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Abstract
Colorectal cancer (CRC) is a major cause of cancer-
related mortality and morbidity worldwide. While 
improved treatments have enhanced overall patient 
outcome, disease burden encompassing quality of 
life, cost of care, and patient survival has seen little 
benefit. Consequently, additional advances in CRC 
treatments remain important, with an emphasis on 
preventative measures. Guanylyl cyclase C (GUCY2C), 
a transmembrane receptor expressed on intestinal 
epithelial cells, plays an important role in orchestrating 
intestinal homeostatic mechanisms. These effects 
are mediated by the endogenous hormones guanylin 
(GUCA2A) and uroguanylin (GUCA2B), which bind and 
activate GUCY2C to regulate proliferation, metabolism 
and barrier function in intestine. Recent studies have 
demonstrated a link between GUCY2C silencing and 
intestinal dysfunction, including tumorigenesis. Indeed, 
GUCY2C silencing by the near universal loss of its 
paracrine hormone ligands increases colon cancer 
susceptibility in animals and humans. GUCY2C’s role 
as a tumor suppressor has opened the door to a new 
paradigm for CRC prevention by hormone replacement 
therapy using synthetic hormone analogs, such as 
the FDA-approved oral GUCY2C ligand linaclotide 
(Linzess™). Here we review the known contributions 
of the GUCY2C signaling axis to CRC, and relate them 
to a novel clinical strategy targeting tumor chemo-
prevention.
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Core tip: Guanylyl cyclase C (GUCY2C) is a tissue-
specific transmembrane receptor found in apical mem-
branes of intestinal enterocytes that drives intestinal 
homeostatic mechanisms and opposes colorectal tumo-
rigenesis. The receptor’s endogenous hormone ligands, 
guanylin and uroguanylin, are the most commonly lost 
gene products in colorectal cancer, making GUCY2C 
a potential therapeutic target for tumor prevention 
through hormone replacement therapy.
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INTRODUCTION
Colorectal cancer (CRC) is the fourth most common 
cancer in the United States and the second-leading 
cause of cancer-associated death[1,2]. It is estimated 
that approximately one million new cases of CRC will 
occur in 2016, and approximately 600000 people will 
succumb to the disease worldwide[2,3]. CRC incidence 
and mortality rates have experienced a continuous 
decline over the past few decades, specifically due to 
marginal improvements in treatment[4], awareness of 
CRC risk-factors[3], and routine early detection scree-
ning[5]. However, the high prevalence of adenomatous 
polyp diagnoses despite the growth in screening 
awareness have led to persistently high morbidity and 
mortality rates for CRC, demonstrating the continual 
clinical need for improved CRC prevention and treatment 
strategies. Currently, CRC prognosis is dependent upon 
disease stage, with primary treatment for localized 
disease resulting in complete surgical resection of the 
tumor. Although surgery has contributed to a 5 year 
survival rate of greater than 65%, disease reoccurrence 
has been reported in nearly 50% of CRC patients[6,7]. 
With nearly one fourth of patients presenting with 
metastatic disease, it is crucial to develop highly 
effective therapies targeted towards earlier prevention 
and treatment that slows disease initiation and pro-
gression[4,8].

Colorectal tumorigenesis is widely accepted as 
a disease of both sporadic and inherited genomic 
instability resulting in three forms of CRC: (1) micro-
satellite instability (MSI); (2) chromosomal instability 
[CIN; i.e., the activation of oncogenes (K-ras) and 
inactivation of tumor suppressors (adenomatous 

polyposis coli, APC; p53)]; and (3) chromosomal 
translocations[9-12]. Apart from oncogenomic risk 
factors leading to CRC, recent work suggests that 
loss of the guanylyl cyclase C (GUCY2C) signaling 
cascade contributes to CRC susceptibility[13-15]. In an 
effect preserved across species, CRC is associated 
with a near universal loss of the GUCY2C hormone 
ligands guanylin and uroguanylin, disrupting intestinal 
homeostasis and initiating disease progression[14,16-21]. 
While the processes by which these hormone ligands 
are suppressed in CRC remain unknown, they are 
of great interest to better understand mechanisms 
of tumorigenesis. This emerging role of GUCY2C as 
a tumor suppressor in the intestine, whose loss of 
signaling is the result of a hormone deficiency, provides 
a unique opportunity to reactivate GUCY2C signaling 
through hormone replacement therapy[15]. This review 
highlights recent insights in the GUCY2C-hormone 
signaling axis, its relation to the previously defined 
hallmarks of CRC, and its potential as a preventative 
treatment option.

GENETIC PATHWAYS FOR CRC
Sporadic CRC arises predominantly through a characte-
ristic accumulation of acquired somatic mutations over 
decades, leading to cellular transformation, subsequent 
adenoma formation, and ultimately malignancy[9,22,23]. 
Hereditary CRC, despite comprising a only 15%-30% 
of all CRC cases, have helped provide insight into this 
stepwise accumulation of mutations implicated in the 
pathogenesis of sporadic CRC[24].

Almost all inherited colorectal syndromes are 
categorized either as familial adenomatous polyposis 
(FAP) or hereditary nonpolyposis CRC (HNPCC)[25]. In 
FAP, individuals possess an inactivating mutation in the 
adenomatous polyposis coli (APC) gene. Over time, 
sporadic mutations to the remaining APC gene result 
in cells with complete loss of APC function. These cells 
then expand to generate adenomas, some of which 
then progress to malignant adenocarcinoma. The APC 
protein functions as an essential regulatory element in 
the canonical Wnt signaling pathway, preventing the 
accumulation of oncogenic β-catenin by promoting its 
degradation. In the absence of functional APC, β-catenin 
accumulates and translocates to the nucleus, where 
it acts as a cofactor for the oncogenic heterodimer 
transcription factor TCF/LEF[26]. This heterodimer 
increases transcription of genes involved in cell proli-
feration and growth, including the proto-oncogenes 
c-MYC and CCND1 (cyclin D1)[26]. The loss of functional 
APC is a key event for adenoma initiation, as it occurs 
early in the morphogenesis model of CRC[22].

Alternatively, HNPCC arises from mutations to a 
protein complex responsible for DNA mismatch repair 
(MMR)[24,27]. This complex, which is conserved across 
biological kingdoms, recognizes and binds mismatched 
DNA, then excises and repairs the error. Mutations 
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in MMR genes, like MSH2 and MLH1, increase the 
accumulation of additional DNA mutations, leading 
to increased genomic instability, particularly in mic-
rosatellites[27]. Although mutations in MMR genes are 
relatively uncommon in sporadic CRC, MSI still occurs 
in approximately 10%-15% of cases, indicating that 
genomic instability and inadequate DNA repair play 
important roles in CRC development[25,27].

INTESTINAL HOMEOSTATIC 
MAINTENANCE BY THE GUCY2C 
SIGNALING AXIS
GUCY2C is one of several mammalian transmembrane 
guanylyl cyclase receptors that react to extracellular 
signals present in the microenvironment[16,28]. GUCY2C 
is predominantly expressed on apical brush border 
membranes of intestinal enterocytes, transducing 
extracellular peptide signals in the gut lumen into 
intracellular signaling cascades required for normal 
intestinal physiology[16,29]. GUCY2C was originally 
identified as an orphan receptor for the bacterial heat-
stable enterotoxin, STa, produced by a number of 
enteric bacteria including enterotoxigenic Escherichia 
coli (ETEC)[30]. STa functions as a GUCY2C agonist, 
inducing a signaling cascade that causes excess-
ive fluid and electrolyte secretion into the intestinal 
lumen, which manifests clinically as enterotoxigenic 
“traveler’s” diarrhea[31]. Interaction of STa with the 
GUCY2C extracellular ligand-binding domain activates its 
cytoplasmic catalytic domain, driving the conversion of 
GTP to cyclic guanosine monophosphate (cGMP)[16,28,29]. 
Intracellular cGMP then operates as a second messe-
nger for downstream signaling, specifically activating 
cGMP-dependent protein kinase Ⅱ, which then phos-
phorylates and activates the cystic fibrosis conductance 
regulator (CFTR). Activation of CFTR induces chloride 
secretion into the intestinal lumen, generating an 
electrochemical gradient that drives sodium into the gut 
lumen. Combined with cGMP-induced inhibition of the 
sodium-hydrogen exchanger (NHE3), CFTR activation 
elevates extracellular solute concentration to generate 
an osmotic gradient resulting in fluid accumulation in 
the lumen[16,28,29].

To date, two novel mutations in GUCY2C that affect 
gastrointestinal motility have been identified. The first, 
an autosomal dominant “gain of function” mutation in a 
Norwegian family, reflected a non-synonymous mutation 
resulting in the substitution of serine for isoleucine 
at residue 840 of the GUCY2C catalytic domain. This 
mutation increased ligand-dependent cGMP production 
which manifested clinically as chronic diarrhea and 
increased susceptibility to inflammatory bowel disease 
(IBD)[28,32,33]. Separately, two autosomal recessive 
inactivating GUCY2C mutations were discovered in 
two Bedouin families which reduced GUCY2C function 
leading to neonatal meconium ileus[28,34].

Exogenous STa is a molecular mimic of two 

endogenous peptide ligands, which also function as 
GUCY2C agonists. These ligands, guanylin (GUCA2A) 
and uroguanylin (GUCA2B), both expressed in gut 
epithelial cells[15,35,36], act locally as autocrine and 
paracrine hormones to regulate GUCY2C signaling and 
fluid and electrolyte homeostasis[28,31]. Additionally, 
uroguanylin acts as an endocrine hormone, secreted 
into the systemic circulation postprandially to activate 
hypothalamic GUCY2C and induce satiety[37-39]. Although 
GUCY2C signaling is utilized by bacteria to induce 
pathogenic diarrhea, several important characteristics 
differentiate endogenous guanylin and uroguanylin 
from exogenous STa. First, guanylin and uroguanylin 
have 10- to 100-fold lower affinities for GUCY2C 
than STa. Further, unlike STa, which contains three 
disulfide bonds, guanylin and uroguanylin contain only 
two disulfide bonds, increasing their susceptibility to 
proteolytic degradation in the gut lumen in comparison 
to STs[16,35].

The cellular sources of these intestinal peptides 
in both rodents and humans have been explored. 
Seminal studies utilizing custom antibodies described 
guanylin protein expression as confined to mature 
goblet cells throughout the rat small intestine and 
colon, as well as the columnar epithelial cells of the 
colon[40]. These data were supported by Brenna et al[41], 
which utilized in situ hybridization to identify guanylin 
mRNA expression in rat and human goblet cells and 
colonocytes. Guanylin mRNA also was enriched in both 
the rat and human duodenum, however cell-specific 
guanylin expression differed between species[41]. 
Immunohistochemistry first identified uroguanylin 
protein expression in rat proximal small intestine, 
with enrichment in enterochromaffin cells (EC)[42]. In 
contrast, in situ hybridization experiments by Brenna 
et al[41] did not detect uroguanylin mRNA expression in 
cells co-expressing CHGA, a marker for EC, in either 
rat or human intestine. Although this study further 
supported localized expression of uroguanylin in rat 
and human proximal small intestine, specifically the 
duodenum, the precise cellular origin of uroguanylin 
remains incompletely defined.

GUCY2C SIGNALING AXIS AND CRC
In addition to its role in the regulation of fluid and 
electrolyte balance, GUCY2C also serves a protective role 
against colorectal tumorigenesis[43,44]. The mammalian 
intestinal tract is lined with differentiated columnar 
cells derived from progenitor cells that differentiate 
during their progression along the crypt-villus unit[45,46]. 
The inner lining of the intestine is one of the most 
rapidly renewing tissues in the human body, with the 
entire epithelial surface turning over every 4-5 d[47]. 
Consequently, the intestine must coordinate a delicate 
balance between cell proliferation, differentiation, 
migration and apoptosis to prevent tumorigenesis[46-48]. 
GUCY2C, expressed in all cells lining the small intestine 
and colon, helps maintain this delicate balance. In mice 
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precursors to CRC, when treated with the mutagen 
MNU compared to Gucy2c+/+ mice[17]. Because both of 
these models rely on DNA damage to induce tumor 
formation, these findings suggest that GUCY2C 
signaling improves genomic stability. Indeed this was 
the case, as Gucy2c-/- mice displayed increased DNA 
damage, measured by γ-H2AX, as well as an 8-fold 
increase in tumors with loss of heterozygosity of the 
Apc gene in ApcMin mice[18]. Taken together, these 
data demonstrate disruption of GUCY2C signaling is 
associated with genomic instability in the intestine that 
potentiates tumor initiation and growth.

Proliferation
The regenerating epithelium requires a reservoir of 
cells undergoing continuous cycles of proliferation 
in order to preserve intestinal functions[56], while 
tight control of this proliferation is required in order 
to oppose tumorigenesis. Loss of GUCY2C function 
leads to dysregulated cell cycle progression[17,18], as 
well as expansion of the proliferative compartment[20]. 
Further, Gucy2c-/- mice have upregulated expression 
or activation of oncogenes that promote proliferation, 
such as cyclin D1, pRb, β-catenin, and phosphorylated 
AKT (pAKT), as well as a decreased expression of 
tumor suppressors such as p27 and p21[17,20]. In CRC 
cells, silencing GUCY2C promotes pAKT-mediated 
secretion of tumor growth factor beta (TGF-β), resulting 
in increased hepatocyte growth factor expression by 
submucosal fibroblasts, which feeds back to produce 
epithelial cMET signaling, an important driver of CRC 
proliferation[57].

Reprogrammed Metabolism
Loss of GUCY2C signaling is also associated with 
metabolic reprogramming to a more glycolytic 
phenotype, an effect seen in many tumor types. For 
example, silencing GUCY2C increases expression of 
proteins associated with glucose transport (glucose 
transporter 1), glycolysis (hexokinase Ⅱ), fatty 
acid synthesis (acetylCoA carboxylase) and lactate 
production, all of which are characteristic of the 
Warburg metabolic phenotype[20]. Mechanistically, 
these effects appear to be mediated by GUCY2C-
mediated inhibition of AKT, as constitutively active 
AKT eliminated the effects of GUCY2C activation and 
promoted a metabolic phenotype synonymous with 
the Warburg effect[20].

The enhanced cell cycle progression, metabolic 
reprogramming and increased oncogenic signaling in 
Gucy2c-/- mice also exists in human colon tumors[12]. 
Importantly, loss of guanylin and uroguanylin occurs 
early in the progression of CRC, as would be expected 
in tumors mediated by impaired GUCY2C signaling. In 
fact, guanylin loss frequently accompanies APC loss 
in pre-malignant adenomas[58]. While guanylin and 
uroguanylin expression is lost by nearly all colorectal 
tumors, the precise mechanisms mediating that loss, 

lacking GUCY2C (Gucy2c-/-) this disrupted homeostasis 
manifests as an increase in proliferative cells, poorly 
developed differentiated compartments, accelerated cell 
cycle, and increased crypt depth, ultimately increasing 
the risk of tumorigenesis[31].

These observations suggest that events that 
impair GUCY2C signaling, such as loss of receptor or 
hormone expression, should similarly increase the risk 
of tumorigenesis, and this is indeed the case. In that 
context, several conditions associated with CRC, such 
as IBD[32,49,50] and obesity, silence GUCY2C signaling 
prior to overt tumorigenesis, re-enforcing the possibility 
that silenced GUCY2C mediates the pathogenesis of 
tumor initiation and progression[51,52]. Importantly, in 
both of these cases, GUCY2C silencing is mediated by 
impaired ligand expression rather than loss of GUCY2C, 
providing a potential therapeutic target in CRC. 
Conversely, epidemiological observations revealed 
that areas of endemic ETEC, in which inhabitants are 
chronically colonized with STa-producing organisms, 
have lower rates of CRC than geographic regions free 
of ETEC infections[16]. These observations, coupled 
with the observation that guanylin and uroguanylin 
are universally lost along the CRC pathophysiological 
continuum, strongly suggest a role for GUCY2C as a 
tumor suppressor[33,43,53].

Inflammation
Chronic intestinal inflammation, such as in IBD, is a 
well-known risk factor for CRC[32,49,50]. Gucy2c-/- mice 
demonstrate increased susceptibility to dextran sodium 
sulfate (DSS)-induced colitis[21], 2,4,6-trinitrobenzene 
sulfonic acid-induced colitis[52], as well as lipopoly-
saccharide-induced intestinal injury[54], while transgenic 
overexpression of guanylin (Guca2a+) renders mice 
resistant to DSS-induced colitis[21]. Mechanistically, 
this effect appears to be mediated at least in part by 
maintaining intestinal epithelial integrity and barrier 
function[21,48,49,54,55], since Gucy2c-/- mice have reduced 
expression of proteins associated with tight-junction 
integral proteins, such as occludin, claudin 2, claudin 4, 
and JAM-A[21,54]. Further, humans with IBD demonstrate 
significant decreases in guanylin, uroguanylin, and 
GUCY2C mRNA[51,52]. Additionally, loss of these proteins 
has been linked with increased severity of IBD in 
patients[51]. Together, these data suggest that GUCY2C 
signaling protects against chronic inflammation, and 
may play a critical role in inflammation-induced CRC.

Genomic stability and tumorigenesis
In addition to its anti-inflammatory effect, GUCY2C 
also helps maintain genomic integrity in the intestine, 
in both genetic (ApcMin/+) as well as carcinogen [azoxy-
methane (AOM)]-induced mouse models of CRC[18]. In 
both models, Gucy2c-/- mice exhibited higher rates of 
tumorigenesis compared to mice with intact GUCY2C 
signaling[18]. In addition, impaired GUCY2C signaling 
resulted in increased aberrant crypt foci, the earliest 
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and the association of those mechanisms with the 
different etiologies of CRC (e.g., APC mutation, MSI, 
CIN) remain to be defined. Nevertheless, accumulated 
evidence suggests a paradigm whereby loss of GUCY2C 
signaling represents a pivotal step in the progression 
of most colorectal tumors which, in turn, provides a 
potential therapeutic target for cancer prevention and/
or treatment by GUCY2C hormone ligand replacement 
therapy.

TARGETED GUCY2C HORMONE 
THERAPY
Hormone deficiencies underlie a number of debilitating 
human diseases, including diabetes, thyroid disorders, 
and more recently CRC[13]: Guanylin is significantly 
decreased (100- to 1000 fold) in nearly 90% of all CRC 
tumors colorectal tumors when compared to adjacent 
normal mucosa[43]. The observation of a loss of guanylin 
expression in human colorectal tumors coupled with 
the potentiation of tumorigenesis observed in GUCY2C 
knockout mice supports a hypothesis suggesting that 
CRC initiates as a disease of hormone insufficiency 
and offers the possibility of a new paradigm for CRC 
treatment[13,44,59]. Importantly, although loss of the 
GUCY2C ligands guanylin and uroguanylin occur early 
in tumor development, GUCY2C receptor expression 
persists in CRC[60-62]. This suggests that the receptor is 
latent and that signaling can be reconstituted by ligand 
supplementation similar to other diseases of hormone 
deficiency in which reactivation of signaling using 

synthetic ligand analogs have been therapeutic (Figure 1).
The feasibility of this prevention paradigm is 

underscored by the development and FDA-approval 
of linaclotide (Lizness™). Leveraging GUCY2C’s estab-
lished secretory function, linaclotide was developed 
as an oral therapeutic for patients with constipation-
type irritable bowel syndrome[32,63]. Linaclotide is a 
synthetic 14-amino acid peptide that shares stru-
ctural homology with the guanylin peptide family[64]. 
Linaclotide’s mechanism of action mimics the canonical 
GUCY2C signaling pathway by binding and activating 
the mucosal receptor to produce cGMP, supporting its 
utilization as a clinical therapeutic to re-establish the 
GUCY2C signaling axis that is lost in CRC[65]. The use of 
linaclotide to prevent CRC also has been implicated in a 
number of studies examining the protective functions of 
GUCY2C signaling. In human CRC cell lines and mice, 
treatment with ST and cGMP derivatives reduced the 
rate of cell division by increasing endogenous cell cycle 
inhibitors and decreasing cell cycle drivers previously 
discussed[17-21,35]. ST treatment also improved the 
intestinal hyper-permeability found in Gucy2c-/- mice, 
a phenotype associated with loss of barrier function 
and susceptibility to intestinal injury, by reconstituting 
the expression of several tight junction integral 
proteins[21,54]. Moreover, oral uroguanylin reduced polyp 
formation in ApcMin/+ mice[66]. Interestingly, a more 
recent study investigating the molecular mechanisms 
associated with diet-induced obesity observed that 
wild-type mice on a high-fat or high-calorie diet had 
increased levels of tumorigenesis to the same extent 
observed in Gucy2c-/- mice[19]. These mice exhibited 
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Figure 1  Guanylyl cyclase C receptor signaling, silencing, and reactivation. Ligand-mediated (guanylin and uroguanylin) activation of GUCY2C in the intestinal 
epithelial cell leads to accumulation of cGMP. This results in the maintenance of homeostatic mechanism, including regulated proliferation, barrier integrity, and 
proper cellular metabolism. Silencing of GUCY2C signaling by loss of hormone ligands leads to changes including increased glycolysis, increased proliferation, and 
a leaky intestinal barrier, all associated with colorectal tumorigenesis. These tumorigenic pathways potentially can be regulated with hormone replacement by oral 
supplementation with the analog linaclotide which restores GUCY2C signaling to re-establish homeostasis. GUCY2C: Guanylyl cyclase C; cGMP: Cyclic guanosine 
monophosphate.
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diet-induced guanylin loss that recapitulated the 
silencing of GUCY2C found in colorectal tumors as 
these mice showed elevated p-AKT, cyclin D1, and 
β -catenin[19]. This study used a mouse model of 
intestinal transgenic guanylin expression (VilGuca2a+) 
to significantly reduce colon tumorigenesis induced by 
high-fat diet and AOM[19], providing a genetic proof of 
concept for guanylin replacement in the prevention of 
CRC. In this context, oral administration of GUCY2C 
ligands has the capacity to prevent the molecular 
pathology associated with CRC, thus allowing for its 
translatability into the clinic.

CONCLUSION
CRC is widely accepted as disease of acquired se-
quential mutations leading to genomic instability 
and loss of epithelial integrity. However, the initiating 
events of epithelial transformation that give rise to 
the driving genetic mutations of CRC remain elusive. 
The GUCY2C signaling axis is thought to contribute to 
tumor initiation as its universal silencing by loss of its 
hormone ligands results in increased DNA damage, 
increased cell cycle progression, AKT activation, and 
deregulation of metabolic processes, which invaria-
bly potentiates tumor growth. The loss of GUCY2C 
hormones highlights CRC as a potential disease of 
paracrine hormone-insufficiency. Direct targeting of the 
GUCY2C pathway by hormone replacement therapy 
might restore homeostatic mechanisms required for 
normal intestinal function and potentially prevent CRC. 
The feasibility of hormone replacement therapy in 
the prevention and treatment of CRC is underscored 
by the development of the FDA-approved GUCY2C 
ligand linaclotide (Linzess™), which can be orally 
administered to patients to restore GUCY2C activation. 
Other GUCY2C-specific peptide compounds currently 
are being developed, which will broaden the horizons 
of hormone replacement therapy for a number of 
gastrointestinal diseases, and could impact the way 
CRC is treated in the future. Thus, the paracrine-
hormone hypothesis proposes a shift in paradigm for 
CRC development from irreversible genetic mutations 
to reversible signaling mechanisms that can be 
managed through oral hormone replacement therapy.
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