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Abstract

Colorectal cancer (CRC) remains a leading cause of cancer-related morbidity and mortality worldwide. Emerging
evidence implicates muscarinic acetylcholine receptors, particularly the M3 subtype (M3R), in CRC progression.
M3R activation by acetylcholine and bile acids stimulates oncogenic signaling cascades, including EGFR
transactivation, MAPK/ERK, PI3K/Akt, and matrix metalloproteinase induction. Elevated M3R expression
correlates with poor prognosis, underscoring its potential as a biomarker and therapeutic target. Novel ligands—
including orthosteric antagonists, allosteric modulators, and biased ligands—offer promising strategies to
selectively disrupt tumorigenic signaling. This review synthesizes mechanistic insights, preclinical and clinical
evidence, and translational challenges, highlighting future opportunities for M3R-targeted therapies in CRC.
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Introduction

Colorectal cancer (CRC) remains one of the leading
causes of cancer-related morbidity and mortality
worldwide, accounting for nearly 10% of all cancer
cases and deaths annually. Despite advances in
screening, surgical techniques, and systemic
therapies, CRC continues to pose a significant public
health burden, particularly in developing nations
where late diagnosis is common!?2. The search for
novel molecular targets has therefore become a
priority in oncology research.

Among the diverse signaling pathways implicated in
CRC  progression, muscarinic acetylcholine
receptors (mAChRs) have emerged as intriguing
candidates. These G-protein coupled receptors
(GPCRs) are widely expressed in the gastrointestinal
tract, where they regulate motility, secretion, and
epithelial homeostasis®>*. Of the five muscarinic
receptor subtypes (M1-M5), the M3 receptor (M3R)
has attracted particular attention due to its
overexpression in CRC tissues and its role in
promoting tumor cell proliferation, invasion, and
metastasis>®.

Mechanistic studies have demonstrated that
activation of M3R by endogenous ligands such as
acetylcholine and bile acids stimulates downstream
signaling cascades including EGFR transactivation,
MAPK/ERK, PI3K/Akt, and PKC pathways’®.
These events collectively enhance cell cycle
progression, matrix metalloproteinase expression,
and angiogenesis, thereby facilitating tumor growth
and dissemination’. Importantly,
immunohistochemical analyses have correlated high
M3R expression with poor patient survival,
underscoring its potential as a prognostic
biomarker!'®!!,

The therapeutic relevance of M3R targeting has been
reinforced by preclinical studies employing
selective antagonists and novel ligands. Orthosteric
antagonists such as darifenacin have shown efficacy
in attenuating CRC cell proliferation, while
allosteric modulators and biased ligands are being
explored for their ability to fine-tune receptor
signaling with reduced off-target effects!'>!'%. These
pharmacological strategies highlight the possibility
of exploiting M3R as a druggable target in CRC,
either as monotherapy or in combination with
established chemotherapeutic and
immunotherapeutic regimens!>!6,

Despite these promising findings, several challenges
remain. Muscarinic receptors are ubiquitously
expressed in multiple organ systems, raising
concerns about systemic toxicity and adverse
effects!”. Furthermore, the complexity of GPCR
signaling, including receptor dimerization and
cross-talk with other pathways, necessitates careful
ligand design and validation'8. Addressing these
issues will be critical for translating M3R-targeted
therapies into clinical practice.

In this review, we provide a comprehensive
synthesis of current knowledge on M3R biology in
CRC, highlight advances in ligand development, and
discuss translational opportunities and challenges.
By integrating mechanistic insights with therapeutic
perspectives, we aim to underscore the potential of
M3R as a novel target for CRC treatment.

M3 Receptor Signaling in Colorectal Cancer
Muscarinic acetylcholine receptors (mAChRs) are
G-protein coupled receptors that mediate diverse
physiological functions in the gastrointestinal tract,
including motility, secretion, and epithelial
homeostasis'*?’. Among the five subtypes, the M3
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receptor (M3R) has emerged as a critical regulator
of colorectal cancer (CRC) biology. Its
overexpression in malignant epithelial cells has been
consistently demonstrated in immunohistochemical
and transcriptomic studies, correlating with
advanced disease stage and poor prognosis?!?2.
Ligand Activation and Receptor Overexpression
M3R can be activated by endogenous ligands such
as acetylcholine, which is produced not only by
enteric neurons but also by non-neuronal epithelial
cells®. In addition, bile acids act as unconventional
agonists, stimulating M3R and thereby promoting
CRC cell proliferation’*?*, This dual source of
activation underscores the receptor’s role as a
convergence point for cholinergic and metabolic
signaling in the tumor microenvironment.
Downstream Signaling Pathways

Upon activation, M3R couples primarily to Gq/11
proteins, leading to phospholipase C activation,
inositol  trisphosphate (IP3) generation, and
intracellular calcium mobilization'é. These events
trigger protein kinase C (PKC) activation and
subsequent engagement of mitogen-activated
protein kinase (MAPK/ERK) and phosphoinositide
3-kinase (PI3K)/Akt pathways*®. Collectively, these
cascades enhance cell cycle progression, inhibit
apoptosis, and promote angiogenesis.

A particularly important mechanism involves
transactivation of the epidermal growth factor
receptor (EGFR). Studies have shown that bile
acid-induced M3R activation leads to EGFR
phosphorylation, which in turn drives CRC cell
proliferation and invasion?’?, This cross-talk
between GPCR and receptor tyrosine kinase
signaling  exemplifies the complexity of
M3R-mediated oncogenic pathways.

Matrix Metalloproteinase Induction

M3R activation has also been linked to increased
expression of matrix metalloproteinases (MMPs),
notably MMP-1 and MMP-7%-*, These enzymes
degrade  extracellular  matrix  components,
facilitating tumor invasion and metastasis. The
induction of MMPs by muscarinic agonists provides
a mechanistic explanation for the observed
correlation between M3R expression and aggressive
CRC phenotypes.

Clinical Correlations

Clinical studies have reinforced these mechanistic
insights. High M3R expression in CRC specimens
has been associated with reduced overall survival
and increased recurrence rates®'*2. These findings
suggest that M3R not only contributes to tumor
progression but may also serve as a prognostic
biomarker. Importantly, pharmacological inhibition
of M3R in preclinical models has attenuated tumor
growth, supporting its potential as a therapeutic
target™.

Crosstalk and Complexity

It is noteworthy that M3R signaling does not operate
in isolation. Crosstalk with other muscarinic
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subtypes, receptor dimerization, and interactions
with non-cholinergic pathways add layers of
complexity®*. This underscores the need for
selective ligands capable of modulating M3R
activity without disrupting physiological functions
mediated by other muscarinic receptors.

Novel Ligands Targeting M3R

The therapeutic exploitation of muscarinic
acetylcholine receptors, particularly the M3 subtype,
has gained momentum in recent years as evidence
accumulates regarding their role in colorectal cancer
(CRC) progression®®. Pharmacological targeting of
M3R offers a promising avenue to disrupt oncogenic
signaling cascades, but the development of effective
ligands requires careful consideration of receptor
selectivity, signaling bias, and systemic safety.
Orthosteric Antagonists

Orthosteric  antagonists bind directly to the
acetylcholine binding site, thereby preventing
receptor activation. Classical agents such as
darifenacin and solifenacin, originally developed for
overactive bladder, have demonstrated inhibitory
effects on CRC cell proliferation in preclinical
models®**¥’. These compounds reduce downstream
activation of EGFR and MAPK pathways,
attenuating tumor growth. However, their
widespread muscarinic receptor blockade raises
concerns about off-target effects, including
xerostomia, constipation, and cardiovascular
complications®®,

Allosteric Modulators

Allosteric modulators represent a newer class of
ligands that bind to sites distinct from the orthosteric
pocket, thereby modulating receptor activity without
directly competing with acetylcholine®. Positive
allosteric modulators (PAMs) can enhance receptor
signaling, while negative allosteric modulators
(NAMs) attenuate it. In the context of CRC, NAMs
targeting M3R have shown promise in selectively
dampening oncogenic signaling while preserving
physiological ~ cholinergic  functions*’.  This
selectivity arises from the ability of allosteric
ligands to fine-tune receptor conformation and
downstream signaling bias.

Biased Ligands
The concept of biased agonism has further expanded
therapeutic possibilities. Biased ligands

preferentially activate certain signaling pathways
over others, offering the potential to inhibit
tumorigenic cascades while minimizing adverse
effects’!.  For example, ligands that block
M3R-mediated EGFR transactivation but spare
calcium mobilization could theoretically suppress
CRC progression without impairing normal
gastrointestinal motility*?. Although still largely
experimental, biased ligands represent a frontier in
GPCR pharmacology with significant implications
for oncology.

Preclinical Evidence
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Several studies have demonstrated that selective
inhibition of M3R reduces CRC cell proliferation,
invasion, and metastasis in vitro and in xenograft
models®. Orthosteric antagonists have been shown
to decrease matrix metalloproteinase expression,
while allosteric modulators attenuate  bile
acid-induced EGFR activation**. These findings
support the translational potential of M3R ligands as
adjuncts to conventional chemotherapy and targeted
therapies.

Translational Challenges

Despite encouraging preclinical data, clinical
translation remains limited. The ubiquitous
distribution of muscarinic receptors across multiple
organ systems complicates systemic administration
of M3R antagonists®’. Furthermore, the structural
similarity among receptor subtypes poses challenges
for achieving subtype selectivity. Advances in
computational modeling, structure-based drug
design, and high-throughput screening are expected
to accelerate the identification of ligands with
optimal pharmacological profiles*.

Clinical Evidence

While preclinical studies have provided compelling
evidence for the role of M3 muscarinic receptors
(M3R) in colorectal cancer (CRC), clinical
investigations have further substantiated their
relevance as biomarkers and therapeutic targets.
Immunohistochemical  analyses of  patient
specimens consistently demonstrate elevated M3R
expression in malignant tissues compared to
adjacent normal mucosa***’, This overexpression
has been correlated with advanced tumor stage,
lymph node involvement, and poor overall survival,
suggesting that M3R may serve as a prognostic
indicator in CRC*4,

Prognostic Significance

Several retrospective cohort studies have reported
that patients with high M3R expression exhibit
shorter disease-free survival and increased
recurrence rates following surgical resection. These
findings highlight the potential utility of M3R as a
biomarker for risk stratification. Importantly,
multivariate analyses have confirmed that M3R
expression remains an independent predictor of
outcome even after adjusting for conventional
clinicopathological parameters.

Therapeutic Implications

Clinical correlations have also underscored the
therapeutic  relevance of MB3R  inhibition.
Pharmacological blockade of M3R in ex vivo CRC
tissues has been shown to reduce proliferative
indices and attenuate EGFR phosphorylation. These
observations align with preclinical data and support
the rationale for developing selective M3R
antagonists as adjuncts to standard chemotherapy.
Furthermore, studies have suggested that M3R
expression may predict responsiveness to targeted
therapies, raising the possibility of personalized
treatment strategies.
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Translational Challenges

Despite these promising insights, translation into
clinical practice remains limited. One major
challenge is the wubiquitous distribution of
muscarinic receptors across multiple organ systems,
which complicates systemic administration of

antagonists. Additionally, variability in
immunohistochemical  scoring methods has
hindered the establishment of standardized

diagnostic criteria for M3R expression. Addressing
these methodological issues will be essential for
integrating M3R into routine clinical workflows.
Future Directions

Ongoing clinical trials are beginning to explore
muscarinic receptor modulators in gastrointestinal
malignancies, though data specific to CRC remain
sparse. Advances in ligand design, coupled with
biomarker-driven patient selection, are expected to
accelerate the clinical translation of M3R-targeted
therapies. Ultimately, integrating M3R expression
into precision oncology frameworks could enhance
therapeutic efficacy and improve patient outcomes.
Challenges & Future Perspectives

Despite compelling preclinical and clinical evidence
supporting the role of M3 muscarinic receptors

(M3R) in colorectal cancer (CRC), several
challenges hinder their translation into effective
therapeutic  strategies. These obstacles span

pharmacological, biological, and clinical domains,
underscoring the need for innovative approaches to
harness the full potential of M3R targeting.
Muscarinic receptors are widely distributed across
multiple organ systems, including the central
nervous system, cardiovascular tissue, and smooth
muscle. Consequently, systemic administration of
M3R antagonists risks disrupting physiological
cholinergic functions, leading to adverse effects
such as dry mouth, blurred vision, constipation, and
tachycardia. Achieving subtype selectivity remains a
formidable challenge due to the high degree of
structural homology among muscarinic receptor
subtypes. Future ligand design must therefore
prioritize selectivity to minimize off-target toxicity.
M3R signaling does not occur in isolation. Crosstalk
with other GPCRs, receptor tyrosine kinases, and
intracellular pathways adds layers of complexity that
complicate therapeutic targeting. For example,
M3R-mediated EGFR transactivation amplifies
oncogenic signaling, but simultaneous modulation
of MAPK/ERK and PI3K/Akt pathways introduces
redundancy that may limit the efficacy of
single-agent  therapies. Understanding these
interactions will be critical for designing
combination regimens that maximize therapeutic
benefit.

Although M3R expression has been correlated with
poor prognosis, variability in immunohistochemical
scoring methods has hindered the establishment of
standardized  diagnostic  criteria. = Moreover,
inter-patient heterogeneity in receptor expression
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complicates biomarker development. Advances in
digital pathology and molecular profiling may
enable more precise quantification of M3R
expression, facilitating patient stratification and
personalized therapy.

The integration of M3R-targeted agents with
established CRC therapies represents a promising
avenue. Preclinical studies suggest that M3R
inhibition may enhance the efficacy of
chemotherapy and targeted agents by attenuating
EGFR signaling and reducing tumor invasiveness.
Furthermore, combining M3R antagonists with
immunotherapy could potentially modulate the
tumor microenvironment, improving immune cell
infiltration and antitumor responses. Clinical trials
exploring such combinations will be essential to
validate these hypotheses.

Advances in computational modeling,
structure-based drug design, and high-throughput
screening are expected to accelerate the discovery of
selective M3R ligands. The development of biased
ligands and allosteric = modulators  offers
opportunities to fine-tune receptor signaling,
suppressing oncogenic cascades while preserving
physiological ~ functions.  Additionally,  the
incorporation of M3R expression into precision
oncology frameworks could enable
biomarker-driven patient selection, enhancing
therapeutic  efficacy and reducing toxicity.
Ultimately, the successful translation of
M3R-targeted  therapies  will depend on
multidisciplinary collaboration spanning
pharmacology, oncology, and molecular biology.
Conclusion

Colorectal cancer (CRC) continues to represent a
major global health challenge, with high incidence
and mortality despite advances in screening and
therapy. The identification of novel molecular
targets is therefore critical to improving patient
outcomes. Among these, the M3 muscarinic receptor
(M3R) has emerged as a compelling candidate due
to its consistent overexpression in CRC tissues and
its ability to drive oncogenic signaling cascades.
Mechanistic studies have demonstrated that M3R
activation by acetylcholine and bile acids promotes
proliferation, invasion, and metastasis through
pathways  including EGFR transactivation,
MAPK/ERK, PI3K/Akt, and matrix
metalloproteinase induction. Clinical investigations
further corroborate these findings, linking high M3R
expression to poor survival and increased recurrence
rates. Together, these data underscore the dual role
of M3R as both a biomarker and a therapeutic target
in CRC.

Pharmacological strategies targeting M3R—ranging
from orthosteric antagonists to allosteric modulators
and biased ligands—have shown promise in
preclinical models. These approaches highlight the
potential to selectively disrupt tumorigenic signaling
while minimizing systemic toxicity. However,
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challenges remain, including receptor subtype
selectivity, systemic adverse effects, and signaling
complexity. Addressing these issues will require
advances in ligand design, biomarker development,
and integration with existing therapeutic regimens.
Looking forward, the incorporation of M3R-targeted
therapies into precision oncology frameworks offers
exciting opportunities. Computational modeling,
structure-based drug design, and high-throughput
screening are expected to accelerate the discovery of
selective ligands. Moreover, biomarker-driven
patient stratification could enable personalized
treatment strategies, enhancing efficacy while
reducing toxicity. Ultimately, multidisciplinary
collaboration across pharmacology, oncology, and
molecular biology will be essential to translate M3R
targeting from bench to bedside.
In summary, M3R represents a promising but
complex target in CRC. Continued research into its
biology, ligand development, and clinical
applications will be pivotal in realizing its potential
as a novel therapeutic avenue. By bridging
mechanistic insights with translational strategies,
M3R-focused interventions may  contribute
significantly to the future of CRC management.
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