, MI)[13]. The protein concentration of the 
lysates was determined using the Pierce BCA protein 
assay (Thermo Fisher Scientific, Rockford, IL). Results 
were normalized per mg protein and expressed as 
mean pmol ± SEM. 

Quantification of UG and GC-C transcript levels 
by RT-PCR: Representative areas of the proximal 
and distal small intestine and colon were randomly 
selected from DSS control and DSS + plecanatide-
treated mice (n = 4‑5/group) for analysis. Total RNA 
was extracted from 5-10 mg of tissue using the RNA
queous®-4PCR Kit (Ambion, Austin, TX) and quantified 
using a Nanodrop2000 (Thermo Fisher, Waltham, MA). 
Total RNA (1 µg) was reverse-transcribed to cDNA using 
a High Capacity RNA-to-cDNA Kit (Applied Biosystems, 
Carlsbad, CA), according to the manufacturer’s instru­
ctions. Quantitative RT-PCR amplification and analy
sis were carried out using a LightCycler480 (Roche, 
Basel, Switzerland), UG and GC-C specific TaqMan 
reagents (Integrated DNA Technologies, Coralville, IA) 
and RT-PCR Master Mix (Roche, Basel, Switzerland). 
All amplification reactions (20 L total volume) were 
performed in duplicate with 10 ng cDNA (based on input 
RNA) and subjected to 35 PCR cycles using parameters 
set by the manufacturer. GAPDH was used as an 
endogenous control. The data generated were analyzed 
and expressed as target gene expression relative to 
endogenous control, using the comparative Ct method 
and the 2‑ΔΔCt formula. Results are expressed as fold 
change in relative levels of UG or GC-C transcripts per 
segment of small intestine or colon of plecanatide-
treated mice, as compared to those of control mice 
treated with only DSS.

DSS treatment to induce acute inflammation in 
Apc+/Min-FCCC mice: An independent study was designed 
to evaluate the effect of plecanatide on GC-C signaling 
and cytokine expression during the acute phase of 
colonic inflammation. Apc+/Min-FCCC mice (n = 12; 6-8 wk 
old) were administered 2% DSS in the drinking water 
for 4 d followed by 3 d of regular water. Starting on day 
1, six animals received an oral gavage of plecanatide 
(2.5 mg/kg body weight) daily while the other six were 
administered vehicle (0.9% sodium chloride solution, 
Sigma, St. Louis, MO). Vehicle control animals (n = 
6) received regular drinking water (no DSS) and were 
administered an oral gavage of saline daily. It should 
be noted that the amount of plecanatide delivered 
by a single oral gavage at this dose is similar to that 
ingested daily when animals were administered a diet 
supplemented with 10 ppm plecanatide in the main 
tumorigenesis study. Mice were euthanized on day 
7, and the entire colon was excised. Part of the colon 
tissue from each animal was snap frozen for analysis of 
intracellular cGMP and determination of the expression 
of GC-C, PKG-II, p-VASP and b-actin by immunoblot. 

performed prior to staining in a Ventana Benchmark 
XT automated stainer (Tucson, AZ). All buffers and 
washes were per standard XT protocol. For Ki-67 
staining, sections were incubated with Ki-67 primary 
antibody (1:1500 dilution; Vector Laboratories, Inc., 
Burlingame, CA) for one hour at room temperature. 
Negative controls were processed with rabbit IgG at 
approximately the same protein concentration as the 
primary antibody. Staining was detected using a rabbit 
secondary antibody kit (Vector Laboratories, Inc.) 
according to the manufacturer’s instructions. All sections 
were counterstained with lite hematoxylin. Only cells 
with nuclear staining of Ki‑67 were considered positive. 
The number of Ki-67 positive cells in dysplasias (2 
fields/dysplasia, 600 ×) and non-neoplastic colonic 
crypts (20 crypt columns/animal, 600 ×) were counted 
and recorded as a Ki-67 labeling index (number of 
positive cells/total number of cells evaluated). The rate 
of proliferation of each tumor was established and the 
mean rate of all tumors in the treatment group was 
calculated. 

The cellular localization of β-catenin was determined 
using specific polyclonal antibodies (1:4000 dilution; 
Sigma, St Louis, MO). Negative controls were processed 
with rabbit IgG. Staining was detected using a goat 
anti-rabbit secondary antibody kit (Vector Laboratories, 
Inc.) as per the manufacturer’s instructions. Sections 
were counterstained with lite hematoxylin. The number 
of tumor cells with nuclear localization of β-catenin was 
counted and expressed as a percentage of the total 
number of tumor cells per field (400 ×). 

Immunoblotting: One centimeter long colon tissues 
from 6 animals per group were pooled and homo­
genized in RIPA buffer (10 mmol/L Tris, pH 7.2; 150 
mmol/L NaCl, 1% sodium deoxycholate, 1% triton × 
100, 0.1% SDS, 0.1 mmol/L Na3VO4; 50 mmol/L NaF), 
containing a protease inhibitor cocktail (Boehringer 
Mannheim, GmbH, Germany). The homogenate was 
centrifuged at 12000 g for 15 min at 4 ℃ and the 
supernatant was used as crude tissue lysate. The crude 
lysates (approximately 50 g protein) were subjected to 
10% SDS-PAGE under reducing conditions, followed by 
immunoblotting with antibodies specific for β-catenin 
(1:4000 dilution, Sigma), PKG-II (1:200, dilution 
Santa Cruz Biotechnology, Inc., CA), glyceraldehyde 
3‑phosphate dehydrogenase (GAPDH; 1:10000 dilution, 
Ambion), GC-C (1:500, Santa Cruz Biotechnology 
Inc., CA), phospho-VASP and c-myc (1:1000, Cell 
Signaling, MA, United States), cyclin D1 (1:1000, 
Abcam, MA, United States), and β-actin (1:1000, 
Chemicon, CA). Blots were developed using the ECL 
plus Western Blotting Detection System (GE Healthcare, 
Buckinghamshire, United Kingdom) or LiCor blotting 
system. The resulting images were analyzed using the 
FluorChem E system (Cell Biosciences, Santa Clara, CA).

Measurement of cyclic GMP in tissue lysates: Colon 
tissues (1 cm) from 6 animals per group were pooled 
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plecanatide reduced polypoid dysplasias (Figure 2A), 
with a statistically significant reduction (approximately 
40%) observed at a dose of 20 ppm, as compared to 
the control group (P = 0.05). A similar reduction in 
the multiplicity of non-polypoid/flat (P = 0.041) and 
indeterminate (P = 0.05) dysplasias was observed post 
treatment, but only in mice receiving 10 ppm plecanatide 
(Figure 2B and C). Surprisingly, the higher dose of 
plecanatide (20 ppm) did not produce an appreciable 
reduction in the multiplicity of either flat or indeterminate 
colonic dysplasias. A statistically significant reduction (P 
= 0.028) in total colonic dysplasia was observed in mice 
administered 10 ppm of plecanatide in the diet (Figure 
2D). As previously observed with oral UG treatment[13], 
plecanatide also reduced the multiplicity of small 
intestinal tumors (data not shown). Since suppression 
of polyp formation by oral treatment with GC-C agonists 
has now been well-established[13,23], this study focused 
only the effect of orally administered plecanatide on the 
multiplicity of colonic dysplasias. Therefore, subsequent 
analyses were performed on colon tissues from mice 
treated with 10 ppm plecanatide. 

Plecanatide mediated activation of GC-C signaling
Although UG, GN, and other GC-C related agonists are 
known to stimulate production of cGMP via activation 
of GC-C, in epithelial cells lining the GI tract, and cul­
tured T84 and Caco-2 cells[12,24,25], it was of interest 
to evaluate if orally administered plecanatide could 
stimulate cGMP production within the murine colon. 
Acute inflammation was induced in mice as described 
in the Materials and Methods section. Colon tissues (1 
cm piece) from 6 mice within a treatment group were 
pooled, homogenized, and crude lysates were used 
to measure cGMP. A significant reduction in the cGMP 
levels was observed in colon tissues from DSS-treated 
animals as compared to vehicle controls (P = 0.01). 
Oral treatment with plecanatide (2.5 mg/kg) completely 
restored the DSS-mediated reduction in cGMP levels 
(Figure 3A). 

PKG-II, a cGMP-dependent protein kinase, is activat­
ed by cGMP following activation of GC-C by its agonists. 
PKG-II is expressed on epithelial cells lining the GI tract 
and undergoes auto-phosphorylation upon activation of 
GC-C signaling[26]. Colon tissues from mice with DSS-
induced inflammation were homogenized and lysates 
were subjected to immunoblotting with antibodies speci­
fic for phosphorylated-vasodilator‑stimulated phospho­
protein (p-VASP), PKG-II and GC-C (Figure 3B). The 
p-VASP antibody detects only Ser239 phosphorylated 
VASP. Activated PKG-II expression, seen on blots as 
a partially resolved doublet, was considerably higher 
in colon tissues from mice treated with both DSS and 
plecanatide as compared to those treated with only 
DSS. The level of p-VASP was also much higher in colon 
tissues from DSS + plecanatide treated mice as com­
pared to that observed in tissues from DSS treated mice. 
Colonic expression of GC-C was comparable among all 

The remaining tissue was used immediately for explant 
cultures as described below.

Explant culture: Tissues were washed in PBS con
taining 100 units of penicillin, 0.1 mg streptomycin and 
0.25 mg amphotericin B per milliliter (1 x antibiotic and 
anti-mycotic solution; Sigma, St. Louis, MO) and cut 
into 1 cm pieces. Tissue explants were cultured in a 
24-well plate overnight in RPMI 1640 media (Mediatech, 
Manassas, VA) in the absence or presence of 1 μmol/L 
plecanatide at 37 ℃ in a CO2 incubator. After the incu­
bation period, explants were snap frozen and stored for 
analysis of cyclin D1, c-myc and b-actin expression by 
immunoblot.

Cytokine analysis: Expression of select mouse cyto
kines was detected in the spent media of pooled explant 
cultures (n = 6/pool) using a mouse Proteome Profiler 
Panel A kit array panel (R and D Systems, Minneapolis, 
MN). The mean intensities of the dot blots were cal
culated using ImageJ software (NIH). 

Statistical analysis
Wilcoxon 2-sample test and analysis of variance 
(ANOVA) were used to compare differences between 
groups such as body weight, lesion multiplicity, and 
lesion type. Student’s t test was used to evaluate 
differences in cGMP, Ki-67 labeling index, expression of 
total and nuclear β-catenin, cytokines, PKG-II protein, 
UG and GC-C transcript levels. 

RESULTS
Plecanatide reduced inflammation-promoted dysplasia 
in Apc+/Min-FCCC mice 
All experimental treatments were well tolerated. The 
rate of survival was: 91% for mice in the control group, 
83% for mice administered 2 ppm plecanatide, and 
96% for mice receiving diet supplemented with either 
10 or 20 ppm plecanatide. As observed previously in this 
model[22], body weights declined immediately following 
DSS treatment and increased gradually thereafter in all 
groups (Figure 1B). The body weights of mice treated 
with DSS + plecanatide increased more rapidly than 
did those of mice receiving DSS + vehicle. Tissues were 
also scored for the degree of inflammation (data not 
shown). Consistent with our previous experience in this 
animal model, the inflammation scores were generally 
low, most likely due to anticipated resolution of the 
colonic inflammation by the end of the study. 

The effect of plecanatide on the multiplicity of 
polypoid, flat, indeterminate and total colonic dysplasias 
was determined (Figure 2). While the multiplicity of 
all morphological subtypes of colon lesions in mice 
treated with 2 ppm plecanatide did not differ from that 
of controls, a reduction in the multiplicity of each of the 
subtypes of dysplasia was observed in mice treated with 
higher doses of the drug. For example, 10 and 20 ppm 
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proliferative activity, crude lysates of colon tissues from 
mice treated with vehicle, DSS and DSS + plecanatide 
(2.5 mg/kg) were examined by immunoblotting with 
antibodies specific for c-myc and cyclin D1 (markers of 
proliferation) (Figure 4B). Plecanatide reduced levels of 
c-myc and phosphorylated cyclin D1 (slower moving 
band) in colon tissues as compared to treatment with 
either vehicle or DSS alone. Taken together, these 
results suggest that plecanatide reduces proliferation of 
epithelial cells lining the GI mucosa.

A statistically significant reduction in the levels of 
total b‑catenin was observed in colon tissues from 
mice administered 10 ppm plecanatide in the diet 
as compared to control DSS-treated mice. The densi
tometry of the blot is shown in Figure 5A. Consistent 
with our previous report[18], immunohistochemical 
staining revealed membranous localization of β-catenin 
within the non-neoplastic colonic mucosa. Strong 
cytoplasmic and nuclear staining of β‑catenin staining 
was observed in colonic dysplasias from DSS-treated 
mice (panel I, Figure 5B). Treatment with plecanatide 
(10 ppm) reduced nuclear staining of β‑catenin, with a 
concomitant increase in its localization to the membrane 
of neoplastic cells (Figure 5B panel II). The densitometric 
analysis revealed that plecanatide treatment reduced 
β-catenin levels in the nucleus by 41% (P = 0.02) as 
compared to analogous neoplastic regions within the 

cohorts, irrespective of the treatment group (Figure 3B). 
Collectively, these results suggest that GC-C signaling is 
activated in the colon by orally administered plecanatide.
 
Plecanatide reduces proliferation of colonic epithelial 
cells
Immunohistochemical staining of Ki-67 was performed 
using non-neoplastic (normal) and neoplastic mucosa 
from the colons of mice treated with DSS or DSS 
+ plecanatide (10 ppm). As depicted in Figure 4A, 
plecanatide reduced the number of Ki-67 positive 
epithelial cells in both the non-neoplastic and neoplastic 
mucosa. However, the reduction in Ki-67 labeling only 
achieved significance in the neoplastic mucosa (P < 
0.001). Similarly, although the number of caspase-3 
positive cells was increased in both non-neoplastic and 
neoplastic colon tissue, the elevation was significant (P 
= 0.05) only in plecanatide treated non-neoplastic tissue 
(data not shown). It should be noted that endogenous 
UG expression and GC-C signaling-mediated regulation 
of epithelial cell homeostasis is not altered in the normal 
epithelium. In addition, the rate of cell proliferation 
is also much higher in tumor tissue as compared to 
the normal epithelium. Thus, it is possible that oral 
treatment with plecanatide has a more pronounced 
inhibitory effect on proliferation in tumor tissue than 
in the normal epithelium. To further confirm the anti-
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proximal small intestine and proximal colon of animals 
receiving oral plecanatide. A similar increase in UG 
expression was observed in the distal small intestine, 
but did not achieve statistical significance. It should be 
noted that the relative expression of UG is known to be 
extremely low in the distal colon as compared to that 
in the proximal region of the small intestine[24]. Thus, 
accurate quantitative measurement of UG expression in 
the distal colon segment may be compromised by low 
endogenous levels. No appreciable change in relative 
levels of GC-C transcripts was observed in either the 
small intestine or colon following plecanatide treatment 
(Figure 6B). 

Plecanatide downregulates pro-inflammatory cytokines 
in colon explants
Induction of colonic inflammation with DSS is known to 
increase the production of proinflammatory cytokines 

colons of DSS-treated mice (Figure 5B, panel III). 

Plecanatide treatment restores UG expression
Consistent with previous reports that expression of UG 
is reduced dramatically in inflamed tissues from colitic 
mice and in colon biopsies from IBD patients[13,27], 
UG transcript levels were also reduced significantly in 
intestinal tissues following DSS treatment as compared 
to those of vehicle-treated mice (data not shown). Since 
administration of plecanatide reduces GI inflammation[16] 
and the multiplicity of colonic dysplasias in colitic mice, 
it was important to determine if plecanatide treatment 
increased transcript levels of UG and GC‑C following 
amelioration of GI inflammation in intestinal tissues from 
Apc+/Min-FCCC mice. UG and GC‑C expression was deter
mined in the proximal and distal segments of the small 
intestine and colon by quantitative RT-PCR (Figure 6A). 
UG expression was increased significantly within the 
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Figure 4  Effect of plecanatide on markers of proliferation in colonic epithelial cells from Apc+/Min-FCCC mice with dextran sodium sulfate-induced 
inflammation. A: Normal (non-neoplastic) and neoplastic colon tissues from mice treated with DSS only and DSS + plecanatide (10 ppm) were stained with antibodies 
specific for Ki-67. Nuclear staining of Ki-67 (positive) was recorded as a labeling index (number of positive cells/total number of cells evaluated; mean ± SEM). 
Statistical comparisons between DSS control and DSS plus plecanatide-treated groups (n = 7-9 mice per group) were performed using the Student t test. A P value ≤ 
0.05 was considered significant; B: Colon tissue (1 cm) from 6 animals per group was pooled to prepare cell lysates. A representative immunoblot demonstrating the 
effect of plecanatide on expression of c-Myc and cyclin D1 is shown. b-actin was used to normalize protein loading. DSS: Dextran sodium sulfate.
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Figure 5  Total b-catenin expression is reduced within the colon of Apc+/Min-FCCC mice treated with dextran sodium sulfate plus plecanatide. A: Western blot analysis and 
the associated densitometric quantification of levels of total b-catenin expression (mean ± SEM) within the colon; B: Immunohistochemical localization of b-catenin within the colonic 
mucosa. Membranous localization of b-catenin was observed within the normal colonic mucosa irrespective of the treatment group, while cytoplasmic and nuclear b-catenin staining 
predominant in adenomas from DSS-treated mice (panel I). Plecanatide treatment caused a significant reduction in nuclear staining of b-catenin in dysplasias, while the cell membranes 
exhibited enhanced protein localization (panel II). The number of tumor cells with nuclear localization of b-catenin was counted in distal colon tumors (n = 7-9 mice/group) and expressed 
as a percentage of the total number of tumor cells per 400 X field (panel III). Statistical comparisons between DSS control and DSS plus plecanatide-treated groups were performed 
using the Student’s t test. A P value of ≤ 0.05 was considered significant. DSS: Dextran sodium sulfate; GAPDH: Glyceraldehyde 3-phosphate dehydrogenase; .

Figure 6  Effect of plecanatide on expression of uroguanylin and guanylate cyclase-C. The relative levels of UG (A) and GC-C (B) transcripts in the small 
intestine and colon of DSS-treated and DSS + plecanatide treated Apc+/Min-FCCC mice (n = 5-6/group) were determined by quantitative RT-PCR and normalized to those 
of GAPDH in the same sample. Transcript levels are expressed as fold change (mean ± SEM) as compared to control samples treated with only DSS. Student’s t-test 
was used to evaluate statistical differences between DSS control and plecanatide-treated mice. A P value of ≤ 0.05 was considered significant. GC-C: Guanylate 
cyclase-C; UG: Uroguanylin; DSS: Dextran sodium sulfate.
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increased multiplicity of colonic dysplasias and that 
oral treatment with plecanatide produces a statistically 
significant reduction in inflammation-induced dyspla­
sia in these mice. Although the multiplicity of all mor­
phological subtypes of colonic dysplasias was reduced 
in mice exposed to plecanatide, the dose required to 
achieve tumor inhibition varied. For example, plecana
tide reduced the formation of polypoid dysplasias in a 
dose-dependent manner, with an approximate 40% 
reduction observed at 20 ppm. On the other hand, a 
similar magnitude of reduction in the multiplicity of flat 
and indeterminate colonic dysplasias was observed 
at 10 ppm, with no appreciable inhibition recorded at 
a higher dose (20 ppm). The chemopreventive effect 
of NSAIDs and cyclooxygenase-2 inhibitors against 
inflammation-driven colorectal carcinogenesis has been 
evaluated in several animal models including Apc+/Min 
mice. While the reduction in colonic tumors in these 
studies was approximately 50%[29], it is noteworthy that 
the observed approximately 40% reduction in dysplasia 
following plecanatide treatment, is comparable to the 
result obtained from a meta-analysis of 5-ASA in a 
clinical setting (37%-49% reduction in neoplasia)[30]. 
Our results, indicating a differential response of lesion 
types to plecanatide, are consistent with previous 
observations suggesting that flat and polypoid dyspla
sias arise via distinct genetic mechanisms[31,32] and 
respond differently to prophylactic therapies[8]. In 
addition, a differential response of polypoid and flat 
dysplasias to celecoxib (Celebrex®) has also been 
observed[32]. 

The lack of an observed plecanatide dose response 

and growth factors in mice[28]. Thus the effect of ple­
canatide treatment on activation of GC-C signaling 
and on secretion of select pro-inflammatory cytokines, 
chemokines and growth factors was examined in colon 
explants from Apc+/Min-FCCC mice with acute inflammation. 
Consistent with the in vivo results shown in Figure 
3, plecanatide treatment activated GC-C signaling, 
increased cGMP production and restored levels of PKG-
II in colon explants (data not shown), confirming that 
orally administered plecanatide is able to activate 
GC-C signaling within the colon. Next, we determined 
the effect of plecanatide treatment on the secretion 
of cytokines and growth factors in explant cultures of 
colon tissues from mice in the above study. Analysis of 
the supernatant from pooled explant cultures using a 
mouse cytokine array revealed a significant reduction 
in secretion of pro-inflammatory cytokines (IL-1a, IL-6 
and TNFalpha), chemokines (IP-10, MIP-1a, KC and 
CXCL9) and growth factors (GCSF and GMCSF) in DSS 
+ plecanatide treated mice as compared to mice treated 
with DSS alone (Figure 7). These data are consistent 
with the anti-inflammatory activity of plecanatide in 
experimental models of murine colitis[16]. 

DISCUSSION
This is the first study to demonstrate that oral treat
ment with plecanatide reduces the multiplicity of DSS-
promoted colonic dysplasias in mice; a well-established 
model for studying inflammation-associated colorectal 
carcinogenesis[29]. Results presented here demonstrate 
that Apc+/Min-FCCC mice treated with DSS exhibit an 
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in Apc+/Min mice[13] and plecanatide ameliorated colitis 
in mice[16]. It should be noted that the expression of 
UG is reduced significantly in inflamed tissue from 
IBD patients as well as in colon tissue from mice with 
colitis[13,27,39]. These findings suggest that loss of UG 
expression, in the presence of key mutations in the APC 
gene, results in dysregulation of GC-C signaling and in 
downstream activation of the Wnt/β-catenin pathway. 
The resulting transactivation of genes responsible for 
hyperproliferation and anti-apoptotic mechanisms may 
be the quintessential events during the early stages of 
neoplastic transformation in colonocytes. In this context, 
silencing of GC-C signaling is typically associated with 
early loss of APC heterozygosity and subsequent AKT-
mediated inhibition of apoptosis; a potential trigger for 
neoplastic transformation in colonocytes[23,36]. These 
reports also suggest that loss of GC-C signaling could 
be associated with increased susceptibility to intestinal 
carcinogenesis in mice. However, the possibility that 
the observed reduction in polyp formation occurs via 
a non-GC-C mechanism[40] cannot be completely ruled 
out. Transcription of the GC-C gene can be regulated by 
β-catenin/TCF signaling[40]. Interestingly, treatment with 
E.coli ST peptide stimulated duodenal HCO3

- secretion, 
albeit at a reduced level, in GC-C-/- mice[41], suggesting 
the existence of a non-GC-C mechanism, possibly 
involving a UG/ST receptor yet to be identified.

A known human kindred mutation that causes 
altered expression of GC-C and presents clinically as 
bowel dysfunction in Norwegian families has been 
reported[42]. This GC-C “gain-of-function” mutation 
in infants of these families leads to chronic diarrheal 
diseases, often accompanied by electrolyte imbalance, 
dehydration, metabolic acidosis and ileal inflammation. 
Two additional kindred mutations in GUCY2C were 
reported in two unrelated Bedouin families, where 
the “loss-of-function” of GC-C was associated with 
meconium ileus[43]. Although there is no mention of an 
association of these kindred mutations with increased 
susceptibility to colon cancer, deregulated GC-C signaling 
early in life may be the key event that increases 
susceptibility to intestinal inflammation and eventually 
colon cancer. 

The precise cause for downregulation of UG and 
GN and early dysregulation of GC-C signaling during 
inflammation and colon carcinogenesis remains largely 
unexplored. Nevertheless, it is known that the genes 
encoding endogenous GC‑C ligands UG and GN are 
located on chromosome 4 in mice and 1p34-35 in 
humans, a region lost frequently during human colon 
carcinogenesis[44-46]. Our results, albeit preliminary, 
suggest that the level of UG transcripts in the small 
intestine and proximal colon increase following treatment 
with plecanatide. One possible explanation for the 
restoration of UG expression is the mucosal healing 
that eventually follows inhibition of inflammation and/
or colorectal dysplasia. It should be noted that UG 
transcripts levels were measured in intestinal tissue 
samples comprised of both neoplastic and adjacent 

is consistent with the results of several animal studies 
examining the effect of plecanatide and dolcanatide 
(another UG analog) on amelioration of colitis in 
mice[16]. Orally administered plecanatide or dolcanatide 
activates GC-C receptors and produces fluid distention 
only in the duodenum and jejunum[33], suggesting that 
they act primarily in the proximal intestine to stimulate 
fluid secretion. Therefore, a higher dose of plecanatide 
may lead to excess fluid production in the proximal 
intestine, resulting in dilution of the orally administered 
plecanatide prior to reaching the colon segments. It 
should also be noted that plecanatide acts locally by 
binding to GC-C expressed on epithelial cells lining 
the luminal surface of the GI tract and its systemic 
absorption is not needed to produce a pharmacological 
effect. Thus, lack of a dose response could also be 
due to saturation of the GC-C that is available on the 
luminal surface of the GI mucosa. In addition, results 
from animal studies conducted by this group with orally 
administered 5-ASA demonstrate that higher doses 
do not confer greater protection from the formation 
of colitis-associated tumors[8]. Thus, development 
and optimization of a new formulation of plecanatide 
that bypasses the proximal intestine is warranted to 
not only decrease fluid secretion, but also enhance its 
chemoprotective activity. A longer duration of exposure 
to plecanatide would also allow more time for the 
colonic mucosa to heal and could potentially enhance 
chemopreventive response to treatment. 

Activation of GC-C signaling by its ligands is associ­
ated with an increase in cGMP, a decrease in cyclin 
D1, delayed cell cycle progression and reduced DNA 
synthesis[34-36]. Importantly, oral administration of cGMP 
restored crypt proliferative homeostasis and reduced 
proliferation (Ki-67 positive cells) in the crypts, but 
not in the villi of Gucy2c-/- mice[36]. In addition, normal 
functioning of GC-C signaling appears to also regulate 
the balance between proliferation and differentiation 
in the intestinal epithelium[37]. In this context, GC-C 
signaling plays a key role in organizing the crypt-sur­
face axis, restricting the depth of the crypts and the 
number of proliferating cells and regulating the rate of 
cell cycle progression through the G1-S transition[23]. 
Consistent with these findings, UG and E. coli ST inhibit 
the proliferation of T84 and Caco-2 colon carcinoma 
cells[13,14]. Data from the present study demonstrating 
that plecanatide reduced levels of β-catenin, c-myc 
and cyclin D1 as well as nuclear and total β-catenin 
provide further support for these findings. Of relevance, 
treatment with dolcanatide also reduced transcript 
levels of c-myc, cyclin D1 and Birc5 (survivin) in T84 
cells[38]. This study suggests that orally administered 
plecanatide may act via cGMP/GC-C signaling to mediate 
downregulation of Wnt/b-catenin signaling within the 
colon. 

The ability of plecanatide to retard the progression of 
inflammation-associated colorectal neoplasia represents 
an extension of our prior findings, demonstrating that 
oral treatment with UG suppressed polyp formation 
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colon carcinogenesis. 

Innovations and breakthroughs
This is the first report highlighting the therapeutic potential of an orally ad
ministered and mucosally active GC-C agonist for delaying the progression of 
ulcerative colitis to colorectal cancer in humans.

Applications
UG is an endogenous peptide hormone that regulates fluid/ion homeostasis and 
epithelial cell homeostasis and maintains the barrier function within the GI tract. 
Several studies have demonstrated that transcript levels of UG and its related 
peptide guanylin are markedly reduced in inflamed colonic tissues from patients 
with ulcerative colitis and Crohn’s disease, as well as in human colonic polyps 
and tumors. It can be implied from these findings that the pathogenesis of these 
diseases might be associated with a deficiency of UG and GN. Oral therapy 
with plecanatide and other UG analogs could be considered as a replacement 
therapy to overcome the deficiency underlying the etiology of IBD and delay its 
progression to colorectal cancer.

Peer-review
This manuscript is well written and illustrated.
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normal tissue. Since the expression of UG is lost in 
colon polyps and tumors but not in the surrounding 
normal colonic mucosa[13], measurement of UG and 
GC-C transcript levels could be influenced by the 
number of tumors present, the severity of inflammation, 
and the proportion of normal tissue in the sample. A 
more accurate comparative analysis of UG and GC-C 
expression in microdissected inflamed, normal vs tumor 
tissue will be needed in the future. It is known that UG 
is predominantly expressed in the small intestine and 
proximal colon, whereas GN expression is more abundant 
in the colon[24]. An analysis of GN transcript levels in 
colon tissue would be useful to better understand the 
cooperative functions of UG and GN within the colon. 
Another limitation in this study is that expression of UG 
was examined only at the transcriptional level and not 
at the protein level. Antibodies specific for UG are being 
generated currently for immunohistochemical analysis 
of UG expression in normal, inflamed and tumor tissue; 
studies that are anticipated to provide new insight into 
the molecular basis for the disruption of GC-C signaling 
during colon carcinogenesis. 

In summary, results from the present study suggest 
that administering plecanatide to overcome a deficiency 
in endogenous GC-C ligands ameliorates inflammation/
colitis and delays progression to CRC. These findings 
represent a new role for GC-C agonists in the prevention 
of inflammation-associated CRC in humans. Recent 
clinical studies suggest that plecanatide is a safe and 
orally active drug candidate, with promising potential 
for use in the treatment of various GI disorders and 
diseases[47].
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