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A B S T R A C T

Key signaling pathways within the Bone Marrow Microenvironment (BMM), such as Notch, 
Phosphoinositide-Specific Phospholipase C (PI-PLCs), Transforming Growth Factor β (TGF-β), and 
Nuclear Factor Kappa B (NF-κB), play a vital role in the progression of Myelodysplastic Neoplasms 
(MDS). Among the various BMM cell types, Mesenchymal Stromal Cells (MSCs) are particularly 
central to these pathways. While these signaling routes can independently affect both MSCs and 
Hematopoietic Stem Cells (HSCs), they most importantly alter the dynamics of their interactions, 
leading to abnormal changes in survival, differentiation, and quiescence. Notch and PI-PLC 
signaling facilitate intercellular communication, TGF-β promotes quiescence and suppresses he
matopoiesis, and NF-κB-driven inflammatory responses foster an environment detrimental to 
normal hematopoiesis. This review highlights the role of these pathways within the MDS 
microenvironment, driving the development and progression of the disease and paving the way 
for new possible therapeutic strategies.

1. Introduction

The bone marrow microenvironment (BMM) is the specialized and complex network of cells, extracellular matrix (ECM) com
ponents, and signaling molecules that support hematopoiesis. It plays a crucial role in the main signaling pathways concerning pro
liferation, survival and differentiation of hematopoietic cells (Kwon et al., 2024) additionally to inflammation and immune response 
(Zhao et al., 2021). We can distinguish many cell types in the BMM. One of the key components of the BMM are mesenchymal stromal 
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cells (MSCs), which produce signaling molecules that regulate hematopoietic stem cells (HSCs) maintenance and differentiation, and 
have the ability to differentiate into various other components: osteoblasts, which create a supportive microenvironment for HSCs by 
secreting factors that promote their survival and proliferation; adipocytes, which influence hematopoiesis by modifying the local 
microenvironment; and fibroblasts, which produce ECM components and cytokines, thereby contributing to the structural integrity of 
the bone marrow and facilitating cell signaling and communication. Other important cell types within the BMM include endothelial 
cells, which facilitate the exchange of nutrients and signals between the bloodstream and the marrow, as well as immune cells such as 
macrophages, which, despite primarily belonging to the hematopoietic compartment, can also have stromal functions and contribute 
to the regulation of the BMM (Galán-Díez et al., 2018).

Myelodysplastic Neoplasms (MDS) are a heterogenous group of diseases characterized by ineffective hematopoiesis, peripheral 
cytopenias and risk of progression to acute myeloid leukemia (AML) (Karel et al., 2024). They are characterized by dysregulated 
proliferation (Mestrum et al., 2021), differentiation (Shastri et al., 2017) and immune response (Zhang et al., 2023). As the BMM has 
been described to have a crucial role in determining these processes, MDS could be characterized by altered BMM signaling pathways. 
This review aims to explore these signaling pathways, mainly focusing on the role of the mesenchymal component of the BMM.

2. Notch signaling pathway

In humans, the Notch signaling pathway relies on four receptors (NOTCH1, NOTCH2, NOTCH3, and NOTCH4) and five ligands 
[delta-like ligand 1 (DLL1), delta-like ligand 3 (DLL3), delta-like ligand 4 (DLL4), Jagged-1 (JAG1), and Jagged-2 (JAG2)], both of 
which are represented by transmembrane proteins. The canonical NOTCH signaling pathway has no intermediate, with receptors 
directly translocated into the nucleus after three cleavages, the second of which is triggered by interactions with ligands expressed on 
adjacent cells (Zhou et al., 2022). With both ligands and receptors as transmembrane proteins located on the cell surface, the Notch 
signaling pathway is particularly well-suited for facilitating communication between HSCs and their niche, as it necessitates direct 
cell-to-cell contact for activation.

The Notch ligands and receptors have been reported to be expressed on different cell types residing in the bone marrow niche. A 
recent study explored the role of DLK1 in the homeostasis of HSCs by creating conditional DLK1 knockout mice (Huang et al., 2023). 
This knockout led to reduced Notch signaling and increased metabolic activity in HSCs, including enhanced glucose uptake, ribosomal 
translation, mitochondrial metabolism, and reactive oxygen species (ROS) production, which ultimately impaired HSCs function. 
Reactivating Notch signaling in the context of DLK1 knock out decreased mitochondrial activity and ROS production, thereby restoring 
the frequency and absolute number of HSCs (Huang et al., 2023). DLK1 expression in the HSCs population, and in particular, the 
correlated normal Notch signaling, seems to be essential for physiological HSCs functions and number.

Another study highlighted DLK1 expression and importance even in the MSCs counterpart. They specifically investigated DLK1 
gene expression by qPCR in MSCs isolated from MDS and AML patients compared to MSCs isolated from healthy donors. Results 
showed a DLK1 decrease in pathological MSCs compared to control ones (Weickert et al., 2021). This different expression highlights 
the presence of an abnormal DLK1 expression in MSCs from MDS patients, probably suggesting its relevance in determining or sus
taining MDS pathology, even though the exact consequences have not been investigated yet and subsequent experiments are needed to 
explore them. In support of these data, a recent analysis of the mutational spectrum in MDS patients found a NOTCH1 mutation in 
high-risk MDS patients (Xu et al., 2017), while another investigation demonstrated the three-fold decrease in the expression of 
NOTCH3 in MSCs from MDS patients compared to those isolated from control samples (Abbas et al., 2019). These studies highlight that 
the dysregulation of the Notch signaling pathway involves not only the aberrant expression of its ligands but also disruptions in the 
activity of the Notch receptors themselves, suggesting a comprehensive breakdown across the entire pathway (Fig. 1).

Fig. 1. Role of Notch, PLCs, TGF-β, and NF-κB in BM-MSCs and HSCs in MDS Patients. In MDS patients, Notch signaling shows decreased DLK1 and 
NOTCH3 in MSCs, while HSCs present a NOTCH1 deletion. Knock-out of DLK1 in mice impacts HSC number and function. In PLC signaling, MDS 
patients have a monoallelic deletion and low expression of PLCB1 and PLCG1, with PLCB1 expression improving post-Azacytidine treatment and 
correlating with prognosis. In the ST2 MSC line, PLCG1 knock-out induces adipogenesis, and PLCG2 knock-out inhibits osteogenesis. TGF-β levels 
are elevated in both MSCs and HSCs. NF-κB activation is increased in HSCs of high-risk patients and MSCs of low-risk patients.
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3. Phosphoinositides signaling pathway

PI-PLCs family of enzymes includes 13 isoforms classified into six distinct families: PI-PLCβ (1–4), PI-PLCγ (1–2), PI-PLCδ (1, 3, 4), 
PI-PLCε, PI-PLCζ, and PI-PLCη (1–2). These enzymes play a vital role in catalyzing the breakdown of phosphatidylinositol 4,5-bisphos
phate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG), which serve as second messengers, with IP3 promoting 
the release of calcium ions within cells and both molecules jointly activating protein kinase C (PKC). This mechanism is crucial for the 
regulation of various signaling pathways within the cell (Casalin et al., 2024) (Martelli et al., 1991).

Multiple studies highlighted the relevance of PI-PLCs in MDS. One of the phospholipase C isoforms that has shown significant 
results is PI-PLC-β1, namely the one located in the nucleus (Faenza, 2008) (Follo et al., 2006) (Zini et al., 1993). An analysis of 80 cases 
of MDS using fluorescence in situ hybridization (FISH) revealed that 43.75% of the patients exhibited a monoallelic deletion of the 
PLCB1 gene located on chromosome 20p12. Interestingly, this monoallelic deletion has been shown to correlate with adverse clinical 
outcomes and an increased risk of AML development in both high- and low-risk MDS patients (Follo et al., 2009a). Additionally, 
PI-PLC-β1 is a specific molecular target of Azacytidine (AZA), an epigenetic treatment used for MDS patients. It has been shown that 
both high-risk and low-risk MDS patients who had a positive response to AZA treatment exhibited an early increase in the expression 
levels of nuclear PLC-β1, accompanied by a reduction in the methylation of the PLC-β1 promoter and an induction of normal myeloid 
differentiation (Follo et al., 2009b). PLC-γ1 as well has been found to be implicated in MDS. A recent study found indeed that PLCG1 
expression is significantly reduced in MDS patients both with and without del(20q), suggesting that this reduction is a common 
molecular alteration associated with the disease. Furthermore, lower levels of PLCG1 expression correlate with poorer overall survival, 
indicating that PLCG1 serves as an independent prognostic factor for MDS (Shiseki et al., 2020). These results underscore the 
importance of PI-PLC expression in hematopoietic cells, emphasizing how their dysregulation can influence the progression of MDS.

At present, there are very few to no studies specifically investigating the role of PI-PLCs in bone marrow microenvironment cells. 
Additionally, the limited research available examines these cells in isolation, without addressing their interactions with HSCs and the 
broader bone marrow niche. One recent study investigated the role of PLCγ1 and PLCγ2 in the differentiation of ST2 stromal cells. 
During the early stages of differentiation, authors found that PLCγ1 was phosphorylated in osteogenesis, while PLCγ2 was phos
phorylated in adipogenesis. When ST2 cells were cultured in adipogenic or osteogenic media, PLCγ2 knockdown inhibited adipo
genesis, whereas PLCγ1 knockdown promoted osteogenesis. These findings suggest that PLCγ1 and PLCγ2 phosphorylation is crucial 
for the promotion of adipogenesis and inhibition of osteogenesis in bone marrow stromal cells (Kusuyama et al., 2018). Considering 
that adipocytes and osteoblasts have distinct roles in supporting HSCs, PLCγ1 and PLCγ2 could be critical mediators of these in
teractions by regulating MSCs differentiation and the signaling pathways that influence HSC maintenance within the bone marrow 
niche. New co-culture studies should investigate the effects of aberrant PLCs expression in MSCs on HSCs to better understand their 
interactions and outcomes (Fig. 1).

4. TGF-β signaling pathway

The TGF-β family is a versatile group of cytokines that govern a wide range of cellular activities during both developmental stages 
and in adult life. TGF-β ligands act through cell surface serine/threonine kinase receptors, known as type I and type II receptors. 
Following ligand binding and receptor phosphorylation, the SMAD signaling circuitry becomes activated. Upon phosphorylation, R- 
SMAD2/3 form a complex with SMAD4, which cooperates with transcriptional coregulators to define target gene recognition and 
transcriptional regulation, among which SMAD6 and SMAD7, that in turn inhibit TGF-β signaling (Deng et al., 2024).

In the hematopoiesis context, TGF-β is crucial in influencing the behavior of HSCs, serving as an inhibitory factor for HSCs. It 
promotes the maintenance of their quiescence, preventing these cells from proliferating and committing to specific lineages 
(Bewersdorf and Zeidan, 2019).

It has been demonstrated that MDS bone marrow precursors show an overactivation of the TGF-β signaling pathway, resulting from 
the constitutive activation of SMAD2. The suppression of TGF-β signaling through lentiviral shRNA-mediated down-regulation of type I 
receptor resulted in an enhancement of hematopoiesis in MDS progenitor cells in vitro (Zhou et al., 2008). Another recent study 
proposed the involvement of SKI, a SMAD-interacting protein that negatively regulate the TGF-β signaling pathway (Tecalco-Cruz 
et al., 2018), in this pathway overactivation. Specifically, miR-21 mediates the loss of SKI, thereby activating TGF-β signaling and 
influencing alternative splicing, which diminishes the competitive fitness of normal HSCs. This process may contribute to the selection 
of early-stage MDS-genic clones (Muench et al., 2018).

RNA sequencing of MSCs from both MDS patients and healthy donors showed an increased activation of the TGF-β signaling 
pathway in pathogenic MSCs. When healthy MSCs were cultured with TGF-β, their characteristics shifted towards those of MDS-MSCs, 
exhibiting inhibited proliferation, disorganized cellular structure and impaired osteogenic differentiation capacity. These effects were 
alleviated by the TGF-β receptor I inhibitor SD-208. Furthermore, when healthy CD34+ HSCs were cultured on MSC feeder layers 
previously treated with TGF-β1, their ability to support the HSCs was significantly diminished, mimicking the deficiencies seen in 
primary MSCs from MDS patients. This adverse effect as well could be reversed by SD-208. Similarly, MSCs isolated from MDS and AML 
patients demonstrated improved osteogenic differentiation and enhanced support for healthy CD34+ cells when treated with SD-208. 
Overall, these findings highlight that TGF-β1 inhibits the osteogenic differentiation and hematopoietic support functions of MSCs in 
MDS, effects that can be pharmacologically reversed with SD-208 (Geyh et al., 2018). (Fig. 1)
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5. NF-kB signaling pathway

The NF-κB family consists of transcription factors that regulate essential cellular processes, particularly in immune function. This 
family includes five proteins: NFKB1 (p50), NFKB2 (p52), RelA (p65), RelB, and c-Rel. Under non-activated conditions, NF-κB is bound 
to inhibitory IκB proteins in the cytoplasm. The primary activation pathway, NEMO-dependent pathway, is triggered by signals from 
cytokine receptors, growth factors, and the AGE–RAGE axis. Upon activation, IκB is phosphorylated by the IKK complex (IKKα and 
IKKβ, the latter being central to NF-κB activation), leading to IκB’s polyubiquitination and degradation. This releases NF-κB, allowing 
its rapid translocation to the nucleus, in particular the p50/p65 dimer, where it binds gene promoter regions to stimulate inflammatory 
gene expression and cytokine production (Assis et al., 2024).

In examining the involvement of NF-κB signaling in MDS, previous studies have shown NF-κB activation in CD34+ or CD33+ cells 
isolated from high-risk MDS but not from low-risk MDS. Indeed, purified CD34+ or CD33+ cells from high-risk (but not from low-risk) 
MDS patients exhibited the nuclear translocation of p65 by immunofluorescence detection as well as NF-κB high presence in nuclear 
extracts. Authors additionally found a positive correlation between the percentage of blasts in MDS bone marrow samples and the 
frequency of CD34+ or CD33+ cells with nuclear p65. BAY11-7082 or bortezomib addition abolished NF-κB activation and simulta
neously enhanced cell death, as demonstrated by cytofluorometric analyses in high- but not in low-risk MDS, accordingly with the fact 
that low-risk MDS patients exhibit a low level of NF-κB activation. Altogether, these data indicate that NF-κB inhibition can trigger the 
death of MDS blasts (Braun, 2005).

NF-κB has been investigated in the mesenchymal counterpart as well. Gene Set Enrichment Analysis (GSEA), comparing the 
transcriptomes of MSCs isolated from MDS patients to MSCs purified from healthy controls, revealed a remarkable abundance of 
signatures related to the activation of NF-κB in the pathogenic MSCs. This activation drives transcriptional activation of inflammatory 
programs and attenuates HSCs function, as demonstrated by the significant association with the expression of inflammatory cytokines 
and negative regulators of hematopoiesis, which include well-established downstream targets of NF-κB, such as IL-6, IL-8, and CCL3. 
They activated NF-κB signaling in mesenchymal progenitor cells by stably overexpressing the constitutively active form of IKK2 (FLAG- 
IKK2SE), a kinase upstream regulator of NF-κB, via a lentiviral vector in OP9 cells. This resulted in overexpression of NFKBIA and 
canonical NF-κB downstream negative regulators of hematopoiesis, recapitulating the findings in low-risk MDS patients. Similarly, 
activation of NF-κB in HS5 cell line also resulted in upregulation of NF-κB downstream targets including negative regulators of he
matopoiesis (Ping et al., 2019) (Fig. 1).

6. Discussion and conclusions

This review highlighted the critical roles of Notch, PI-PLCs, TGF-β and NF-κB signaling pathways in the BMM, specifically in MSCs, 
and their involvement in the progression of MDS.

Each pathway contributes to the direct and specific dysregulation of both MSCs and HSCs, leading to detrimental alterations in cell 
survival, differentiation, and quiescence. The disruption of interactions between these two cell types has been elucidated for certain 
pathways, even if primarily focusing only on how MSCs affect HSCs and not vice-versa, while for other pathways remains to be fully 
explored. Indeed, it has been demonstrated that altered TGF-β or NF-κB signaling pathways in MSCs lead to disrupted hematopoiesis, 
but the reciprocal influence of altered signaling in HSCs on MSCs remains less explored. Understanding this bidirectional interaction is 
essential, as changes in hematopoietic cell function could also impact MSC behavior and their supportive role in the BMM. Concerning 
instead Notch signaling, it has been found to be dysregulated in both MSCs and HSCs of MDS patients. However, there is currently no 
experimental evidence demonstrating that the dysregulation in one cell type leads to alterations in the other, finally impacting overall 
hematopoiesis. Being both the ligands and receptors transmembrane proteins, the likelihood of intercellular interaction is particularly 
high for Notch signaling, since the ligand from one cell type could activate the receptor on the other, suggesting a complex interplay 
that warrants further investigation. The same concern applies to PI-PLCs, as the investigation of their expression in microenvironment 
cells is significantly lacking compared to studies on HSCs. However, given the importance of PI-PLCs in MSCs differentiation towards 
adipogenic and osteogenic potentials, their expression could influence the ability of MSCs to support hematopoiesis. Further exper
iments are necessary to first analyze the expression of PI-PLCs in MSCs isolated from MDS patients to determine whether their 
expression is dysregulated. Subsequently, it will be crucial to evaluate whether abnormalities in PI-PLC expression in MSCs affect 
hematopoiesis.

Achieving a comprehensive understanding of these mechanisms may provide novel therapeutic strategies to restore normal he
matopoiesis in MDS patients or, at least, to prevent the progression of MDS. One such strategy is Luspatercept, a therapeutic option that 
specifically sequesters TGF-β ligands to inhibit pathway activation, that has already been approved for patients with low-risk MDS. 
Similar strategies should be investigated for the other signaling pathways. For instance, NF-κB dysregulation has been observed in 
MSCs of low-risk MDS patients, while it was found in HSCs of high-risk MDS patients. Restoring normal NF-κB activation in MSCs may 
help prevent the progression of the disease to a high-risk state.

Finally, while this review focuses on MSCs as a specific population within the BMM, it is essential to recognize the importance of 
other cellular populations as well. The microenvironment represents a complex network of various cell types and cannot be limited 
solely to MSCs and HSCs. Further investigation into these other populations is warranted to gain a comprehensive understanding of the 
BMM dynamics.

In conclusion, the intricate network of signaling pathways in the BMM plays a pivotal role in the development and progression of 
MDS. Elucidating these interactions may pave the way for novel approaches that address both the malignant cells and the supportive 
microenvironment in MDS.
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Galán-Díez, M., Cuesta-Domínguez, Á., Kousteni, S., 2018. The bone marrow microenvironment in health and myeloid malignancy. Cold Spring Harb. Perspect. Med. 
8, a031328. https://doi.org/10.1101/cshperspect.a031328.
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