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    Wnt signaling plays a pivotal role in maintaining the self-renewal capacity
of ISCs. High Wnt activity is observed at the crypt base, where Lgr5+ stem
cells reside and it diminishes along the crypt-villus axis. Canonical Wnt
signaling, mediated by the binding of Wnt ligands to Frizzled receptors and
LRP co-receptors, leads to the stabilization and nuclear translocation of β-
catenin. In the nucleus, β-catenin associates with TCF/LEF transcription
factors to drive the expression of stemness-associated genes such as Lgr5,
Ascl2 and Sox9. Experimental disruption of Wnt signaling leads to rapid loss
of stem cell identity and collapse of the crypt structure, underscoring its
essential role in ISC maintenance. Paneth cells, which reside adjacent to
Lgr5+ ISCs, serve as a major source of Wnt ligands and also provide other
niche factors such as EGF and Notch ligands, further illustrating the local
integration of multiple pathways in niche function. The Notch signaling
pathway primarily regulates the balance between stem cell proliferation and
differentiation within the crypts. Notch activation occurs through juxtacrine
signaling when ligands such as Delta-Like (Dll) or Jagged proteins bind to
Notch receptors on adjacent cells, resulting in cleavage of the receptor and
release of the Notch Intracellular Domain (NICD). The NICD translocates to
the nucleus and modulates the expression of target genes such as Hes1. In
the intestinal epithelium, Notch signaling is essential for promoting the
absorptive enterocyte lineage while suppressing the secretory lineage,
including goblet, Paneth and enteroendocrine cells. Inhibition of Notch
signaling leads to secretory cell hyperplasia and depletion of the proliferative
stem cell pool. Thus, Notch acts in concert with Wnt to preserve the
undifferentiated state of ISCs and to ensure proper lineage allocation during
epithelial renewal [2,3]. 

   The intestinal epithelium is one of the most rapidly renewing tissues in the
human body, undergoing complete regeneration every few days. This
remarkable turnover is orchestrated by a population of Intestinal Stem Cells
(ISCs) located at the base of the crypts of Lieberkühn. These stem cells give
rise to all differentiated lineages of the intestinal epithelium and are sustained
by a highly specialized microenvironment known as the stem cell niche.
Central to the regulation of this niche are three evolutionarily conserved
signaling pathways: Wnt, Notch and Hedgehog. These pathways coordinate
a complex network of cellular communication that governs stem cell
maintenance, proliferation, differentiation and spatial organization, ensuring
homeostatic balance and tissue integrity. Disruption in any of these signaling
cascades has been implicated in a wide range of gastrointestinal disorders,
including colorectal cancer and inflammatory bowel disease [1].

   In conclusion, the Wnt, Notch and Hedgehog signaling pathways form a
highly integrated network that governs the maintenance and function of the
intestinal stem cell niche. Their coordinated actions ensure the delicate balance
between stem cell renewal, differentiation and epithelial turnover required for
intestinal health. Understanding the molecular crosstalk among these pathways
not only provides insights into fundamental aspects of tissue biology but also
opens avenues for therapeutic targeting in diseases characterized by
dysregulated epithelial regeneration or malignant transformation.

   Hedgehog (Hh) signaling, though not directly active in epithelial cells, plays
an indispensable role in niche regulation through epithelial–mesenchymal
crosstalk. In the intestine, Sonic hedgehog (Shh) and Indian hedgehog (Ihh)
are secreted by differentiated epithelial cells, particularly at the villus tips and
signal to adjacent mesenchymal cells expressing the Patched (Ptch) receptor.
Upon ligand binding, inhibition of the transmembrane protein Smoothened
(Smo) is relieved, leading to activation of Gli transcription factors. Hh signaling
influences the mesenchymal compartment to secrete trophic factors,
extracellular matrix components and morphogens that feedback on the crypts,
indirectly modulating ISC behavior. The gradient of Hh activity from villus to
crypt is thought to contribute to the compartmentalization of proliferation and
differentiation, thereby preserving intestinal architecture. Moreover, Hh
signaling may limit Wnt activity through mesenchymal expression of Wnt
antagonists such as Dkk1 and Sfrp1, thereby preventing ectopic stem cell
proliferation outside the crypts [4].

   The interplay between these pathways is tightly regulated and context-
dependent. For example, Wnt and Notch signaling exhibit synergistic and
sometimes antagonistic interactions in regulating stem cell fate decisions.
Notch-mediated suppression of Atoh1 is essential for inhibiting the secretory
lineage, whereas Wnt promotes expansion of the undifferentiated progenitor
pool. Meanwhile, Hedgehog signaling modulates the expression of Wnt
ligands and inhibitors in the mesenchyme, exerting long-range control over
ISC dynamics. Disruption in this balance can lead to pathological
consequences. Constitutive activation of Wnt signaling, often through APC or
β-catenin mutations, is a hallmark of colorectal cancer, driving uncontrolled
cell proliferation. Similarly, aberrant Notch signaling has been implicated in
tumor initiation and maintenance, while altered Hh signaling can contribute to
stromal remodeling and tumor progression. Emerging research highlights the
plasticity of the intestinal epithelium, wherein differentiated cells can
dedifferentiate and re-enter the stem cell compartment in response to injury.
This regenerative capacity is also governed by reactivation of Wnt and Notch
signaling, indicating that these pathways not only maintain homeostasis but
also orchestrate tissue repair. Furthermore, advances in organoid culture and
single-cell transcriptomics have revealed subpopulations of ISCs and niche
cells with distinct signaling dependencies, adding further complexity to our
understanding of niche biology [5].
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