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   The Notch signaling pathway plays a critical role in preserving HSC self-
renewal and multipotency. Engagement of Notch receptors by Delta-like or
Jagged ligands on neighboring niche cells leads to cleavage and nuclear
translocation of the Notch intracellular domain, initiating transcription of
downstream targets like Hes1. Notch signaling is especially active during fetal
hematopoiesis and in stress hematopoiesis following bone marrow injury, but
evidence suggests it also contributes to the long-term maintenance of adult
HSCs by promoting quiescence and suppressing lineage commitment.
Endothelial cells and osteoblasts in the niche are major sources of Notch
ligands, illustrating the spatial dimension of signal delivery and the
importance of physical proximity in HSC regulation. Wnt signaling, particularly
in its canonical β-catenin-dependent form, has been implicated in the control
of HSC proliferation and lineage fate decisions. Activation of Wnt receptors
on HSCs stabilizes cytoplasmic β-catenin, allowing its nuclear translocation
and activation of target genes involved in stemness. However, the role of Wnt
signaling in the niche is highly context-dependent. Low to moderate Wnt
activity appears to maintain HSC quiescence and support self-renewal,
whereas excessive or prolonged activation may induce HSC exhaustion or
differentiation. The balance of Wnt signaling is tightly regulated by niche-
derived antagonists such as Dkk1 and sFRPs, secreted primarily by
mesenchymal stromal cells, ensuring that HSCs remain responsive without
tipping into hyperproliferative states [3].

   Hedgehog (Hh) signaling, mediated by ligands such as Sonic Hedgehog 

   Hematopoietic Stem Cells (HSCs) reside in a highly specialized and
dynamic microenvironment known as the hematopoietic stem cell niche,
located primarily in the bone marrow. This niche is essential for maintaining
the delicate equilibrium between HSC quiescence, self-renewal, proliferation
anddifferentiation, enabling life-long blood production and immune system
function. The regulatory functions of this niche are orchestrated through a
complex interplay of molecular signaling pathways and cellular interactions,
involving a diverse array of niche constituents such as osteoblasts,
endothelial cells, mesenchymal stromal cells, sympathetic nerves
andhematopoietic progeny. Central to this regulatory network are several
well-characterized signaling pathways, including Notch, Wnt, Hedgehog,
CXCL12-CXCR4, SCF-c-Kit andTGF-β. The crosstalk among these signaling
axes ensures both spatial and temporal control over HSC fate and provides a
flexible framework for adapting to physiological demands or stress conditions
such as infection, hemorrhage, or cytotoxic therapy [1,2].

    In summary, the hematopoietic stem cell niche is governed by a finely tuned
network of molecular signaling pathways that work in concert to regulate HSC
maintenance, quiescence andactivation. Crosstalk between Notch, Wnt,
Hedgehog, CXCL12–CXCR4, SCF–c-Kit andTGF-β signaling enasures that 

(Shh), also contributes to the maintenance of HSC quiescence and
regenerative capacity. In the bone marrow, Hh ligands secreted by stromal
and endothelial cells bind to Patched receptors on HSCs, relieving inhibition
of the Smoothened receptor and allowing the activation of Gli transcription
factors. Although its precise role remains under investigation, Hh signaling
has been associated with enhanced self-renewal in response to
hematopoietic stress andpharmacological manipulation of this pathway has
shown potential in preclinical models of bone marrow failure and leukemia.
The CXCL12–CXCR4 axis is one of the most critical signaling pathways for
anchoring HSCs within the bone marrow niche. CXCL12, also known as
stromal cell-derived factor-1 (SDF-1), is abundantly produced by perivascular
stromal cells and osteoblasts, while CXCR4 is highly expressed on HSCs.
This chemokine–receptor interaction promotes HSC retention in the niche,
maintains quiescence andprotects against apoptosis. Disruption of this axis,
either through genetic deletion or pharmacologic blockade, results in HSC
mobilization to peripheral blood and impaired niche function. Importantly, the
CXCL12–CXCR4 pathway interfaces with other signaling networks such as
SCF-c-Kit and Notch, reinforcing its integrative role in niche communication
[4].

   Stem cell factor (SCF), the ligand for the c-Kit receptor on HSCs, is another
indispensable niche-derived signal. It supports HSC survival and proliferation
and is produced by multiple stromal cell types, including endothelial and
mesenchymal cells. Mice lacking SCF expression in specific niche
compartments exhibit significant reductions in HSC numbers and function,
highlighting the importance of microanatomical sources of cytokines.
Similarly, thrombopoietin (TPO) and its receptor MPL are crucial for
maintaining HSC quiescence and long-term repopulating ability, adding
another layer of soluble factor-mediated regulation within the niche. TGF-β
signaling, often viewed as a negative regulator, enforces HSC quiescence by
inhibiting cell cycle progression and modulating gene expression related to
proliferation and differentiation. TGF-β is secreted by various bone marrow
niche cells and acts through SMAD transcription factors to suppress genes
involved in stem cell activation. Under steady-state conditions, this pathway
ensures HSCs remain in a dormant state, preserving their long-term
regenerative potential. However, during stress or injury, TGF-β signaling is
downregulated, allowing HSCs to proliferate and reconstitute the
hematopoietic system. Importantly, these pathways do not operate in
isolation. Crosstalk between signaling networks is essential for coordinating
niche responses and fine-tuning HSC behavior. For example, Wnt and Notch
pathways synergize to maintain stemness, while CXCL12 signaling
modulates the responsiveness of HSCs to SCF and TGF-β. Moreover, the
bone marrow niche is subject to systemic influences, including circadian
rhythms, metabolic cues andinflammatory signals, which dynamically alter the
balance of these pathways. Neural regulation via sympathetic innervation
further modulates CXCL12 production, influencing HSC mobilization and
niche remodelling [5].
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HSCs can respond appropriately to physiological needs while preserving
their long-term regenerative capacity. Understanding these interactions is not
only fundamental to stem cell biology but also holds profound therapeutic
implications for bone marrow transplantation, regenerative medicine andthe
treatment of hematologic malignancies.
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