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Abstract 

 

Cortical neurogenesis in mammals relies on the precise balance between neural 

progenitor self-renewal and differentiation, orchestrated by evolutionarily conserved cell 

fate determinants. Among these, Numb a cytoplasmic adaptor protein first identified in 

Drosophila for its role in asymmetric cell division has emerged as a critical regulator of 

neural development through antagonism of Notch signaling and modulation of endocytic 

trafficking. However, the specific contributions of human Numb isoforms during cortical 

neuron differentiation remain poorly understood.  

This thesis investigates the expression dynamics, subcellular localization, and functional 

requirements of Numb isoforms throughout human embryonic stem cell (hESC)-derived 

cortical neurogenesis. Using CRISPR-mediated genome editing, we generated dTAG-

inducible degradation systems targeting endogenous Numb at exon 1, enabling isoform-

inclusive depletion.  

Unexpectedly, acute Numb degradation induced rapid and irreversible cell death in 

hESCs at concentrations as low as 0.05 nM, demonstrating an absolute requirement for 

Numb that could not be rescued by exogenous isoform expression or compensated by 

the endogenous paralog Numblike (Numbl). Chromatin immunoprecipitation sequencing 

(ChIP-seq) revealed that Numb transcriptional regulation diverges from classical 

Polycomb repression paradigms: the Numb promoter remained in an open chromatin 

state throughout differentiation, enriched for active histone marks (H3K27ac, H3K4me3) 

and devoid of repressive PRC2 components (EZH2, H3K27me3), suggesting post-

transcriptional mechanisms govern Numb protein abundance. Analysis of published 

RNA-seq datasets from hESCs and iPSC-derived cortical differentiation protocols 

revealed a striking developmental switch in Numb isoform expression: exon 9-containing 

isoforms (p72, p71) predominated in undifferentiated stem cells and early neural 

progenitors, whereas exon 9-skipping isoforms (p66, p65) became progressively 

enriched during neuronal commitment and maturation. This isoform transition was highly 

conserved across independent datasets, correlating temporally with neural progenitor cell 
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specification and neuronal differentiation. Immunofluorescence analyses using a 

validated monoclonal antibody revealed context-dependent subcellular localization of 

Numb, shifting between cytoplasmic and nuclear compartments in a cell density-

dependent manner, consistent with distinct functional roles for PTB-long (membrane-

associated) and PTB-short (nuclear) isoforms.  

Despite systematic optimization of rescue strategies including varied timing, dosage, and 

oscillatory treatment protocols designed to mimic Notch pathway dynamics exogenous 

Numb expression failed to prevent dTAG-induced lethality, highlighting the exquisite 

sensitivity of hESCs to endogenous Numb levels and suggesting non-redundant functions 

that cannot be recapitulated by ectopic expression.  

Collectively, these findings position Numb as a non-redundant, essential regulator of early 

human neural development, operating at the intersection of chromatin accessibility, 

alternative splicing, post-translational control, and membrane trafficking. The 

developmental transition from proliferation-associated (exon 9-containing) to 

differentiation-promoting (exon 9-skipping) isoforms represents a conserved mechanism 

fine-tuning the balance between progenitor maintenance and neuronal commitment 

during human corticogenesis, with profound implications for understanding 

neurodevelopmental disorders and potential therapeutic interventions. 
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CHAPTER 1 

 

I.- INTRODUCTION. 

 

1.1 - Mammalian neurodevelopment and cell fate decision. 

 

Cell fate specification during mammalian neurogenesis is a fundamental process that 

occurs within neurogenic niches of the brain, governing how neural stem and progenitor 

cells generate the diverse neuronal and glial populations that constitute the central 

nervous system (CNS). This process relies on the precise coordination of intrinsic genetic 

programs and extrinsic signaling cues to ensure the correct balance between self-renewal 

and differentiation. Neural progenitor cells IPCs must decide at each division whether to 

remain as progenitors or to commit to a neuronal or glial lineage, a decision that is tightly 

regulated both spatially and temporally to maintain tissue homeostasis and proper brain 

architecture [1-5].  

Neurogenic niches are complex, multicellular environments composed of Neural stem 

cells (NSCs), progenitors, neuroblasts, and a network of supporting cells, including 

astrocytes, microglia, endothelial cells, and extracellular matrix components [6-18]. 

Astrocytes regulate neurogenesis through both direct contact and the secretion of trophic 

factors such as FGF-2, IGF-1, VEGF, Wnt, and TGF-β [7,19,20]. Microglia modulate 

neurogenesis by releasing soluble factors and through cell–cell interactions, while 

endothelial cells and the surrounding vasculature provide oxygen, nutrients, and 

angiogenic signals for stem cell maintenance. Together, these elements create a dynamic 

microenvironment that coordinates proliferation, differentiation, and integration of 

newborn neurons [8,10-13,17,21-24]. During early embryonic development, 

neuroepithelial cells (NECs) constitute the earliest neural stem cells of the neural tube. 

NECs undergo symmetric proliferative divisions that expand the progenitor pool and 

establish the foundation of the neuroepithelium [23,25-27].  
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As development progresses, NECs progressively transform into radial glial progenitors 

(RGPs), which retain apical–basal polarity and serve as the principal neural stem cells of 

the developing cortex. RGPs are capable of both symmetric and asymmetric divisions: 

symmetric divisions maintain or expand the progenitor population, while asymmetric 

divisions produce one progenitor and one differentiated daughter cell. These asymmetric 

divisions are critical for generating cellular diversity while preserving the progenitor 

reservoir [9,23,26,28-31]. RGPs give rise to intermediate progenitor cells (IPCs), also 

known as basal progenitors, which are typically located in the subventricular zone. IPCs 

divide symmetrically to produce pairs of postmitotic neurons or, less frequently, additional 

progenitors, thereby amplifying neuron production during corticogenesis [22,25,32-36].  

The successive generation of neurons from NECs, then to RGPs, into IPCs establishes 

the layered structure of the mammalian cortex, where early-born neurons populate the 

deep layers and late-born neurons migrate past them to form the superficial layers in an 

inside-out pattern (FIG 1) [13,15,22,25,29,32,35,37,38].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1:  Scheme of the cellular phenotype generated during development from a population of 
NSCs. 

NSCs proliferate symmetrically (brown arrow) to increase their pool or asymmetrically (black) to give rise, 
directly or indirectly, in a time-dependent manner, to neurons (green arrows), astrocytes (blue arrows), and 
oligodendrocytes (red arrow). Neuroepithelial Stem cells (NECs), Neural Stem Cells (NSCs); Radial Glial 
Progenitor Cells (RGPs), Intermediate progenitor cells (IPCs) radial glial progenitor cells. Blue doted arrow: 
repressed gliogenic signals, green arrow: pro-neuronal genes repressing gliogenic signals, Blunt blue 

arrow: gliogenic signals repressing neuronal genes [39]. 
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1.2 - Cortical neurogenesis and progenitor diversity. 

 

The mammalian neocortex represents the most evolutionarily recent and complex region 

of the central nervous system, responsible for sensory integration, motor control, and 

higher-order cognitive functions. Excitatory neocortical neurons are generated from 

neural progenitor cells located along the embryonic ventricles between embryonic day 

(E)10.5 and E17.5 in mice, and approximately gestational weeks (GW) 7 to 27 in humans 

[40,41]. The precise temporal and spatial regulation of progenitor proliferation and 

differentiation during this developmental window is essential for establishing functional 

cortical circuits. Perturbations in these processes lead to severe structural and functional 

abnormalities, including microcephaly, autism spectrum disorder, epilepsy, and 

schizophrenia [1,2,4,5]. 

 

1.3 - Temporal progression of neurogenesis. 

 

Human brain development follows highly conserved spatiotemporal principles across 

mammals. It begins with neurulation, during which the neural plate, specified from the 

embryonic ectoderm folds and fuses to form the neural tube, the precursor of the central 

nervous system. As development proceeds, the neural tube segregates into lineage-

restricted vesicles that give rise to the forebrain, midbrain, and hindbrain (FIG 2A). The 

inner wall of the neural tube contains neuroepithelial stem cells (NECs), which expand 

the proliferative ventricular zone (VZ) [14,35,42]. NECs then transform into radial glial 

cells (RGCs) that produce postmitotic excitatory and inhibitory neurons and subsequently 

glia (FIG 2 A-B). NECs subsequently transition into radial glial cells (RGCs), the primary 

neural stem cells that generate postmitotic excitatory and inhibitory neurons, followed 

later by glial lineages. In mammals, neurogenesis is amplified through intermediate 

progenitor cells (IPCs) the immediate progeny of RGCs that divide in the subventricular 

zone (SVZ) (FIG 2B) [43,44].  

In the developing cortex, excitatory neuron precursors migrate radially along the RGC 

scaffold to populate the cortical plate in the classic “inside-out” pattern: late-born upper-
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layer neurons migrate past early-born deep-layer neurons [45]. Inhibitory interneurons, 

by contrast, arise mainly from the ganglionic eminences and reach the cortex via 

tangential migration (FIG 2, A-B) [46-49].  

Neuronal differentiation, migration, and maturation occur in overlapping waves, driving 

progressive radial and regional diversification of cell types across the dorsal forebrain. As 

neurons approach their destinations, they extend axons and dendrites through highly 

motile growth cones, integrating local environmental cues to establish connectivity [50]. 

The formation of dendritic spines and synapses marks the assembly of neuronal 

networks, followed by prolonged periods of activity-dependent synaptic and dendritic 

pruning, which continue into young adulthood (FIG 2B) [43,51,52]. Non-neuronal 

populations arise later: astrocytes and oligodendrocytes are produced by RGCs after 

neurogenesis ends and continue their maturation postnatally, supporting neuronal 

function through synaptic regulation and axonal myelination [43,52,53] (FIG 2 A-B). 

Meanwhile, microglia, derived from hematopoietic progenitors, and endothelial cells, 

which form the developing vasculature, migrate into the neuroectoderm and play essential 

roles in shaping embryonic brain development [54].  

Because of the remarkable complexity of the mammalian brain, the pace and trajectory 

of neurodevelopment vary substantially across species. In particular, human radial glia-

mediated neurogenesis proceeds far more slowly extending over approximately three 

months compared with about one week in mice and 1-2 months in macaques [2,52,55-

57]. This prolonged neurogenic period, driven in part by distinct genetic programs, is 

thought to contribute to the disproportionate enlargement and expanded computational 

capacity of the human forebrain [58]. Extended timelines are also a hallmark of human 

neuronal differentiation and maturation, observed not only in the cortex [52,59] but also 

in multiple other brain regions [48,60-62], leading to an increase in the volume of neurons 

with more elaborate neurites and synapses [51,56,57,63]. These prolonged periods of 

growth and refinement likely underlie the increased size, complexity, and plasticity of the 

human brain. However, they may also render human neurodevelopment more vulnerable 

to genetic perturbations or environmental stressors, which have a longer window of 

opportunity to disrupt normal developmental trajectories [43,64].  
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Figure 2: Key processes on human brain development [65]. 

Summary of the major developmental processes and their temporal sequence during human brain 
development. (A) The schematic illustrates key stages including neurulation and neuroepithelial cell 
proliferation, neural stem cell-mediated neurogenesis, radial and tangential migration of neural precursor 
cells to their target regions, followed by neuronal differentiation and maturation to establish cortical 
lamination and identity. Subsequent stages include the growth of neurites, synapse formation, and 
gliogenesis. (B) Main steps on human neurogenesis. Radial glia in the ventricular zone begin to produce 
projection neurons, at the same time, RG generate intermediate progenitors and outer RG, which establish 
the subventricular zone (SVZ) and act as transit-amplifying cells to increase neuronal production. After 
neurogenesis is complete, neural progenitors transition to a gliogenic mode, generating astrocytes and 
oligodendrocytes. Cajal-Retzius cells primarily migrate into neocortical layer I from non-cortical locations, 
whereas other projection neurons are born in the neocortical VZ and/or SVZ and migrate along radial glial 
processes to reach their final laminar destination. Outer radial glial cells (oRGCs), subventricular zone 
(SVZ), subplate (SP), cortical plate (CP), pre-oligodendrocyte precursor cells (pre-OPCs), truncated RGCs 
(tRGCs), astrocyte precursor cell (APC), blood vessel (BV), blood vessel, Cajal-Retzius (C-R); deep layer 
(DL), intermediate progenitor cell (IPC),intermediate zone (IZ), marginal zone (MZ), neuroblast (NB), 
neuroepithelial cell (NEC); Post-conception week (pcw), upper layer (UL), ventricular zone (VZ). 
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1.4 - Molecular determinants of neuronal fate. 

 

The identity and connectivity of each cortical neuron are dictated by both the timing of its 

birth and the transcriptional program it activates. Layer-specific transcription factors such 

as TBR1, CTIP2 (BCL11B), SATB2, and CUX1 orchestrate projection patterns and 

synaptic specificity, ensuring accurate circuit assembly across cortical layers [66,67]. 

Molecules that regulate cell polarity, cell adhesion, and endocytic trafficking, including 

Numb play essential roles in controlling asymmetric divisions, neuronal positioning, and 

axon guidance [17,22,23,27,68]. Through these mechanisms, Numb functions as a critical 

determinant of the balance between progenitor self-renewal and neuronal commitment 

[9,37,69-75]. 

Intrinsic regulators include transcription factors such as NeuroD1 and Sox2 also control 

NSC maintenance, proliferation, and differentiation.  Epigenetic modifications, 

notably histone methylation by enhancer of zeste homolog 2 (EZH2), regulate gene 

expression during neurogenesis, with EZH2 levels decreasing as neurogenesis 

progresses [76,77].  MicroRNAs, including miR-9 and miR-124, modulate neuronal 

differentiation and maturation [35,39,78,79]. In addition to intrinsic programs, extrinsic 

cues dynamically influence neurogenic outcomes. Classical neurotransmitters including 

glutamate, GABA, serotonin, acetylcholine, and dopamine modulate neural stem cell 

proliferation, differentiation, and survival even before synapse formation. Neurotrophic 

factors such as brain-derived neurotrophic factor (BDNF), insulin-like growth factor 1 

(IGF-1), and vascular endothelial growth factor (VEGF) further promote progenitor 

proliferation, neuronal differentiation, and maturation [80-82]. 

Cortical neurogenesis thus exemplifies the highly coordinated interplay of cell cycle 

dynamics, transcriptional and epigenetic regulation, polarity cues, and extracellular 

signaling. Together, these mechanisms ensure the precise specification, migration, and 

integration of neurons that underlie the architectural and functional sophistication of the 

mammalian brain [13,15,18,25,32,52]. 
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1.5 - Brief of regulatory pathways balancing symmetric and asymmetric 

division during neurogenesis. 

 

The equilibrium between symmetric and asymmetric division is central to determining 

whether neural progenitors maintain stemness or undergo lineage commitment 

[23,26,27,29,83,84]. In the early stages of cortical development, symmetric proliferative 

divisions expand the progenitor pool, whereas during the neurogenic phase, asymmetric 

divisions generate neuronal or glial progeny while preserving a subset of stem-like 

progenitors [25,40,47,52,59]. This balance is orchestrated through an interplay of intrinsic 

polarity cues and extrinsic signaling pathways that collectively ensure temporal precision 

and developmental robustness [23,41,65,85,86]. 

Among the major pathways involved, Notch signaling plays a pivotal role in maintaining 

progenitor identity [44,58,72,73,75,87,88]. High Notch activity sustains the expression of 

Hes1 and Hes5, repressing proneural genes such as Neurog2 and Ascl1 to prevent 

premature differentiation [89-92]. Asymmetric inhibition of Notch, mediated by the 

asymmetric segregation cell fate determinants like Numb protein, regulates neuronal 

commitment in one of the daughter cells [69,75,93,94].  

Numb, localize preferentially to one daughter cell during mitosis, dictating divergent fates 

after division. The precise orientation of the mitotic spindle relative to the ventricular 

surface ensures that one daughter inherits apical polarity components and retains 

progenitor identity, while the other loses apical contact and begins neuronal differentiation 

[28,33,72,84,95-99]. 

This balance is fundamental for proper cortical formation, as disruptions in these 

mechanisms can lead to abnormal progenitor depletion, cortical malformations, or 

uncontrolled proliferation associated with neurodevelopmental disorders and 

tumorigenesis [20,100-104]. 

 

 

 

 

 



 

 25 

1.6- The discovery of Numb in Drosophila neurodevelopment. 

 
Numb it was first discovered in Drosophila melanogaster in the early 1990s during genetic 

screens aimed at identifying regulators of sensory organ development [6,105-108]. Numb 

owes its name to the fact that its loss of function in Drosophila mutants causes a dramatic 

loss of sensory neurons, causing flies to become “numb” [105,106]. Mutations in numb 

produced a striking phenotype in which certain sensory neurons were duplicated at the 

expense of other cell types, revealing its pivotal role in asymmetric cell division and cell 

fate determination. Subsequent studies showed that Numb protein localizes 

asymmetrically during mitosis in neuroblasts, being inherited by only one daughter cell, 

where it functions as a negative regulator of the Notch signaling pathway. This discovery 

provided one of the first mechanistic insights into how asymmetric segregation of cell fate 

determinants drives neural diversification principles later shown to be conserved in 

mammalian neurogenesis [105,107-112]. 

 

1.7- Numb structure in Drosophila. 

 
In Drosophila melanogaster, the numb gene was originally identified as a single-copy 

locus on the X chromosome that encodes a cytoplasmic protein of approximately 48 kDa, 

essential for establishing cell fate asymmetry during neurogenesis and sensory organ 

development. Unlike its mammalian homologs, Drosophila numb does not generate 

multiple isoforms through alternative splicing, emphasizing the evolutionary expansion 

and specialization of this family in vertebrates [6,105-107,109].  

 

The Drosophila Numb protein consists of two major functional domains connected by a 

short regulatory linker that integrates polarity cues during asymmetric division. At its N-

terminus, the PTB domain mediates membrane association through binding to 

phosphoinositide and NPXY motifs present in specific target proteins such as Sanpodo 

and α-adaptin, enabling Numb’s recruitment to define cortical regions [111,113-116].  
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Following the PTB domain, a short linker segment contains several phosphorylation sites 

that serve as regulatory switches controlling Numb’s subcellular distribution (FIG 3) [115-

117].  

During neuroblast division, phosphorylation of these residues by components of the 

Par3/Par6/aPKC [32,113,115,118-120] polarity complex and by Lethal giant larvae (Lgl) 

restricts Numb localization to the basal cortex, opposite the aPKC-enriched apical domain 

[121,122]. This polarized segregation ensures that only one daughter cell inherits Numb 

after cytokinesis. The C-terminal proline-rich region (PRR), which is intrinsically 

disordered and enriched in protein interaction motifs such as PxxP, NPF, and PPXY, 

functions as a versatile scaffold for endocytic adaptors and signaling regulators. Through 

these interactions, the PRR enables Numb to modulate the internalization and 

degradation of signaling receptors, including Notch, thereby linking cortical polarity to 

differential cell fate determination in the two daughter cells [17,70,118,121,123,124]. 

 

 

 

 

 

 

 

Figure 3: Drosophila Numb.  

The N-terminal phosphotyrosine-binding (PTB) domain and a C-terminal proline-rich region (PRR). The 
PTB domain enables Numb to bind membrane-associated proteins such as Sanpodo and components of 
the endocytic machinery, anchoring it to the basal cortex during mitosis. The PRR, in turn, contains multiple 
PxxP motifs that serve as docking sites for adaptor proteins containing SH3 domains, such as α-Adaptin 
and Lethal (2) giant larvae (Lgl). 
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1.8- Numb’s role in asymmetric cell division in Drosophila. 

 

Numb entered the scientific landscape over two decades ago, when it was first identified 

as an intrinsic regulator of cell fate specification during asymmetric cell division (ACD) in 

Drosophila [105]. In sensory organ precursor (SOP) cells, Numb is uniformly distributed 

along the plasma membrane during interphase [125]. However, as the cell enters mitosis, 

Numb becomes selectively enriched at one of the two spindle poles. This asymmetric 

localization leads to its unequal partitioning during cytokinesis: the daughter cell that 

inherits Numb (pIIb) adopts a distinct developmental trajectory compared to its sibling cell 

(pIIa), establishing Numb as a key determinant of differential cell fate [106,107]. 

 

In the intricate choreography of neurodevelopment, Drosophila’s SOP cells is one of the 

best-understood model systems to explain how asymmetric cell division orchestrate the 

cell fate decision specificity [105,110,115,119,126-128]. 

The neurodevelopment of Drosophila melanogaster is a highly regulated process that 

begins with the neuroectoderm, where neural stem cells, neuroblasts, delaminate and 

undergo asymmetric divisions to generate a diverse array of neurons and glial cells 

[123,129-131]. Each neuroblast divides asymmetrically, producing a larger self-renewing 

neuroblast and a smaller ganglion mother cell (GMC), which differentiates into neurons 

or glia [132]. 

Neurodevelopment in Drosophila relies on precise control of asymmetric cell division, a 

mechanism that generates cellular diversity by producing daughter cells with distinct fates 

[105,106,110,115,119,126-128]. Drosophila Numb (dNumb), it was initially discovered in 

a genetic screen for mutations affecting sensory organ development [105-107]. 

Specifically, numb encodes a membrane-associated protein that is asymmetrically 

distributed during the division of SOP cells [105,110,115,119,126-128]. It is segregated 

during mitosis into only one of the two daughter cells, where it functions to inhibit Notch 

signaling, thereby allowing the two daughter cells to adopt different fates. This discovery 

provided one of the first mechanistic links between asymmetric protein localization and 

differential cell fate determination [33,106,123,133].  
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The first division of the SOP, known as the pI cell, is asymmetric and produces two 

daughter cells with distinct fates: the pIIa cell, which is Notch-active and gives rise to 

support cells, and the pIIb cell, which inherits Numb and is Notch-inhibited, leading to 

neural fate determination. These two cells then undergo further divisions to generate the 

full sensory organ structure [16,105-108,111,119,134,135]. 

The pIIa cell divides to form a socket and the shaft cells, both of which contribute to the 

external bristle structure of the sensory organ of Drosophila [105-107]. Meanwhile, the 

pIIb cell divides asymmetrically, producing a glial cell (which typically undergoes 

apoptosis) and a pIIb cell [123,125]. The pIIb cell then divides once more, giving rise to a 

neuron responsible for sensory function and a sheath cell that ensheathes the neuron 

[6,105-107,126,131,136,137]. This precisely orchestrated sequence of asymmetric 

divisions ensures the proper development of the external sensory organ, with Numb 

playing a critical role in cell fate determination by antagonizing Notch signaling (FIG 4) 

[31,105,108,110,111,119,126,128,136-138]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: During sensory organ precursor cells (SOP) division in Drosophila [139].   

Numb (orange) becomes asymmetrically localized at the plasma membrane overlying one of the 
centrosomes prior to cytokinesis. At this site, Numb recruits α-Adaptin (blue), forming a cortical complex 
that segregates into only one of the two daughter cells, the pIIb. In this cell, the inherited Numb/α-Adaptin 
complex promotes endocytosis and downregulation of Notch receptor activity (N), thereby specifying a 
distinct cell fate. Through successive rounds of asymmetric division, this mechanism governs all binary fate 
decisions within the sensory organ lineage, ultimately generating five differentiated cell types: the socket 
(so), hair (h), sheath (sh), neuron (n), and glial cells. 
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1.9- How does Numb determine cell fate in Drosophila? 

 

Numb serves as an adapter that links the AP-2 complex to the intracellular domain of 

Notch on one side of a dividing SOP cells [138,140]. This targets the receptor for 

endocytosis and reduces Notch signaling in the pIIb cell. After division, reciprocal 

signaling between the two daughter cells can lead to competition, and small differences 

could be amplified by negative-feedback loops [141]. Once inherited, Numb functions as 

an inhibitor of the Notch signaling pathway, a key regulator of cell fate decision to 

orchestrate cell fate decision [58,95,126]. A slight reduction of Notch levels in one of the 

two cells should be enough to bias this competition and to establish the pIIb cell fate in 

the cell that inherits Numb [95]. This inhibition allows the Numb-positive cell to adopt a 

neural fate, while the Numb-negative cell remains responsive to Notch signaling, leading 

to different developmental trajectories [28,95,105,106,108,111]. Through this 

mechanism, conserved trough evolution, including vertebrates, Numb is important for the 

proper formation of the nervous system, influencing neuronal differentiation and 

maintaining a balance between progenitor cells and differentiated neurons 

[6,105,106,138,142,143].  

 

When Numb function is abolished, SOP cells fail to undergo proper asymmetric division 

and instead mis-differentiate entirely into pIIa cells, producing the generation of four outer 

support cells while completely lacking neurons or glia [106,111,114]. In Drosophila, SOP 

cells with Numb mutations exhibit a loss-of-function phenotype, characterized by a 

significant reduction in sensory neurons, effectively rendering them "numb" [111,114]. 

Conversely, ectopic expression of Numb during SOP division skews all progeny toward 

the pIIb fate, leading to the exclusive production of neurons and glial cells while 

completely eliminating outer support cells, showing that Numb is one of the major 

contributors to asymmetric cell fate establishment (FIG 5) [84,144].  
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Figure 5: Embryonic phenotypes of the sensory organs precursor cells in Drosophila. Modified from 
[145].  

Numb WT its capable of to produce the entire variety of support and neuronal types in Drosophila. Numb 
inactivation or overexpression shows changes in the formation of pIIa and pIIb ratio, decreasing cell 
diversity. Notch mutants show opposite phenotype that Numb, demonstrating their relation and opposite 
functions during Drosophila neurodevelopment. 
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In addition to the intrinsic Numb signal, extrinsic signals are also required to produce a 

normal SOP lineage[108,146]. Loss of either Delta (Notch ligand), Notch, or Suppressor 

of Hairless (Su(H)) function results in neuron and glial fate, in contrast to the Numb loss-

of-function phenotype [108,126,147]. If the function of Notch is reduced in this manner, a 

transformation of sheath cells to neurons is observed in external sensory and chordotonal 

organs [111]. If the function of Notch is increased, by overexpressing an activated variant 

or even the wild-type protein, the opposite effect is observed, i.e., transformation of 

neurons into sheath cells (FIG 5). These observations are compatible with the knowledge 

that Notch receptor protein is involved in cellular decisions made either by the IIa and IIb 

cells or by their progenies, which are required for these cells to take on the corresponding 

fates [98,137,148,149]. 

 

The phenotypic traits observed after modulation of Notch function are strikingly similar to 

the defects caused by perturbation of numb function, but of opposite polarity. That is to 

say, a reduction in numb function has the same effect as an increase in Notch function, 

and vice versa. This implies that in the neuronal and glial fates, Numb may give resistance 

to Notch-mediated signals [105,107,126]. The observation that Notch mutant phenotypes 

are opposite to Drosophila Numb mutant phenotypes suggests that Notch and Drosophila 

Numb engage in antagonistic roles during asymmetric divisions of brain progenitors (FIG 

5) [95,108,113]. 
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1.10- The discovery of Numb in mammalian neurodevelopment. 

 

The discovery of Numb in Drosophila melanogaster laid the foundation for understanding 

its evolutionarily conserved role in regulating asymmetric cell division and cell fate 

decisions. In flies, Numb functions by antagonizing Notch signaling, ensuring that 

daughter cells adopt distinct identities during neurogenesis 

[6,20,88,109,124,126,128,129,150-152]. This fundamental mechanism has been 

preserved in mammals, where Numb continues to act as a critical determinant of neural 

progenitor behavior [6,16,99,106,108,109,123,143,144,151,153,154]. While the 

mammalian context is more complex, with multiple Numb isoforms and additional layers 

of regulation the core function of Numb in modulating signaling pathways like Notch 

remains central [27-29,33,35,37-39,44,45,50,75,97-101]. This conservation underscores 

the biological significance of Numb across species trough evolution and highlights its 

relevance in studying the molecular mechanisms that govern mammalian brain 

development [109,127,142-144,153,155-161]. 

 

 

1.11- Evolutionary origin of Numb. 

 

Numb appears in evolution roughly with the emergence of bilaterally symmetrical animals, 

marking an important innovation in the coordination of cell polarity and fate determination 

[109,157,162]. Mammalian Numb homologs likely evolved from a single ancestral gene, 

which underwent duplication and subsequent divergence to give rise to two gene families: 

Numb and Numb-like (Numbl) [157,163].  

Phylogenetic analyses show that mammalian Numb and Numbl form two distinct clusters, 

suggesting that the duplication event occurred prior to the diversification of major 

vertebrate lineages [157,164]. Supporting this, a single Numb-related gene exists in the 

basal chordate Ciona intestinalis, implying that one of the two duplicated vertebrate genes 

evolved into Numbl through the acquisition of Numbl-specific motifs, leading to functional 

diversification within the family (FIG 6) [157,165]. 
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Two of the major cellular processes in which Numb participates in endocytosis and 

ubiquitination, have deep evolutionary roots. Endocytosis is considered one of the 

defining characteristics distinguishing eukaryotes from prokaryotes, with evidence 

suggesting that it was already present in the last eukaryotic common ancestor (LECA) 

[157,164,166,167].  

Similarly, ubiquitination long thought to be unique to eukaryotic systems also exhibits 

evolutionary precursors in prokaryotes, including ubiquitin-like proteins and components 

of the enzymatic machinery responsible for post-translational modification [168-170]. 

Thus, by the time Numb emerged in phylogenesis, both endocytosis and ubiquitination 

were already well-established, conserved cellular systems, deeply integrated into 

eukaryotic physiology. It is therefore unlikely that Numb evolved directly alongside these 

processes. Instead, Numb may have been recruited into their regulation, exploiting these 

pre-existing molecular frameworks to mediate polarized trafficking and signaling 

[157,165,171,172]. 

 

Notably, the evolutionary appearance of Numb approximately coincides with the 

emergence of the PAR polarity complex, a central determinant of asymmetric cell division 

[157,173]. While basic polarity mechanisms likely trace back to the earliest cellular life 

forms, proteins of the PAR complex such as PAR-3, PAR-6, and aPKC can be clearly 

identified only in early metazoans, approximately 500 million years ago, during the rise of 

bilateral animals (e.g., nematodes, flies, and mammals) [109,122,157,173,174]. This 

temporal overlap suggests that Numb may have evolved (or co-evolved) with the PAR 

complex, functioning as a molecular bridge between polarity establishment and 

downstream fate determinants. 
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Figure 6: The phylogenesis of Numb in bilateral animals [112].  

The PTB (Phospho-Tyrosine Binding) domain (green), polyglutamine domain (PolyQ) (yellow) the NumbF 
domain (blue) found in the Numb family of proteins adjacent to the PTB domain, DPF (red) responsible for 
binding to α-adaptin and NPF motif (gray) responsible for binding to the EH domain of endocytic proteins. 

 

 

 

 

 



 

 35 

1.12- Role of Numb in mouse embryogenesis. 

 

The mammalian homolog of Drosophila Numb was independently cloned and 

characterized by several groups, revealing it to be a highly conserved protein both 

structurally and functionally trough evolution [13,71,75,109,143,175-177]. Its 

characteristic PTB and PRR domains are preserved, allowing Numb to interact with 

endocytic and polarity regulators in a manner analogous to its Drosophila counterpart 

[99,109,124].  

During mouse cortical neurogenesis, m-Numb is asymmetrically localized to the apical 

membrane of dividing ventricular cells [9,68,72,74,96,127,150,151,155,178]. Therefore, 

in an asymmetric horizontal division, m-Numb is segregated predominantly to the apical 

daughter cell that remains as a progenitor [85,151]. Numb can physically interact with the 

intracellular domain of the mammalian Notch homologue, Notch1, which is also present 

in cortical progenitors [85]. It has been shown that mechanisms for asymmetric divisions 

during neurogenesis are evolutionarily conserved and that the presence of Numb in apical 

daughter cells suppresses Notch activity in these cells, thereby allowing them to remain 

as progenitors [6,74,86,109]. Presumably, the higher Notch1 activity in the basal 

daughter cell allows it to take on a fate different from that of a neural progenitor [85,92]. 

Once it has migrated to the cortical plate, the basal daughter cell may require other factors 

to regulate Notch signaling before it can terminally differentiate into a neuron, 

since Notch signaling usually directs cells towards nonneuronal fates. 

Remarkably, heterologous expression of mammalian Numb in Drosophila embryos not 

only mimics the activity of fly Numb but can also rescue numb mutant phenotypes, 

underscoring the deep evolutionary conservation of its structure and function in cell fate 

determination [9,10]. 

In the developing mouse embryo, Numb expression is both ubiquitous and dynamically 

regulated, with pronounced enrichment in neuroepithelial cells, somites, heart, and 

vasculature [150,151]. Genetic ablation studies have demonstrated that Numb is 

indispensable for early embryonic development. Homozygous Numb⁻/⁻ embryos exhibit 

severe neural tube closure defects, abnormal neuroepithelial organization, and disrupted 
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somite patterning, typically resulting in embryonic lethality around E11.5-E12.5 

[86,151,179]. These phenotypes reflect the fundamental requirement for Numb in 

establishing epithelial polarity and coordinating cell fate specification within multiple germ 

layers.  

Beyond its canonical role as a Notch antagonist, Numb participates in diverse signaling 

and trafficking pathways crucial for embryogenesis. It regulates endocytosis of Notch and 

integrins, modulates cell adhesion through E-cadherin trafficking, and contributes to p53 

stabilization and apoptotic control during morphogenesis. These pleiotropic activities 

position Numb as a central coordinator of developmental signaling, linking polarity cues 

with fate determination and tissue morphogenesis 

[6,24,68,75,83,108,111,124,139,145,151,180-185]. 
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 1.13- Nervous tissue-specific knockout of Numb in mice. 

 

Genetic studies in mice have firmly established that Numb is indispensable for early 

embryonic development. Homozygous global knockouts (Numb⁻/⁻) exhibit embryonic 

lethality around E11.5, accompanied by severe morphogenetic defects, including cranial 

neural tube closure failure, aberrant neuronal differentiation, and disorganization of the 

central nervous system (CNS)[11,12,151].  

In addition to neural abnormalities, angiogenic remodeling and placental development are 

also impaired, leading to compromised embryonic viability [151,179]. At the molecular 

level, loss of Numb results in a reduction of differentiated motor and sensory neurons and 

decreased expression of key neuronal markers such as NeuroD, DLL3, and NF160, 

suggesting that neurogenesis is delayed or arrested rather than enhanced [93]. In the 

peripheral nervous system (PNS), dorsal root ganglia exhibit a loss of sensory neurons, 

whereas sympathetic ganglia develop normally, revealing a lineage-specific requirement 

for Numb in sensory neurogenesis [93]. 

To overcome early lethality and investigate tissue-specific functions, conditional knockout 

(cKO) strategies have been employed using Cre-loxP recombination under neural 

lineage-specific promoters such as Nestin-Cre (pan-neural progenitors), D6-Cre (cortical 

progenitors), Emx1-Cre (dorsal forebrain), and Wnt1-Cre (sensory ganglia) [13,15,18]. 

Surprisingly, these Numb cKO mice are viable and fertile without overt gross 

developmental abnormalities, indicating that the embryonic lethality observed in global 

knockouts cannot be solely attributed to neural defects [93,151]. Nonetheless, detailed 

analyses revealed enhanced Notch signaling, expansion of the progenitor pool, and 

delayed or defective neuronal differentiation, underscoring Numb’s role as a critical 

antagonist of Notch signaling and a regulator of timely neurogenesis [75,85,150,151]. 

The functional complexity of Numb’s role is further highlighted by differences among 

individual knockout lines. For example, forebrain-specific deletion leads to premature 

neuronal differentiation, consistent with a requirement for Numb in maintaining progenitor 

identity [11]. Conversely, other allelic combinations show impaired neurogenesis in the 

hindbrain, suggesting that Numb’s influence on progenitor maintenance versus 
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differentiation is region-specific and context dependent [12]. These apparent 

discrepancies likely reflect the presence of partial redundancy with its vertebrate paralog, 

Numb-like (Numbl) [74,85,93,163,178]. 

Indeed, while single knockouts of either Numb or Numbl alone do not overtly disrupt 

neural development, combined loss of both genes, using Numb conditional deletion in 

Numbl⁻/⁻ or Numbl flox/flox backgrounds produces severe neurodevelopmental defects [13-

16,18]. These include loss of apico-basal polarity, premature cell-cycle exit, depletion of 

neural progenitor pools, and disrupted cortical lamination. Neural progenitors in these 

compound mutants fail to maintain proper polarity and asymmetric divisions, leading to 

aberrant cortical architecture and misregulation of Notch signaling [85,151,163,186]. 

These conditional knockout studies demonstrate that Numb plays a pivotal, dosage-

sensitive role in maintaining the balance between progenitor self-renewal and neuronal 

differentiation during neurogenesis [93,179]. Although Numb-like provides partial 

compensation, Numb exerts non-redundant functions essential for establishing neural 

polarity, regulating asymmetric cell division, and ensuring the coordinated progression of 

neural development in the mammalian brain [6,86,179]. 
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1.14- Numb gene. 

 

The mammalian Numb gene represents the evolutionary counterpart of the Drosophila 

numb gene and encodes a cytoplasmic protein that functions as a key determinant of cell 

fate asymmetry.  

The numb gene consists of 13 exons, 10 of which are protein-coding, Numb gene 

encodes a membrane-associated protein or scaffold protein involved in bringing together 

multiple proteins into a functional unit or pathway that is primarily found in the cell and 

peripheral membrane [127,153]. However, it is also to be present in the endosomal 

membrane, clathrin vesicles, the basolateral membrane, nuclei, and cytoplasm 

[73,83,96,166,187-192]. 

For clarity, Numb it is often referred to as containing 10 exons, and we will adopt the same 

convention here [109,124,127,166]. These coding exons can undergo alternative splicing, 

generating multiple Numb isoforms with distinct structural and functional properties. This 

splicing diversity allows Numb to modulate processes such as cell fate determination, 

polarity, and signaling in a context-dependent manner 

[124,127,144,153,156,157,166,193]. Both human and mouse Numb genes share a highly 

conserved domain architecture composed of an N-terminal PTB domain, a central linker 

region, and a C-terminal PRR domain. These structural modules mediate Numb’s function 

as an adaptor protein that coordinates signal transduction, endocytosis, and cell polarity 

during development. 

Eukaryotic Numb mRNA can undergo alternative splicing to produce at least 4 different 

isoforms Numb, with predicted molecular masses of p65, p66, p71, and p72 kDa at the 

protein level produced by the inclusion  or exclusion of exon 3 and 9  (FIG 7) 

[124,127,144,153,156,157,166,193,194]. Human Numb gene is located on the 14q24.3 

chromosomal region that encodes an endocytic protein of the same name [109,124]. 

Numb is expressed in different adult human tissues, with the highest levels being found 

in the blood, lung, and gallbladder and the lowest in the pancreas [124,194]. However, 

Numb expression fluctuates according to developmental stage, reaching its maximum at 

the two-cell embryo stage and progressively declining in subsequent stages prior to 

blastocyst formation [194].  
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Expression studies have shown that Numb is widely expressed during embryonic 

development and in adult tissues, with high levels detected in neuroepithelial cells, neural 

progenitors, and epithelial tissues [6,85,109,195]. During cortical neurogenesis, Numb 

becomes asymmetrically distributed to one pole of dividing progenitor cells, ensuring that 

its inheritance by only one daughter cell leads to Notch signaling inhibition and neuronal 

differentiation, while its absence in the other allows continued progenitor identity 

[16,106,108,109,124,153]. This asymmetric segregation of Numb thus provides a 

mechanistic basis for cell fate asymmetry and lineage diversification in mammalian 

neurodevelopment [6,28,84,109,151,178,196]. 

Overall, the mammalian Numb gene encodes a multifunctional adaptor protein whose 

structural complexity and splicing diversity enable it to integrate polarity cues, endocytic 

pathways, and signaling networks to regulate a broad range of developmental processes 

[83,109,124,139,143,197]. Its evolutionary conservation and isoform specialization 

underline its central role in coordinating asymmetric cell division, stem cell maintenance, 

and tissue morphogenesis across vertebrates [13,37,99,109,124,143,177,196]. 

 

 

 

 

 

 

 

 

 

 

Figure 7: Mammalian Numb and splice variants. 

Numb mRNA contains 13 exons. The first 3 it doesn’t codify to protein. Splice variants are generated by 
alternative splicing, being the exon 3 (green) and exon 9 (blue) involved in this process. These splicing 
events help to produce 4 main variants, partially described in mammalian neurodevelopment, Numb1 (p72), 
Numb2 (p66), Numb3 (p71) and Numb4 (p65). 
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1.15- Numb protein. 

 

Structurally, Numb exhibits a modular architecture: an N-terminal PTB domain [198,199] 

and a C-terminal PRR containing multiple Src homology 3 (SH3) domain-binding sites  

[109,124,156]. The PRR also harbors two DPF motifs, which serve as binding sites for 

the clathrin adaptor α-adaptin, and one NPF motif, which interacts with proteins containing 

Eps15 homology (EH) domains. These motifs are conserved across vertebrate Numb 

isoforms, Numb-like (Numbl), and dNumb [73,116,118,143,153]. 

The mammalian numb gene produces four protein isoforms via alternative splicing of two 

exons: 3 and 9, one in the PTB domain and one in the PRR, respectively [124,127]. 

Isoforms p72 (Numb1) and p66 (Numb2) contain an 11-amino acid insert in the PTB 

domain, PTB-long (PTBL), whereas p71 (Numb3) and p65 (Numb4) have the shorter PTB 

domain (PTBS). Similarly, p72 and p66 include a 48-amino acid insert in the PRR (PRRL), 

which is absent in p71 and p65 (PRRS) (TABLE 1) [124,127,166]. Functional studies in 

immortalized mouse neural crest lines and rat neural crest stem cells reveal that PRRS 

isoforms promote neuronal differentiation, while PRRL isoforms favor proliferation. The 

PTB domain also affects subcellular localization: PTBL-containing isoforms localize to the 

plasma membrane, whereas PTBS isoforms are primarily cytoplasmic [127]. These 

isoform-specific properties highlight how Numb functions are diversified through domain 

structure and protein interactions [124,127,156]. 

 

Table 1: Mammalian Numb protein diversity according their PTB and PRR domain. 

Common 

Name 
Isoform 

PTB  

Domain 

PRR  

Domain 

Exon 3 

(PTB insert) 

Exon 9 

(PRR insert) 

p72 NUMB1 
PTBL 

11 aa insert. 

PRRL 

48 aa insert 
Included Included  

p66 NUMB2 
PTBL 

 11 aa insert. 

PRRS 

lacks 48 aa insert 
Included  Excluded 

p71 NUMB3 
PTBS 

lacks 11 aa insert 

PRRL 

48 aa insert 
Excluded Included  

p65 NUMB4 
PTBS 

lacks 11 aa insert 

PRRS 

lacks 48 aa insert 
Excluded  Excluded  
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1.16- Mammalian Numb Isoforms. 

 

1.16.1- Numb isoforms diversification. 

 

In the context of the intricate regulatory networks that govern mammalian development, 

a single protein often cannot fulfill all the necessary functional demands hence, molecular 

versatility is achieved through mechanisms such as alternative splicing. In this framework, 

the Numb gene exemplifies such regulatory adaptability by producing multiple protein 

isoforms, each with distinct structural features and context-specific functions 

[69,109,124,194]. 

 

These studies revealed that Numb undergoes alternative splicing at two critical regions. 

The first involves an 11-amino acid insert within the PTB domain, encoded by exon 3. 

This insertion markedly alters Numb’s tertiary structure and binding specificity, enhancing 

its ability to associate with the plasma membrane, whereas isoforms lacking this insert 

are predominantly cytoplasmic [109,115,117,124,153,154,200]. The second splicing 

event occurs within the central PRR, where the inclusion or exclusion of exon 9 generates 

a 48 amino acid insert, further diversifying Numb isoform structure and function  

[109,124,127]. Together, these two splicing events at exons 3 and 9 define the four major 

Numb isoforms, each with distinct subcellular localizations and regulatory capacities 

[109,124,127].  

 

Numb isoforms are commonly classified based on their PTB domain composition and 

molecular weight. Among the alternative splice variants, as it was mentioned before, only 

four are translated into proteins: p72 (Isoform 1), p66 (Isoform 2), p71 (Isoform 3), and 

p65 (Isoform 4) [109,124,127,153,166]. Isoform 1 (p72) is the longest transcript and 

includes all coding exons (FIG 8). Isoform 2 (p66) lacks exon 9, while Isoform 3 (p71) 

lacks exon 3. The shortest variant, Isoform 4 (p65), lacks both exons 3 and 9 (FIG 8) 

[109,124,127,153]. 
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Early expression profiling, using Northern blotting and RT-PCR, showed that PRR-long 

isoforms (PRRL or Ex9in) predominate in undifferentiated neural progenitors and decline 

during neuronal differentiation, whereas PRR-short isoforms (PRRS or Ex9sk) become 

enriched in mature neurons [127,153]. Functional studies in both Drosophila and 

mammalian neural progenitor models demonstrated that PRRS isoforms robustly drive 

cells toward a neuronal fate, while PRRL isoforms fail to induce differentiation and instead 

sustain a progenitor-like, proliferative state [69,109,124,144].  

 

 

Figure 8: Mammalian Numb gene and protein diversification. 

 A) Mammalian Numb and splice variants. Numb mRNA contains 10 exons. The first 3 it doesn’t codify to 
protein. Splice variants are generated by alternative splicing, being the exon 3 (green) and exon 9 (blue) 
involved in this process B) Mammalian Numb isoforms p72, p71, p66, p65 structure shows the main protein-
protein interactor domains: PTB (green), PRR (blue), DPF (red) and NPF (yellow) motifs. DPF: aspartic 
acid-proline-phenylalanine motifs and NPF: asparagine proline-phenylalanine motif. 

 

Mechanistically, these opposing outcomes are linked to isoform-specific modulation of 

Notch signaling [58] PRRS isoforms attenuate Notch activity to facilitate differentiation, 

whereas PRRL isoforms maintain Notch signaling to promote progenitor expansion 

[6,109,124]. Together, these early findings established an isoform-dependent regulatory 

axis in which alternative splicing of Numb fine-tunes the balance between self-renewal 

and differentiation through context-specific modulation of intracellular signaling pathways 

[94,109,124,127,144,153,156,166,187].  
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These foundational observations laid the groundwork for later studies connecting isoform 

balance to endocytic trafficking, cell fate determination, and cancer biology, however, the 

biological significance and process-specific roles of the PTB-domain isoforms remain 

unresolved [83,94,109,115,117,124,127,144,153,156,166,173,181,187,196,200-202]. 

 

1.17- Mammalian Numb isoforms function. 

 

1.17.1- Tissue-specific patterns and functional implications. 

Numb isoforms expression is highly tissue-dependent and tightly correlated with 

developmental stage and cellular identity [109,124,194]. In pluripotent stem cells, both 

exon 3 and 9 are widely included, favoring the expression of p72 (PTBL-PRRL) [194]. In 

contrast, differentiated tissues, particularly in the adult brain, immune system, and 

pituitary, express isoforms lacking both exons p65 (PTBS-PRRS), which supports a role 

in differentiation and reduced proliferative capacity [194]. 

Tissues with self-renewal capacity such as testis, gastrointestinal tract, and pancreas 

tend to express PTBS isoforms (p71, p65), indicating a possible role for these isoforms in 

progenitor maintenance and tissue homeostasis [109,124,194]. Interestingly, certain 

tissues, like kidney cortex, prostate, and esophageal mucosa, display nearly equal levels 

of all four isoforms, suggesting a complex regulatory environment where fine-tuning of 

Numb splicing may modulate distinct signaling outputs [124,194]. 

 

 
 
 
 
 
 
 
 



 

 45 

1.17.1.1- Examples of Numb isoforms role in neurodevelopment. 

 

Alternative splicing is an essential mechanism for post transcriptional regulation of gene 

expression and for the diversification of gene products [203-205]. Sequence-specific 

RNA-binding proteins govern mechanisms that activate and repress splice sites or 

modulate exon or intron definition [203-206]. 

During development, Numb isoform expression is highly stage-dependent, with PRRL 

isoforms enriched in progenitors and PRRS isoforms dominating in differentiated neurons 

[69,124,194]. Functional perturbation studies confirm that PRRL isoforms sustain 

proliferation and antagonize differentiation, while PRRS isoforms drive neuronal 

maturation, via stronger antagonism of Notch signaling through endocytic degradation 

[69,72,73,84,94,108,109,124,127,153,166,173,207]. 

Another example of how Numb isoforms regulate progenitor proliferation and 

differentiation comes from studies of splicing defects, which are increasingly implicated 

in neurodevelopmental disorders [166,194,203,205,206,208,209]. Polyglutamine-binding 

protein 1 (PQBP1), a nuclear factor involved in alternative splicing, is strongly expressed 

in the embryonic cerebral cortex, striatum, and hippocampus [208,210]. Conditional 

knockout of Pqbp1 in neural stem/progenitor cells prolongs the cell cycle and leads to a 

microcephaly phenotype, highlighting its essential role in brain growth.  

 

In the striatum, the largest component of the basal ganglia, required for movement control 

and associated with addictive behaviors, PQBP1 regulates the balance of intermediate 

progenitor proliferation and differentiation by modulating Numb splicing [208]. 

Mechanistically, PQBP1 controls the inclusion of exon 9 in Numb transcripts, thereby 

regulating the ratio of PRRL and PRRS isoforms. During striatal development, isoforms 

that includes exon 9 (PRRL) predominate at embryonic day 11.5 (E11.5) but are 

progressively replaced by isoforms without exon 9 (PRRS) as development proceeds, a 

switch observed both at the RNA and protein level. Importantly, PRRL isoforms are 

enriched in progenitor tissues and promote cell proliferation, whereas PRRS isoforms are 

enriched in adult tissues and favor differentiation. Consistent with this developmental 
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transition, PQBP1 depletion reduces exon 9 inclusion and increases exon 9-skipped 

isoform expression, resulting in impaired progenitor proliferation, premature 

differentiation, and ultimately defective striatal neurogenesis [208,210]. Numb also has 

been implicated in synapse formation, neuronal function, and neurite growth [93], 

primarily through the regulation of Notch-dependent expression of the transient receptor 

potential channel TRPC6, a voltage-gated calcium channel (VGCC) [70,94,211]. Calcium 

signaling is well established as a key regulator of neural progenitor differentiation, axon 

outgrowth, and synaptic plasticity [211-214].  

 

In neuronal differentiation, Numb expression increases in rat primary hippocampal and 

cortical neuronal cultures [70]. Functional studies show that the PTBS domain of Numb 

promotes neurite outgrowth via activation of VGCCs, while the PRRL domain contributes 

to neuronal branching and splice-site dependent regulation of VGCC activity. From day 1 

to day 9 of in vitro culture, Numb expression remains consistently elevated in 

hippocampal neurons, suggesting a sustained role for Numb in postnatal neuronal 

development and in maintaining neuroepithelial architecture [70,71]. 

Neurite outgrowth depends on intracellular calcium signaling and Numb-mediated 

outgrowth specifically requires VGCC activation [70,71]. Indeed, the calcium chelator 

BAPTA-AM completely abolishes neurite extension in cells expressing either PTBS/PRRS 

or PTBS/PRRL isoforms, confirming that the PTBS domain is the principal determinant of 

neurite outgrowth. Interestingly, cells expressing the PTBS/PRRL isoform display greater 

neurite length and increased dendritic branching compared to those with PTBS/PRRS, 

highlighting a unique contribution of the PRRL domain to neuronal branching [70]. 

 

Together, these findings underscore that distinct Numb isoforms exert specialized 

functions in shaping neuronal architecture, with the PTBS domain driving neurite 

extension and the PRRL domain fine-tuning dendritic branching, thereby integrating Numb 

into the broader regulatory network of calcium-dependent neuronal development 

[70,94,211,213,214]. These isoform-specific functions highlight how Numb acts not only 

as a structural regulator of neuronal architecture but also as a molecular interpreter of 
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splicing decisions. In this context, upstream regulation by splicing factors such as RBM4 

in neurodevelopment [203]. 

RBM5/6 and RBM10 splicing factors in cancer cell proliferation [203,215] becomes 

particularly important, as it dictates the balance of Numb isoforms that engage distinct 

signaling pathways to orchestrate neurite extension, dendritic branching, and ultimately 

neuronal fate [203,216-218].  

 

By linking isoform diversity to calcium-dependent mechanisms of neuronal growth, RBM4 

establishes Numb as a central effector at the intersection of splicing regulation, Notch 

signaling, and activity-dependent neuronal development [203,218,219]. 

  

Emerging evidence identifies RNA-binding motif 4 (RBM4) as a pivotal splicing regulator 

that shapes neuronal fate decisions through control of Numb isoform diversity 

[203,217,220]. By promoting Ex3in and suppressing Ex9in, RBM4 drives the production 

of Numb isoforms optimized for neuronal differentiation and neurite outgrowth [203,220]. 

This splicing switch is not merely a molecular detail but a developmental checkpoint [203]. 

 

Loss of RBM4 disrupts this balance, leading to aberrant Numb isoform ratios, impaired 

Mash1 expression, and defective neurite outgrowth. Importantly, re-expression of specific 

Numb isoforms such as p66 or p65 rescues these defects, confirming that RBM4 exerts 

its developmental role primarily through isoform-specific Numb functions. Thus, RBM4 

and Numb together constitute a regulatory module that integrates splicing, Notch 

signaling, and cytoskeletal dynamics to control neural progenitor maintenance, neuronal 

differentiation, and cortical architecture [203,217-220]. Interestingly, the same Numb 

isoforms regulated by RBM4 during neurodevelopment also intersect with Tau biology, 

linking splicing-driven progenitor fate decisions to mechanisms of neuronal protection 

against Tau toxicity [155,221,222]. 

 

Tau is a microtubule-associated protein critical for neuronal polarity, axonal transport, and 

cytoskeletal stability, and its dysregulation underlies tauopathies and contributes to 

neurodegeneration [222-224]. Emerging evidence links Tau regulation to Numb 

[155,222]. Numb controls intracellular Tau homeostasis by limiting Tau accumulation and 
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preventing the formation of toxic oligomers. Mechanistically, Numb may influence Tau 

both directly, through regulating protein turnover and trafficking, and indirectly, by 

modulating signaling pathways that affect neuronal survival [155]. Isoform-specific roles 

are particularly relevant: the long isoform Numb-p72 has been shown to protect neurons 

in tauopathy models, rescuing dendritic morphology, synaptic responses, and overall 

neuronal viability [155,221,222,224]. Given that Numb isoforms are themselves 

developmentally regulated by alternative splicing, this points to a coordinated mechanism 

in which Numb shapes progenitor fate decisions during neurodevelopment while 

simultaneously providing a safeguard against Tau toxicity in post-mitotic neurons. 

Together, these findings suggest that Numb sits at the intersection of developmental 

programs and neurodegenerative processes, highlighting it as a potential therapeutic 

target in Tau-related disorders [155,222,224]. Numb functions as a versatile scaffold 

protein that integrates endocytosis, signaling, and cell fate decisions. Through its isoform-

dependent regulation of receptor trafficking, Numb controls whether key molecules such 

as Notch, integrins, and growth factor receptors are recycled to sustain signaling or 

targeted for degradation to terminate it [225-227]. This balance is critical in 

neurodevelopment, where Numb isoforms coordinate the timing of progenitor 

maintenance versus differentiation, and it is frequently hijacked in cancer, where shifts in 

new Numb splicing events sustaining proliferative and invasive programs 

[100,156,158,221,228].  

By linking membrane trafficking with polarity cues and adhesion dynamics, Numb 

positions itself at the crossroads of neurogenesis, endocytic control, and tumorigenesis, 

making it a unifying regulator across diverse biological systems 

[112,142,166,173,196,229].  
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1.17.1.2- Examples of Numb isoforms role in endocytic trafficking. 

Endocytic trafficking is a fundamental process to regulates the abundance and signaling 

potential of surface receptors such as Notch, integrins, and Eph receptors.  By controlling 

whether these receptors are recycled back to the plasma membrane (PM) or targeted for 

degradation, endocytosis fine-tunes the signaling thresholds that drive neural progenitors 

toward self-renewal, differentiation, or lineage commitment. Numb plays a central role in 

this process by acting as a splicing-dependent factor [73,83,93,96,188,196,207,226,229]. 

Through its conserved NPF motif, Numb interacts with the endocytic adaptors EPS15 and 

EPS15L1, scaffold proteins recruited early in clathrin-coated vesicle formation [189,230]. 

These interactions, particularly enriched in the PRRL Numb isoforms, facilitate 

internalization of specific receptors such as Ephrin type-B receptor 2 (EPHB2), implicated 

in tumorigenesis as well as pathological forms of angio-genesis, via Numb p72–

EPS15/EPS15L1 complexes thereby act as hubs that link cargo selection to downstream 

endocytic trafficking and receptor fate [173,207,231,232]. Numb also binds integrins like 

integrin beta-5 (ITGB5) through its PTB domain [166]. Depletion of either Numb or 

EPS15/EPS15L1 reduces ITGB5 clustering in the PM [233,234]. This relation Numb-

ITGB5 act as bidirectional signaling units that anchor the actin cytoskeleton to the 

extracellular matrix, mediate cell ECM adhesion during mitosis, providing structural 

platforms in skeletal muscle, and enhance growth factor receptor signaling [207,231-234]. 

The Anaplastic Lymphoma Kinase (ALK), a receptor tyrosine kinase, also undergoes 

ligand-induced internalization and sorting through endocytic pathways to regulate its 

signaling output, normally expressed only transiently during nervous system 

development, with minimal levels in adult tissues [235]. While knockout studies suggest 

ALK is non-essential for normal development [236], aberrant ALK activation through 

mutations, amplifications, or translocations drives several cancers, including anaplastic 

large-cell lymphoma and non-small-cell lung cancer (NSCLC) [237]. Oncogenic ALK 

sustains tumorigenesis by hyperactivating MAPK proliferation and PI3K/Akt survival 

pathways [235-237].  
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Endocytosis is a key regulatory mechanism of ALK activity [238]. Normally, ligand-

induced ALK activation triggers internalization and sorting through endocytic 

compartments, where receptors are either recycled back to the plasma membrane or 

targeted for lysosomal degradation [238]. This trafficking decision is mediated by Numb, 

which couple ALK and other receptors to clathrin-mediated internalization and post-

endocytic fate. Numb can act as a tumor suppressor by promoting receptor 

downregulation, thereby dampening oncogenic signaling. However, in cancers where 

Numb function is lost or isoform expression is altered, ALK may escape degradation, 

remain stabilized at the cell surface, and prolong oncogenic signaling cascades [238,239]. 

Beyond kinase inhibition, ALK regulation is intimately linked to endocytic control 

[238,240]. Together, EPS15, Numb, and ALK form a regulatory triad: EPS15/15L1 supply 

the structural scaffold for clathrin-coated pit formation, Numb functions as the cargo 

adaptor that directs receptor fate, and ALK represents the signaling receptor whose 

oncogenic output is governed by the efficiency of this machinery [238-240]. Loss of Numb 

can also disrupt autophagy, an alternative degradative route used by receptors such as 

Notch [241]. Compared the effects of Numb isoforms p66 (PTBL-PRRS) and p72 (PTBL-

PRRL) over expression on the endosomal trafficking of the ALK receptor tyrosine kinase 

suggested that p72 and p66 have different effects on ALK trafficking: whereas p66 

promotes degradation, p72 promotes recycling of ALK to the membrane. In addition, 

Numb p72, but not p66, enhanced accumulation of ALK within fast-recycling vesicles 

[238,239]. 

Disruption of this axis through Numb loss, isoform imbalance, or EPS15 dysfunction may 

stabilize ALK at the plasma membrane, prolonging MAPK and PI3K/Akt signaling and 

driving tumorigenesis [189,238,239] . Thus, therapeutic strategies aimed at restoring 

Numb/EPS15 function or leveraging ALK’s reliance on endocytosis represent promising 

avenues to complement existing ALK inhibitors (e.g., crizotinib, ceritinib, alectinib are 

already FDA-approved) and overcome resistance [242]. 
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On this way, alternative splicing of Numb acts as a molecular switch that determines 

whether receptors are degraded to terminate signaling or recycled to reinforce it, 

ultimately guiding progenitor cells through critical neurodevelopmental decisions. 

Together, EPS15, Numb, and ALK form a regulatory triad, where EPS15/15L1 provide 

the structural platform for clathrin-coated pit formation, Numb serves as the cargo 

adaptor, and ALK is the signaling receptor whose oncogenic potential is dictated by the 

efficiency of this endocytic machinery [189,196,238,239]. Targeting this axis, either by 

restoring Numb/EPS15 function or exploiting ALK’s dependence on endocytic trafficking 

offers new therapeutic opportunities beyond kinase inhibition [83,96,238,239]. 

1.17.1.3- Examples of Numb isoforms role in cancer. 

To date, it remains controversial whether Numb functions primarily as a tumor suppressor 

or as an oncogene. On one hand, Numb downregulation has been reported in multiple 

tumor types, including breast, colorectal, oral, endometrial, and lung cancers. In these 

contexts, its tumor suppressor activity is associated with inhibition of the Notch signaling 

pathway, stabilization of p53, stimulation of Wnt signaling, and regulation of epithelial–

mesenchymal transition [158,166,183]. In particular, PTBL isoforms (p66, p72) directly 

bind MDM2, preventing p53 degradation and preserving its tumor suppressive activity 

[183]. Loss of these isoforms compromises p53 stability, highlighting how alternative 

splicing of Numb mRNA serves as a critical determinant of tumor initiation and 

progression across multiple cancer types [158,159,181]. 

Moreover, several microRNAs, such as miR-31, miR-146, miR-543, miR-335, and miR-

9, enhance oncogenicity by antagonizing Numb [78,243-245]. On the other hand, 

experimental evidence indicates that Numb can act as an oncogenic modulator in 

hepatocellular carcinoma, lung adenocarcinoma, and squamous cell carcinoma, where it 

promotes cell proliferation, migration, and invasion [246,247]. Thus, a systematic 

understanding of the context-dependent roles and clinical significance of Numb in diverse 

cancers is still lacking. 

In ovarian cancer (OC), aberrant regulation of Numb splicing is driven by the 

serine/arginine-rich splicing factor 9 (SRSF9), which is upregulated and correlates with 
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poor prognosis [234,248]. Mechanistically, SRSF9 recognizes non N6-methyladenosine 

(m6A) modified Numb mRNA and promotes retention of exon 9 generating oncogenic 

isoforms that sustain Notch signaling and tumor growth [248,249] .  

Importantly, m6A modification acts as a safeguard against this process: an m6A motif at 

the 5′ terminal of Numb exon 10 recruits the m6A reader HNRNPA2B1, which 

competitively binds Numb mRNA and prevents SRSF9-mediated splicing. Experimental 

depletion of SRSF9 or antisense oligonucleotide-mediated correction of Numb splicing 

effectively suppresses OC progression in vitro and in vivo, highlighting a critical m6A-

SRSF9-Numb axis that contributes to tumorigenesis and represents a potential 

therapeutic target [234,248,249]. 

In breast cancer (BC), Numb’s tumor suppressor role is tied to its PTBL-isoforms 

[159,250]. Their loss leads to reduced p53 stability, increased chemoresistance, and poor 

outcomes in p53- tumors, making Numb splicing a potential biomarker and therapeutic 

target in BC [250]. A similar mechanism operates in hepatocellular carcinoma (HCC), 

where the splicing factor polypyrimidine tract binding protein 1 (PTBP1) drives the 

inclusion of isoforms with exon 9 [251]. In mice, Numb mRNA has shown the predominate 

isoforms, PTBL at E11.5 and the PRRS variants becomes dominant gradually during 

striatal development, showing this differential function [179,208,251]. PTBP1 

overexpression promotes invasion and migration, whereas its knockdown restores the 

tumor-suppressive PRRS isoforms and reduces malignancy, underscoring how splicing 

factors directly reprogram Numb function [208,251]. 

Isoform balance also shapes tumor biology in medulloblastoma, where stem-like cancer 

cells predominantly express p72 isoform while the tumor-suppressive p66 isoform is 

diminished. Forced expression of p66 reduces stemness, whereas p72 maintains it, 

showing how Numb isoform ratios directly influence cancer cell identity [252]. 

Another example occurs with the RNA-binding protein Quaking-5 (QKI-5), characterized 

several cancer-associated QKI mutations that cause dysregulation of the splicing of its 

downstream targets like Numb [209,253]. QKI is frequently downregulated and exhibits 

anti-tumor activity in lung cancer [253,254]. Has been shown that QKI-5 inhibits cell 
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proliferation in part by regulating the splicing of Numb exon 9 to prevent the inappropriate 

activation of Notch signaling [253,254]. Mechanistically, QKI-5 competes with a core 

splicing factor SF1 for binding to the branchpoint to inhibit exon 9 splicing of Numb, 

promoting PRRS isoforms and support tumor suppression [254].  Onto the other hand, 

loss of QKI, often in synergy with factors such as NONO that promote skipping of exon 9, 

disrupts this balance, driving uncontrolled proliferation [203,255]. 

Evidence supports the existence of at least two novel human Numb isoforms, p55 

(Numb5) and p54 (Numb6), which arise from alternative splicing that excludes exon 7 of 

the human Numb gene, thereby reducing their ability to antagonize Notch signaling 

[156,252]. These isoforms are transient and rarely expressed but are detected in cell 

types with strong polarity and migratory behavior, such as human amniotic fluid cells, 

glioblastoma, and metastatic tumor cell [156,197,252]. Structurally, compared to the 

canonical isoforms, p55 and p54 both lack exon 7 resulting in a shortened C-terminal tail 

and a truncated PRR domain, with p55 and p54 carrying a PTBL and PTBS variant 

respectively [156,197]. 

Functional studies show that Numb p55 and p54 promote cytoskeletal remodeling and 

migratory behaviors, with Numb p55 inducing lamellipodia and Numb p54 driving 

filopodia. Both dynamic formation are essential for processes such as tissue 

morphogenesis, wound healing, and cancer cell invasion through interactions with 

proteins such as cell division control protein 42 homolog (CDC42), vimentin, and IQ motif-

containing GTPase-activating protein 1 (IQGAP1) [156]. 

 Their overexpression in mouse models is sufficient to trigger tumorigenesis, and in breast 

cancer cells Numb p54 enhances epithelial-to-mesenchymal transition (EMT) via 

upregulation of Slug, loss of E-cadherin, and activation of Akt signaling, resulting in 

increased invasion and migration [197].  
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Unlike the well-characterized Numb isoforms (p72–p65), which inhibit Notch and repress 

JAG1 expression, Numb p55 and p54 fail to downregulate JAG1 in glioblastoma [156]. 

Notably, the high JAG1 levels observed in high-grade gliomas and glioblastoma cells can 

be significantly reduced by Numb p66 and p65, but not by Numb p55 or p54. Their 

enrichment in aggressive breast and brain tumors suggests that Numb p55 and p54 

function as dominant-negative isoforms, positioning them as potential biomarkers and 

therapeutic targets in cancer [156,197]. Clinically, elevated Numb p55 or p54 expression 

correlates with higher tumor grade, underscoring their contribution to tumor progression, 

although the regulatory mechanisms driving their splicing and their precise roles across 

cancer types remain to be fully elucidated [156,197]. 

The emergence of oncogenic isoforms such as Numb p55 and p54 further underscores 

the plasticity of Numb’s role in cancer, highlighting isoform regulation as both a biomarker 

of prognosis and a promising therapeutic entry point for restoring its tumor-suppressive 

functions [209,248,256]. 
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1.18- Numb and main pathways regulation. 

 

1.18.1- Numb and Notch. 

 

The Notch signaling pathway is a highly conserved developmental network involved in 

cell fate determination, homeostasis and regulation of the proliferative/differentiative 

balance during development and in adult tissue homeostasis [58,75,108,145,146,257]. 

 

During mammalian neurogenesis, cell fate decisions are tightly regulated by the interplay 

between Notch signaling, Hes transcriptional dynamics, and Numb-mediated inhibition 

[75,146,258].  

Notch signaling functions as an essential mechanism to direct cell fate decisions of 

neighboring cells through cell-cell physical interactions, it binds directly to ligands of the 

DSL family (Delta, Serrate, Lag-2; DLL1, DLL2, DLL3, Jagged 1/2 in human, located as 

integral membrane proteins, on the opposing signal-sending cell 2. Receptor-ligand 

engagement triggers a cascade of proteolytic cleavage events that concludes with the 

cleavage of Notch [3,92,259,260]. Activation of Notch in progenitor cells results in nuclear 

translocation of the Notch intracellular domain (NICD), which associates with the 

CSL/RBPJk transcription complex to induce expression of hes genes (e.g., hes1, hes5) 

[58,260,261]. Hes proteins act as transcriptional repressors of proneural genes such as 

Neurog2 and Ascl1, thereby maintaining progenitor identity [262]. Notably, Hes 

expression is oscillatory, creating transient periods during which proneural genes can be 

expressed, allowing progenitors to remain flexible in their differentiation potential (FIG 

1.9). Numb, asymmetrically segregated during mitosis, modulates this system by 

promoting NICD degradation and inhibiting Notch receptor recycling [263-265]. In the 

Numb-positive daughter cell, reduced NICD levels lead to decreased Hes expression, 

relieving repression on proneural genes and enabling neuronal differentiation. In contrast, 

the Numb-negative cell retains high Notch activity and Hes oscillations, preserving 

progenitor fate [73,89]. This coordinated mechanism ensures that asymmetric division 

produces one differentiating neuron while maintaining a progenitor pool, with Hes 

oscillations providing temporal control over the precise timing of proneural gene activation 

(FIG 9) [125,266]. 
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Through these mechanisms, Numb functions as a molecular sensor that fine-tunes Notch 

activity. This regulation is particularly relevant during asymmetric cell divisions of stem 

and progenitor cells, where Numb partitioning ensures that one daughter cell remains 

responsive to Notch while the other does not, thereby establishing distinct cell fates 

[28,73,89,142,158,166,267].  

Beyond its developmental role, dysregulation of the Numb-Notch axis is implicated in 

multiple cancers, including colon, pancreatic, lung, breast, acute myeloid leukemia, and 

glioblastoma, highlighting Numb’s tumor suppressor function in mammals [158,268-270]. 

Together, these findings emphasize that precise control of Notch signaling by Numb I 

essential for proper cell fate specification and tissue homeostasis, although many context-

dependent aspects remain to be fully elucidated. 
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Figure 9: Inhibition of Notch pathway by Numb [102].  

Numb interacts with AP-2 and Eps15 to disrupt endocytosis of Notch ligands and receptors (1). The bind 
ng of ligands (Delta, Jagged [JAG]) to Notch transmembrane receptors 1–4 triggers a series of proteolytic 
cleavages by ADAM family proteins (ADAM 10, ADAM 17) and a γ–secretase complex that led to the 
release of the Notch intracellular domain (NICD) (2). The NICD is translocated into the nucleus, interacts 
with the recombining binding protein suppressor of hairless (RBPJ) transcription factor and the 
transcriptional activator protein Mastermind to regulate target genes such as Hes-1 and Hey-1. Numb might 
disturb this transcriptional machinery and inhibit Notch-dependent gene expression (3). Phosphorylation of 
NICD by CDK8 leads to hAgo-dependent proteasomal degradation of NICD (4). Numb prevents 
translocation of NCID into the nucleus (5). Strategies under development for the therapeutic inhibition of 
the Notch pathway are indicated in boxes. 
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1.18.2- Numb and p53-MDM2. 

 

MDM2 (HDM2 in humans) is an oncogenic E3 ubiquitin ligase that targets the tumor 

suppressor p53 for proteasomal degradation, thereby promoting tumorigenesis [271].  

Beyond its canonical role in p53 regulation, MDM2 can also bind Numb, forming a trimeric 

Numb-MDM2-p53 complex in epithelial cells (FIG 10) [181,272]. Within this complex, 

Numb enhances p53 stability by inhibiting its ubiquitination, effectively prolonging its half-

life from approximately 60 minutes to 120 minutes and augmenting its transcriptional 

activity [101,112,143,181,273]. This protective interaction has significant biological 

consequences: experimental depletion of Numb using short hairpin RNA (shRNA) or 

small interfering RNA (siRNA) achieving 80-90% reduction in Numb protein levels 

decreased p53 half-life from ~60 minutes to ~20 minutes and diminished total p53 protein 

abundance by two-fold [181,274]. Notably, conditional knockouts of Numb-like (Numbl) 

did not alter p53 stability, indicating that this function is specific to Numb and cannot be 

compensated by its paralog [275]. Conversely, overexpression of Numb increased p53 

half-life from ~60 minutes to 120 minutes and enhanced its transcriptional activity, 

highlighting Numb's capacity to stabilize and functionally activate this critical tumor 

suppressor [101,112,143,181,273]. 

Despite these findings, the molecular mechanism underlying Numb's stabilizing effect on 

p53 remains incompletely resolved. It is unclear whether Numb acts primarily through 

direct physical interaction with p53, thereby sterically blocking MDM2 access to 

ubiquitination sites on p53, or whether it functions indirectly by sequestering MDM2 away 

from p53, reducing the frequency of MDM2-p53 encounters [181-183,271,272]. Additional 

complexity arises from reports indicating that activated Notch signaling can stabilize p53 

in vitro through Hey1-mediated binding to an MDM2 enhancer, leading to transcriptional 

repression of MDM2 itself. However, evidence suggests that Notch does not directly 

participate in the Numb-mediated stabilization of p53, indicating that p53 homeostasis 

can be controlled through both Notch-dependent and Notch-independent pathways, with 

Numb operating within the latter [276,277]. 
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In aged skeletal muscle, satellite cells, the resident muscle stem cells exhibit decreased 

Notch signaling, elevated MDM2 expression, and correspondingly reduced p53 levels  

[278-280]. Loss of p53 due to increased MDM2 activity contributes to defective spindle 

assembly and mitotic catastrophe, a form of cell death that occurs when mitosis fails to 

produce viable daughter cells, ultimately impairing the regenerative capacity of aged 

muscle [276,281]. Pharmacological activation of p53 using Nutlin-3, a small-molecule 

inhibitor that disrupts the p53-MDM2 interaction without affecting Numb, successfully 

reduced mitotic catastrophe and restored the proliferative capacity of satellite cells in 

aged muscle, demonstrating that restoring p53 activity is critical for maintaining stem cell 

function during aging [282]. These observations underscore the broader physiological 

relevance of the Numb-MDM2-p53 regulatory axis, extending its importance beyond 

cancer biology to encompass tissue homeostasis, stem cell maintenance, and age-

related regenerative decline [142,159,181-183]. 

 

. 
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Figure 10: Control of p53 activity by Numb [102]. 

 A) The negative regulatory feedback loop controls p53: p53-dependent transcription of MDM2 promotes 
p53 degradation (2). MDM2 also inhibits p53 activity by blocking p53 transcriptional activity and favoring 
p53 nuclear export (3). By inhibiting MDM2 activity, Numb amplifies p53 activity (4). Transcription of target 
genes promotes p53 tumor-suppressor properties (5). NUMB-MDM2 interaction might also alter p53-
independent MDM2 activities (6). B) Regulation of the Hedgehog/Gli pathway by Numb. Sonic hedgehog 
(SHH) inhibits the repression of Smoothened (SMO) by Patched (PTC) (1). Activation of SMO transmits the 
signal intracellularly and triggers the nuclear action of the Gli proteins. Gli proteins regulate target genes 
that participate in tumor proliferation and survival (2). Numb interacts with Itch to promote ubiquitination and 
degradation of Gli (3). In prostate cancer cells, GLI proteins bind to the androgen receptor and affect 
androgen signaling.   

A 
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1.19- Numb and Numb-like (Numbl). 

 

1.19.1- Numb-like. 

 

Numb-like (Numbl) is a paralog of Numb that arose through gene duplication early in 

vertebrate evolution, sharing significant structural homology including conserved 

phosphotyrosine-binding (PTB) and proline-rich region (PRR) domains that enable 

interactions with key signaling molecules and endocytic machinery [42,156,158,267]. 

Functionally, Numbl acts as a regulator of cell fate decisions, particularly during 

development, by modulating pathways such as Notch signaling [267]. While Numb and 

Numbl exhibit overlapping roles in maintaining progenitor pools and controlling 

differentiation as evidenced by their combined requirement for proper neural tube 

architecture and cortical lamination in double knockout models, they also possess distinct, 

non-redundant functions in neurogenesis and other developmental processes [177]. 

Notably, Numbl exhibits a more restricted expression pattern compared to the ubiquitous 

distribution of Numb, being preferentially enriched in postmitotic neurons and specific 

brain regions and shows distinct temporal dynamics during differentiation [267]. These 

expression differences suggest tissue-specific and stage-specific division of labor 

between the two paralogs, with Numb specializing in early progenitor maintenance and 

asymmetric divisions, and Numbl contributing more prominently to neuronal maturation, 

axonal trafficking, and synaptic function [93]. 

 

Phylogenetic and sequence analyses reveal that mouse Numb shares strong sequence 

similarity (76% identity) with the N-terminal portion of mouse Numbl (amino acids 42-331), 

while both proteins exhibit 63.7% identity to Drosophila Numb (dNumb), indicating 

evolutionary conservation of core functional domains across invertebrates and 

vertebrates [6,85]. 
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In addition, its expression is different during development, with ubiquitous Numb 

expression and more restricted expression of Numbl in the central nervous system 

[6,85,86,97]. In neurodevelopment, Numb and Numbl antagonize Notch signaling and 

coordinate the inheritance of fate determinants during asymmetric division, thereby 

balancing progenitor maintenance with neuronal differentiation [85,93]. Their functions 

extend beyond development, Numb and Numbl regulate clathrin-mediated endocytosis 

and trafficking of receptors such as Notch, integrins, and growth factor receptors, 

processes equally relevant in stem cell biology and tumorigenesis. Dysregulation of either 

protein disrupts these pathways, contributing to neurodevelopmental disorders, 

neurodegeneration, and cancer, underscoring their pivotal roles at the intersection of cell 

fate, signaling, and disease [42,69,94,100,112,156,158,222,228,267,283]. 

 

Numb and Numbl have been characterized as tumor suppressor genes as well [267,284], 

leading to Notch signaling pathway inhibition [267,285] or p53 stabilization 

[112,178,181,286] . Numb inhibits the Notch pathway through its interaction with ITCH 

and NICD, labeling NICD for ubiquitination and degradation [102,147,285]. Although this 

is one of the most known roles of Numb, this protein has also been linked to the Wnt 

pathway, promoting β-catenin degradation through polyubiquitination [267,287-289]. 

 

Previous results obtained by Numbl knockdown by shRNA, with no changes in Numb 

levels, showed an increment in tumorigenic properties and increased resistance to 

chemotherapy, with a worse prognosis in breast, lung and colorectal tumors [267]. 

Importantly, the downregulation of Numbl also triggers Notch pathway activation, further 

increasing the epithelia-mesenchymal transition (EMT), cancer stem cell (CSC) 

transcriptional markers and CSC-like phenotypes[180,197,250,267,289,290]. Although 

both proteins share overlapping functions in maintaining neural progenitors, Numbl alone 

cannot fully compensate for the loss of Numb, underscoring their partial redundancy and 

functional divergence during neurogenesis [68,74,86,163,178,267,291]. Single 

knockouts underscore this divergence: Numb-deficient mice die early in embryogenesis 

[151,179], whereas Numbl-null mice survive to adulthood without gross brain 

abnormalities [86,178].  
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In contrast, double mutants exhibit severe disruption of progenitor maintenance, neuronal 

differentiation, and tissue architecture, underscoring their cooperative yet non-equivalent 

roles [85,178,179,292]. In humans, Numb and Numbl proteins share significant structural 

and functional similarities, yet they also exhibit distinct differences. Both proteins are 

involved in cell fate determination and play crucial roles in various cellular processes 

(TABLE 2). 

 

Table 2: General comparison between Numb and Numbl [86,163,178,267]. 

 

 
 
 

 Numb Numb-like (Numbl) 

Localization Membrane associated and nuclear Cytoplasm 

Protein domains PTB domain and PRR. 
PTB and PRR with small variation in 

sequence. 

Expression 

patterns 

Widely expressed in various tissues 

and critical for asymmetric cell 

division, particularly in neural 

progenitors. 

Restricted expression pattern, mainly in 

the nervous system. 

 

 

Functional roles 

Exhibits a key role in maintaining stem 

cell populations, cell fate 

determination, and differentiation by 

regulating Notch signaling and 

endocytosis. 

Shares overlapping functions with Numb 

but thought to have distinct roles in 

neuronal differentiation and brain 

development. Numbl may also 

compensate for the loss of Numb 

function in certain contexts. 

Redundancy and 

Compensation 

There is functional redundancy between Numb and Numbl. Numbl can partially 

compensate for the loss of Numb in some, but not all, biological contexts. 
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1.20- Integration of Numb as a scaffold protein. 

 

1.20.1- Numb as an integrator of different pathways. 

 

Numb functions as a cargo-selective endocytic adaptor that integrates multiple signaling 

pathways to regulate cell fate, polarity, and differentiation (FIG 11) 

[73,125,126,142,150,153]. Its best characterized role is the negative regulation of Notch 

signaling, achieved by recruiting the E3 ubiquitin ligase ITCH to promote ubiquitination 

and degradation of the Notch Intracellular Domain (NICD) at the plasma membrane, 

thereby preventing its nuclear translocation and the activation of Notch target genes, like 

Hes/Hey family proteins [73,205,207]. All four Numb isoforms suppress Notch1 

transcriptional activity but appear to have little or no effect on Notch2 or Notch3 [205].  

 

Furthermore, Numb and Notch are also inversely expressed during the progression of 

oligodendrocyte differentiation, with higher Numb expression in mature oligodendrocytes 

[293]. In the developing neocortex, Numb and Notch are expressed in the ventricular zone 

of progenitors, while Numb-like (Numbl) is expressed in postmitotic neurons in the cortical 

zone [85]. Numb also plays a role in the proliferation of cardiomyocytes and trabecular 

morphogenesis through its interaction with Notch1. However, Numb/Numbl can inhibit 

Notch2 signaling to control heart myocardial compaction [294]. 

 

Isoform-specific differences add further complexity: Numb isoforms containing the PRRS 

suppress Notch signaling, whereas those with the PRRL enhance it [70,93]. Consistent 

with its inhibitory role, Numb expression inversely correlates with Notch1 in non–small 

cell lung cancer (NSCLC), where its loss promotes tumorigenesis. In progenitor cells, 

Numb also acts as a target and modulator of canonical Wnt signaling, being 

transcriptionally induced by β-catenin to suppress Notch activity and promote 

differentiation [150]. This Numb-mediated Wnt–Notch regulatory loop is further controlled 

by androgen receptors, and its disruption contributes to breast and colorectal cancer 

progression [109,150].  
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In addition, Numb inhibits the Hedgehog pathway by repressing Gli1 activity in cerebellar 

granule progenitor cells, thereby limiting stem cell proliferation and promoting 

differentiation (FIG 11) [295,296]. Interestingly, the Numb paralog Numbl exerts opposite 

effects, acting as an inhibitor of both Wnt and Hedgehog signaling, suggesting functional 

divergence following gene duplication [267,288,289,297].  

Figure 11: Numb acts as an adaptor protein in multiple signaling pathways.  

Numb inhibits Notch signaling by interacting with NICD. Additionally, the interaction between Numb and 
MDM2 increases p53 stability, allowing transcription of genes related to DNA-damage repair. Furthermore, 
the PRRL Numb isoform promotes ERK/MAPK signaling and the formation of a SMAD complex, leading to 
transcription of genes related to EMT. In addition, Numb promotes the ubiquitination and subsequent 
degradation of both Numb and ITCH through Gli1. 
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Beyond these developmental pathways, Numb also regulates the stability and activity of 

the tumor suppressor p53 by forming a tricomplex with p53 and the E3 ligase MDM2, 

preventing p53 ubiquitination and degradation and thereby sustaining its transcriptional 

activity [143,181,272,274,277,279,286]. This protective mechanism requires exon 3, 

which encodes the long PTBL present only in certain Numb isoforms [157,177,219]. 

Dysregulation of the Numb/p53/MDM2 complex has been implicated in the pathogenesis 

of several cancers, including breast, kidney, and pancreatic tumors [108,220,221]. 

Moreover, Numb’s stabilization of p53 also promotes asymmetric mammary stem cell 

divisions, linking its developmental and tumor-suppressive functions [143,222,228,298].  

Collectively, these findings highlight Numb as a central node in cellular signaling 

networks, coordinating receptor endocytosis and degradation with transcriptional 

regulation to fine-tune the balance between proliferation, differentiation, and tissue 

homeostasis. 
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1.21- Numb and epigenetic regulation. 

 

Emerging evidence indicates that Numb may interface with epigenetic regulators to fine-

tune gene expression programs during neurodevelopment and stem cell differentiation 

[295,299-303]. Traditionally recognized as a cell fate determinant acting through 

endocytic and signaling regulation, Numb’s functions now appear to extend into the realm 

of chromatin control and transcriptional regulation [303-305].  

One of the most well-characterized examples of this interplay arises from Numb’s 

capacity to modulate p53 stability. By forming a trimeric complex with p53 and MDM2, 

Numb prevents p53 ubiquitination, thereby stabilizing and prolonging its activity [181,272]. 

Since p53 has well-established roles in regulating the transcription of genes involved in 

chromatin remodeling, DNA methylation, and histone modification, Numb-mediated 

control of p53 levels may represent an indirect mechanism through which Numb 

influences the epigenetic landscape of developing cells [78,295,299-303]. 

In parallel, Numb’s crosstalk with the Notch signaling pathway provides another axis 

through which it may modulate epigenetic states. Notch activation leads to the nuclear 

translocation of the NICD (Notch intracellular domain), which recruits Mastermind-like 

(MAML) coactivators and histone acetyltransferases (HATs) to Notch-responsive 

promoters, activating transcription of target genes such as Hes and Hey [3,58,306,307] . 

Numb antagonizes this pathway by promoting NICD ubiquitination and degradation, thus 

indirectly restraining Notch-dependent transcriptional activation [6,85,108,111,124]. 

Given that Notch signaling impacts chromatin accessibility and histone acetylation at 

lineage-specific loci, Numb’s antagonism may help preserve a transcriptionally poised 

chromatin state in neural progenitors, allowing appropriate timing of neurogenic gene 

expression [3,58,306-309]. 
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Furthermore, Numb’s influence appears to intersect with the Polycomb Repressive 

Complex 2 (PRC2), a key epigenetic regulator that deposits the repressive histone mark 

H3K27me3 through the methyltransferase activity of EZH1 and EZH2 [77,299,310]. PRC2 

plays crucial roles in maintaining neural progenitor identity and repressing premature 

neuronal differentiation [77,311-313]. Preliminary studies have suggested that Numb may 

modulate PRC2 function indirectly either through Notch-p53 interactions or via the 

regulation of transcriptional repressors and chromatin-modifying enzymes associated 

with Polycomb activity [314-317].  

For instance, p53 can repress or activate PRC2 target genes depending on cellular 

context, and Numb’s stabilization of p53 may therefore alter PRC2-mediated repression 

at neurogenic loci, but this relation between Numb-PRC2 hasn’t been shown yet 

[101,112,143,181,183,273-275]. 

Collectively, these findings point toward a possible multilayered relationship between 

Numb and epigenetic regulation, in which Numb acts as a signaling integrator that bridges 

cell fate determinants, transcriptional control, and chromatin-based memory. By 

coordinating the activity of signaling pathways with chromatin regulators, Numb may 

ensure that neural progenitors transition through defined transcriptional and epigenetic 

states, safeguarding the balance between self-renewal and differentiation during 

neurodevelopment.  
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1.22- Numb dysregulation. 

 

Numb dysregulation has profound implications for both neurodevelopmental disorders 

and tumorigenesis, reflecting its central role in controlling cell fate decisions, polarity, and 

signaling balance [75,112,288,289,297,318-322]. Under physiological conditions, Numb 

ensures the asymmetric segregation of cell fate determinants during mitosis and the 

proper modulation of signaling pathways such as Notch, p53, and Wnt, which are 

essential for maintaining neural progenitor pools and for the ordered progression of 

neurogenesis [112,181,183,274]. Perturbations in Numb expression, localization, or 

isoform balance can therefore result in aberrant differentiation, loss of polarity, and 

uncontrolled proliferation hallmarks shared by both developmental and neoplastic 

contexts [42,69,94,100,112,156,158,222,228,267,283]. 

During neurodevelopment, Numb expression is tightly regulated in a spatiotemporal 

manner. Studies in mammalian neural progenitors show that Exon 9 containing isoforms 

(Numb Ex9in) are enriched in apical progenitor cells and promote proliferative divisions, 

whereas Exon 9–skipping isoforms (Numb Ex9sk) predominate in differentiating neurons, 

favoring neurogenic divisions [109,166]. Disruption of this balance can alter the ratio of 

symmetric to asymmetric divisions, leading to aberrant neuronal layering, cortical 

dysplasia, or microcephaly-like phenotypes. Indeed, Numb deficiency or mis-splicing has 

been linked to defective Notch signaling repression, resulting in prolonged progenitor self-

renewal and delayed neuronal differentiation [155,203,217,220,224]. Moreover, because 

Numb also interacts with proteins involved in vesicular trafficking and endocytosis, its 

dysregulation may impair receptor turnover, further disturbing the homeostatic control of 

key neurogenic cues [166,173,196,229,323,324]. 

Numb’s role extends beyond development into the maintenance of neural homeostasis. 

Altered Numb expression has been observed in neurodevelopmental and psychiatric 

disorders, including autism spectrum disorder (ASD) and schizophrenia, where 

transcriptomic analyses reveal disrupted Numb-related signaling networks [93,325-327]. 

In these contexts, Numb dysfunction may compromise neuronal polarity and synaptic 

connectivity, potentially through aberrant Notch and Wnt activity or through disrupted 
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endocytic recycling of neurotransmitter receptors [142,222,224,328]. Furthermore, 

Numb’s regulatory connection to p53 and epigenetic modifiers such as PRC2 suggests 

that Numb loss could impact chromatin states critical for neuronal gene expression and 

plasticity [295,299-305]. 

In cancer, Numb frequently acts as a context-dependent tumor suppressor [238,239]. Its 

downregulation has been reported in breast, lung, colorectal, and brain tumors, where 

loss of Numb leads to enhanced Notch signaling, reduced p53 stability, and increased 

stemness and proliferation [158,166,183]. In breast cancer, particularly in triple-negative 

and basal-like subtypes, Numb expression is markedly reduced, correlating with poor 

prognosis and higher tumor grade [159,228,250]. Mechanistically, Numb loss results in 

the degradation of p53 through MDM2 activation, suppression of apoptosis, and 

uncontrolled cell cycle progression [158,159,181]. Conversely, in certain contexts, such 

as hepatocellular carcinoma or glioblastoma, specific Numb isoforms can acquire 

oncogenic-like properties, promoting proliferation or migration indicating that Numb’s role 

in cancer is isoform- and context-dependent [103,247,251]. 

Notably, Numb dysregulation may also affect cancer stem cell (CSC) maintenance, as 

Numb’s control of asymmetric division is crucial for maintaining the balance between CSC 

self-renewal and differentiation [125,158,329]. Loss of Numb shifts divisions toward 

symmetry, expanding the stem-like population and contributing to tumor heterogeneity 

and resistance to therapy [3,100,104,158,329,330]. These effects are often reinforced by 

the epigenetic rewiring driven by aberrant Notch and Wnt activation, positioning Numb as 

a molecular hub linking developmental signaling, stemness, and oncogenic 

transformation [331-333]. 

These findings underscore those Numb functions as a dual safeguard in both neural 

development and tumor suppression. Its dysregulation disrupts the delicate equilibrium 

between proliferation and differentiation, leading to neurodevelopmental abnormalities or 

malignant transformation depending on the cellular and epigenetic context. 

Understanding how Numb expression and isoform regulation are altered in disease will 

be essential to identify therapeutic strategies that restore proper cell fate decisions and 

signaling balance. 
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1.23- Numb therapeutics. 

 

Numb has emerged as a promising therapeutic target due to its central role in balancing 

key signaling pathways that govern cell fate, proliferation, and survival. By antagonizing 

Notch activity, stabilizing p53, and modulating endocytic trafficking 

[75,101,112,157,181,183,273]. Numb functions as a critical tumor suppressor in several 

cancers [158,166,183]. At the same time, its context-dependent actions where certain 

isoforms or post-translational modifications can promote oncogenic signaling highlight the 

complexity of targeting Numb [158,159,181] . These dual roles position Numb as both a 

potential biomarker and a therapeutic node, where strategies aimed at restoring its tumor-

suppressive functions or selectively modulating isoform activity could open new avenues 

for cancer treatment and regenerative medicine [102,222,224,225,237,242,247,297]. 

 

Neurodevelopmental disorders (NDDs) and cancer, though clinically distinct, share 

common biological underpinnings involving disruptions in cell growth, proliferation, and 

differentiation [318,322] . Both conditions are influenced by mutations in key signaling 

pathways such as PI3K/mTOR, MAPK, Wnt, and Notch, as well as by transcription factors 

and chromatin remodelers that regulate gene accessibility during development 

[75,112,288,289,297,318-321]. Large-scale genetic studies reveal that cancer driver 

genes are enriched in damaging de novo variants in NDD patients, and de novo mutations 

are disproportionately found in cancer-related genes [320]. Epidemiological evidence 

further supports this overlap, with several cohorts showing increased cancer risk in 

individuals with NDDs, though findings are not always consistent. Taken together, these 

data suggest that the same genetic and molecular pathways, depending on context, may 

bias cells toward uncontrolled proliferation in cancer or impaired differentiation in NDDs, 

highlighting a fundamental mechanistic link between the two disease groups 

[318,320,322]. 
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Beyond NDDs, given that EAAT3/SLC1A1 is one of the strongest and most consistently 

replicated genetic risk factors for obsessive compulsive disorder (OCD), the identification 

of Numb as a key regulator of EAAT3 endocytosis offers a new mechanistic framework 

for therapeutic investigation [334-336]. By binding the YxNxxF sorting motif of EAAT3, 

Numb controls the balance between intracellular retention and surface availability of this 

glutamate transporter, an especially relevant process in postsynaptic neurons where 

EAAT3 uptake of glutamate and cysteine shapes synaptic excitability and redox 

homeostasis [173,229,336,337]. Dysregulated EAAT3 trafficking has been proposed to 

alter glutamatergic tone, a central neurobiological feature of OCD [334,335]. Therefore, 

targeting Numb or modulating its interaction with EAAT3 may represent a novel 

therapeutic strategy, either by enhancing surface EAAT3 to increase glutamate clearance 

or by correcting aberrant endocytic cycling associated with disease variants. Using Numb 

as an entry point to manipulate EAAT3 localization and function could thus provide a 

powerful experimental approach to dissect glutamate-driven circuitry changes in OCD 

and identify new intervention points for restoring synaptic homeostasis. 

 

This duality emphasizes the importance of dissecting isoform-specific and context-

dependent functions before any clinical translation [166]. Modulating Numb activity either 

restoring its tumor-suppressive roles in cancers where it is lost, or inhibiting its pro-

tumorigenic functions where it is overexpressed represents a promising but challenging 

therapeutic strategy [101,158,159,181,228,288,289]. In parallel, its role in maintaining 

neural progenitors and regulating neurogenic niches suggests potential applications in 

regenerative medicine, where fine-tuning Numb activity could influence stem cell balance 

and tissue repair. Collectively, these insights position Numb, and potentially its paralog 

Numbl, as attractive yet complex therapeutic targets across cancer, neurodevelopmental 

disorders, and degenerative disease [14,19,22,29,42,68,338,339]. 
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Some work in placental biology exemplifies the importance of isoform discovery and 

functional characterization for therapeutic translation [160]. For the first time, Numb 

expression was characterized in the human placenta and invasive extra villous 

trophoblasts (EVTs), leading to the identification of three novel isoforms (Numb 7-9) [160]. 

Isoform-specific assays revealed distinct functional consequences: p72-Numb1 promoted 

EVT migration, p66 and p65 enhanced apoptosis and constrained invasion, while others 

such as Numb8 appeared neutral [160].  

 

These findings highlight how Numb isoforms fine-tune the balance between proliferation, 

migration, and survival, not only during placental morphogenesis but potentially also in 

other developmental systems [158,160,166]. From a therapeutic perspective, the ability 

to selectively modulate isoform activity could allow targeted interventions in conditions 

ranging from pregnancy-related disorders to neurodevelopmental disease 

[69,72,155,156,160,225,297]. 

 

Isoform divergence also shapes tumor biology. In medulloblastoma (MB), Numb p66 and 

p72 were found to have opposing functions: p66 promotes neural differentiation and 

suppresses stemness, whereas p72 sustains proliferation and EMT traits [252]. This 

isoform imbalance contributes to MB subgroup heterogeneity, with p66 loss reinforcing 

Hedgehog pathway hyperactivation in SHH MB [112,252,340]. Importantly, the splicing 

regulator RBFOX3/NEUN drives the p72-to-p66 switch during differentiation, establishing 

a feedback loop that could be harnessed therapeutically [206]. Restoring or mimicking 

p66 activity may counteract Hedgehog-driven tumorigenesis, while inhibiting p72 could 

limit proliferation. These results highlight the potential of isoform-targeted therapies to 

overcome the limitations of current pathway inhibitors [252,269,341] . 

 

 

 

 

 



 

 74 

Beyond cancer, Numb has also been implicated in viral neuropathogenesis [342,343]. 

During Zika virus (ZIKV) infection, Numb is degraded through the ubiquitin-proteasome 

pathway, impairing neurogenesis and contributing to congenital Zika syndrome. 

Mechanistically, Numb loss disrupts Notch, Hedgehog, and WNT signaling, destabilizes 

p53, and ultimately compromises neural progenitor maintenance. Protecting or restoring 

Numb stability through proteasome inhibition, blocking viral capsid Numb interaction, or 

regulating Numb splicing emerges as a potential strategy to mitigate ZIKV-induced 

developmental defects. This highlights how Numb centered therapeutics could extend 

beyond oncology into infectious and developmental medicine [342]. 

 

Finally, Numb’s involvement in a novel Rab4a-Numb-Notch1-Rac1-Sox2 axis further 

emphasizes its centrality in cancer stemness regulation [344]. Here, Numb acts not only 

as a regulator of Notch degradation but also as a transcriptional controller of Notch1, 

placing it at the core of an oncogenic program linking vesicular trafficking to stem cell 

identity. Intervening at the level of Numb within this pathway offers the possibility to 

simultaneously dampen Notch, Rac1, and Sox2 driven self-renewal a unique approach 

to targeting cancer stem cells and reshaping the tumor microenvironment [344,345]. 

 

In conclusion, Numb isoforms act as a molecular switch between tumor suppression and 

oncogenesis, neuroprotection and neurotoxicity, invasion and constraint. Their diversity 

and regulation by alternative splicing make them promising-yet complex therapeutic 

targets. Future strategies will require isoform-specific precision, balancing restoration of 

tumor-suppressive and differentiation-promoting functions with inhibition of pro-

tumorigenic or pathogenic activities. This paradigm situates Numb at the forefront of next-

generation therapeutics, bridging oncology, developmental biology, regenerative 

medicine, and virology. 
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Despite our growing understanding of the cellular and molecular mechanisms governing 

mammalian neurogenesis, the precise roles of key cell fate determinants during cortical 

neuronal differentiation remain incompletely understood. Among these determinants, the 

evolutionarily conserved protein Numb, and its alternatively spliced isoforms have 

emerged as critical regulators of asymmetric cell division and cell fate specification 

[6,58,105-108,166]. Originally identified as an intrinsic determinant segregating 

asymmetrically during mitosis, Numb functions as an endocytic adaptor protein that 

modulates multiple signaling pathways, including Notch, Hedgehog, and p53, thereby 

influencing progenitor maintenance versus differentiation decisions 

[142,158,166,194,329]. However, the relevance of human Numb during neural 

commitment or neural differentiation, the specific contributions of individual Numb 

isoforms to cortical neurogenesis, their temporal expression patterns during the transition 

from NECs to RGPs to IPCs and neurons, and their functional interplay in regulating 

neuronal differentiation remain largely unexplored. 

 

This doctoral thesis aims to investigate the role of Numb and its isoforms during cortical 

neuronal differentiation, addressing fundamental questions about how Numb functions 

contribute to cell fate decisions, neuronal subtype specification, and the temporal 

progression of corticogenesis. Through a combination of molecular, cellular, and 

developmental approaches, this work seeks to elucidate the mechanisms by which Numb 

isoforms coordinate the balance between progenitor proliferation and neuronal 

differentiation within the complex microenvironment of the developing cerebral cortex. 
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CHAPTER 2 

 

II.- HIPOTHESIS AND OBJECTIVES. 

HIPOTHESIS. 
 
Numb contributes to the regulation of human embryonic stem cell maintenance and 

cortical neurogenesis through mechanisms that may involve isoform-specific functions 

and dynamic subcellular localization. 

 

GENERAL OBJECTIVE. 

 

To elucidate the molecular mechanisms governing Numb-dependent cell fate decisions 

during human cortical neurogenesis. 

SPECIFIC OBJECTIVES. 

 

To define the expression and subcellular localization of endogenous Numb across cellular 

contexts, from hESC-derived neural populations at distinct stages of cortical 

differentiation, and to assess how these features are modulated by cell density and 

developmental state 

To determine the epigenetic regulatory landscape of the Numb locus across pluripotent 

and differentiated neuronal states, and to assess its contribution to Numb expression 

dynamics during cortical differentiation. 

To define the differential roles of human Numb variants by analyzing isoform dynamics 

during neurogenesis 

 

To establish the functional requirement of Numb during human neurogenesis through the 

implementation of inducible degradation systems that allow precise temporal control of 

protein depletion 
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CHAPTER 3 

 

III.- MATERIALS AND METHODS. 

 

3.1- General Experimental system. 

 

All experiments were performed using human embryonic stem cells (hESCs, H9/WA09) 

and HEK293T cells as complementary model systems. hESCs were maintained under 

feeder-free conditions and differentiated into cortical neurons using a modified Dual-

SMAD inhibition protocol. HEK293T cells were cultured under standard conditions and 

used for method optimization and validation experiments. 

Cell culture, passaging, and cryopreservation procedures were performed following 

established protocols to ensure reproducibility and consistency across experiments. 

3.1.1- Human Embryonic Kidney 293T (Hek293T) cell culture. 

 

Human Embryonic Kidney 293T (HEK293T) cells were utilized as a model system to 

establish and optimize basic tissue culture handling techniques, as well as to perform 

preliminary assays for antibody expression and validation. Cells were cultured in 

Dubelcco’s modified Eagle’s medium (DMEM) (GIBCO, Invitrogen, USA), supplemented 

with 10% (v/v) heat-inactivated Fetal bovine serum (FBS), 100 U/ml penicillin and 100 

µg/mL streptomycin.  
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3.1.2- Human Embryonic Stem Cell (hESC) culture and maintenance. 

 

Human embryonic stem cell (hESC) lines, including WA09 (H9), Hes5::GFP, and 

DLL1::GFP, were obtained from the ReinbergLab These reporter lines were originally 

generated by the PlacatonakisLab at New York University (NYU).  

Human embryonic stem cells (hESCs) were cultured on plates coated with Matrigel 

(Corning, Cat. No. 354234) in Nutristem (NS) medium (Sartorius, Cat. No. 05-100-1A) 

under feeder-free conditions. To prepare the coating solution, Matrigel (10 mg/mL) was 

thawed overnight at 4°C and diluted 1:20 in cold DMEM/F12 medium, yielding a final 

concentration of approximately 0.5 mg/mL. The diluted solution was aliquoted and stored 

at –20°C until use. Prior to coating, Matrigel aliquots were thawed on ice and further 

diluted 1:1 with DMEM/F12 to obtain a working concentration of 0.25 mg/mL (equivalent 

to a 1:40 dilution). 10 cm plates were coated with 4 mL; 15 cm plates were coated with 7 

mL of diluted Matrigel and incubated for 1 hour at 37°C. The coating solution was then 

aspirated, and plates were rinsed once with 2 mL of DMEM/F12 before seeding. It is 

important to note that Matrigel concentrations may require optimization depending on the 

cell line or differentiation protocol used. 

For cell thawing, frozen hESC vials were rapidly thawed and resuspended in 3 mL of pre-

warmed Nutristem supplemented with the ROCK inhibitor Y-27632 (Tocris, Cat. No. 

1254) at a final concentration of 10 µM (1:1000). The cells were centrifuged at 1100 rpm 

for 3 minutes, the supernatant was removed, and the pellet was resuspended gently in 1 

mL of Nutristem.  

The suspension was plated dropwise onto the Matrigel-coated 10 cm dishes containing 

7 mL of Nutristem with ROCK inhibitor. The medium was replaced daily, gradually 

increasing the volume of Nutristem according to cell confluence. Typically, cultures at 70–

80% confluence required 13 mL of fresh medium. hESCs were passaged every 4–7 days, 

depending on the cell line, confluence, and experimental purpose. 
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3.1.3- Passaging and cryopreservation of hESCs. 

 

At 80–90% confluence, cells were passaged using TrypLE Express (ThermoFisher 

Scientific, Cat. No. 12604-013) or Dispase (Stemcell Technologies, Cat. No. 07923). The 

choice of reagent depended on the experimental purpose: for neural differentiation, cells 

were typically split 1:1 or used directly from the existing plate; for chromatin 

immunoprecipitation sequencing (ChIP-seq) experiments, cells were split 1:4 using 

TrypLE to promote expansion; and for routine maintenance, splits ranging from 1:5 to 1:7 

were performed. 

 

For TrypLE-based passaging, culture medium was removed, and 1 mL of TrypLE Express 

containing ROCK inhibitor (Rocki) (1:1000) was added per 10 cm plate. Plates were 

incubated at 37°C and gently agitated every few minutes. After approximately 10 minutes, 

most cells had dissociated into single cells. The cells were then collected with 3 mL of 

DMEM/F12, and the plate was rinsed with an additional 4 mL of DMEM/F12 to recover 

remaining cells. The combined cell suspension was centrifuged at 1200 rpm for 4 

minutes. The resulting pellet was gently resuspended in NutriStem supplemented with 

ROCK inhibitor and replated at the desired density, typically 4 × 10⁶ cells per 15 cm plate 

or 1 × 10⁶ cells per 10 cm plate. 

 

For Dispase passaging, 1 mL of Dispase solution (1 U/mL) containing ROCK inhibitor 

(1:1000) was added per 10 cm plate (helping to promote single colonies formation) and 

incubated at 37°C, gently agitating every 10 minutes. After 30 minutes, partially detached 

colonies were rinsed off with DMEM/F12 and transferred to a 15 mL conical tube.  

 

The cell suspension was allowed to settle by gravity for 2 minutes, after which the 

supernatant was aspirated. The colonies were washed once more with 10 mL of 

DMEM/F12 and allowed to settle again. The pellet was then resuspended in 2 mL of 

Nutristem and gently pipetted to break colonies into small clusters resembling fine 

particulate matter. Cells were typically split 1:6 for passaging or cryopreserved as needed. 
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For cryopreservation, hESCs were resuspended in Nutrifreeze (Sartorius, Cat. No. 05-

713-1C) at approximately 0.5-0.7 mL per vial, corresponding to one-half of a confluent 10 

cm plate per vial. Vials were stored in a controlled-rate freezing container at –80°C 

overnight before transfer to liquid nitrogen for long-term storage. 

 

3.1.4- Differentiation of Human Embryonic Stem Cells (hESCs) into cortical 
neurons. 

 

Human embryonic stem cells (hESCs) were prepared at approximately 70% confluency 

prior to differentiation. Plates were pre-coated with freshly diluted Matrigel (1:100 in 

DMEM/F12 with GlutaMAX) (Gibco,10565042) and incubated at 37°C for 1 hour, using 

200 µL for 24-well plates, 1.2 mL for 6-well plates, and 5.5 mL for 10-cm dishes. hESCs 

were passaged at ~85% confluency to avoid overgrowth, typically splitting one 10-cm 

plate into three 6-well plates. For passaging, cells were washed once with PBS, incubated 

with 3 mL TrypLE Express for 3 minutes at 37°C, and resuspended in hESC medium 

supplemented with ROCK inhibitor (Rocki). Cells were collected, centrifuged at 1000 rpm 

for 3 minutes, and replated at a 1:12 to 1:18 ratio for maintenance or at 1:3 from a 10-cm 

plate into 6-well plates for neuronal differentiation. Each 6-well received 3 mL of medium, 

refreshed the following day, and was cultured for two days before initiating differentiation. 

 

3.1.4.1- Neural induction. 

 

For neural induction (Day 0-9), cells were washed twice with PBS or pre-warmed 

DMEM/F12 (GlutaMAX) and cultured in 3 mL of N2B27 medium composed of equal parts 

Neurobasal medium (ThermoFisher, 10888022) (with B27 supplement at a final 1:100 

dilution) (ThermoFisher, 12587010) and DMEM/F12 (GlutaMAX) with N2 supplement 

(final 1:200 dilution) (ThermoFisher, 17502048), supplemented with 1:1000 β-

mercaptoethanol (Sigma, 21-985-023).  

The medium was further enriched with SB431542 (Tocris, 1614) (10 µM, 1:1000), 

LDN193189 (Tocris, 6053) (1 µM, 1:1000), and XAV939 (Tocris, 3748) (3 µM, 1:2000). 

On days 2 and 4, cells were washed and fed with the same N2B27-based medium 

containing these small molecules. On day 6, XAV939 was withdrawn, and medium was 
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replaced with N2B27 supplemented with SB431542 (10 µM, 1:1000) and LDN193189 

(250 nM, 1:4000). On day 8, 3 mL of fresh N2B27 medium was added to generate 

conditioned medium, which was collected the following day (Day 9). 

 

3.1.4.2- Neural progenitors and early neurons. 

 

For the transition from neural stem cells (NSCs) to Neural progenitor stage (Day 9-20), 

Matrigel-coated plates were prepared by incubation at 37°C for 1 hour. On Day 9, 

conditioned medium was collected, supplemented with Rocki, and cells were washed with 

PBS before adding 2 mL TrypLE Express per 6-well plate. Cells were incubated at 37°C 

for 3-4 minutes until partial detachment and gently resuspended in 2 mL of pre-warmed 

DMEM/F12 (GlutaMAX) per well. The cell suspension was centrifuged at 1000 rpm for 3 

minutes, and pellets were resuspended in 1.5 mL of conditioned medium. Cell density 

was adjusted to 1 × 10⁶ cells/mL in conditioned medium containing Rocki. Cells were 

plated by carefully pipetting 400 µL per 6-well plate within a pre-drawn circular area using 

a 5 mL serological pipette and incubated for 15 minutes at 37°C. During this period, 

differentiation medium was prepared by diluting conditioned medium 1:3 with fresh N2B27 

and supplementing with ascorbic acid (Millipore Sigma, 57803) (0.2 mM, 1:1000), BDNF 

(R&D system, 248-BDB-010) (10 ng/mL, 1:2000), and DAPT (Stem cell technologies, 

72082) (10 µM, 1:1000). After 15 minutes, 2 mL of this differentiation medium was gently 

added to each well. On days 11 and 13, medium was refreshed with N2B27 supplemented 

with ascorbic acid, BDNF, and DAPT. Cells typically began exhibiting neuronal 

morphology between days 20-23, and after day 30-35+, mature neurons it can be 

observed, indicating successful differentiation into cortical neurons. 

 

3.1.4.3- Mature cortical neurons. 

 
In order to obtain a robust population of mature cortical neurons, a few modifications 

experience-based were made in this protocol. Between days 8-12, basic Fibroblast 

Growth Factor 2 (FGF2) 20 ng/mL (ThermoFisher, 100-18B) it was added, ascorbic acid 

it was decreased to 0.1 nM and DAPT it was added immediately after day 20. 
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3.2- Objective 1: Numb expression and subcellular localization across 

cellular contexts and neural differentiation 

 
To determine how Numb expression and subcellular localization vary across cell types 

and cellular contexts, endogenous Numb protein levels and distribution were analyzed in 

HEK293T cells, human embryonic stem cells (hESCs), and hESC-derived neural 

populations at different stages of cortical differentiation. Cells were examined under 

multiple conditions, including varying cell densities and defined differentiation time points, 

to capture context-dependent changes in Numb expression and localization throughout 

the transition from pluripotency to neural commitment and maturation. 

 

3.2.1- Immunofluorescence staining. 

 

For immunofluorescence analysis, cells were plated on plates and glass coverslips pre-

coated with Matrigel for human embryonic stem cells (hESCs). Once the desired 

experimental conditions were achieved, culture medium was removed, and cells were 

fixed with 4% paraformaldehyde (PFA) (Fischer Scientific, 15710) in PBS pH 7.4 (1X) 

(Gibco, 10010-023) at room temperature for 10–15. Following fixation, cells were washed 

twice with PBS and permeabilized/blockaded in PBS containing 10% fetal bovine serum 

(FBS) (ThermoFisher Scientific, 16140071) 1% bovine serum albumin (BSA; filtered) 

(Sigma Aldrich, 3117332001), and 0.1% Triton X-100 (Sigma, T8787) (PBT solution) for 

30 minutes at room temperature. Primary antibodies were diluted in PBT to test different 

concentrations and incubated with the samples at 4C overnight (ON) in a humidity 

chamber. The next day, after 3 PBS washes, cells were incubated with the appropriate 

fluorophore-conjugated secondary antibody (typically 1:500 dilution; Invitrogen) prepared 

in PBS containing 5% FBS and 1% BSA for 60-90 minutes at room temperature. Nuclei 

were counterstained with DAPI for 10 minutes during the final PBS wash. Samples were 

mounted and analyzed. If staining appeared weak or non-specific, antibody 

concentrations and incubation times were optimized. 
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3.2.2- Western Blot. 

 

3.2.2.1- Gel preparation. 

 
To resolve proteins of interest, a 10% bis-tris resolving gel was prepared, as this 

concentration provides optimal separation for proteins in the mid-molecular weight range 

approximately 20-100 kDa. Gel solutions were freshly mixed using acrylamide/bis-

acrylamide (Biorad, 1610156), Bis-Tris buffer, ammonium persulfate (APS) (Sigma, 

A3678-100G), and TEMED (Biorad, 161-0800). The resolving gel was poured into the 

casting apparatus and overlaid with isopropanol to ensure a level surface and prevent 

oxygen inhibition during polymerization.  

Following polymerization, the overlay was removed, and a 4% stacking gel was prepared 

and cast above the resolving gel with a comb inserted to form wells. Degassing of 

acrylamide solutions and the use of freshly prepared APS/TEMED were employed to 

ensure consistent polymerization and reproducibility across experiments. 

The Bis-Tris gels for protein electrophoresis were prepared as follow: 

 

Component Stock 8% run 10% run 
12.5% 

run  
stacking 

1.25 M bis/tris pH 6.7 3.5x 14.3 mL 14.3 mL 18 mL 5.7 mL 

Bis/acrylamide 0.8%/30% 13.3 mL 16.6 mL 23.3 mL 3.5 mL 

H2O - 22 mL 18.7 mL 8.1 mL 10.5 mL 

APS 10% 450 µL 450 µL 562 µL 200 µL 

TEMED - 50 µL 50 µL 62.5 µL 20 µL 

Total  50 µL 50 mL 50 mL 20 µL 
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 3.2.2.2- Sample preparation. 

Protein lysates were prepared from cells or tissues using RIPA buffer supplemented with 

protease and phosphatase inhibitors to prevent degradation. 

 

 

RIPA buffer 

Component Volume Inhibitors 

HEPES 25 mM 1.25 mL Components Volume (1µL) 

NaCl 150 mM 7.5 mL Pepstatin 1X 1 µL 

EDTA 5 mM 0.5 mL Leupeptin 1X 1 µL 

SDS 0.1% 0.5 mL Aprotinin 1X 1 µL 

Deoxycholate 2.5 mL PMSF 1mM 10 µL 

Triton X-100 1% 0.5 mL 

H2O 37.25 mL 

Total 50 mL 

 

 

Cells were harvested directly from culture plates using a cell scraper and cold 1X PBS. 

Lysates were maintained on ice with 1 mL of cold 1X PBS to preserve protein integrity 

and centrifuged at 1,000 × g for 15 minutes. The resulting pellet was resuspended in 100 

µL of RIPA buffer at a 1:1 ratio, mixed gently, and incubated on ice for 10 minutes. 

Samples were then centrifuged at 13,000 rpm for 5 minutes. The supernatant was 

transferred to a new microcentrifuge tube, and protein concentration was determined 

using the Bradford assay (Bio-Rad, catalog #5000205) according to the manufacturer’s 

instructions. 

 

Protein concentrations were determined using a bicinchoninic acid (BCA) assay 

(ThermoFisher, A53225), and equal amounts of protein were loaded per lane to ensure 

comparability across samples. Samples were denatured, followed by heating at 95°C for 

five minutes. This step ensured complete denaturation and linearization of proteins, 

allowing separation based solely on molecular weight during electrophoresis. 
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3.2.2.3- Electrophoresis. 

 
The polymerized gels were assembled into the electrophoresis apparatus and filled with 

(2-(N-morpholino) ethanesulfonic acid) buffer (MES 1X) running buffer. Protein samples 

and a prestained molecular weight ladder were carefully loaded into the wells. 

Electrophoresis was conducted at 150 V to allow proteins to migrate through the stacking 

gel for 1 hour. The run was terminated once the dye front approached the bottom of the 

gel if extra time it was needed. 

 

 3.2.2.4- Protein transfer. 

 
Following electrophoresis, proteins were transferred onto a polyvinylidene difluoride 

(PVDF) membrane, selected for its high protein-binding capacity and durability. The 

transfer buffer it was prepared with 20mM Tris pH8, 150 nM of glycine, and 10% of 

methanol. Prior to assembly, PVDF membranes were activated in methanol and 

equilibrated in transfer buffer.  

The gel and membrane were sandwiched between filter papers and sponges to form the 

transfer stack, ensuring no air bubbles were present. Transfers were performed using a 

wet transfer system at 4°C for 90-120 minutes under 100 volts. 

 

3.2.2.5- Immunoblotting. 

 
Membranes were blocked in 2.5% nonfat dry milk prepared in TBST (Tris-buffered saline 

with Tween-20) for 30 minutes on a rocker at room temperature (RT) for 30 minutes to 

reduce nonspecific antibody binding. Membranes were incubated with primary antibodies 

diluted in blocking buffer overnight at 4°C with gentle agitation (see antibody list). After 

three washes in TBST, secondary antibodies were added (see antibody list) for 60 

minutes at room temperature.  Membranes were incubated with horseradish peroxidase 

(HRP)-conjugated. Excess antibody was removed by repeated washes in TBST to reduce 

background signal. 
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3.2.2.6- Detection. 

 
Protein bands were visualized using Pierce™ ECL Western Blotting Substrate (ECL) 

(ThermoFisher, 32106) substrate, which reacts with HRP to produce a luminescent 

signal. 15 seconds after ECL it was added, membranes were exposed to imaging systems 

capable of capturing signals within a linear dynamic range. Multiple exposures were taken 

to avoid signal saturation and ensure accurate quantification. In cases requiring multiplex 

detection, fluorescently labeled secondary antibodies were used, and membranes were 

scanned using a fluorescence imager with appropriate filters. Housekeeping proteins 

such as GAPDH, β-actin and vinculin (see antibody list) were probed as loading controls. 
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3.3- Objective 2: Epigenetic regulation of Numb 

To determine whether Numb is transcriptionally regulated during cortical differentiation, 

we analyzed chromatin states at the Numb locus. 

 

3.3.1- ChIPseq protocol. 

 
Standard crosslinked ChIP-seq workflows generally require on the order of 10–20 million 

cells per ChIP reaction to obtain sufficient chromatin for robust immunoprecipitation, 

particularly for low-abundance factors. To accommodate limited material, a modified low-

input protocol using the Diagenode kit (Diagenode, C010101320) it was implemented, 

which it was optimized for reduced starting cell numbers (100000 cells). 

 

 

3.3.1.1- Cell culture and differentiation. 

 
Human embryonic stem cells (hESCs), Parental Line (H9) were cultured under feeder-

free conditions on Matrigel-coated plates using NutriStem medium. Cells were maintained 

at 37 °C in a humidified atmosphere with 5% CO₂.  The stemness it was confirmed with 

markers as OCT4. 

To generate cortical neurons, hESCs were differentiated following the Differentiation of 

Human Embryonic Stem Cells (hESCs) into Cortical Neurons (Methods 3.4). Neural 

progenitors were expanded and matured over ~35 days to obtain a robust cortical neuron 

population. Neuronal identity was confirmed by markers such as NeuN. 

 

 

3.3.1.2- Double crosslinking and cell harvesting (Modified from the original protocol). 

 
To stabilize both protein–protein and protein-DNA interactions prior to chromatin 

immunoprecipitation (ChIP-M), a double crosslinking strategy was employed using 

disuccinimidyl glutarate (DSG) (Fisher Scientific, C1104) followed by formaldehyde (FA). 

All reagents were prepared fresh prior to use.  

Cells were cultured under standard conditions until reaching approximately 70-80% 

confluency. For the first crosslinking step, DSG was dissolved in PBS 1X to a final 
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concentration of 20 mM. The culture medium was aspirated, and cells were incubated 

with DSG solution at 37 °C for 45 minutes. Following incubation, the DSG solution was 

removed, and cells were washed once with PBS to eliminate residual crosslinker. 

Immediately thereafter, formaldehyde was added directly to the cells at a final 

concentration of 1% in pre-warmed culture medium. Crosslinking with FA was carried out 

at room temperature for 10 minutes. The reaction was quenched by the addition of glycine 

to a final concentration of 125 mM, followed by a 5-minute incubation at room 

temperature. 

Cells were then washed twice with ice-cold PBS, harvested by scraping, and pelleted by 

centrifugation at 500 × g for 5 minutes at 4 °C. The resulting cell pellets were either 

processed immediately for chromatin extraction and fragmentation or stored at −80C for 

later use and 4C to use immediately. 

 

3.3.1.3- Cell lysis and chromatin shearing. 

 
The supernatant was aspirated carefully to avoid disturbing the pellet. Chromatin was 

then sheared by sonication using the Bioruptor Plus (Diagenode, B01020014). When 

samples had been processed in standard 1.5-mL tubes, they were transferred into 

sonication tubes compatible with the device prior to shearing. 

After test different conditions of sonication, samples were sonicated for 20 cycles of 30 

seconds ON and 30 seconds OFF at High power. After sonication, samples were briefly 

centrifuged for 15 seconds to collect condensate. The material was transferred into fresh 

1.5-mL tubes and centrifuged at 16,000 × g for 10 minutes at 4C. The supernatant 

containing the sheared chromatin was collected and transferred into new 1.5 mL tubes. 
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The size distribution of sheared chromatin was assessed using a Fragment analyzer, 

Agilent High Sensitivity D1000 ScreenTape on a TapeStation. Briefly, 1-2 µL of purified 

DNA was mixed with the appropriate sample buffer and loaded onto the ScreenTape 

according to the manufacturer’s instructions. Samples and ladder were run using the High 

Sensitivity DNA protocol. Fragment size was determined from the resulting 

electropherogram and gel image, with the desired range being 300-600 bp, ensuring 

efficient immunoprecipitation and library preparation (FIG 15). 

 

The resulting chromatin was used immediately for immunoprecipitation (or stored at –

80C). Repeated freeze-thaw cycles were avoided to preserve chromatin integrity. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12: Representative fragment analyzer output.  

The expected amplicon size for the targeted Numb region ranges between 300 and 600 bp. 
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3.3.1.4- Magnetic immunoprecipitation (IP). 

 
The number of IP reactions to be performed, including negative and positive control IPs, 

was determined. The required volume of DiaMag Protein A-coated magnetic beads was 

then transferred to a clean 1.5 mL tube, using 10 µL of magnetic beads per reaction. 

The beads were washed four times with 50 µL of ice-cold Beads Wash Buffer (tBW1) per 

reaction. For each wash, tBW1 was added, the beads were resuspended by pipetting up 

and down several times, and the tubes were placed in the magnetic rack. After allowing 

1 minute for magnetic capture, the supernatant was removed. This wash step was 

repeated three additional times. 

After the final wash, the beads were resuspended in Beads Wash Buffer (tBW1) by adding 

the original bead volume (10 µL per IP). The immunoprecipitation mix was then prepared 

in 1.5 mL tubes as described in the table below. 

 

Component Volume per reaction 

Shared chromatin 100 µL 

ChIP Buffer tC1 100 µL 

200X Protease Inhibitor cocktail 0.75 µL 

 

A 20-µL aliquot was set aside as the input sample and kept at 4°C. The specific antibody 

was then added to each tube, in example, Drosophila spike-in was included to provide a 

baseline expression control for normalization. Furthermore, stemness markers and 

cortical neuron markers were integrated into the analyses to validate lineage specificity, 

and activation and repression markers were added to assess transcriptional regulatory 

states. Subsequently, 10 µL of the washed magnetic beads were added to each reaction. 

Samples were incubated overnight at 4°C on a rotator. 

For the washing steps, the tubes were briefly centrifuged and placed on the 1.5 mL 

Diagenode magnetic rack. After 1 minute, the supernatant was removed. Then, 100 µL 

of Wash Buffer tW1 was added, and the beads were gently resuspended by shaking. The 

samples were incubated for 5 minutes on the rotator at 4C. This washing procedure was 

repeated once each with Wash Buffers tW2, tW3, and tW4, respectively. 
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3.3.1.5- Elution, decrosslinking and DNA purification. 

 

After the final wash buffer was removed, 100 µL of Elution Buffer iE1 was added to the 

beads. The bead pellet was resuspended and incubated for 30 minutes at room 

temperature on the rotator. The tubes were then briefly centrifuged and placed on the 

magnetic rack. The supernatant was transferred to a new tube, and 4 µL of Elution Buffer 

tE2 was added. In parallel, 80 µL of Elution Buffer iE1 and 4 µL of Elution Buffer iE2 were 

added to the 20 µL input sample. All samples were incubated for 4 hours (or overnight) 

in a thermomixer at 1,300 rpm and 65C. 

Following incubation, the tubes were briefly centrifuged, and 500 µL of ChIP DNA Binding 

Buffer was added to each sample and mixed gently. The mixture was transferred to the 

provided spin column placed in a collection tube. Columns were centrifuged at 10,000 × 

g for 30 seconds, and the flowthrough was discarded. 

Next, 200 µL of DNA Wash Buffer was added to each column, followed by centrifugation 

at ≥10,000 × g for 30 seconds. This wash step was repeated once more. The column was 

then transferred to a new 1.5 mL microcentrifuge tube, and 10-50 µL of DNA Elution 

Buffer was added directly to the column matrix. DNA was eluted by centrifugation at 

≥10,000 × g for 30 seconds. The DNA concentration was measured, and the samples 

were stored at 4C for short-term use or at –80C for long-term preservation. 
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3.3.1.6- Library preparation and sequencing. 

 

Library construction. 

 

DNA was purified from de-crosslinked ChIP samples using the QIAquick PCR Purification 

Kit and eluted in 31 µL of Elution Buffer (typically yielding ~30 µL). The input DNA (10 µg) 

was diluted 1:50 following de-crosslinking prior to the start of library preparation. 

 

End-Repair: End-it DNA end generation of the blunt 5' phosphorylated ends. 
 

For 30u ng library Volume1X (µL) 

Decrosslinked sample 13.6 

End-repair buffer 2 

dNTP 2.5 mM mix 2 

ATP 10mM 2 

End repair enzyme 0.4 

Total 20 

 

Samples were incubated at room temperature for 45 minutes. DNA was subsequently 

purified using the QIAquick PCR Purification Kit and eluted in 36 µL of Elution Buffer 

(typically yielding ~34 µL). 

 

Generation of 3' A overhang (Kienow 3'➔ 5'). 

 
Component Volume 1X (µL) 

Sample (from step12.1.1) 34 

Klenow Buffer 5 

dATP 1mM 10 

Klenow Exo minus 1 

Total 50 

 

Samples were incubated at 37°C for 30 minutes. DNA was then purified and eluted in 14 

µL of Elution Buffer. 
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Adaptor ligation. 
 
The index adapters used in this step were selected carefully to prevent barcode 

duplication and ensure unambiguous detection across all combinations. As an example, 

the table below lists the adapter sequences corresponding to one round of ChIP-seq of 

activation and repression markers analyzed. Every round it was performed in triplicates. 

Component Volume 1X (µL) 

Sample (from step 12.1.2) 13 

DNA 2X ligase buffer 15 

3uM Index mix 0.5 

DNA ligase (3U/µL) 1.5 

Total 30 

 

 DNA HT Dual Index Kit - 24N (Cat. R400664) 

Libraries Barcodes 
i7 Index 

name 

i5 Index 

name 

i7 bases for 

sample sheet 

i5 bases for sample 

sheet 

EZH2 hESCs 1 N701 S505 TAAGGCGA GTAAGGAG 

H3k27me3 hESCs 2 N702 S505 CGTACTAG GTAAGGAG 

H3k27Ac hESCs 3 N703 S505 AGGCAGAA GTAAGGAG 

H3K4me3 hESCs 4 N704 S505 TCCTGAGC GTAAGGAG 

Spike hESCs 5 N701 S506 TAAGGCGA ACTGCATA 

Input hESCs 6 N705 S505 GGACTCCT GTAAGGAG 

EZH2 N 7 N706 S505 TAGGCATG GTAAGGAG 

H3k27me3 N 8 N701 S506 TAAGGCGA ACTGCATA 

H3k27Ac N 9 N702 S506 CGTACTAG ACTGCATA 

Spike N 10 N702 S507 CGTACTAG GTAAGAGG 

Input N 11 N703 S506 AGGCAGAA ACTGCATA 

 

hESCs: Human Embryonic Stem Cells H9 

N: Cortical neurons differentiated from hESCs (H9) 

 

After a 15-minute incubation at room temperature, samples proceeded to AMPure XP 

bead–based cleanup according to the manufacturer’s instructions.  
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Size selection by AMPure XP beads. 
 

AMPure XP beads were allowed to equilibrate to room temperature for at least 30 minutes 

prior to use, and fresh 70% ethanol was prepared. DNA samples from Step 12.2.3 were 

diluted with 70 µL of H₂O. Subsequently, 50 µL of AMPure XP beads (0.5×) were added 

to each sample, mixed thoroughly by pipetting, and incubated at room temperature for 5 

minutes. Samples were placed on a magnetic rack for bead separation (approximately 5 

minutes), and the supernatant was transferred to a new tube, discarding the beads. An 

additional 50 µL of AMPure XP beads (1.0×) was added to the supernatant, mixed by 

pipetting, and incubated at room temperature for 5 minutes. Samples were again 

separated on the magnet, washed twice with 70% ethanol, and air-dried for 5 minutes. 

DNA was eluted in 40 µL of TE buffer and separated from the beads on the magnet. 

 

Post ligation PCR quantification. 
 
4uL of each standard from the KAPA Library Quantification Kit (Roche, KK4824) were 

used, and the libraries were diluted 1:1000 in the provided dilution buffer prior to 

quantification. The specific primers were provided by the index kit to detect every adapter. 

 

 

Component Volume 1X (µL) 

Sample (from step 12.2.4) 4 

2X SYBR mix (primers 

included) 

6 

H2O 0 

Total 10 

PCR conditions 

Step Temperature Time Cycles 

Initial denaturation 95C 5 min 1 

Denaturation 95C 30 s 

35 Annealing 60C 30 s 

Extension 60C 15 min 
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Library amplification. 

 
The library amplification it was performed according to the following guidelines. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

DNA was purified using AMPure XP beads (1.0×) by adding 50 µL of beads to each 

sample, mixing thoroughly by pipetting, and incubating at room temperature for 5 minutes. 

Samples were placed on a magnetic rack to separate the beads, washed twice with fresh 

70% ethanol, and air-dried for 5 minutes. DNA was eluted in 20 µL of TE buffer, taking 

care not to carry over beads. The purified libraries were subsequently submitted for 

sequencing. 

 

 

 

Component Volume 1X (µL) 

Sample (from step 12.2.4) 20 

5X Q5 buffer 10 

10mM dNTP 1 

NEXTflex primer mix 2 

Q5 enzyme 0.5 

H2O 16.5 

Total 50 

PCR conditions 

Step Temperature Time Cycles 

Initial denaturation 98C 30 s 1 

Denaturation 98C 10 s 

16 Annealing 65C 20 s 

Extension 72C 20 s 

Final Extension 72C 3 min 1 

Hold 4C ∞  
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Bioinformatic analysis. 
 

Quality control of raw sequencing reads was performed using FastQC. Low-quality reads 

and adapter sequences were removed using Trimmomatic or Cutadapt. The filtered reads 

were then aligned to the human reference genome (hg38) using Bowtie2 or BWA. 

Enriched regions (peaks) were identified with MACS2 using input DNA as the control. 

 

Peak annotation was performed using HOMER or ChIPseeker to identify promoter 

regions of the Numb gene. Enrichment of transcription factors was visualized using IGV 

or deepTools. Finally, ChIP-seq data were integrated with RNA-seq datasets to assess 

the correlation between transcription factor binding and Numb expression levels in human 

embryonic stem cells and differentiated neurons. 
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3.4- Objective 3: Isoform dynamic during neurogenesis 

 
To characterize the dynamics of Numb isoform expression during neurodevelopment, 

we analyzed alternative splicing events across differentiation stages. 

 

3.4.1- Analyzing Numb splicing during hESC/hiPSC to cortical neuron 
differentiation. 

 

Numb alternative splicing during hESC/hiPSC differentiation into mature cortical neurons 

using publicly available RNA-seq datasets from two published studies it was performed. 

The first dataset corresponded to hESCs neuronal differentiation from Leemput et al., 

2014 [346], and the second to hiPSC neuronal differentiation from Burke et al., 2020 [347] 

 

3.4.2- Expression of marker genes at different stages. 

 

To validate the differentiation trajectory and characterize the temporal dynamics of 

lineage commitment, expression profiles of canonical stage-specific marker genes were 

systematically analyzed across the differentiation time course. A custom visualization 

function was employed to generate temporal expression plots for key markers 

representing distinct developmental stages: NANOG (pluripotency marker characteristic 

of undifferentiated hESCs), SOX1 (neural stem cell marker indicative of early neural 

commitment), PAX6 (neural progenitor cell marker associated with dorsal telencephalic 

specification), and SYP (synaptophysin, a mature neuronal marker reflecting synaptic 

vesicle formation).  

 

Additionally, genes of particular interest to the study, Numb and Numbl (cell fate 

determinants involved in asymmetric cell division), as well as EZH1 and EZH2 (catalytic 

subunits of Polycomb Repressive Complex 2 with distinct roles in stem cell maintenance 

and differentiation), were profiled to investigate their potential regulatory contributions to 

cortical neurogenesis.  
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For each gene, normalized expression values were extracted from the DESeq2 object 

and visualized on both linear and log2 scales to accommodate the dynamic range of 

expression changes spanning multiple orders of magnitude. Linear scale plots facilitate 

intuitive interpretation of absolute expression levels and fold-changes, while log2-

transformed visualizations enhance the detection of subtle expression shifts in lowly 

expressed genes and reveal proportional changes more clearly. All generated plots were 

systematically archived in a designated output directory to maintain a comprehensive 

record of stage-specific marker validation, providing empirical confirmation that the 

differentiation protocol successfully recapitulates the expected transcriptional program of 

cortical neuron development.  
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3.4.3- Analyzing alternative splicing with a focus on Numb during differentiation 
from hESCs and iPSCs to cortical neurons. 

 

To investigate post-transcriptional regulation during neuronal differentiation, alternative 

splicing events were analyzed using rMATS (replicate Multivariate Analysis of Transcript 

Splicing) output data. Pre-filtered splicing events for the numb gene, encompassing all 

major splicing event types (exon skipping, alternative 5' splice sites, alternative 3' splice 

sites, mutually exclusive exons, and retained introns), were systematically retrieved from 

the rMATS analysis pipeline. Data integrity was verified through programmatic validation 

of required fields, including event nomenclature, genomic coordinates, and inclusion level 

values (Percent Spliced In, PSI) across experimental conditions. For each detected 

splicing event, temporal inclusion profiles were visualized to assess dynamic changes in 

isoform usage throughout the differentiation time course. A custom plotting function was 

implemented to generate individual visualizations for each splicing event, displaying PSI 

values as a function of differentiation stage with appropriate error estimation derived from 

biological replicates.  

 

To ensure reproducibility and facilitate subsequent analysis, all generated plots were 

systematically archived in a structured directory hierarchy, with each event assigned a 

unique identifier corresponding to its genomic position and splicing mechanism. The 

visualization pipeline incorporated robust error handling to manage events with 

insufficient read coverage or ambiguous splicing patterns, thereby preventing analysis 

termination due to individual event failures. This comprehensive splicing analysis enabled 

the identification of developmentally regulated Numb isoform switches that may contribute 

to the functional specification of neural progenitors and post-mitotic neurons, 

complementing the transcriptional profiling data to provide a multi-layered understanding 

of gene regulatory mechanisms governing cortical neurogenesis. 
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3.5- Objective 4: Functional requirement of Numb 

 
To determine whether Numb is essential for hESC viability and neurogenesis, we 

developed inducible degradation systems and performed functional perturbation 

experiments. 

 

3.5.1- dTAG-Crispr into hESCs. 

 
The key steps are summarized below. For a complete description of the protocol, refer to 

the original publication from Damhofer et al., 2021  [348,349]. 

 

3.5.1.1- Selection of backbones: Expression of Cas9 and donor/cloning vector. 

 
The backbones vectors for sgRNA/Cas9 expression it was px458 and pBlueScript II SK 

(+) as a cloning or donor vector, were selected and generated as follows in methods (FIG 

12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13: Plasmids used for Crispr reactions. 

 

px458 p. Blue Script 
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3.5.1.2- sgRNA design. 

 
All primers in this protocol were designed using the software primer3 

(https://primer3.ut.ee/) and IDT resources. The design sgRNAs were performed by IDT, 

searching the knock-in site, and selecting the appropriate sgRNA according to their score. 

The insertion site was selected to ensure simultaneous targeting of all Numb isoforms 

with optimal specificity and efficiency, while preserving the integrity of normal protein 

translation. 

 

Selection of sgRNA candidates was guided by two primary criteria: efficient cleavage 

within 10-20 bp of the intended Numb integration site and minimal predicted off-target 

activity. Based on these parameters, sgRNA-NUMB.1 and sgRNA-NUMB.2 were chosen, 

each directing Cas9 cutting immediately upstream of the START codon, at the 5′ end of 

Numb exon 1. 

 

 3.5.1.3- Digestion of px458 for sgRNA cloning. 

 
px458 was digested using XhoI and SacI, and the resulting linearized vector backbone 

was resolved on a 1% agarose gel and purified using the QIAGEN Gel Extraction Kit 

(Qiagen, 28706). The expected size of the recovered backbone was 9,292 bp (px458-

Numb-CCG-Assembly vector). An empty digested vector was processed in parallel to 

serve as a control. 

 

 

 

 

https://primer3.ut.ee/
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3.5.1.4- Oligo annealing and dilution. 

 

The annealing reaction was prepared in a PCR tube, incubated for 5 minutes at the 

designated annealing temperature, and subsequently cooled to 20 °C at a ramp rate of 

5C/min in a thermocycler. Following annealing, the resulting oligo duplexes were diluted 

1:20 in nuclease-free water for use in the ligation reaction. 

 

 3.5.1.5- Ligation of the annealed oligos into px458 vector. 

 
Once the two sgRNA oligos (ordered from IDT) were annealed, they were ligated into the 

pre-cut px458 vector, to obtain the px458-Numb-CCG-Assembly vector. The ligation 

mixture was prepared in a PCR tube, and the reaction was incubated at 20 °C for 2 hours 

to obtain the px458-Numb-CGG-Assembly plasmid according to the follow steps. 

 

  

Component Volume µL (1X) 

10x CutSmart buffer 3 

Xho1 1 

Sac1 1 

10ug of px458 10 

ddH2O 15 

Total 30 

Component Volume µL (1X) 

Oligo mix diluted 2  

Pre-cut px458 5  

T4 ligase enzyme 1  

T4 ligase buffer 1  

ddH2O 1  

Total 10  

Component 
Volume (µL) 

1X 

sgRNA-NUMB.1 (100 µM) 5 

sgRNA-NUMB.2 (100 µM) 1 

NEB buffer 1 

ddH2O 43 

Total 50 
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3.5.1.6- Transformation of competent cells. 

 

Chemically competent E. coli were transformed with the px458-Numb-CCG-Assembly 

plasmid by combining plasmid DNA with the cells and incubating the mixture on ice for 

30 min. Heat shock was performed at 42 °C for 45-60 s, followed by immediate cooling 

on ice for 2 min. Cells were then recovered in 300 µL of LB medium at 37 °C with shaking 

for 1 h to enable expression of the ampicillin-resistance cassette. The transformation was 

plated onto LB-agar containing ampicillin and incubated overnight at 37 °C. After 24 h, 

individual colonies were selected, and 50 µL of each culture was supplemented with 50% 

glycerol and stored at −80 °C to preserve the original clones (FIG 13).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Selection of ampicillin resistant clones (pX458).  

(A) Negative control plate seeded with cells carrying px548, which does not confer ampicillin resistance. 
(B) Colonies transformed with px458, exhibiting ampicillin resistance, and selected for further experiments.  

px458 negative control                            px458 positive clones                             

A B 
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 3.5.1.7- Miniprep-Sanger sequencing. 

 
Plasmid DNA was isolated from individual ampicillin-resistant colonies using the QIAGEN 

Plasmid Miniprep Kit (QIAGEN, 12123) in accordance with the manufacturer’s 

instructions. Briefly, single colonies were inoculated into 5 mL of LB medium 

supplemented with ampicillin and cultured overnight at 37 °C with agitation. Bacterial cells 

were harvested by centrifugation, resuspended in resuspension buffer, and subsequently 

lysed and neutralized. Clarified lysates were applied to silica-based spin columns for 

plasmid purification. DNA was eluted in nuclease-free water and quantified before 

downstream applications. Correct insertion of the sgRNA cassette into the px458 

backbone was verified by Sanger sequencing using primers annealing to the U6 promoter 

region of the px458-Numb-CCG-Assembly plasmid 

 

 

 

 

 

 

 

 

3.5.1.8- Design of the donor sequence for the gBlock system. 

 
The next step involved generating the donor sequence through IDT’s gBlock Gene 

Fragment service. This donor fragment contained the left (L-HA) and right (R-HA) 

homology arms flanking the FKBP12F36V (dTAG) degron fused to a 2×HA epitope tag, 

enabling in-frame insertion at the endogenous Numb locus. Homology arms between 

400–700 bp are generally recommended for efficient HDR. After testing multiple designs 

with varying arm lengths and sequence compositions, the configuration that produced the 

fewest secondary effects consisted of a 445 bp L-HA (blue) and a 501 bp R-HA (green), 

flanking the FKBP12F36V (black).  

This optimized construct constituted the final gBlock-Numb-dTAG donor DNA fragment 

(FIG 14). 

 

Primers for sequencing 

U6F: GATACAAGGCTGTTAGAGAG 

U6: CAGTGCAGGGGAAAGAATAGTAGAC 
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gBlock-Numb-dTAG donor 

 

Figure 15: Representative figure of the composition of the donor sequence gBlock-Numb-dTAG. 
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3.5.1.9- Amplification of the selection cassette. 

 
PCR amplifying the gBlock-Numb-dTAG it was performed according to the following 

parameters: 

 

 

After PCR amplification, the products were resolved on a 1% agarose gel, and the bands 

were excised, extracted, and purified, using QIAGEN Gel Extraction Kit following the 

manufacturer guides. The purified fragments were then digested with SacI and XhoI for 

2 hours. This digested fragment served as the insert for ligation into the pre-cut 

pBlueScript vector. The pBlueScript plasmid was treated similarly: digested with SacI and 

XhoI for 2 hours, resolved on a 1% agarose gel, and the appropriate backbone band was 

extracted and purified using the recommended kits.  

 

Subsequent cloning steps followed the same procedures as described for px458, 

including transformation into chemically competent E. coli, plating on ampicillin-

supplemented agar, and incubation for 24 hours at 37 °C. Plasmid DNA from selected 

colonies was purified using standard miniprep kits, and the correct insertion was 

confirmed by Sanger sequencing using the designated primers. 

PCR primers 

NUMB-dTAG-donor-Xho1-F: CGCTCGAGAGAAACTGTTAGCAGTCTATAATTTG 

NUMB-dTAG-donor-Sac1-R: CGgagctcGTATTTAAGAGAGCTGACTTCCAC 

PCR conditions 

Step Temperature Time Cycles 

Initial 

denaturation 

95C 3 min 
1 

Denaturation 95C 15 seg 

34 
Annealing 60C 15 seg 

Extension 72C 1.20 

min 

Final Extension 72C 5 min 1 

Hold 12C ∞  

Component Volume µL 

(1X) 

 dNTPs (10 

uM) 
1  

Taq 

polymerase 
0.5 

P1 1.25 

P2 1.25 

Buffer 5 

H2O 16 

Total 25 
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 3.5.1.10- Delivery of px458 and pBlueScript into the hESCs. 

 

For human embryonic stem cells (hESCs), including the parental line (PL) as well as the 

reporter lines HES5::GFP and DLL1::GFP, nucleofection via electroporation was chosen 

to maximize transfection efficiency. For each round of transfection, the following 

procedure was performed. Cells were first detached using Dispase for approximately 3 

minutes to facilitate the generation of single-cell suspensions. Detachment was halted by 

adding 2 mL of Nutristem medium supplemented with small molecules SB431542 (Tocris, 

1614) (10 µM), LDN193189 (Tocris, 6053) (1 µM), and XAV939 (Tocris, 3748) (3 µM) and 

Rocki. After removing the culture medium, the cells were gently resuspended in the 

electroporation reaction buffer provided by Neon Transfection kit (Invitrogen, 

MPK10025R). For each transfection, 4-5 × 106 cells per well of a 6-well plate were used. 

Prior to nucleofection, the residual medium was removed and replaced with 3 mL of 

nucleofection buffer from the kit. The cell buffer mixture was gently mixed and transferred 

into a nucleofection tube, ready for electroporation to be performed at 1350v, 30 ms, 1 

pulse. 

 

This procedure ensured minimal cell stress while maintaining high viability and single-cell 

dispersal, both of which are critical for efficient delivery of plasmid DNA or 

ribonucleoprotein complexes into hESCs. Rocki it was maintained throughout the 

recovery period to further enhance cell survival and colony formation post-nucleofection. 

 

 

 

 

 

 

 

Primers 

NUMB-N-dTAG -F: ATTCATTTTCCCTTTACACTGTGC 

NUMB-N-dTAG- R: CAGCTCTTACCTTAACCGGGA 

Mix 

  1 µg px458 

2 µg pBlueScript 

  250 µL of Nutristem supplemented with 

small molecules and Rocki 

5 million cells 



 

 109 

After nucleofection, cells were plated into 6-well plates previously coated with Matrigel for 

1 hour. Plates contained pre-warmed Nutristem medium supplemented with Rocki and 

the small molecules SB431542 10 µM, LDN193189 1 µM and XAV939 3 µM to support 

cell survival and recovery. The medium was replaced 16 hours post-nucleofection. 

 

Following a recovery period of 3–5 days, ampicillin selection was initiated with gradually 

increasing concentrations to eliminate untransfected cells and enrich for those expressing 

the antibiotic-resistance cassette. Once selection was complete, single-cell sorting was 

performed to isolate cells with the highest GFP expression (top 5%). WT reporter lines 

(HES5::GFP and DLL1::GFP) were included as controls for GFP baseline expression, 

while the parental WT line served as a negative control. Sorted cells were replated into 

96-well plates coated with Matrigel and containing pre-warmed Nutristem medium 

supplemented with ROCK inhibitor to promote single-cell survival and colony formation. 

 

 

 3.5.1.11- Screening of the generated clones. 

 
 
When cells reached approximately 70% confluency, they were trypsinized and 

resuspended in 100 µL of Nutristem medium supplemented with Rocki and the small 

molecules SB431542 (Tocris, 1614; 10 µM, 1:1000), LDN193189 (Tocris, 6053; 1 µM, 

1:1000), and XAV939 (Tocris, 3748; 3 µM, 1:2000). Genomic DNA was then purified using 

the QIAGEN Genomic DNA Purification Kit and diluted in TE buffer (10 mM Tris-HCl, pH 

8.0; 0.1 mM EDTA). DNA concentration was measured, and PCR was performed to 

distinguish homozygous and heterozygous clones. 
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The PCR strategy enabled clear differentiation between tagged and untagged alleles: 

amplification of the dTAG-integrated allele generated a 574 bp fragment, whereas 

amplification of the wild-type allele yielded a 350 bp fragment.  

The primers selected were:  

 

 

 

 

 

 

The PCR reaction it was performed as follow 

 

 

 

PCR products were resolved on a 1% agarose gel. Homozygous clones were identified 

by a single band at ~574 bp, while heterozygous clones exhibited two bands 

corresponding to 350 bp (wild-type) and 574 bp (dTAG-integrated) alleles. 

 

  

Primers 

P1: ACCCAGGCATCATCCCACCACA 

P2: TTCCGGTGCGAACGCCTTCTTC 

P3: TGTACAAATTTCCATTTTCAGGGGT 

Component Volume (µL) 1X 

10X Taq buffer 2 

P1 10 uM 0.5 

P2 10 uM 0.5 

P3 10 uM 0.5 

10 mM dNTPs 0.4 

Taq 

polymerase 

0.1 

Genomic DNA 2 

ddH2O 14 

Total 20 

PCR conditions 

Step Temperature Time Cycles 

Initial 

denaturation 

94C 5 min 
1 

Denaturation 94C 30 seg 

35 Annealing 60C 30 seg 

Extension 72C 3 min 

Final Extension 72C 5 min 1 

Hold 4C ∞  



 

 111 

3.5.2 -Inducible Degradation of Numb  

 
Inducible degradation of endogenous Numb was achieved using the dTAG system, in 

which the protein of interest is fused to the FKBP12^F36V degron and selectively targeted 

for proteasomal degradation upon treatment with a heterobifunctional small molecule 

ligand. 

hESCs harboring the integration of the FKBP12^F36V tag at the N-terminus of Numb 

were cultured under standard conditions prior to treatment. For degradation experiments, 

cells were plated at defined densities to ensure consistent cell confluency across 

conditions. 

The dTAG ligand was prepared as a stock solution in DMSO and diluted in culture 

medium immediately prior to use. Cells were treated with a range of ligand 

concentrations, including sub-nanomolar to nanomolar levels, to evaluate dose-

dependent effects on Numb degradation. Final DMSO concentration was kept constant 

across all conditions. 

For dose-response experiments, cells were exposed to increasing concentrations of 

dTAG ligand for a fixed duration. For time-course experiments, cells were treated with a 

selected concentration of dTAG and harvested at defined time points post-treatment to 

assess degradation kinetics. 

At each condition, cells were collected for protein and imaging analyses. Degradation 

efficiency was evaluated by Western blot to quantify Numb protein levels relative to 

untreated controls.  

To ensure specificity of the degradation system, parental (non-tagged) hESCs were 

treated with equivalent concentrations of dTAG ligand as negative controls. Vehicle-only 

(DMSO) treatments were included to control for solvent effects. 

All experiments were performed in biological replicates using independent clones. 

Treatment durations, concentrations, and cell densities were standardized across 

experiments to ensure reproducibility. 
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3.5.3 Rescue Experiments with Numb Isoforms 

To assess whether specific Numb isoforms could rescue the phenotype induced by 

endogenous Numb depletion, individual isoforms (p72, p71, p66, p65) were cloned into 

lentiviral expression vectors. 

3.5.3.1- Lentiviral production and concentration. 

 

Lentiviral particles were produced using a third-generation lentiviral packaging system in 

Human Embryonic Kidney 293T (HEK293T) cells. This system provides high-efficiency 

transgene delivery while ensuring replication incompetence through separation of the 

essential viral components into multiple plasmids. HEK293T cells were maintained in 

DMEM supplemented with 10% fetal bovine serum (FBS) and 1% Penicillin/Streptomycin 

and plated in 15-cm dishes to reach 60–70% confluency on the day of transfection. For 

each 15-cm dish, a total of 21 µg of plasmid DNA was used, consisting of 10 µg of the 

lentiviral transfer vector (in this case, pLVX-NUMB isoform-SNAP), 5 µg of the envelope 

plasmid pMD2.G (VSVG), 5 µg of the packaging plasmid psPAX2 (BM10), and 1 µg of 

pcRev encoding the Rev protein to support gag-pol expression. 

 

Two transfection solutions were prepared using Opti-MEM (Gibco, 31985070) as the base 

medium. Solution A contained 500 µL of Opti-MEM with the plasmid DNA mixture 

described above. Solution B contained 500 µL of Opti-MEM with 100 µL of 

polyethyleneimine (PEI, 1 mg/mL) (ThermoFisher, 040527.22) to achieve a final 

concentration of approximately 100 µg PEI per transfection. Solutions A and B were 

combined in an Eppendorf tube, vortexed briefly for 10 seconds, and incubated at room 

temperature for 15 minutes to allow DNA-PEI complex formation. The transfection mixture 

was then added dropwise to the 15-cm plate containing HEK293T cells in 15 mL of fresh 

DMEM. 
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After 24 hours, the culture medium was replaced with 35 mL of the appropriate medium 

for the target cell type, in this case, NutriStem medium for subsequent hESC infections 

to promote optimal viral particle release and reduce PEI toxicity. Viral supernatant was 

collected 60-72 hours post-transfection and clarified by filtration through a 0.45 µm poly 

ether sulfone (PES) filter to remove cell debris. The filtered viral suspension was aliquoted 

and stored at –80°C until use.  

 

 

3.5.3.2- Lentiviral transduction to hESCs. 

 
Prior to lentiviral transduction, hESCs were cultured on Matrigel-coated plates and 

allowed to reach approximately 60-80% confluence, ensuring that cells were neither 

overconfluent nor undergoing spontaneous differentiation. Meanwhile, a single aliquot of 

the lentiviral stock it was thawed and kept on ice until use. Finally, a stock of Rocki with 

NutriStem it was prepared to be added during and after transduction to promote the 

survival of hESCs. The viral particles generated were added directly into the culture plate, 

containing either each Numb individually or the pool of the 4 of them, including a scramble 

as an empty vector or control (data not shown). The cells were incubated at 37°C for 16-

18 hours (overnight). The media it was changed after 12-24 h to fresh medium with Rocki 

to remove residual virus/PEI. Puromycin range between 0.5 μg/mL-2 μg/mL it was tested 

(Invivogen, ant-pr-1) for 36-48 hours post transfection. The positive cells were collected 

and freeze. 
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3.5.4- Inducible expression system 

Exogenous Numb isoforms were expressed using a doxycycline (DOX)-inducible system 

based on a tetracycline-responsive transcriptional activation mechanism. In this system, 

the addition of doxycycline enables the binding of a reverse tetracycline-controlled 

transactivator (rtTA) to tetracycline response elements (TRE), thereby inducing 

transcription of the gene of interest. 

hESCs were transduced with lentiviral vectors encoding individual Numb isoforms under 

the control of a TRE promoter. Following transduction, stable cell populations were 

established and maintained under standard culture conditions. 

Doxycycline was added to the culture medium at defined concentrations to induce isoform 

expression. To achieve controlled expression levels, doxycycline concentration was 

titrated across a defined range, allowing modulation of protein abundance. Induction time 

points were standardized across experiments to ensure reproducibility. 

Expression of Numb isoforms was validated and compared to endogenous Numb levels 

in untreated cells. Immunofluorescence was used to assess subcellular localization of the 

induced proteins and basal expression in the absence of doxycycline was evaluated to 

assess potential leakiness of the system. 

To coordinate exogenous isoform expression with endogenous Numb depletion, the 

inducible system was combined with dTAG-mediated degradation in a temporally 

controlled manner. 

Three experimental configurations were implemented: 

• Pre-induction: Cells were treated with doxycycline for a defined period prior to 

dTAG addition to allow accumulation of exogenous Numb isoforms before 

endogenous protein degradation.  

• Simultaneous induction: Doxycycline and dTAG ligand were added concurrently 

to induce expression and degradation in parallel.  

• Post-degradation induction: dTAG treatment was applied prior to doxycycline 

addition to induce isoform expression after depletion of endogenous Numb.  
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All conditions were performed using standardized treatment durations and 

concentrations. Control conditions included cells treated with doxycycline alone, dTAG 

alone, and untreated cells. 

3.5.5- Oscillatory expression strategies 

Oscillatory expression of Numb isoforms was implemented using a doxycycline (DOX)-

inducible system to generate alternating periods of gene induction and repression. Cells 

were subjected to sequential cycles of doxycycline addition and withdrawal to modulate 

temporal expression dynamics. 

For induction phases, doxycycline was added to the culture medium at defined 

concentrations for a specified duration to promote expression of the exogenous Numb 

isoforms. This was followed by washout steps in which doxycycline-containing medium 

was replaced with fresh medium lacking the inducer to terminate transcriptional activation. 

Multiple oscillatory cycles were performed using standardized timing intervals for 

induction and repression phases. The duration of each cycle was kept consistent across 

experiments to ensure reproducibility. 

Expression dynamics were monitored by Western blot and/or immunofluorescence at 

selected time points to confirm induction efficiency and protein persistence following 

doxycycline removal and control conditions included continuous doxycycline exposure 

(constant induction), absence of doxycycline (no induction), and non-transduced cells. 

 

3.5.6- Morphological analyses 

Cellular morphology was assessed to evaluate structural changes following dTAG-

mediated degradation of Numb. Cells were monitored using phase-contrast and 

brightfield microscopy at defined time points after treatment. 

Colony integrity was evaluated based on morphological criteria characteristic of human 

embryonic stem cells (hESCs), including colony compaction, border definition, and cell 
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density. Changes in colony organization were recorded as loss of defined edges, 

decreased compaction, and increased intercellular spacing. 

Cell detachment was assessed by monitoring the presence of floating cells in the culture 

medium and reduction in adherent cell density. Detached cells were identified based on 

rounded morphology and refractile appearance under phase-contrast microscopy. 

Apoptotic-like morphology was evaluated based on established criteria, including cell 

rounding, shrinkage, and membrane blebbing.  

Images were acquired using identical microscopy settings across all conditions to ensure 

comparability. Analyses were performed across multiple biological replicates and 

independent clones. 

Untreated controls and parental (non-edited) cells exposed to dTAG ligand were included 

to control for potential off-target effects.  
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3.6- Supporting experimental procedures 

 

3.6.1- Cell cycle arrest protocols for hESCs.  

 

To synchronize human embryonic stem cells (hESCs) at specific phases of the cell cycle, 

cells were first passaged at a 1:4 ratio from a 15 cm plate at approximately 90% 

confluence using TrypLE Express and replated into four new 15 cm plates. Media 

(NutriStem, NS) was changed daily, gradually increasing the volume up until the cells 

reached 90% confluence, typically within 4-6 days. 

 

 

S-phase arrest. 
 
Cells were incubated with 22 mL NS supplemented with 1.8 mL of 100 mM thymidine 

(Sigma, T9250) in phosphate-buffered saline pH 7.4 1X (PBS) (Gibco, 10010-023) (final 

concentration 7.5 mM; After 20 hours, the medium was removed, and cells were washed 

twice with 5 mL DMEM/F12, followed by 6 hours in fresh NS. A second thymidine block 

was applied by adding 1.8 mL of 100 mM thymidine (final 7.5 mM) for 18 hours, until the 

next day. Cells were then processed as follows: 

 

S-phase early: Media was replaced (without washing) with 16 mL NS with 

or without SLX (hESCs) treatment for 2 hours before fixation. 

 

S-phase late: Media was removed and cells washed twice with 5 mL 

DMEM/F12, then incubated with 16 mL NS for 2 hours, followed by 1 mL 

NS with or without SLX (hESCs) for an additional 2 hours before fixation, 

totaling 4 hours from thymidine release. 

 

G2 phase: Cells were washed twice with 5 mL DMEM/F12, incubated in 16 

mL NS for 4 hours, then treated with 1 mL NS with or without SLX (hESCs) 

for 2 hours before fixation (6 hours total from thymidine release). 
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Mitosis and G1 arrest. 
 

Cells were treated with 22 mL NS containing 1.8 mL of 100 mM thymidine (final 7.5 mM) 

for 20 hours. The following day, the medium was removed, and cells were washed twice 

with 5 mL DMEM/F12, followed by incubation in 20 mL NS for 4 hours. Nocodazole was 

added at a final concentration of 100 ng/mL (Sigma M1404; 1:1000 dilution of 100 µg/mL 

stock) for hESCs, to induce mitotic arrest. After 12 hours cells were processed as follows: 

 

 

Prometaphase: Cells were treated with 1 mL NS with or without 

SLX (hESCs) for 2 hours before fixation. 

 

 

Anaphase-Telophase: Cells were treated with 1 mL NS with or 

without SLX, then washed twice with 5 mL DMEM/F12 and 

incubated in 16 mL NS for 20 minutes. Following this, Blebbistatin 

(Sigma B0560) was added at a final concentration of 5 µM 

(1:1000 dilution of 5 mM stock) and maintained for 30 minutes 

(hESCs) before fixation. 

 

G1-phase early: After Nocodazole release, cells were washed 

twice with 5 mL DMEM/F12 and incubated with 16 mL NS for 2 

hours with or without SLX before fixation. 

  

G1-phase late: After Nocodazole release, cells were washed 

twice with 5 mL DMEM/F12 and incubated with 16 mL NS for 2 

hours, followed by 1 mL NS with or without SLX for an additional 

2 hours before fixation (total 4 hours from Nocodazole release).  

 

The cells obtained in the different set points were fixated to Immunofluorescence staining. 
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3.6.2- Electroporation. 

 
For electroporation of Hek293T or hESCs, cells were seeded one day prior to transfection 

to reach approximately 80% confluency. On the day of electroporation, cells were 

harvested by removing the culture medium, washing with PBS, and detaching with 

TrypLE Express for 2-3 minutes at 37°C. Detached cells were neutralized with DMEM 

supplemented with 10% FBS, centrifuged at 300 × g for 5 minutes, and the supernatant 

was removed. The cell pellet was resuspended in Buffer R (Neon Transfection Kit) 

(ThermoFisher, MPK10025) at a density of 5 × 10⁶ cells/mL. For the transfection mix, 1-

5 µg of plasmid DNA or 50-100 nM siRNA was combined with the resuspended cells and 

mixed carefully to avoid air bubbles. Electroporation was performed using the Neon 

Transfection System, with the 10 µL tip used for 1 × 10⁵ cells and the 100 µL tip for 5 × 

10⁵ cells per reaction. Suggested parameters for Hek293T and hESCs were tested. The 

optimization results in 1150 V, 20 ms pulse width, and 2 pulses, as a best result in terms 

of effectiveness and safety. Immediately after electroporation, cells were transferred into 

pre-warmed, antibiotic-free DMEM with 10% FBS (HEK293T) and Nutristem pre-coated 

plates with Rocki (hESCs) and incubated at 37°C with 5% CO₂. Antibiotics were omitted 

for the first 24 hours to minimize cellular stress, and transfection efficiency was assessed 

24-48 hours post-electroporation using fluorescence or puromycin screening. 
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CHAPTER 4 

 

IV.- RESULTS. 

4.1 Numb expression and subcellular localization across cellular 

contexts and neural differentiation 

 

4.1.2- Hek293 and Human Embryonic Stem Cells (hESCs) express endogenous 
Numb. 

 

The aim of this thesis was to elucidate the role of the different Numb isoforms during 

human neural differentiation, using human embryonic stem cells (hESCs) WA09, also 

known as H9 as a model base. 

As a first approach, Hek293 cells were used to standardize Numb antibodies 

concentration and observe the endogenous expression of Numb at first by Western Blot 

The antibodies tested are in Table 3 (TABLE 3). 

 

Antibody 

anti-Numb 

Host 

type 

Dilution 

1st antibody 

Dilution 

2nd antibody 
Target 

Numb 

ab4147 

Goat 

Polyclonal 
1-2 µg/mL 1:2000 to 1:5000 

Synthetic peptide within 

600 aa into C-terminus of 

human Numb. 

Numb 

ab155415 

Rabbit 

Polyclonal 
0.5-2 µg/mL 1:2000 to 1:5000 

Recombinant fragment 

within 1-250 aa of human 

Numb. 

Numb 

PA1-32452 

Rabbit 

Polyclonal 

1-3 µg/mL 

(discontinued) 
1:2000 to 1:5000 

Synthetic peptide within 

600-653 aa into C-

terminal of human Numb 

Numb 

AF4338 

Sheep 

Polyclonal 

 

1-3 µg/mL 1:2000 to 1:5000 

Recombinant fragment 

within Thr356-Leu592 of 

human Numb. 
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Table 3: First batch of primary Anti-Numb antibodies evaluated in this study. 

 

In Hek293 cells, the Numb protein plays as an endocytic adaptor that controls several 

signaling pathways, especially by influencing the degradation and trafficking of the Notch 

receptor and the stabilization of the tumor suppressor p53. Numb protein is endogenously 

expressed in Hek293 cells (FIG 16). 

 

Hek293 cells are highly valued in research for their consistent growth, genetic stability, 

and exceptional ease of manipulation. They exhibit high transfection efficiency, readily 

incorporating foreign DNA through a variety of methods, which makes them ideal for gene 

expression and functional studies. Their robust protein expression capacity allows for 

high-yield production of recombinant proteins, positioning Hek293 cells as a preferred 

system for generating biotherapeutics, vaccines, and viral vectors used in both basic and 

translational research. As a human-derived cell line, they also provide physiologically 

relevant post-translational modifications, such as glycosylation, which are often lacking in 

non-human systems like Chinese hamster ovary (CHO) cells. Furthermore, Hek293 cells 

are adaptable and can be cultured either as adherent monolayers or in suspension, 

supporting both small-scale laboratory experiments and large-scale industrial production. 

Importantly, the Numb protein is not essential for Hek293 cell survival or proliferation, 

which makes this line an excellent model for genetic manipulation studies involving Numb 

knockout or degradation systems. 

 

 

 

 

 

 

 

 

 

 

Figure 16: Western blot analysis showing endogenous Numb levels in Hek293 cells. 
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 Lane 1 corresponds to the molecular weight marker; Lanes 2 and 3 represent biological duplicates of 
Hek293 lysates. A clear Numb-specific band is detected at approximately 75 kDa, confirming robust 
endogenous expression in this cell line. 

One of the main challenges in detecting the human Numb protein lies in the limited 

specificity of commercially available antibodies toward its distinct isoforms. Most 

commercial antibodies are raised against epitopes located within regions common to all 

isoforms, meaning they primarily recognize the full-length Numb p72 protein. 

Consequently, it is theoretically difficult to discriminate among the four human Numb 

isoforms (Numb1-4) using these antibodies alone. Nevertheless, some studies have 

reported by Western blot the detection of two distinct Numb protein bands one migrating 

around 75 kDa and another around 70 kDa corresponding to two groups of isoforms.  

 

These bands can be categorized based on the presence of alternative phosphotyrosine-

binding (PTB) domains: Numb1 (p72) and Numb2 (p66) contain the long PTB domain 

(PTBL) and migrate at approximately 75 kDa, whereas Numb3 (p71) and Numb4 (p65) 

possess the short PTB domain (PTBS) and migrate at approximately 70 kDa. 

Unfortunately, we could obtain at this time, those expecting 2 bands. 

 

The WA09 human embryonic stem cell (hESC) line, also known as H9, is among the most 

extensively characterized and widely used pluripotent stem cell lines in biomedical 

research. This line serves as an exceptional model for investigating early human 

development, lineage specification, differentiation mechanisms, and disease modeling. 

WA09 cells maintain a stable karyotype over extended passages and exhibit robust self-

renewal capacity when cultured under defined, feeder-free conditions. They consistently 

express the canonical pluripotency markers OCT4 (POU5F1), SOX2, and NANOG, 

confirming their undifferentiated state. Importantly, H9 cells retain the ability to 

differentiate into cell types of representatives of all three germ layers ectoderm, 

mesoderm, and endoderm which makes them particularly valuable for studying human 

neurogenesis and lineage commitment in vitro. 
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Figure 17: Endogenous Numb expression in human embryonic stem cell lines. 

 Western blot analysis assessing endogenous Numb levels across multiple hESC backgrounds. Lane 1 
shows the molecular weight marker; Lane 2 corresponds to the Parental WA09 (H9) Line; Lane 3 to the 
Hes5::GFP reporter line; and Lane 4 to the DLL1::GFP reporter line. A distinct Numb band is observed at 
~75 kDa in all samples, confirming consistent endogenous expression across these hESC derivatives. 

 

In this study, the WA09 parental line and its DLL1::GFP and HES5::GFP reporter 

derivatives exhibited comparable levels of endogenous Numb protein expression, 

suggesting that Numb abundance is not significantly altered by the integration of the 

reporter constructs. Using the same Numb antibody (ab4145, Abcam), Western blot 

analysis of undifferentiated hESC cultures revealed a single prominent Numb band (FIG 

17). This finding contrasts with reports describing two distinct bands corresponding to 

different Numb isoform groups, indicating that in hESCs either a predominant isoform is 

expressed, or the antibody is unable to resolve the isoform-specific differences under the 

tested conditions. 
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4.1.3- hESCs Parental Line WA09 (H9): Cell cycle arrest protocols. 

 

To investigate how specific cell cycle phases influence the expression of Numb-related 

factors and components of the Notch signaling pathway, a cell synchronization protocol 

was employed. Given that Numb is known to regulate asymmetric cell division and the 

balance between progenitor self-renewal and differentiation, understanding how it 

signaling partners vary across cell cycle stages provides key mechanistic insight into 

neural progenitor behavior. 

 

Parental cell lines WA09 (H9) were synchronized using a double thymidine block to 

achieve precise arrest and release, allowing controlled progression through distinct cell 

cycle phases. Samples were collected at representative time points corresponding to 

prometaphase, S phase, and anaphase–telophase. These stages were chosen because 

they encompass major checkpoints where fate determinants, including Numb and Notch 

effectors, are asymmetrically distributed or transcriptionally regulated. Following 

synchronization, immunofluorescence staining was performed to visualize and quantify 

the expression and localization patterns of Numb, Hes5, and DLL1 during cell cycle 

progression. The progression followed the expected pattern described in the literature, 

with approximately 70% of the cells successfully transitioning through the different stages 

of the cell cycle, confirming the efficiency and reproducibility of the synchronization 

protocol. 

 

During neurogenesis, Hes5 and DLL1 serve as complementary markers of the dynamic 

activity of the Notch pathway, which orchestrates the balance between progenitor 

maintenance and neuronal commitment. Hes5, a basic helix–loop–helix (bHLH) 

transcriptional repressor, is a direct target of Notch activation and is typically expressed 

at high levels in neural progenitor cells (NPCs). Its sustained expression in proliferating 

progenitors maintains them in an undifferentiated state by repressing proneural genes 

such as Ascl1 and Neurog2. As the cell cycle progresses toward the G2/M transition and 
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mitosis, Hes5 expression tends to decrease, coinciding with the onset of differentiation 

signals. In contrast, DLL1, a canonical Notch ligand, is expressed in cells that are exiting 

the progenitor state and beginning neuronal differentiation. DLL1’s expression increases 

during late S phase and G2, marking cells preparing to differentiate, and peaks as these 

cells undergo asymmetric division when one daughter cell retains progenitor identity (via 

Notch activation through Hes5), and the other initiates a neuronal program. 

 

Preliminary data revealed that Numb localization becomes increasingly polarized as cells 

progress from prometaphase to anaphase–telophase, consistent with its established role 

in directing asymmetric partitioning of cell fate determinants. Meanwhile, Hes5 displayed 

nuclear enrichment during early stages (S phase), suggesting active Notch signaling in 

proliferating progenitors, whereas DLL1 expression became more prominent at the cell 

membrane in cells progressing toward cytokinesis, indicating the onset of neuronal 

commitment (FIG 18). 

 

 

Figure 18: Cell cycle progression of WA09 (H9) hESCs after double-thymidine synchronization. 
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Flow cytometry analysis of the Parental Line WA09 (H9) following synchronization using a double-thymidine 
block. The profile illustrates the distribution of cells across G1, S, and G2/M phases. 

 
 

Following release from the block, the cells progressed synchronously through the 

subsequent cell cycle phases, as described in the literature. Flow cytometry and 

microscopy analyses confirmed that approximately 70% of the cell population transitioned 

through the expected stages of the cell cycle, demonstrating the efficiency and 

reproducibility of the synchronization procedure. 

 

To examine the relationship between cell cycle progression and neurogenic markers, we 

evaluated the expression of Hes5, a well-recognized marker of stemness and 

maintenance of the undifferentiated state, and DLL1, which marks early neuronal 

commitment. The differential expression of these markers across cell cycle stages 

provided insight into the dynamic balance between self-renewal and lineage specification. 

 

Consistent with Western blot analyses, multiple anti-Numb antibodies were tested under 

various experimental conditions (TABLE 4), including different antibody dilutions, fixation 

methods, and mounting media, to optimize detection by immunofluorescence. Despite 

these optimizations, antibody performance it could not detect Numb protein using 

Immunofluorescence assays, underscoring the importance of validation when studying 

Numb localization and expression during specific cell cycle transitions (Data no shown). 

 

This table summarizes the different Numb antibodies and experimental conditions tested 

to establish optimal immunofluorescence staining (TABLE 4). 

 

Anti-Numb 

antibody 
Company Dilutions 

Fixation 

FA% 

Mounting 

media 
 

5-10 

µg/mL 
 

ab4147 

ab155415 

PA1-32452 

AF4338 
 

Abcam 1:50 

4%, 5%, 8% 

 
 

Prolong 

Dako mounting 

media 

Abcam 1:100 

ThermoFisher 1:200 

RD systems 1:500 



 

 127 

  1:1000 

 Table 4: Optimization of Numb antibodies for immunofluorescence (IF).   

 

Immunofluorescence failed to reliably detect Numb during the analyzed cell-cycle stages, 

likely due to the low endogenous expression of Numb in hESCs compared with cancer 

cell lines, where the antibodies had been originally validated. 

 

DLL1 and Hes5, both tagged with GFP were pretty helpful to identify the transition 

between different steps. Using as a background marker, Laminin beta 2 (Lmnb2) encodes 

the β2 chain of Laminin, a heterotrimeric extracellular matrix (ECM) glycoprotein. In 

hESCs, Lmnb2 expression and deposition are tightly regulated by extracellular cues, cell 

adhesion receptors, and pluripotency-associated signaling pathways and it can be 

observed during cell cycle stages. 

 

During the S phase and prometaphase, neural progenitor cells are largely proliferative, 

maintaining an undifferentiated state. In this context, Notch signaling is active, leading to 

high Hes5 expression, which represses proneural transcription factors (Ascl1, Neurog2) 

and prevents premature neuronal differentiation. Hes5, as a transcriptional repressor, 

ensures that progenitors remain in the cell cycle and maintain their stem-like identity. 

 

As cells transition through mitosis (anaphase–telophase), particularly in asymmetric 

divisions, Notch signaling becomes differentially inherited. One daughter cell retains 

active Notch–Hes5 signaling, preserving progenitor features, while the other cell, which 

downregulates Notch signaling, begins to express DLL1. DLL1, a Notch ligand, is 

upregulated in differentiating cells and acts in a lateral inhibition manner to activate Notch 

in neighboring progenitors, reinforcing their undifferentiated state (FIG 19). 

 

Thus, throughout the cell cycle, Hes5 expression correlates with progenitor proliferation 

and S-phase activity, while DLL1 expression emerges as cells exit mitosis and commit to 

neuronal differentiation. Monitoring DLL1 and Hes5 expression across these phases can 

therefore reveal the timing of Notch pathway modulation that links cell cycle dynamics to 

neurogenic fate decisions. 
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Figure 19: Immunofluorescence of Notch pathway markers during cell cycle modulation. 
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Immunofluorescence analysis of Notch pathway components Hes5 and DLL1 under cell cycle arrest 
conditions. Panel I depicts Hes5 expression in proliferating neural progenitors, while Panel II highlights a 
subset of cells initiating DLL1 expression, indicative of early neural commitment. Lmnb2 was used as a 
nuclear/chromatin marker to delineate nuclear morphology. 

 

4.1.4- Endogenous Numb expression and localization detected by 
Immunofluorescence (IF) in Hek293 and hESCs. 

 

A new antibody against Numb became available during the course of this work, and it 

was tested its ability to detect Numb protein in Hek293 cells and H9 (WA09) human 

embryonic stem cells (hESCs) by Immunofluorescence (TABLE 5).  

Table 5: Optimization of Numb monoclonal antibody C29G11 for immunofluorescence. 

 

Using a dilution of 1:50, the antibody successfully detected Numb in both Hek293 cells 

and hESCs. In Hek293 cells, Numb displayed a predominantly cytoplasmic localization, 

consistent with previous reports describing Numb as a cytoplasmic adaptor and scaffold 

protein involved in endocytic trafficking and signaling regulation (FIG 20). 

Antibody 

anti-Numb 

Host 

type 

Dilution 

1st antibody 

Dilution 

2nd antibody 
Target 

Numb 

C29G11 

Rabbit 

Monoclonal 

1:50 

1:100 

1:200 

1:500 

1:2000 to 1:5000 
Synthetic peptide within 

Ala570 of human Numb. 
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Figure 20: Subcellular localization of endogenous Numb by Immunofluorescence in Hek293 cells. 

Immunofluorescence analysis of endogenous Numb expression in human cells. Numb signal (green) is 
predominantly cytoplasmic, while nuclei are counterstained with DAPI (blue). This staining pattern 
highlights the cytoplasmic distribution of Numb under basal conditions. 

In hESCs, including the parental WA09 line and the Hes5::GFP and DLL1::GFP reporter 

lines, Numb exhibited a more ubiquitous pattern of distribution, with the majority of the 

fluorescence signal localized in the cytoplasm, although nuclear staining was also evident 

in a subset of cells. This broader subcellular localization suggests that Numb may operate 

in multiple compartments depending on the cellular state or developmental stage (FIG 

21). 
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Figure 21: Endogenous Numb expression in human embryonic stem cells. 

Immunofluorescence analysis of human embryonic stem cells (hESCs) reveals endogenous Numb 
expression. Numb signal (green) is primarily cytoplasmic, with detectable nuclear localization. Nuclei are 
counterstained with DAPI (blue). This pattern demonstrates the dual subcellular distribution of Numb in 
pluripotent stem cells. 

Given its role as a multifunctional scaffold protein, cytoplasmic localization provides Numb 

the spatial advantage to interact with diverse signaling pathways, including Notch, p53, 

and integrin-related signaling. The presence of Numb in the nucleus, however, is 

particularly interesting, as previous studies have linked specific Numb isoforms to distinct 

subcellular distributions and biological functions. Notably, p72 and p66 isoforms are 

reported to localize primarily in the cytoplasm, while p71 and p65 isoforms are more 

enriched in the nucleus, where they may influence transcriptional programs or chromatin-

associated processes [124,127]. 

 

The coexistence of cytoplasmic and nuclear pools of Numb in hESCs therefore likely 

reflects isoform-specific expression and dynamic regulation during cell fate transitions, 

emphasizing Numb’s versatility as a key integrator of signaling and structural cues in 

pluripotent and differentiating cells.  
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4.1.5- Numb subcellular localization is influenced by cell density. 

 

Interestingly, the expression pattern of Numb was not uniform among cells culture. In 

some cells, Numb was predominantly cytoplasmic, while in others it showed a more 

nuclear or perinuclear localization when Numb colocalized with DLL1 in early neurons 

(from day 18-25 of neuron differentiation). This heterogeneity adds a new layer of 

complexity to the characterization of Numb in pluripotent cells (FIG 22 A-D). Upon closer 

observation, it became clear that cell density and confluency were major determinants of 

Numb’s localization, or the number of cells attached to the slide. When hESCs were 

cultured at high confluency, Numb was mainly confined to the cytoplasm, consistent with 

its known role in endocytic trafficking and receptor regulation (FIG 22D-Panel I) In 

contrast, when cells were plated at lower density or at earlier stages of colony growth, 

Numb displayed a more nuclear localization pattern (FIG 22D-Panel II). 

 

This context-dependent distribution suggests that Numb’s subcellular localization may 

shift according to the cell’s physiological state, possibly reflecting changes in cell polarity, 

adhesion, or signaling activity as cultures reach confluence. This observation aligns with 

reports from other systems where Numb localization is dynamically regulated by cell-cell 

contact, integrin signaling, or mechanical tension although such confluency-dependent 

regulation has not previously been described in neurodevelopmental or pluripotent stem 

cell models. 

 

These findings indicate that Numb’s localization in hESCs is not static, but rather 

responsive to the microenvironment and culture conditions, suggesting that its functional 

role, cytoplasmic versus nuclear, may vary depending on the state of cell-cell 

communication or differentiation potential. This insight provides a valuable consideration 
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for future experiments 

aiming to dissect Numb’s 

specific functions during 

early neural commitment or 

Notch pathway 

regulation in human stem 

cells [269]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 134 

 

 

 

 

 

 

 

 

Figure 22: Co-localization of Numb and DLL1 during cortical neuron differentiation. 

Immunofluorescence analysis at Day 20 of cortical neuron differentiation demonstrates the spatial 
relationship between Numb (green) and DLL1 (red). In Panel I, Numb and DLL1 exhibit prominent 
cytoplasmic expression. Panel II shows a more diffuse distribution of both proteins throughout the cell. 
Nuclei are counterstained with DAPI (blue).  
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4.1.6- Modified Dual-SMAD Inhibition protocol generates a robust cortical neuron 
population. 

 

Using the established cortical neuron differentiation protocol, cortical neurons were 

successfully obtained after approximately 35 days of differentiation from hESCs. Although 

the differentiation process led to the appearance of neuronal populations expressing 

canonical markers, the efficiency and morphological maturity of the resulting neurons 

were suboptimal (FIG 23A). The cultures displayed a heterogeneous composition, with a 

relatively low proportion of mature neurons and the presence of cells that appeared to 

remain at progenitor or intermediate differentiation stages. 

 

To improve the overall yield, purity, and neuronal phenotype, the differentiation protocol 

was systematically modified and optimized. Adjustments were made in key parameters 

such as growth factor timing, cell plating density, and duration of dual-SMAD inhibition to 

better mimic the developmental cues guiding cortical neurogenesis. Additional 

refinements included extending the neuronal maturation phase, optimizing substrate 

composition (e.g., laminin or poly-L-ornithine coating), and fine-tuning media 

supplementation to promote neuronal survival and axonal elongation (TABLE 6). 

 

 

 

 

 

 

 

 

Figure 23: Comparison of cortical neuron differentiation protocols. 

 Immunofluorescence comparison of cortical neuron differentiation outcomes using standard versus 
optimized Dual SMAD inhibition protocols. Panel A shows neurons derived with the regular protocol, while 
Panel B illustrates enhanced neuronal differentiation and network formation achieved with the optimized 
protocol. NEUN (red) was used as a neuronal marker, highlighting mature neuronal populations and 
improved differentiation efficiency in the modified protocol. 
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Steps Regular protocol Improved version 

Day 1-2 

Induction of Neural Differentiation 

SB431542 

LDN193189 

XAV939 

SB431542 

LDN193189 

XAV939 

Day 3-7 

Rise of Neural progenitors 

SB431542 

LDN193189 

SB431542 

LDN193189 

Day 8-20 

Enrichment and Expansion of NPCs 

Ascorbic Acid 

BDNF 

DAPT 

FGF2 (Day 8-12) 

BDNF 

Ascorbic acid  

DAPT after day 20 

25+ days 

Rise of neurons 

Ascorbic Acid 

BDNF 

DAPT 

Ascorbic Acid 

BDNF 

DAPT 

35+ days 

Mature neurons 

Ascorbic Acid 

BDNF 

DAPT 

Ascorbic Acid 

BDNF 

DAPT 

Table 6: Comparison of standard and optimized Dual SMAD inhibition protocols for cortical 
neuron differentiation. 

 
 

To enhance neuronal differentiation efficiency and improve cortical neuron yield, FGF2 

was supplemented between days 8 and 12 to promote neural progenitor proliferation and 

survival, supporting the expansion of early neuroepithelial populations. The γ-secretase 

inhibitor DAPT, which suppresses Notch signaling, was initially withdrawn from early 

stages of differentiation to prevent excessive inhibition of the pathway, since complete 

Notch blockade at this point can impair progenitor maintenance and compromise overall 

neuronal output. Additionally, the concentration of ascorbic acid was reduced to minimize 

potential cytotoxic effects observed during early neuronal commitment. 
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Instead, DAPT was reintroduced at later stages of differentiation between days 16 and 

25+ when neural progenitors begin to transition toward postmitotic neurons. This timing 

allowed for a more physiologically relevant downregulation of Notch activity, facilitating 

neuronal maturation rather than premature differentiation. 

 

With these modifications, the cultures exhibited a more homogeneous and robust 

population of cortical neurons by the end of the differentiation period, characterized by 

well-developed neuronal networks, increased neuronal marker expression (NeUN), and 

reduced variability across replicates. These results suggest that fine-tuning the temporal 

modulation of FGF and Notch signaling is critical for achieving efficient and reproducible 

cortical neurogenesis from hESCs (FIG 23B). 

 

 

4.1.7- Morphological features of hESCs during cortical neuron differentiation. 

 

At the starting point, hESCs exhibit a compact, epithelial-like morphology. They grow as 

tight, flat colonies with well-defined edges and high nuclear-to-cytoplasmic ratios. 

Individual cells are small, with round nuclei, prominent nucleoli, and scant cytoplasm. 

Cell–cell junctions are strong, supported by E-cadherin–based adherent junctions, 

maintaining colony integrity. The colonies display uniform refractive borders under phase 

contrast microscopy, and spontaneous differentiation is minimal when pluripotency 

conditions (FGF2, TGF-β/Activin A) are maintained (FIG 24A). 

Morphologically, NPCs (days 15 to 20) form radially arranged, columnar cells surrounding 

a central lumen-like space. These rosettes are characterized by apico-basal polarity, with 

tight junctions at the apical surface (marked by ZO-1, N-cadherin, and Par3). NPCs 

display elongated, spindle-shaped bodies, and their nuclei align radially around the 

rosette lumen, reflecting interkinetic nuclear migration behavior typical of neuroepithelial 

cells in vivo. This stage its known as neural rosettes formation (FIG 24B). 

As differentiation progresses, NPCs gradually transition from neuroepithelial cells to radial 

glia-like progenitors, which are slightly more elongated and migratory. They express 

PAX6, SOX1, and Nestin, marking their neural identity and commitment to a cortical 
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lineage. During this period, mitotic activity remains high, and cells often retain rosette or 

sheet-like arrangements before spreading into a more bipolar, migratory phenotype. 

Following further differentiation cues (e.g., withdrawal of FGF and addition of neurotrophic 

factors such as BDNF and GDNF), NPCs begin to exit the cell cycle and acquire neuronal 

morphology. Cells become smaller and more phase-bright, with a bipolar or unipolar 

shape at first, extending thin neurites that later branch into multiple processes. Within 

days, neurons begin to form dense networks, showing clear axon-dendrite polarization. 

Early neurons express βIII-tubulin (Tuj1), DCX, and MAP2, markers of immature neuronal 

differentiation (not shown). Axons start to elongate, and growth cones are evident at their 

distal tips. Morphologically, the culture transitions from uniform sheets of progenitors to a 

web-like network of interconnected cells with extended processes.  Over several weeks 

(typically 30-50 days or more), neurons undergo progressive maturation characterized by 

increased neurite complexity, synaptogenesis, and electrophysiological activity. 

Morphologically, mature cortical neurons exhibit large, polarized somas with distinct 

axons and highly branched dendritic arbors. Dendritic spines begin to appear along the 

processes, reflecting synaptic specialization. The nuclei become eccentrically located 

within the soma, and the cytoplasm is enriched in Nissl substance (FIG 24C). 

 

 

 

 

 

Figure 24: Morphological changes of hESCs upon cortical neuron differentiation. 

A) Human embryonic stem cells (hESCs) exhibit a compact, high–nucleus-to–cytoplasm morphology, 
forming tightly packed colonies with smooth edges and prominent nucleoli. B) In contrast, neural progenitor 
cells (NPCs) display an elongated, bipolar or radial morphology, often forming rosette-like structures 
characteristic of early neuroepithelium. C) Mature neurons show highly polarized morphology, including a 
defined soma, extensive dendritic arborization, and a single long axon, reflecting the acquisition of 
functional neuronal architecture  
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4.1.8- Numb expression slightly declines during cortical neuron differentiation. 

 

To investigate the dynamics of the Numb-Notch signaling axis during cortical neuron 

differentiation, protein expression levels of Numb, DLL1, and Hes5 were analyzed by 

Western blot at 4-day intervals throughout the differentiation timeline. As internal controls, 

SOX2 was used as a marker of undifferentiated and neural progenitor cells, NeuN as a 

marker of mature neurons, and β-actin as a loading control. This approach allowed us to 

monitor how these key regulators change in abundance during the progressive transition 

from pluripotent stem cells to differentiated cortical neurons. 

 

As expected, DLL1, a canonical Notch ligand, displayed a pronounced increase in 

expression around day 15, corresponding to the onset of neuronal commitment when 

cells begin to exit the cell cycle and initiate neurite outgrowth. The elevated DLL1 levels 

at this stage are consistent with its role in lateral inhibition, where differentiating neurons 

signal to neighboring progenitors to maintain their undifferentiated state, ensuring a 

balanced production of neurons and progenitor cells. 
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Figure 25: Dynamics of Numb and Notch pathway components during hESC differentiation. 

Temporal expression analysis of Numb, Hes5, and DLL1 during cortical neuron differentiation in WA09 (H9) 
parental cells, Hes5::GFP, and DLL1::GFP reporter lines. Across all three lines, Hes5 expression peaks 
between days 12–28 before decreasing, DLL1 expression rises following the neural progenitor cell stage, 
and Numb shows a modest decline in fully differentiated neurons (+28 days). 
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Hes5, a direct transcriptional target of Notch signaling and a hallmark of neural progenitor 

identity, showed a modest increase in expression from day 0 through day 12, peaking 

between days 8 and 12 coinciding with the neural progenitor cell (NPC) stage. This 

transient upregulation likely reflects active Notch signaling maintaining the progenitor pool 

during early neurogenesis, followed by a gradual decline as cells commit to neuronal 

fates. 

 

In contrast, Numb protein levels exhibited a gradual decrease after day 20, suggesting a 

developmental downregulation once the majority of progenitors have differentiated. This 

reduction supports the notion that Numb is primarily required during earlier stages of 

neural development, where it promotes asymmetric cell division and regulates the 

balance between progenitor maintenance and differentiation by antagonizing Notch 

signaling. However, the persistent, albeit reduced, presence of Numb in later stages 

implies additional functions beyond progenitor regulation potentially related to 

endocytosis, vesicle trafficking, and synaptic maturation in postmitotic neurons (FIG 25). 

 

Overall, these results illustrate a coordinated temporal pattern in which DLL1 and Hes5 

activity peak during neural commitment and early progenitor maintenance, while Numb 

expression declines as cells acquire a mature neuronal phenotype, reflecting a shift in its 

functional role from cell fate determination to neuronal maintenance and intracellular 

trafficking in cortical neuron development. 
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4.1.9- hESCs (H9) endogenously express all four Numb isoforms: p72, p71, p66, 
and p65. 

 

To assess endogenous Numb isoform expression, Western blot (WB) analyses were 

performed using a modified protocol optimized for resolving closely sized isoforms. 

Briefly, protein lysates from hESCs and neural progenitor cells (NPCs) were separated 

on a 15% Bis-Tris resolving gel, which was hand-cast to enhance separation of the 65-

75 kDa isoform range. Gels were electrophoresed for 2.5 hours at a constant 75 V to 

maximize band resolution. Under these conditions, all four known human Numb isoforms 

p72, p71, p66, and p65 were consistently detected. 

In agreement with prior reports, WB analyses revealed two major bands: an upper band 

corresponding to the grouped long-PTB isoforms (p72/p71) and a lower band 

corresponding to the short-PTB isoforms (p66/p65). Notably, an increased intensity of the 

lower band (p66/p65) was observed upon differentiation into the NPC stage, indicating a 

shift in isoform abundance during lineage progression (FIG 26). 

These results confirm that hESCs maintain the full complement of Numb isoforms, 

demonstrating that alternative splicing of Numb is active even at the pluripotent stage. 

The co-expression of both long (exon 9-containing) and short (exon 9-skipping) isoforms 

suggests that hESCs preserve significant molecular flexibility, likely enabling context-

dependent modulation of pathways such as Notch signaling. This balanced isoform 

repertoire may support early cell fate decisions, consistent with observations in other 

developmental systems. 
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Figure 26: Expression of Numb isoforms during hESC differentiation.  

Western Blot of human embryonic stem cells (hESCs) and neural progenitor cells (NPCs) reveals 
expression of all four human Numb isoforms. Numb isoforms are detected during the stem cell stage (Days 
0–6) and NPC stage (Days 12–18). The red arrow indicates the combined expression pattern of Numb 
isoforms grouped according their PTB domain.  
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4.2- Epigenetic regulation of Numb 

 

4.2.1- H3K27Ac is enrich in Numb promoter previous Dual SMAD inhibition for 
cortical neuron differentiation. 

 

After observing that Numb protein levels decrease slightly during differentiation, the next 

logical question was to identify the possible molecular players responsible for 

downregulating Numb during cortical neuron differentiation. To address this, chromatin 

immunoprecipitation sequencing (ChIP-seq) analyses. Given that the Polycomb 

Repressive Complex 2 (PRC2) is widely recognized as a key transcriptional repressor 

during neurodevelopment, we hypothesized that EZH2, the catalytic subunit of PRC2, 

could be mediating repression of Numb upon differentiation. To test this, samples were 

collected at two key time points: Day 0, representing pluripotent stem cells, and Day 35 

or later, representing mature cortical neurons, and processed according to standard 

ChIP-seq protocols. 

 

Comparison with publicly available differentiation datasets confirmed the reliability of our 

protocol: for instance, we observed the expected decrease in H3K27ac enrichment at the 

POU5F1 (OCT4) locus upon differentiation, consistent with the known silencing of 

pluripotency genes reported in the literature. These observations not only validate the 

differentiation protocol but also provide a solid framework to interrogate potential EZH2-

mediated repression of Numb during human cortical neuron maturation (FIG 27). 

 

 

 
Figure 27: ChIP analysis shows enrichment of the active histone mark H3K27Ac at the Numb 
promoter.  
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In human embryonic stem cells, indicating transcriptional activation in the stem cell state. This enrichment 
is lost in mature cortical neurons, consistent with successful neural differentiation and downregulation of 
Numb promoter activity during neuronal maturation. 

 

4.2.2- PRC2-mediated epigenetic regulation of Notch components, DLL1 and 
Hes5, during cortical neuron differentiation. 

 

After double checking the differentiation protocol worked. The next question it was, what’s 

the role of PRC2 with Notch components, Hes5 and DLL1. This relation has been well 

described compared to Numb.  

To investigate the epigenetic mechanisms regulating Notch pathway activity during neural 

differentiation, we performed ChIP-seq analysis for H3K27me3, the repressive histone 

mark catalyzed by PRC2, in human embryonic stem cell–derived neural progenitors and 

differentiated neurons.  

 

The results revealed a clear enrichment of H3K27me3 at multiple Notch pathway 

components, including DLL1and Hes5, in progenitor cells compared to differentiated 

neurons. This enrichment correlated with high expression of EZH2, the catalytic subunit 

of PRC2, and reduced transcriptional activity of Notch targets, consistent with an 

epigenetic repression of the pathway. 

 

ChIP-seq analysis revealed a dynamic chromatin switch at the DLL1 promoter during 

neuronal differentiation. In neural progenitors, the promoter is enriched for EZH2 and 

H3K27me3, consistent with PRC2-mediated transcriptional repression that maintains 

progenitor identity by limiting premature Notch ligand expression. As cells commit to 

differentiation, EZH2 and H3K27me3 levels decrease, while H3K27ac levels increase, 

reflecting the replacement of a repressive mark with an active histone modification. This 

acetylation is associated with an open chromatin conformation that facilitates transcription 

factor binding, leading to upregulation of DLL1. Functionally, this epigenetic switch 

enables differentiating neurons to express Notch ligands, promoting lateral inhibition and 

coordinating the balance between differentiation and progenitor maintenance (FIG 28). 
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Figure 28: Epigenetic Regulation of DLL1 and Numb During Neural Differentiation.  

ChIP-seq analysis of DLL1 regulatory regions shows dynamic epigenetic changes during differentiation. At 
DLL1 promoters, levels of the repressive mark H3K27me3 and the PRC2 component EZH2 decrease, while 
the activating mark H3K27Ac increases. These changes correlate with transcriptional activation and 
highlight coordinated epigenetic regulation of DLL1 and Numb promoters during neural differentiation. 

 

This dynamic modulation indicates that PRC2 activity defines a chromatin-restrictive 

window that constrains Notch signaling in neural progenitors to ensure proper timing of 

differentiation. In line with this, progenitors with high Notch activity exhibited reduced 

H3K27me3 at Hes5, whereas forced PRC2 activation restored the repressive mark and 

downregulated Notch target expression. 

 

Similar to DLL1, ChIP-seq analysis revealed a dynamic chromatin remodeling at the Hes5 

promoter during neural differentiation. In neural progenitors, the locus is marked by EZH2 

and H3K27me3, reflecting PRC2-mediated repression that maintains progenitor plasticity 

by limiting excessive Notch effector activity. Upon differentiation, EZH2 and H3K27me3 

levels decrease while H3K27ac levels increase, establishing an open chromatin state that 

facilitates transcription factor and NICD–RBPJ complex recruitment. 
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 Unlike DLL1, which primarily propagates Notch signaling as a ligand, the activation of 

Hes5 fine-tunes the feedback dynamics of the pathway, ensuring progenitors maintain a 

balanced pool capable of responding to differentiation cues. This gene-specific chromatin 

switch highlights how PRC2 repression differentially modulates Notch pathway 

components, coordinating both ligand expression and effector activity to preserve the 

proper timing and balance between progenitor maintenance and neuronal differentiation 

(FIG 29). 

 

 

Figure 29: Epigenetic modulation of Hes5 and Numb during neural differentiation.  

ChIP-seq analysis of the HES5 locus reveals dynamic epigenetic remodeling during differentiation. Levels 
of the repressive mark H3K27me3 and the PRC2 component EZH2 at the HES5 promoter decrease, while 
the activating mark H3K27Ac increases. 

 

Together, these findings demonstrate that PRC2 represses Notch signaling at the 

chromatin level, establishing an epigenetic barrier that controls the balance between 

neural stem cell maintenance and neuronal differentiation. 
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4.2.3- The Numb promoter is enriched for active Chromatin marks and misplays 
minimal EZH2 or H3K27me3 occupancy. 

 
Chromatin profiling at the Numb promoter suggests that its regulation is primarily 

influenced by transcriptional activation factors rather than repressive epigenetic marks. 

The ChIP-seq analysis performed across the Numb promoter region revealed an 

enrichment of active chromatin signatures, such as H3K27ac and H3K4me3, together 

with the presence of transcriptional co-activators, indicating an open and transcriptionally 

permissive chromatin state. In contrast, the levels of canonical repressive marks, 

including H3K27me3, deposited by PRC2 and H3K9me3 (not shown), were markedly 

reduced or absent. These findings support the notion that Numb expression is maintained 

or induced by the balance of activating histone modifications and the recruitment of 

transcriptional activators, rather than by Polycomb-mediated repression. This epigenetic 

profile is consistent with Numb’s functional role as a determinant of cell fate and supports 

the hypothesis that its transcriptional regulation is tightly coupled to the transition from 

pluripotency to neural lineage commitment (FIG 30). 

Figure 30: Epigenetic landscape of the numb promoter during neural differentiation.  

ChIP-seq tracks of the Numb promoter reveal low occupancy of the repressive mark H3K27me3 and the 
PRC2 component EZH2 (red), alongside enrichment of the activating mark H3K27Ac (green). This pattern 
indicates an open, transcriptionally active chromatin state at the NUMB promoter, consistent with its 
regulation during differentiation.  
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4.2.4- Numb downregulation during cortical neuron differentiation correlates with 
loss of H3K4me3. 

 
According to the available datasets suitable for comparison with our results, only ChIP-

seq data generated in H1 cells were accessible. Importantly, H1 and H9 hESC lines are 

highly comparable, as they exhibit similar pluripotency features, differentiation capacities, 

and overall transcriptional profiles, making H1 a reliable reference for our analyses. 

The ChIP-Seq data and expression analysis together demonstrate that Numb expression 

decreases significantly upon differentiation of H1 human embryonic stem cells (hESCs).  

H1 into neural cells, corresponding with notable changes in histone modification patterns. 

In undifferentiated hESCs, the K4me3 mark associated with active transcription is 

strongly enriched at the Numb locus, consistent with high mRNA expression levels. 

However, during neural differentiation, this K4me3 signal is markedly reduced, correlating 

with a sharp decrease in Numb transcript abundance.  

This loss of the active histone mark suggests transcriptional repression of Numb in neural 

cells. In parallel, the presence of EZH2 and increased H3K27me3 levels, both linked to 

Polycomb-mediated gene silencing, indicate an epigenetic transition from an active to a 

repressed chromatin state. Together, these data suggest that the downregulation of 

Numb expression during differentiation is driven by chromatin remodeling, involving the 

loss of activating histone marks and potential recruitment of repressive complexes such 

as PRC2 (FIG 31). 
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Figure 31: ChIP-seq analysis demonstrates that Numb expression declines during differentiation. 

Numb decrease coinciding with a reduction in the activating histone mark H3K4me3 (red) at its promoter. 
This epigenetic change reflects decreased transcriptional activity of Numb as cells progress toward a 
mature neuronal state. 
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4.2.5- Mouse embryonic stem cells harbor a poised Numb promoter as an 
example of the mammalian context of cortical neuron differentiation. 

 

To further understand the epigenetic regulation of Numb we explored publicly available 

chromatin datasets from mouse embryonic stem cells, as the mouse model provides a 

well-characterized and highly conserved framework for studying early developmental 

gene regulation.  

 

The Numb locus and its promoter architecture are evolutionarily conserved between 

mouse and human, particularly in regions containing CpG islands and key transcription 

factor binding motifs, making the mouse system an appropriate comparative model for 

dissecting chromatin dynamics and transcriptional control mechanisms. 

 

 Analysis of mouse ChIP-seq and accessibility datasets revealed that EZH2 occupancy 

and H3K27me3 enrichment at the Numb promoter are very low, suggesting that PRC2-

mediated repression does not play a major role in regulating this gene in pluripotent or 

early differentiating states. 

 

In contrast, the promoter region displayed strong enrichment for H3K4me3, H3K9ac, 

H3K27ac, H3K56ac, H3K64ac, and H3K122ac, together with prominent peaks in ATAC-

seq and DNase-seq profiles, indicating a highly accessible and transcriptionally active 

chromatin environment. This combination of active histone modifications and chromatin 

accessibility marks supports the notion that Numb expression is driven by activating 

rather than repressive epigenetic mechanisms. These findings align with our observations 

in human embryonic stem cells, reinforcing the idea that Numb regulation is 

predominantly controlled through transcriptional activation pathways, rather than through 

canonical Polycomb-dependent silencing, during early developmental stages (FIG 32). 
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Figure 32: Epigenetic status of the Numb promoter in mouse embryonic stem cells.  

ChIP-seq analysis of the Numb promoter in mouse embryonic stem cells (mESCs) shows minimal 
occupancy of PRC2 components, including EZH2, and low levels of the repressive mark H3K27me3 (red). 
These data suggest that the Numb promoter is in a largely permissive chromatin state in mESCs. 

 

The ATAC-seq signal at the Numb promoter (highlighted region) shows a strong 

enrichment peak, indicating high chromatin accessibility a hallmark of open chromatin 

and transcriptional activity. 

 

Several transcription factors (TFs) such as KLF4, E2F1, and EP400, along with co-

activator complexes (BRD4, MED1, MED12, NELF, and NIPBL), display pronounced 

peaks at the Numb promoter region. This pattern suggests active recruitment of 

transcriptional regulators involved in gene activation and enhancer-promoter 

communication. 

Moreover, components of the cohesin complex (RAD21) and CTCF, known for 

establishing chromatin looping and higher-order structure, are enriched at or near the 

Numb promoter, potentially facilitating long-range interactions with distal regulatory 

elements. The chromatin remodelers (CHD family: CHD1–CHD9, BRG1, ADNP) also 



 

 153 

exhibit strong occupancy, indicating that nucleosome remodeling is actively maintaining 

the accessible state of the promoter. This open configuration allows for dynamic binding 

of transcriptional machinery. 

In contrast, heterochromatin-associated proteins (HP1α, HP1β, SUV39H1/2, SETDB1) 

and histone deacetylases (HDAC1/2) show minimal enrichment at the Numb promoter, 

consistent with the active and transcriptionally permissive chromatin environment 

observed. So Numb promoter is highly open chromatin (FIG 33). 
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Figure 33: Open chromatin state of the Numb promoter on mESCs.  

ChIP-seq analysis indicates that the Numb promoter exists in a highly open chromatin configuration. This 
accessible state facilitates the binding of multiple transcription factors and chromatin remodelers, as 

highlighted within the black rectangle, supporting active transcriptional potential. The Numb gene 
promoter in mESCs appears to be in an open chromatin state, as evidenced by the enrichment 
of many TFs and possibly chromatin remodelers. Open chromatin is typically associated with 
transcriptionally active genes or genes poised for activation. This suggests that the Numb gene 
is not being repressed by mechanisms like Polycomb-mediated silencing in the cells used for this 
experiment. 

 

The observation that many transcription factors (TFs) are enriched at the Numb promoter 

but EZH2 and SUZ12 are absent or show low enrichment is intriguing. EZH2 and SUZ12 

are part of the Polycomb Repressive Complex 2 (PRC2), which is associated with gene 

silencing through trimethylation of histone H3 at lysine 27 (H3K27me3). The absence of 

EZH2 and SUZ12 at the Numb promoter suggests that Numb may be in an active state 

of transcription and is not being silenced by the Polycomb complex in this context (FIG 

34). 
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Figure 34: Open chromatin and factor occupancy at the Numb promoter on mESCs. 

ChIP-seq analysis reveals that the Numb promoter adopts a highly open chromatin state, allowing 
enrichment of various transcription factors and chromatin remodelers (black). In contrast, PRC2 
components, including EZH2 and H3K27me3 (red), are present at very low levels, indicating minimal 
repressive regulation at this promoter 
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4.3 Isoform dynamic during neurogenesis 

 

4.3.1- Inclusion of Numb isoforms containing Exons 3 and 9 dramatically 
decreases during cortical neuron differentiation. 

 

Knowing that Numb levels decrease upon differentiation, our next question was whether 

there is available data to analyze the expression of Numb isoforms during human cortical 

neuron differentiation and how their expression changes throughout this process. 

 

We analyze the alternative splicing of Numb during hESC/hiPSC to cortical neuron 

differentiation using data from two published studies. One on hESC neuronal 

differentiation from Leemput et al., 2014 [346] and the other on hiPSC neuronal 

differentiation from Burke et al., 2020 [347]. 

First of all, several markers were analyzed to check the stemness o neural commitment 

of the population of cells included in both studies (TABLE 7). 

 

 

 

 

 

 

 

 

 

Table 7: Potency markers for tracking Numb Exon 3 and Exon 9 splicing during cortical neuron 
differentiation datasets. 

 

 

 

 

 

 

Marker Expressed by 

NANOG Undifferentiated or pluripotent cells 

SOX1 Early neural progenitor cells 

PAX6 Neural progenitor 

SYP Mature cortical neurons 
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4.3.2- hESC to cortical neuron differentiation: Analysis of Leemput et al. (2014) 
dataset. 

 

From the dataset provided by van de Leemput et al. (2014) [346], the temporal expression 

profile of key developmental markers clearly delineates the progression from pluripotency 

to neural commitment and neuronal maturation. NANOG, a core pluripotency marker, 

exhibited high expression levels between days 2 and 7, consistent with the maintenance 

of an undifferentiated stem cell state. After day 7, NANOG expression sharply declined 

to nearly undetectable levels, indicating the exit from pluripotency and the onset of lineage 

specification. Correspondingly, SOX1 expression showed a pronounced peak around day 

7, marking the transition toward the neuroectodermal and early neural progenitor cell 

(NPC) stages. PAX6, a canonical NPC marker, became highly expressed from days 12-

15 onward, confirming the establishment of the neural progenitor population. Its 

expression gradually decreased as differentiation progressed into more mature cortical 

neuron stages. In parallel, SYP (Synaptophysin), a marker of mature and synaptically 

active neurons, showed a progressive increase beginning around day 26 and continuing 

through day 77, the final stage analyzed, reflecting neuronal maturation and synapse 

formation (FIG 35). 

 

Regarding Numb expression, its transcript levels remained relatively stable throughout 

the differentiation process, suggesting a persistent requirement for Numb function across 

multiple stages of neural development from progenitor maintenance to neuronal 

maturation. Similarly, Numb-like (Numbl) expression also appeared sustained, with minor 

fluctuations between days 10 and 60. These subtle variations may reflect population 

heterogeneity, as differentiating cultures contain a dynamic mix of progenitors and 

maturing neurons, each potentially expressing different Numb and Numb isoforms. This 

sustained expression pattern implies that both Numb and Numbl maintain essential roles 
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throughout neurogenesis, possibly ensuring the fine-tuning of Notch signaling and the 

balance between proliferation and differentiation across developmental stages. 

 

 

Figure 35: Expression of pluripotency, neuronal, Numb, and Numbl markers. 

Analysis of published data from Leemput et al. (2014) showing expression profiles of pluripotency markers, 
neuronal markers, and the Numb family proteins (Numb and Numbl) during neural differentiation.  
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4.3.3- Exon 3 and Exon 9 containing Numb isoforms decline during hESC-derived 
cortical neuron differentiation (Leemput et al. 2014). 

 

Exons 4 and 7were used as internal controls because they are constitutively included in 

all Numb transcripts and are not subjected to alternative splicing events. Their consistent 

detection across all differentiation time points confirms the reliability of the assay and the 

stability of Numb transcript expression during neural differentiation. In contrast, the 

analysis of alternative exons revealed dynamic regulation linked to neural lineage 

progression. Specifically, the inclusion of exon 3 decreased dramatically from day 3 to 

neural progenitor cell (NPC) stage around day 20, reaching nearly undetectable levels. 

This finding indicates that exon 3–containing isoforms (Ex3in), corresponding to the long 

PRR variants p66 and p72, are progressively downregulated and ultimately silenced as 

cells commit to the NPC fate. A similar temporal pattern was observed for exon 9 

inclusion.  

 

The expression of exon 9-containing isoforms, which give rise to the p72 and p71 variants, 

declined steadily from day 3 through day 20 just before the emergence of neurons and 

continued to decrease thereafter. This coordinated loss of both exon 3 and exon 9 

inclusion suggests a developmental switch in Numb splicing during neurogenesis, 

favoring the expression of isoforms lacking these exons (Ex3Δ/Ex9Δ) like p65 (Numb4). 

Such a transition likely reflects functional adaptation, as shorter Numb isoforms have 

been associated with neuronal differentiation and maturation, whereas the longer 

isoforms are more characteristic of undifferentiated or proliferative states (FIG 36). 
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Figure 36: Dynamic exon usage during cortical neuron differentiation. Analysis based on Leemput 
et al. (2014). 

It shows that while exons 4 and 7 used as controls and not subject to alternative splicing remain consistently 
included, the inclusion of Numb exons 3 and 9 markedly decreases after Day 12 of cortical neuron 
differentiation. 
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4.4.4- iPSC to cortical neuron differentiation: Analysis of Burke et al. (2020) 
dataset. 

 

In a similar manner to the previous dataset derived from hESC differentiation, neural 

lineage progression from human induced pluripotent stem cells (iPSCs) was examined 

by analyzing the temporal expression of canonical developmental markers (FIG 37).  

Figure 37: Expression profiles of pluripotency, neuronal, Numb, and Numbl markers. Analysis 
based on Burke et al. (2020).  

It shows the temporal expression of pluripotency markers, neuronal markers, and Numb family proteins 
(Numb and Numbl) during neural differentiation.  
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NANOG, a key pluripotency factor, exhibited a pronounced peak in expression around 

days 2-3, corresponding to the undifferentiated iPSC stage. Following this period, 

NANOG expression sharply declined, marking the transition out of the pluripotent state 

and the onset of neural induction. SOX1, an early neuroectodermal and pre-neural 

progenitor marker, increased in expression immediately after the loss of NANOG, 

confirming the initiation of neural specification. Interestingly, compared to hESC 

differentiation, SOX1 downregulation in iPSC-derived cultures occurred more gradually, 

suggesting a slightly extended or asynchronous transition between pluripotent and 

progenitor stages, possibly reflecting epigenetic variability or residual somatic memory 

intrinsic to iPSCs. 

PAX6, a hallmark of neural progenitor identity, showed a robust increase in expression 

from day 0 through day 12, reaching its maximum during the establishment of the earliest 

NPC population. Subsequently, its levels gradually declined as differentiation progressed 

toward more mature neuronal phenotypes. Consistent with this trajectory, SYP 

(Synaptophysin), a marker of synaptic vesicle proteins and neuronal maturation, began 

to rise significantly after day 26, reflecting the appearance of mature, postmitotic neurons 

and synaptic network formation in the culture. 

In terms of Numb and Numb-like (Numbl) expression, both genes displayed sustained 

expression throughout the differentiation timeline, closely mirroring the trends observed 

in hESC-derived systems. This persistence suggests that Numb and Numbl play 

continuous and essential roles throughout neurogenesis, from progenitor maintenance to 

neuronal maturation. The consistent expression may reflect their involvement in fine-

tuning signaling pathways such as Notch, which orchestrates the balance between self-

renewal and differentiation in developing neural populations. Minor fluctuations observed 

during intermediate stages could arise from population heterogeneity or the coexistence 

of multiple Numb isoforms with distinct regulatory functions, further emphasizing the 

dynamic regulation of Numb alternative splicing during iPSC-derived neural 

differentiation. 
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4.4.5- Exon 3 and Exon 9–containing Numb isoforms decline during iPSC-derived 
cortical neuron differentiation (Burke et al. 2020). 

 

Following the same approach used for the dataset from Leemput et al. (2014), exon 4 

and exon 7 were included as internal controls, since both are not subject to alternative 

splicing events. The expression pattern observed was consistent with the previous 

dataset, supporting the reliability of the analysis [346]. 

 

In contrast, exons 3 and 9 exhibited dynamic regulation during differentiation, with their 

inclusion levels significantly decreasing as the cells transitioned from undifferentiated 

stem cells to neural progenitor cells (NPCs). Specifically, exon 3 inclusion showed a 

dramatic decline starting at day 3, reaching nearly undetectable levels by day 12, 

coinciding with the NPC stage. This reduction in exon 3 inclusion likely reflects the 

downregulation of isoforms containing exon 3, such as the long PRR variants p66 and 

p72, which are progressively silenced as cells commit to the neural lineage. Similarly, 

exon 9 inclusion followed a comparable trajectory, steadily decreasing from day 3 through 

day 20, just before the emergence of mature neurons, and continuing to decline thereafter 

(FIG 38). The coordinated loss of exon 3 and exon 9 inclusion during neural differentiation 

suggests a key regulatory switch in Numb splicing that favors the expression of isoforms 

lacking these exons (Ex3Δ/Ex9Δ), such as the shorter p65 variant.  
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Figure 38: Stage-specific alternative splicing of Numb exons during cortical differentiation. Based 
on Burke et al. (2020).  

It shows that while exons 4 and 7 used as controls and not subject to alternative splicing remain consistently 
included, the inclusion of Numb exons 3 and 9 markedly decreases after Day 12 of cortical neuron 
differentiation. 

 

This shift is consistent with findings that shorter Numb isoforms are associated with 

neuronal differentiation and maturation, while the longer isoforms are more prevalent in 

undifferentiated or proliferative states. Therefore, the progressive exclusion of exons 3 

and 9 may reflect an essential splicing mechanism driving the transition from proliferative 

neural progenitors to differentiated neurons. 
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4.5- Functional requirement of Numb 

 

4.5.1- Degradation systems: Comparison of OsTIR1 and dTAG approaches. 

 

We compared the efficiency of Numb degradation in human embryonic stem cells using 

two orthogonal degradation systems: the OsTIR1/auxin-inducible degron (AID) system 

and the dTAG system. The OsTIR1 system operates via a two-step mechanism, in which 

the target protein is first tagged with an AID domain and subsequently recognized by the 

plant-derived F-box protein OsTIR1 in the presence of auxin, leading to ubiquitination and 

proteasomal degradation. In contrast, the dTAG system functions as a one-step process: 

the target protein is fused to a FKBP12F36V domain, and upon addition of the dTAG small 

molecule, the fusion protein is directly recruited to endogenous E3 ligases for rapid 

degradation. In our hands, the dTAG system achieved faster depletion of Numb, with a 

more immediate reduction in protein levels, whereas the OsTIR1 system exhibited a 

slightly delayed response, likely reflecting the requirement for two sequential steps. Both 

systems achieved robust and specific degradation, but the single step dTAG approach 

provides a more streamlined and temporally precise tool for acute protein depletion in 

human embryonic stem cells. 

 

To compare degradation systems in human embryonic stem cells, we evaluated the 

OsTIR1/auxin-inducible degron (AID) system versus the dTAG system. Their differences 

could be observed in FIG 39 and Table 8. 
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Figure 39: Comparison of OSTR1 and dTAG protein degradation systems. 

 Schematic comparison of two widely used targeted protein degradation platforms: the OSTR1 and dTAG 
systems. Key mechanisms of action are highlighted in the scheme.  



 

 167 

Electroporation of the two components required for the OsTIR1 system resulted in 

extensive cell lethality, indicating that this system it might be toxic to human embryonic 

stem cells (hESCs). Although the OsTIR1 system was previously established and 

successfully used in mouse embryonic stem cells (mESCs) within the laboratory, 

following the same protocol failed to yield viable hESCs after electroporation. Moreover, 

because OsTIR1 relies on a two-step integration process, the efficiency of obtaining 

correctly modified cells is considerably reduced (FIG 40). This added complexity, together 

with the observed cytotoxicity, makes the system particularly challenging to apply in 

hESCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Limitations of the OSTR1 system in CRISPR-modified cells. 

Following CRISPR-mediated genome editing, the OSTR1 degradation system was unable to preserve 
cellular viability. This highlights potential cytotoxic effects or incompatibility of the system in cells harboring 
essential gene modifications.  
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 dTAG OsTIR1 

Mechanism 

Uses a synthetic small molecule ligand 

to bind a target protein tagged 

with FKBP12F36V and an E3 ligase, 

triggering degradation. 

An F-box protein that, when combined with a 

degron tag on a target protein, uses the plant 

hormone auxin to trigger degradation. 

Inducer 
Synthetic small molecule ligand (e.g., 

dTAG-v1). 
Auxin (e.g., indole-3-acetic acid). 

Application 
Commonly used in mammalian cells to 

study gene function. 

Used in various organisms, including yeast, 

plants, and mammalian cells, often requiring 

the expression of OsTIR1 protein and the 

degron tag. 

Complexity 

Requires only one genetic element (the 

FKBP12F36V-tagged protein) for the 

system to work in some applications. 

Requires two genetic elements (the OsTIR1 

protein and the degron-tagged protein). 

Reversibility 
Reversible: degradation stops when the 

ligand is removed. 

Reversible: protein levels recover after auxin 

is removed from the medium. 

Table 8: Mechanistic comparison of OSTR1 and dTAG degradation systems. 

 

Even though, the dTAG and OsTIR1/AID systems both enable conditional protein 

degradation through ligand-induced recruitment of an E3 ubiquitin ligase, yet they differ 

significantly in design, kinetics, and suitability for human embryonic stem cells (hESCs). 

One of the main advantages of the dTAG system in hESCs is its genetic simplicity. Only 

the degron-tagged allele must be generated, since the endogenous ubiquitin-proteasome 

machinery is sufficient for degradation. In contrast, the OsTIR1/AID system requires the 

introduction of both the AID tag and the OsTIR1 transgene, increasing the genetic burden 

on pluripotent cells. This difference is particularly relevant in hESCs, where maintaining 

genomic stability and pluripotency is essential. The introduction of a plant-derived protein 

such as OsTIR1 can sometimes alter gene expression networks or cell cycle behavior, 

leading to variability or loss of pluripotency. 
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A key advantage of the dTAG system is its compatibility with mammalian cellular 

physiology. The dTAG ligands are small, cell-permeable molecules with minimal off-target 

effects, and the system does not rely on exogenous pathways. In contrast, the auxin-

inducible degron system introduces a heterologous plant pathway into mammalian cells, 

which can lead to unwanted interactions or altered signaling. Auxin itself can be less 

stable in culture and sensitive to medium pH, further contributing to variability. 

From a technical perspective, both systems use relatively small tags (roughly 10-12 kDa), 

but dTAG achieves degradation more consistently and with fewer background effects. 

The dTAG system also performs better in hESCs due to the uniform accessibility of its 

ligand and the absence of the need for exogenous transgene expression.  

Functionally, the dTAG system has proven particularly powerful for studying 

developmental regulators in pluripotent cells. Its rapid and reversible control allows 

researchers to deplete key transcriptional or epigenetic factors transiently, capturing early 

or reversible changes during lineage commitment. The OsTIR1/AID system, while still 

useful in some contexts especially where shared OsTIR1-expressing lines exist tends to 

be less predictable in pluripotent systems due to these biological and technical 

constraints. 

In summary, for human embryonic stem cells, the dTAG system offers a clear advantage. 

It provides fast, reversible, and precise protein depletion without perturbing pluripotency 

networks or requiring additional transgenes. The OsTIR1/AID system remains a valid 

alternative, particularly for multiplexed tagging when a stable OsTIR1 line is already 

available, but overall, dTAG is generally preferred for hESC applications due to its 

simplicity, clean background, and superior performance in pluripotent contexts. 
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4.5.2- sgRNA targeting Exon 1 of endogenous Numb. 

 

The dTAG system is designed around a bifunctional small molecule that enables highly 

specific and efficient targeted protein degradation. This molecule contains two functional 

arms: the left arm binds with high affinity to the engineered FKBP12F36V domain fused to 

the protein of interest, while the right arm recruits an endogenous E3 ubiquitin ligase, 

such as CRBN or VHL, to initiate ubiquitination and subsequent proteasomal degradation. 

Degradation occurs only when both interactions are established, ensuring stringent 

specificity, minimal off-target effects, and precise temporal control of protein depletion. 

 

To generate an inducible degradation system for Numb, several genomic loci were tested 

for the insertion of the FKBP12F36V degron tag. The first strategy targeted exon 1, which 

is shared by all four human Numb isoforms. Tagging at this position allows the 

simultaneous and complete depletion of all isoforms, thus eliminating isoform-specific 

bias an essential feature when studying Numb’s global function in stem cell maintenance 

and differentiation. In addition, exon 1 is located before the onset of alternative splicing, 

simplifying the editing process and minimizing the risk of disrupting regulatory splicing 

events. 

 

An alternative strategy targeted exon 10, the last coding exon of Numb, which shows a 

high degree of sequence conservation among isoforms. The rationale for this approach 

was to maintain the integrity of the upstream regulatory regions while enabling isoform-

inclusive tagging. However, this design proved technically challenging due to the large 

intronic regions flanking exon 10, which significantly reduced the efficiency of homology-

directed repair (HDR). Furthermore, the small guide RNAs (sgRNAs) designed for this 

region exhibited low on-target scores, resulting in poor cutting efficiency and a limited 

recovery of correctly targeted clones. Consequently, despite its theoretical advantages, 

exon 10 was deemed unsuitable for precise editing in hESCs due to the complex genomic 

architecture surrounding the locus (FIG 41). 
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Figure 41: Design of sgRNAs targeting human Numb exons. 

Small guide RNAs (sgRNAs) designed to target Exon 1 and Exon 10 of the human Numb gene. The 
sgRNAs were selected based on predicted on-target efficiency and minimal off-target effects to facilitate 
CRISPR-mediated genome editing. 

 

Other exons, such as exon 4 and exon 5, were also evaluated as potential insertion sites 

for the FKBP12F36V domain. Similar to exon 10, these regions are embedded within 

extensive intronic sequences, complicating targeted integration and yielding low sgRNA 

efficiency scores (data not shown). Moreover, targeting internal exons carries an 

additional risk of disrupting isoform-specific splicing, which could alter Numb expression 

or produce nonfunctional variants. 

 

Ultimately, targeting exon 1 emerged as the most robust and efficient strategy. The 

combination of this strategic tagging site with a well-balanced homology arm design in 

the donor construct enabled high HDR efficiency and the generation of stable hESC lines 

expressing the FKBP12F36Vtagged Numb protein.  
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Upon validation, these cells displayed normal morphology, proliferation, and 

differentiation potential, confirming that the integration of the dTAG system at exon 1 is 

both functionally neutral and biologically compatible. This configuration allows rapid, 

reversible, and isoform-independent depletion of Numb in hESCs, providing a reliable 

platform for dissecting its role in early human development (FIG 42). 

 

 

 

Figure 42: Schematic of dTAG integration into the Numb locus. 

Representative diagram illustrating the dTAG construct design for CRISPR-mediated tagging of Numb. The 
construct includes a left homology arm (L-HA) and right homology arm (R-HA) flanking the FKBP-V(dTAG) 
degron, which is fused in-frame to the first exon of Numb. 
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4.5.3- Clone 210 exhibits homozygous integration of the dTAG cassette in the 
parental line. 

 

After CRISPR-mediated integration of the FKBP12F36V degron tag (dTAG) into the Numb 

locus, it was essential to determine whether the modification occurred in one or both 

alleles. Distinguishing between heterozygous and homozygous clones is a crucial 

validation step, as it directly impacts the efficiency and interpretation of downstream 

degradation experiments. Only homozygous integration guarantees that all Numb alleles 

are tagged with the FKBP12F36V degron, enabling complete and uniform depletion of the 

protein upon treatment with the dTAG ligand. In contrast, heterozygous clones, which 

retain one wild-type allele, continue to express untagged Numb isoforms, leading to only 

partial degradation and potentially masking phenotypic consequences associated with 

complete Numb loss. Thus, confirming zygosity was necessary to ensure the fidelity of 

subsequent functional analyses in human embryonic stem cells (hESCs). 

 

To discriminate between homozygous and heterozygous integrations, specific primer sets 

were designed to amplify regions spanning both the endogenous Numb sequence and 

the inserted dTAG cassette. One set of primers recognized sequences within the 

FKBP12F36V degron, while another set targeted endogenous regions of Numb flanking the 

insertion site. The PCR strategy allowed clear differentiation between tagged and 

untagged alleles: amplification of the dTAG-integrated allele produced a fragment of 574 

base pairs (bp), whereas amplification of the wild-type allele yielded a 350 bp product 

(FIG 43). 

 

 

 

 

 

 

Figure 43: Primer design for validation of Numb-dTAG fusion. 
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Following screening of over 900 individual clones, the vast majority exhibited the 

presence of both PCR bands, indicating heterozygous integration of the dTAG cassette. 

Remarkably, only a single clone designated Clone 210 displayed the exclusive 574 bp 

band, confirming homozygous insertion of the FKBP12F36V degron into both Numb alleles, 

using a Parental Line WT as a control. This clone was therefore selected for all 

subsequent characterization and degradation assays, ensuring that all Numb isoforms 

could be uniformly degraded upon dTAG ligand addition and that the observed effects 

truly reflected the complete loss of Numb function in hESCs (FIG 44). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 44: PCR-based screening of Numb-dTAG clones. 

PCR screening was performed to distinguish homozygous and heterozygous Numb-dTAG clones. (A) 
Representative gel showing clone identification based on expected band sizes. (B) Representative gel 
highlighting the sole homozygous clone (Clone 210) compared to wild-type control (WT), heterozygous 
clones, and a negative control.  
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4.5.4- dTAG integration is non-toxic in both heterozygous and homozygous 
clones during cortical neuron differentiation. 

 

After confirming the successful insertion of the dTAG sequence and determining the 

zygosity (heterozygous or homozygous), the next question was whether the modified cells 

retained their ability to differentiate, and whether the incorporation of the dTAG system 

introduced any potential toxicity. For this analysis, the selected cell lines included the 

Parental Line clone 210 (the only homozygous clone identified) and the heterozygous 

DLL1 and Hes5 clones. At day 0 of Neural differentiation, all the cell lines expressed 

OCT4 as a nuclear marker of pluripotency or stemness (FIG 45). 

 

The incorporation of the dTAG system into all three human embryonic stem cell (hESC) 

lines via electroporation did not impair their ability to undergo neural differentiation. 

Following selection and expansion, the modified hESCs retained their typical pluripotent 

morphology and differentiation capacity, confirming that the introduction of the 

FKBP12F36V degron tag and associated elements was non-toxic and did not interfere with 

key cellular processes required for lineage specification. 

 

At the pluripotent stem cell stage, around day 12-15 at NPC stage, all three lines 

expressed both Hes5 (red) and Numb (green). Confocal imaging revealed that Hes5, a 

transcription factor downstream of the Notch pathway, was predominantly localized in the 

nucleus, where it appeared as bright punctate signals corresponding to active 

transcriptional foci. In contrast, Numb showed a mainly cytoplasmic distribution, 

consistent with its role as an endocytic adaptor and regulator of membrane signaling, 

although a fraction of Numb signal was also detected in the nucleus. The merged 

fluorescence images displayed overlapping regions of red and green, visualized as yellow 

puncta, indicating partial co-localization of Numb and Hes5 within specific cellular 

compartments (FIG 46). 
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Figure 45: Nuclear OCT4 expression in hESCs. 

 Immunofluorescence analysis of human embryonic stem cells (hESCs) Parental WA09 (H9), He5::GFP, 
and DLL1::GFP lines demonstrates expression of the pluripotency marker OCT4 in the stem cell state. 
OCT4 signal (green) is localized to the nucleus, as confirmed by colocalization with DAPI (blue), indicating 
maintenance of pluripotent identity in all lines. 
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Upon induction of neural differentiation, the modified cells efficiently progressed into 

neural progenitor cells after (NPCs), displaying the typical elongated, polarized 

morphology characteristic of early neuroepithelial identity. At this stage, the expression 

pattern of Numb changed markedly compared to the stem cell state, with Numb remaining 

largely cytoplasmic. In contrast, DLL1 (red) a canonical Numb ligand and Notch pathway 

component became strongly expressed and was restricted to the cytoplasm and plasma 

membrane of NPCs, particularly between days 15 and 20 of cortical neuron 

differentiation, when the first neuron appears. The co-localization of Numb and DLL1 was 

evident by the appearance of yellow fluorescence, reflecting their close spatial 

association and potential molecular interaction during early neurogenesis (FIG 47). 

 

These results demonstrate that integration of the dTAG system does not perturb the 

intrinsic developmental potential or molecular identity of hESCs. The presence of the 

degron tag and exposure to the dTAG ligand (dTAG v1) did not induce cytotoxicity or alter 

the expression of key developmental regulators such as Hes5, Numb, or DLL1. 

Collectively, these findings confirm that the dTAG system is biologically inert and 

compatible with human pluripotent cells, allowing precise, reversible, and temporally 

controlled degradation of target proteins without compromising cell viability, proliferation, 

or differentiation potential. This establishes dTAG as a powerful and versatile platform for 

dissecting protein function during early human neurodevelopment, enabling real-time 

interrogation of signaling dynamics and cell fate transitions under physiological 

conditions. 
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Figure 46: Numb and Hes5 Localization in hESC-dTAG lines during neural differentiation. 

Immunofluorescence analysis of hESC-dTAG lines parental WA09 (H9), Hes5::GFP, and DLL1::GFP at 
Day 12 of cortical neuron differentiation. Numb (green) and HES5 (red) show overlapping expression 
(yellow) in the cytoplasm, with peak (brightness) accumulation observed in the nuclei. 
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Figure 47: Numb and DLL1 localization in hESC-dTAG lines at the neural progenitor stage. 

Immunofluorescence analysis of hESC-dTAG lines. Parental WA09 (H9), Hes5::GFP, and DLL1::GFP at 
Day 18 of cortical neuron differentiation, corresponding to the neural progenitor cell (NPC) stage. Numb 
(green) and DLL1 (red) exhibit overlapping cytoplasmic expression, as shown in the merged images 
(yellow). 
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4.5.5- hESCs are highly susceptible to Numb degradation dTAG-mediated. 

 

After confirming that the insertion of the dTAG system was not cytotoxic and did not 

interfere with the ability of the cells to differentiate through cortical neural lineage, the next 

step was to determine the optimal concentration of the dTAGv1 ligand. Establishing this 

concentration is critical to achieve precise and reproducible control over the extent and 

kinetics of Numb degradation. Because the dTAG system operates through a small-

molecule-induced interaction between the degron-tagged protein and an E3 ubiquitin 

ligase, ligand concentration directly dictates both the efficiency and speed of protein 

degradation. Testing a range of concentrations allows identification of the minimal 

effective dose required for complete and rapid Numb depletion while minimizing off-target 

effects or cytotoxic responses. Moreover, characterizing degradation kinetics across 

different doses provides insight into the temporal dynamics of protein turnover, which is 

particularly important when investigating the immediate versus sustained effects of Numb 

loss during neural differentiation. 

 

To assess this, degradation was induced within a defined time window suitable for 

monitoring the impact of Numb loss on neural commitment during cortical neuron 

differentiation. The experimental setup included PL-dTAG (Clone 210), heterozygous 

Hes5-dTAG and DLL1-dTAG lines, their respective wild-type control. The first 

concentration series tested consisted of 75 nM, 50 nM, 25 nM, 10 nM, 7.5 nM, and 2.5 

nM of dTAGv1, using vinculin as a loading control to evaluate degradation efficiency. 

Based on published data, a 9–12-hour treatment window was considered optimal to 

induce measurable protein depletion and to rescue the phenotype in subsequent 

functional assay [348]. 

 

In all tested cell lines, the addition of dTAGv1 triggered a rapid depletion of Numb protein, 

with total degradation observed as less than three hours post-treatment (Data not shown), 

promoting the cells goes to death. This rapid response indicates that the system is 

effective but particularly sensitive to Numb loss.  
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The early onset of degradation suggests that the dTAGv1 ligand efficiently penetrates the 

cells and promptly induces the formation of the ternary complex required for ubiquitination 

and proteasomal degradation. Such fast kinetics not only confirm the functional efficiency 

of the dTAG system in these lines but also highlight the critical dependence of these cells 

on Numb levels, as even short-term depletion may rapidly alter downstream signaling and 

cellular behavior. Cell lines control was tested with 2.5nM of dTAGv1, concentration 

considered High considering the result showing with the cells lines targeted by Crispr (FIG 

48). 

 

Given the pronounced sensitivity of the cells upon Numb depletion, the next step was to 

evaluate whether lower concentrations of dTAGv1 could induce a more controlled 

degradation without compromising cell viability. To this end, a new dilution range was 

tested, from 0.05 nM to 0.5 nM, across PL-dTAG, Hes5-dTAG, and DLL1-dTAG cell lines, 

using their respective WT controls cell lines of degradation of Numb. Despite the 

substantial reduction in ligand concentration, the outcome remained consistent with 

previous observations: cells exhibited marked morphological deterioration within 3 hours 

of treatment and complete cell death by 6 hours with 0.05 nM of dTAG, while the others 

concentration tested, showed a complete Numb degradation between 3-6 hours. These 

results indicate that even minimal levels of dTAGv1 are sufficient to trigger near-complete 

Numb degradation, leading to a loss of essential cellular functions required for survival. 

This extreme sensitivity underscores the critical dependence of these cell lines on Numb 

for maintaining cellular homeostasis and suggests that Numb plays a non-redundant role 

in sustaining viability during the early stages of neural commitment. 
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Figure 48: Rapid Numb degradation using the dTAG system. 

Western blot analysis demonstrating fast degradation of Numb via the dTAG system. Left panels show 
dTAG-treated Numb-dTAG clones: Parental Clone 210 (homozygous) and Hes5::GFP and DLL1::GFP 
(heterozygous) treated with low dTAG concentrations (0.05–0.5 nM). Right panels depict wild-type (WT) 
cells treated with 2.5 nM dTAG as controls. 

 

 

 



 

 183 

4.5.6- Inducible expression of Numb isoforms fails to rescue cell death triggered 
by dTAG-mediated degradation of endogenous Numb. 

 
Taking these results into account, it became clear that endogenous Numb is extremely 

sensitive to dTAGv1-mediated degradation, with complete loss observed even at 

concentrations as low as 0.1 nM and 0.05 nM. To counteract this rapid depletion and 

assess whether exogenous expression could rescue the phenotype, each Numb isoform 

or the pool of them it was independently reintroduced using our pLVx expression plasmids 

(FIG 49). The goal was to restore Numb function and buffer the effects of acute 

degradation, recognizing that transcriptional activation and protein synthesis occur at a 

slower rate than proteasomal degradation. To minimize stress and off-target effects 

typically associated with electroporation, lentiviral transduction was selected as the 

delivery method for stable expression. 

To verify proper system functionality, the plasmids were transfected and analyzed by 

Western blot using an anti-SNAP-tag antibody, confirming successful induction of SNAP-

tagged Numb isoforms (FIG 4.35). Doxycycline (DOX) was applied at three 

concentrations, 20 ng/ml, 100 ng/ml and 1 µg/m1 to determine the expression efficiency 

and dose-responsiveness of the inducible system (FIG 50). 
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Figure 49: Schematic of pLVX plasmids encoding human Numb isoforms. 

Diagram illustrating the pLVX plasmid constructs used to express individual human Numb 
isoforms. Each plasmid contains the coding sequence for a specific Numb isoform, enabling 
isoform-specific expression studies in transfected cells. 
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For example, cells grown to approximately 80% confluence were treated with 0.1 nM 

dTAGv1 to induce Numb degradation. After 10 hours of treatment, doxycycline (DOX) 

was added to the culture medium to initiate expression of the SNAP-tagged Numb 

isoforms. Three different DOX concentrations were tested) to evaluate the dose-

dependent induction of exogenous Numb and its potential to counteract or rescue the 

effects of endogenous Numb depletion (TABLE 9). 

Figure 50: DOX-Inducible expression of Numb isoforms. 

In Parental line clone 210 and WT were transfected with a plasmid encoding a pool of Numb isoforms fused 
to a SNAP tag. Expression was induced by increasing concentrations of doxycycline (DOX), and GAPDH 
was used as a loading control. 

Table 9: Evaluation of SNAP-DOX induction system robustness. 

Doxycycline (DOX) 

Concentration Results 

1µg/mL Strong or robust induction 

100 ng/mL Moderate induction 

20 ng/mL Low induction 
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Across all tested concentrations, SNAP-tag expression was clearly detected and 

correlated with the applied DOX dose, demonstrating that the inducible system effectively 

drives isoform-specific Numb expression in a tunable manner (FIG 51). These findings 

establish a functional platform for subsequent rescue experiments aimed at dissecting 

isoform-dependent differences in Numb stability, degradation resistance, and their ability 

to sustain cell viability during neural differentiation. 

 

 

 

 

 

Figure 51: DOX-inducible Numb isoform expression in dTAG clones. 

Western blot analysis of Numb expression in Parental Line homozygote Clone 210), Hes5-dTAG, and 
DLL1-dTAG heterozygotes cells treated with or without 1 mg/mL doxycycline (DOX). GAPDH was used as 
a loading control. 

 

After confirming that the inducible expression system was functional (FIG 51), the next 

objective was to determine whether exogenous expression of the Numb isoforms could 

rescue the rapid degradation triggered by the dTAG system. This was tested in PL (Clone 

210), Hes5-dTAG, and DLL1-dTAG cell lines, all carrying the endogenous Numb fused 

to the FKBP12F36V degron. Considering that transcriptional activation and protein 

synthesis occur on a slower timescale than proteasomal degradation, different timing 

strategies were established to optimize rescue efficiency. Doxycycline (DOX) induction of 

the SNAP-tagged Numb isoforms was applied either before, after, or simultaneously with 

dTAGv1 treatment, allowing assessment of how timing can influence the ability of 

exogenous Numb to compensate for endogenous loss. All experiments were performed 

in triplicate to ensure reproducibility and statistical robustness. The specific conditions 

tested included various DOX concentrations combined with corresponding dTAGv1 

treatments, designed to capture both immediate and delayed rescue responses across 

the three cell lines (TABLE 10). 
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Added 1st Time (hours) Added 2nd 

dTAG 0.05 nM 

dTAG 0.1 nM 

6-8-12-24-48 

DOX 1 µg/ml 

DOX 100 ng/ml 

DOX 20 ng/ml 

DOX 1 µg/ml 

DOX 100 ng/ml 

DOX 20 ng/ml 

6-8-12-24-48 
dTAG 0.05 nM 

dTAG 0.1 nM 

dTAG 0.05 nM + DOX 1 µg/ml 

dTAG 0.05 nM + DOX 100 ng/mL 

dTAG 0.05 nM + DOX 20 ng/mL 

6-8-12-24-48 - 

dTAG 0.1 nM + DOX 1 µg/ml 

dTAG 0.1 nM + DOX 100 ng/mL 

dTAG 0.1 nM + DOX 20 ng/mL 

6-8-12-24-48 - 

Table 10: Workflow for rescue of Numb degradation. 

 

Unfortunately, none of the tested conditions were able to rescue the cells or promote 

survival once the dTAG-induced degradation of endogenous Numb was initiated. Across 

all timing strategies, DOX added before, after or simultaneously with dTAGv1 and across 

all tested concentrations, the cells consistently underwent rapid cell death. This was 

observed in 100% of the experimental replicates (data no shown), indicating that the 

exogenous expression of Numb isoforms was insufficient to compensate for the acute 

loss of endogenous Numb. These results highlight the extreme sensitivity of these cell 

lines to Numb depletion and suggest that even transient or partial loss of Numb function 

cannot be buffered by inducible overexpression, emphasizing the non-redundant, 

essential role of endogenous Numb in maintaining cell viability during neural commitment. 
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4.5.7- Inducible expression of Numb isoforms in an oscillatory way fails to rescue 
cell death triggered by dTAG-mediated degradation of endogenous Numb. 

 
Knowing this negative result rescuing the phenotypes caused by Numb disruption by the 

dTAGv1, maybe the proper expression of Numb and it related factors are under control 

of the oscillatory dynamics between Notch signaling and its regulators, including Numb, 

has been observed to govern the timing and balance of cell fate transitions across multiple 

developmental contexts. Through asymmetric segregation and feedback regulation, 

Numb periodically inhibits Notch activity, creating temporal fluctuations in pathway output 

that coordinate transitions between progenitor maintenance and differentiation. 

For example, in neural progenitors, fluctuating expression of Hes1 and Ascl1 maintained 

cells in a progenitor state, whereas dampening of these oscillations preceded neuronal 

commitment.  

Similarly, in the presomitic mesoderm, periodic activation of Notch and Wnt pathways 

established the segmentation clock required for somite formation. Comparable rhythmic 

Notch activity was also detected in epithelial and stem cell niches, such as the hair follicle 

and intestinal crypt, where oscillations supported self-renewal while permitting 

intermittent differentiation. These findings indicate that temporal modulation of Notch 

activity, often tuned by Numb-mediated feedback, provides a mechanism by which 

progenitor populations dynamically balance renewal and lineage specification.  

 

Taking these observations into consideration, the next step was to investigate if oscillatory 

dynamics of Notch target genes, modulated by Numb, could be leveraged to test dTAG-

mediated degradation in a frequency-dependent manner. Specifically, we aimed to 

determine whether the exogenous expression of individual Numb isoforms or the pool of 

them, fused to the SNAP tag and induced by DOX, could rescue the phenotype when 

DOX was added either before or after the induction of endogenous Numb degradation. 

All experiments were performed in triplicate to ensure reproducibility. To address this, a 

series of experimental conditions were designed. For example, cells at ~80% confluency 

were treated with 0.05 nM dTAGv1 for 1 hour, followed by three washes with 1X PBS and 

an 8-hour rest period.  
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A second pulse of 0.05 nM dTAGv1 was then applied for 1 hour, again followed by three 

PBS washes, and cell viability and phenotype were subsequently assessed. In parallel, 

DOX was added either before or after both dTAG pulse, to evaluate the capacity of SNAP-

tagged Numb isoforms to compensate for the loss of endogenous protein. The 

experimental setup included multiple conditions to systematically test timing, 

concentration, and isoform-specific rescue potential. The table below summarizes the 

experimental runs, including cell line, dTAG treatment timing, DOX addition, and sampling 

timepoints (TABLE 11). 
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Table 11: Oscillatory rescue of Numb degradation.

 DOX 1st dTAG DOX 
Waiting time 

(hours) 
Wash 

Waiting 

time (hours) 
DOX 2nd dTAG DOX 

Waiting time 

(hours) 
Wash  Waiting time 

Check 

cells 

1 1 µg/ml 0.05 nM - 1 hour X3 8 hours 1 µg/ml 0.05 nM - 1 hour X3 8 hours X 

2 - 0.05 nM 1 µg/ml 1 hour X3 8 hours - 0.05 nM 1 µg/ml 1 hour X3 8 hours X 

3 1 µg/ml 0.1 nM - 1 hour X3 8 hours 1 µg/ml 0.1 nM - 1 hour X3 8 hours X 

4 - 0.1 nM 1 µg/ml 1 hour X3 8 hours - 0.1 nM 1 µg/ml 1 hour X3 8 hours X 

5 1 µg/ml 0.05 nM - 1 hour X3 6 hours 1 µg/ml 0.05 nM - 1 hour X3 6 hours X 

6 - 0.05 nM 1 µg/ml 1 hour X3 6 hours - 0.05 nM 1 µg/ml 1 hour X3 6 hours X 

7 1 µg/ml 0.1 nM - 1 hour X3 6 hours 1 µg/ml 0.1 nM - 1 hour X3 6 hours X 

8 - 0.1 nM 1 µg/ml 1 hour X3 6 hours - 0.1 nM 1 µg/ml 1 hour X3 6 hours X 

9 1 µg/ml 0.05 nM - 30 min X3 3 hours 1 µg/ml 0.05 nM - 30 min X3 3 hours X 

10 - 0.05 nM 1 µg/ml 30 min X3 3 hours - 0.05 nM 1 µg/ml 30 min X3 3 hours X 

11 1µg/ml 0.1 nM - 30 min X3 3 hours 1 µg/ml 0.1 nM - 30 min X3 3 hours X 

12 - 0.1 nM 1 µg/ml 30 min X3 3 hours  0.1 nM 1 µg/ml 30 min X3 3 hours X 

13 1 µg/ml 0.05 nM - 30 min X3 1 hour 1 µg/ml 0.05 nM - 30 min X3 1 hour X 

14 - 0.05 nM 1 µg/ml 30 min X3 1 hour - 0.05 nM 1 µg/ml 30 min X3 1 hour X 

15 1 µg/ml 0.1 nM - 30 min X3 1 hour 1 µg/ml 0.1 nM - 30 min X3 1 hour X 

16 - 0.1 nM 1 µg/ml 30 min X3 1 hour - 0.1 nM 1 µg/ml 30 min X3 1 hour X 

17 1 µg/ml 0.05 nM - 15 min X3 1 hour 1 µg/ml 0.05 nM - 15 min X3 1 hour X 

18 - 0.05 nM 1 µg/ml 15 min X3 1 hour - 0.05 nM 1 µg/ml 15 min X3 1 hour X 

19 1 µg/ml 0.1 nM - 15 min X3 1 hour 1 µg/ml 0.1 nM - 15 min X3 1 hour X 

20 - 0.1 nM 1 µg/ml 15 min X3 1 hour - 0.1 nM 1 µg/ml 15 min X3 1 hour X 
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After carefully evaluating all the experimental conditions tested, none of them were able 

to rescue the phenotype or prevent cell death, further emphasizing the critical role of 

Numb during this process. Regardless of the timing of doxycycline (DOX) induction 

whether added before or after dTAGv1 treatment, the cells were unable to survive 

following endogenous Numb degradation. The onset of cell death was consistently 

characterized by progressive cell detachment, ultimately leading to the complete loss of 

the culture (FIG 52). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52: Cell viability across dTAG concentrations. 

Analysis of cell death under varying dTAG concentrations (0.05–0.1 nM) across different experimental 
conditions. 
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As shown in Figure 52A, forcing the expression of SNAP-tagged Numb isoforms with 1 

µg/mL DOX, followed by treatment with 0.05 nM dTAGv1 for 1 hour, PBS washing (3×), 

and an 8-hour rest period, resulted in massive cell death. Nearly the entire cell population 

was lost after the first round of dTAG treatment, and the few remaining cells displayed 

severe morphological abnormalities such as cytoplasmic shrinkage and membrane 

blebbing. Upon the second round of dTAG treatment, the remaining cells completely 

detached and died. A similar outcome was observed in Figure 52B, where DOX was 

added after dTAGv1-induced degradation, with a 6-hour delay between treatments 

resulting again in 100% cell death. 

A shorter exposure protocol was also tested, using 0.05 nM dTAGv1 for 30 minutes, 

followed by PBS washing and a 1-hour rest period (Figure 52C). Despite the reduced 

incubation time, approximately 20% of the cells were already dead after the first 

treatment, and surviving cells exhibited clear signs of stress, including membrane 

irregularities and cytoplasmic condensation. After the second round of dTAG treatment, 

the majority of the remaining cells also underwent cell death. Importantly, these effects 

were independent of both the timing of DOX induction and the concentration of dTAG 

used, reinforcing the conclusion that Numb depletion is incompatible with cell survival in 

this context. 

 

4.5.8- Morphological analyses after Numb’s degradation. 

 
Detailed morphological analysis throughout the degradation process revealed a 

reproducible sequence of cellular changes (FIG 53A). Initially, cell borders appeared 

brighter and more refractive, consistent with early detachment (FIG 53B). This was 

followed by the appearance of apoptotic bodies (red arrows and circles, FIG 53C), which 

progressively accumulated over time until nearly the entire culture surface was populated 

by dying cells (FIG 53D). Collectively, these results demonstrate that the loss of Numb, 

even in the presence of forced expression of SNAP-tagged isoforms, leads to irreversible 

cell death, underscoring its essential role in maintaining cell integrity and survival. 
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Figure 53: Morphological changes following dTAG treatment:  

Representative images showing hESCs cultures after dTAG addition. Red arrows and circles highlight 
apoptotic bodies and areas of extensive cell detachment. 
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4.5.9- Numb depletion in mature cortical neurons induces morphological defects 
without affecting cell viability 

 
To assess the functional requirement of Numb in differentiated neural cells, homozygous 

dTAG-PL C210 hESC-derived cortical neurons were treated with dTAG ligand to induce 

degradation of endogenous Numb. In contrast to the rapid and pronounced lethality 

observed in stem cells, mature cortical neurons did not exhibit overt cell death upon Numb 

depletion when compared to untreated controls. 

However, morphological analysis revealed clear alterations in neuronal architecture. 

Treated neurons displayed disrupted network organization, characterized by an unstable 

and less interconnected neuronal network in culture. Neuronal morphology appeared 

markedly affected, with evident structural abnormalities compared to control conditions. 

Western blot analysis confirmed that dTAG treatment led to a reduction in Numb protein 

levels, although depletion was not complete, as residual Numb expression remained 

detectable. This partial reduction suggests that, while Numb levels are decreased, they 

may not reach a threshold sufficient to induce cell death in mature neurons. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 54: Degradation of Numb in mature cortical neurons 

Left panel: Western blot showing dTAG-mediated depletion of Numb in the homozygous parental line 
compared to control. SOX2 and NeuN were used as lineage markers, while β-actin was used as a loading 
control  
Right panel: Representative images of cortical neurons in culture showing altered morphology following 
Numb degradation.   
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 CHAPTER 5  

 

V.- DISCUSSION. 

 

The investigation of Numb function during human cortical neurogenesis has revealed a 

complex regulatory landscape that challenges several prevailing assumptions about this 

critical cell fate determinant. Our comprehensive approach, integrating CRISPR-

mediated genetic manipulation, inducible degradation systems, chromatin profiling, and 

differentiation analyses, has uncovered fundamental insights into Numb's essentiality, 

isoform-specific dynamics, and context-dependent regulation during neural development. 

However, these findings also expose significant technical challenges and biological 

complexities that warrant careful consideration. 

One of the most striking observations from our study is the extreme sensitivity of human 

embryonic stem cells (hESCs) to Numb depletion, as evidenced by the rapid and 

complete cell death following dTAG-mediated degradation. Even at concentrations as low 

as 0.05 nM dTAGv1, endogenous Numb degradation triggered irreversible cellular 

collapse within 3-6 hours, characterized by progressive membrane blebbing, cytoplasmic 

condensation, formation of apoptotic bodies, and ultimately complete detachment of the 

culture. This phenotype was observed consistently across multiple cell lines, including the 

parental WA09 line and the DLL1::GFP and Hes5::GFP reporter derivatives, indicating 

that the lethality is not an artifact of a specific genetic background but rather reflects a 

fundamental requirement for Numb in maintaining hESC viability. Importantly, our 

attempts to rescue this phenotype through exogenous expression of SNAP-tagged Numb 

isoforms proved unsuccessful regardless of the timing of doxycycline induction, whether 

added before, after, or simultaneously with dTAGv1 treatment. We systematically tested 

various temporal windows (from 15 minutes to 48 hours), multiple doxycycline 

concentrations (20 ng/mL to 1 μg/mL), and different degradation kinetics (single pulse 

versus oscillatory treatment protocols designed to mimic the known oscillatory dynamics 
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of Notch signaling), yet none of these strategies prevented cell death. This failure to 

rescue suggests that the rate of transcriptional activation and protein synthesis of 

exogenous Numb simply cannot compensate for the rapid proteasomal degradation of 

the endogenous protein, highlighting a critical temporal mismatch between protein 

turnover and de novo expression that appears insurmountable in this system.  

Moreover, the absolute dependence of hESCs on endogenous Numb despite forced 

overexpression of individual isoforms or pools thereof implies that Numb may possess 

non-redundant structural or regulatory functions that cannot be complemented by 

ectopically expressed variants, possibly due to differences in post-translational 

modifications, subcellular localization, or integration into pre-existing protein complexes 

that are disrupted upon acute depletion. 

The technical challenges encountered during the generation of dTAG-tagged Numb lines 

further underscore the complexity of targeting this locus. The human Numb gene spans 

a genomic region characterized by exceptionally large intronic sequences separating 

individual coding exons, particularly surrounding exons 3 and 9, which are subject to 

alternative splicing and encode functionally distinct protein domains (FIG 54) [6,350]. 

These extensive intronic regions, often exceeding several kilobases, posed significant 

obstacles for homology-directed repair (HDR)-based gene editing strategies. Initial 

attempts to insert the FKBP12F36V degron tag at exon 10, the terminal coding exon shared 

by all isoforms, were hampered by low HDR efficiency, likely due to the difficulty of 

delivering sufficiently long homology arms flanking such large intronic sequences and the 

reduced accessibility of guide RNAs (gRNAs) designed to target this region. Indeed, 

multiple gRNA designs for exon 10 exhibited suboptimal on-target cutting scores, 

resulting in limited recovery of correctly targeted clones and frequent off-target integration 

events. Similarly, targeting internal exons such as exon 4 or exon 5 proved impractical, 

as these loci are embedded within comparably expansive intronic contexts and carry the 

additional risk of disrupting isoform-specific splicing events, which could generate 

nonfunctional truncated variants or alter the relative abundance of individual isoforms in 

unpredictable ways.  
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Ultimately, we achieved successful and efficient tagging by targeting exon 1, the first 

coding exon common to all four major human Numb isoforms (p72, p71, p66, and p65). 

This N-terminal tagging strategy ensured that all splice variants would be uniformly 

modified, enabling isoform-inclusive degradation upon dTAGv1 treatment while 

minimizing interference with downstream regulatory elements. Nevertheless, the 

laborious screening of over 900 individual clones yielded only a single homozygous 

integration event (Clone 210), highlighting the inherent inefficiency of HDR-based 

approaches in hESCs and the critical importance of patient, large-scale screening efforts 

when working with complex, intron-rich loci such as Numb.  

These technical constraints have broader implications for the field, as they emphasize 

that not all developmental regulators are equally amenable to CRISPR-based functional 

dissection, particularly those encoded by genes with fragmented genomic architectures 

or subject to extensive alternative splicing. 

 

 

 Figure 55: Structure of the human numb gene.  

This gene consists of 13 exons, which the first 3 are non-coding exons, separated by 12 introns. Boxes 
indicate exons, and lines indicate introns and intergenic regions [6]. 
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Our epigenetic analyses, incorporating ChIP-seq profiling of key histone modifications 

(H3K27me3, H3K27ac, H3K4me3) and Polycomb Repressive Complex 2 (PRC2) 

components (EZH2, SUZ12), revealed an unexpected chromatin landscape at the Numb 

promoter that diverges from classical models of developmental gene regulation [351,352]. 

Contrary to our initial hypothesis that Numb downregulation during cortical neuron 

differentiation might be mediated by PRC2-dependent H3K27me3 deposition, a canonical 

silencing mechanism widely employed during lineage specification [353,354], we 

observed that the Numb promoter remains largely devoid of repressive chromatin marks 

throughout the differentiation timeline. Specifically, EZH2 and SUZ12 occupancy at the 

Numb locus was minimal or absent in both undifferentiated hESCs and differentiated 

neural progenitor cells (NPCs), and H3K27me3 levels remained low even at late stages 

of cortical neuron maturation (day 35 and beyond). Instead, the promoter displayed 

persistent enrichment for active histone marks, including H3K27ac, H3K4me3, H3K9ac, 

and multiple acetylation variants (H3K56ac, H3K64ac, H3K122ac), together with 

pronounced peaks in ATAC-seq and DNase-seq profiles, indicative of sustained 

chromatin accessibility and transcriptional competence. This "open chromatin" 

configuration was further corroborated by the robust binding of numerous transcription 

factors (e.g., KLF4, E2F1, EP400) and chromatin remodeling complexes (e.g., CHD1-

CHD9, BRG1, ADNP) at the Numb promoter, as evidenced by publicly available ChIP-

seq datasets from mouse embryonic stem cells (mESCs), which share a highly conserved 

promoter architecture with human Numb [355,356] . 
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Notably, components of the cohesin complex (RAD21) and CTCF were also enriched at 

this locus, suggesting the formation of chromatin loops that may facilitate long-range 

enhancer-promoter interactions and maintain the promoter in a poised or active state 

CTCF were also enriched at this locus, suggesting the formation of chromatin loops that 

may facilitate long-range enhancer-promoter interactions and maintain the promoter in a 

poised or active state [357,358]. In stark contrast, heterochromatin-associated proteins 

(HP1α, HP1β, SUV39H1/2, SETDB1) and histone deacetylases (HDAC1/2) exhibited 

minimal enrichment, confirming the absence of stable repressive chromatin structures 

[359,360]. These findings indicate that Numb transcriptional downregulation during neural 

differentiation is not driven by canonical Polycomb-mediated silencing but rather by 

alternative regulatory mechanisms that operate post-transcriptionally or through the 

withdrawal of activating signals. 

One compelling hypothesis emerging from our data is that Numb protein levels are 

regulated primarily through post-transcriptional mechanisms, including microRNA-

mediated translational repression and targeted proteolysis, rather than through 

transcriptional repression at the chromatin level [78,243-245,287,361]. The observation 

that Numb mRNA expression remains relatively stable throughout cortical differentiation 

as confirmed by RNA-seq analyses from both our dataset and published studies from 

Leemput et al., 2014 and Burke et al., 2020 [346,347] yet Numb protein levels decline 

progressively after day 20, strongly supports a model in which protein stability or 

translation efficiency, rather than transcript abundance, is the primary determinant of 

Numb expression during neurogenesis. Several microRNAs (miRNAs) known to target 

Numb transcripts, including miR-31, miR-146, miR-543, miR-335, and miR-9, have been 

implicated in promoting oncogenicity by antagonizing Numb function in various cancer 

contexts, and their upregulation during neural differentiation could similarly dampen 

Numb protein synthesis in developing neurons [42,78,243-245,287,310,322,362].  
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Additionally, ubiquitin-proteasome-mediated degradation pathways, potentially involving 

E3 ubiquitin ligases such as ITCH (which interacts with Numb to regulate Notch 

degradation) or other, yet-to-be-identified enzymes, may actively destabilize Numb 

protein as cells transition from proliferative progenitors to postmitotic neurons 

[69,111,194,295,363]. This notion is consistent with the rapid kinetics of Numb depletion 

observed upon dTAGv1 treatment, which suggests that endogenous Numb turnover is 

already primed for rapid degradation and that the dTAG system merely accelerates a pre-

existing proteolytic pathway. Furthermore, the failure of exogenous Numb isoforms to 

rescue dTAG-induced lethality may reflect the inability of these constructs to recapitulate 

the precise stoichiometry, subcellular localization, or post-translational modification state 

of endogenous Numb, all of which could be critical for its proper function. Collectively, 

these observations point toward a multilayered regulatory network in which chromatin 

accessibility maintains transcriptional competence at the Numb locus, while post-

transcriptional and post-translational mechanisms dynamically modulate protein 

abundance in response to developmental cues [364]. 

Another intriguing dimension of Numb regulation uncovered by our study is the context-

dependent subcellular localization of Numb protein, which appears to be influenced by 

cell density and, potentially, by the relative expression of specific isoforms [269]. Using a 

newly validated monoclonal anti-Numb antibody (C29G11), we successfully detected 

endogenous Numb protein by immunofluorescence in both HEK293 cells and hESCs, 

revealing distinct localization patterns depending on culture conditions. In Hek293 cells, 

Numb displayed a predominantly cytoplasmic distribution, consistent with its established 

role as a cytoplasmic adaptor protein involved in endocytic trafficking and receptor 

regulation [365]. However, in hESCs, Numb exhibited a more heterogeneous distribution, 

with some cells showing primarily cytoplasmic localization and others displaying nuclear 

or perinuclear enrichment. Critically, this variability was not random but correlated 

strongly with cell density: at high confluency, Numb was largely confined to the cytoplasm, 

whereas at lower density or during early colony formation, nuclear localization became 

more prominent.  
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This observation suggests that Numb's subcellular distribution is dynamically regulated 

by cell-cell contact, adhesion signaling, or mechanical tension factors known to influence 

the activity of polarity complexes such as PAR3/PAR6/aPKC, which phosphorylate and 

regulate Numb localization during asymmetric cell division in Drosophila and mammalian 

neural progenitors [180,269,366,367]. The differential localization of Numb isoforms may 

also reflect functional specialization: isoforms containing the long phosphotyrosine-

binding (PTB) domain (PTBL; p72 and p66) preferentially localize to the plasma 

membrane and endosomal compartments due to their enhanced affinity for membrane-

associated proteins such as Notch, EPS15, and α-adaptin, whereas isoforms with the 

short PTB domain (PTBS; p71 and p65) are more enriched in the nucleus, where they 

may contribute to transcriptional regulation or chromatin-associated processes 

[69,75,124,127,143,153,156,160]. This notion is supported by previous reports indicating 

that PTBS isoforms can interact with nuclear factors such as p53 and MDM2, forming a 

trimeric complex that stabilizes p53 and enhances its tumor-suppressive functions 

[69,71,117,124,272,286]. In our hESCs cultures, the coexistence of cytoplasmic and 

nuclear Numb pools likely reflects the simultaneous expression of multiple isoforms with 

distinct regulatory properties, and the shift in localization observed with increasing cell 

density may represent a developmental adaptation in which cells modulate Numb function 

according to their physiological state balancing signaling control at the membrane with 

transcriptional or epigenetic regulation in the nucleus. This context-dependent localization 

has important implications for interpreting Numb's role during differentiation, as it 

suggests that Numb may exert distinct functions at different stages of neural commitment, 

transitioning from a membrane-associated regulator of Notch and integrin signaling in 

proliferative progenitors to a nuclear effector of gene expression programs in 

differentiating neurons. 

 

 

 

 



 

 202 

The isoform-specific dynamics of Numb expression during cortical neuron differentiation 

provide additional layers of complexity to our understanding of this protein's 

developmental roles. By analyzing publicly available RNA-seq datasets from both hESC-

derived from Leemput et al., 2014 [346] and iPSC-derived from Burke et al., 2020 [347] 

cortical differentiation protocols, we systematically quantified the inclusion or exclusion of 

exons 3 and 9, which define the four major Numb isoforms through alternative splicing. 

Our analyses revealed a striking developmental transition in isoform usage: in 

undifferentiated hESCs and early neural progenitors, isoforms containing exon 9, 

corresponding to the long proline-rich region, PRRL, found in p72 and p71) predominated, 

whereas isoforms lacking exon 9, corresponding to PRRS, found in p66 and p65, became 

progressively enriched as cells transitioned into postmitotic neurons. Specifically, the 

inclusion of exon 9 declined dramatically from day 3 to day 20, coinciding with the neural 

progenitor cell (NPC) stage and continued to decrease thereafter, ultimately reaching 

nearly undetectable levels in mature cortical neurons (day 35 and beyond) (FIG 55).  

 

A parallel but less pronounced shift was observed for exon 3 inclusion, which also 

decreased during differentiation, though with somewhat slower kinetics. These temporal 

patterns were remarkably consistent across both hESC and iPSC datasets, despite 

known differences in epigenetic memory and differentiation efficiency between the two 

cell types, suggesting that the developmental switch in Numb isoform expression 

represents a highly conserved and robust mechanism of lineage progression in human 

cortical neurogenesis. Functionally, the predominance of PRRL isoforms in 

undifferentiated and proliferative states is consistent with prior studies showing that these 

isoforms sustain progenitor self-renewal and antagonize differentiation, possibly by 

maintaining moderate levels of Notch signaling or by promoting integrin-mediated 

adhesion and extracellular matrix interactions that support stem cell niche architecture. 

Conversely, the enrichment of PRRS isoforms in differentiating neurons aligns with their 

reported capacity to drive neuronal maturation and neurite outgrowth, likely through 

enhanced antagonism of Notch signaling via more efficient endocytic degradation of the 

Notch intracellular domain (NICD) and through distinct interactions with cytoskeletal and 

trafficking machinery that facilitate axonal and dendritic extension.  
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The observation that exons 4 and 7 constitutively included control exons not subject to 

alternative splicing remained stable throughout differentiation confirms the integrity of our 

splicing analyses and indicates that the changes in exon 3 and exon 9 inclusion reflect 

genuine developmental regulation rather than global transcriptional instability or RNA 

degradation artifacts. Importantly, the coordinated downregulation of both exon 3 and 

exon 9 inclusion as cells commit to neuronal fates implies a convergent splicing program 

that progressively favors the shortest Numb isoform (p65; Ex3Δ/Ex9Δ) in mature neurons, 

potentially reflecting a terminal differentiation state in which Numb's function shifts from 

regulating progenitor maintenance to supporting neuronal homeostasis and synaptic 

function.  

 

 

Figure 56: The inclusion of exons 3 and 9 decreases upon differentiation in both datasets.  

Numb isoforms p72, p71 and p66 likely function primarily at early stages of differentiation, during the 
proliferative and early neurogenic phases. In contrast, Numb p65 appears to play more prominent roles 
from the NPC stage through neuronal maturation. 
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The regulation of Numb alternative splicing during neural differentiation appears to be 

governed by a complex interplay of RNA-binding proteins (RBPs) and splicing factors that 

dynamically interpret developmental signals and translate them into isoform-specific 

outcomes[127,154,159,203,205,206,215,244,254]. Multiple splicing regulators 

orchestrate the inclusion or skipping of Numb exons, thereby shaping isoform-specific 

functions during development and disease. RBM4 promotes exon 3 inclusion and 

suppresses exon 9 inclusion, generating neuronal isoforms essential for proper Mash1 

expression, neurite extension, and maturation; loss of RBM4 disrupts these processes 

but can be partially rescued by reintroducing p66 or p65 [203,216-218,221]. In contrast, 

SRSF9 favors exon 9 retention especially in ovarian cancer by binding non-m6A-modified 

Numb transcripts and promoting oncogenic isoform production that sustains Notch activity 

[248,368]. m6A deposition near exon 10 counters this by recruiting HNRNPA2B1, which 

blocks SRSF9 and shifts splicing toward exon 9 skipping, revealing an epitranscriptomic 

layer of Numb regulation [234,248]. Additional factors such as PTBP1 [218,251], 

promoting exon 9 inclusion and QKI-5 [253,254], promoting exon 9 skipping, act in a 

competitive manner and are implicated in both neurodevelopment and cancer. Their 

developmental expression patterns, including the decline of PTBP1 during 

embryogenesis [369], correlate with the transition from PRRL to PRRS isoforms in 

neurons[69,124]. Consistent with these mechanisms, our cortical differentiation system, 

the progressive enrichment of exon9 skipped isoforms from day 20 onward likely reflects 

the upregulation of splicing repressors (such as QKI-5 or NONO) and/or the 

downregulation of splicing enhancers (such as SRSF9 or PTBP1) as cells exit the cell 

cycle and commit to neuronal fates [218,248,251,369]. However, the precise identity and 

temporal dynamics of the splicing factors responsible for this transition in human cortical 

neurogenesis remain incompletely characterized and represent a critical area for future 

investigation.  
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The extreme sensitivity of hESCs to Numb depletion, as revealed by our dTAG 

experiments, raises fundamental questions about the non-redundant functions of Numb 

during early human development and the extent to which its paralog, Numb-like (Numbl), 

can compensate for its loss [74,85,86,93,163,178]. In Drosophila, Numb is encoded by a 

single gene and functions as an essential regulator of asymmetric cell division and Notch 

antagonism during sensory organ development, with complete loss-of-function mutations 

leading to dramatic cell fate transformations [6,105,107,109]. In mammals, Numb 

underwent gene duplication early in vertebrate evolution, giving rise to two paralogs, 

Numb and Numbl that share significant sequence homology in their PTB and PRR 

domains and exhibit overlapping expression patterns in developing tissues, particularly in 

the central nervous system [74,85,86,163,178]. This evolutionary duplication initially 

suggested the possibility of functional redundancy, and indeed, single knockout studies 

in mice have revealed that Numb-null embryos die around E11.5 due to severe neural 

tube closure defects and placental abnormalities, whereas Numbl-null mice are viable 

and fertile with only subtle phenotypes, indicating that Numbl alone cannot fully 

compensate for Numb loss during embryonic development [74,292].  

However, combined loss of both Numb and Numbl achieved through conditional knockout 

strategies in neural progenitors   results in catastrophic disruption of cortical 

neurogenesis, including loss of apico-basal polarity, premature cell cycle exit, depletion 

of neural progenitor pools, and aberrant cortical lamination, demonstrating that the two 

proteins share essential, partially redundant functions in maintaining progenitor identity 

and regulating asymmetric divisions [163,370]. Despite this functional overlap, several 

lines of evidence indicate that Numb and Numbl are not interchangeable and possess 

distinct, non-redundant activities in specific contexts [93]. For example, Numbl is 

preferentially enriched in postmitotic neurons and exhibits a more restricted expression 

pattern in the CNS compared to the ubiquitous expression of Numb, suggesting tissue-

specific or stage-specific division of labor between the two paralogs [85,93]. Moreover, 

Numb and Numbl display distinct phosphorylation hotspots and post-translational 

modification profiles such as Numb-S438 and Numbl-S370 phosphorylation that 

differentially regulate their stability, localization, and interaction networks [320], indicating 

that they integrate into partially distinct signaling pathways. 
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In our hESCs system, the inability of exogenous Numb isoforms to rescue dTAG-induced 

lethality suggests that Numbl expression alone is insufficient to maintain viability in the 

acute absence of Numb. This observation implies that Numb performs critical, time-

sensitive functions during the early stages of neural commitment that cannot be 

compensated by Numbl, possibly due to differences in protein stoichiometry, subcellular 

localization, or binding partner specificity. Alternatively, the rapid kinetics of dTAG-

mediated degradation may create a physiological "shock" that overwhelms the cell's 

capacity to adapt, preventing Numbl from upregulating or relocating to the appropriate 

subcellular compartments to assume Numb's functions. Importantly, the controversy 

surrounding Numb and Numbl function extends to cancer biology, where conflicting 

reports describe Numbl as both a tumor suppressor (e.g., in glioma, breast, lung, and 

colorectal cancers, where its downregulation enhances migration, invasion, and 

stemness) and, paradoxically, as a promoter of metastatic progression in advanced lung 

cancer, where it maintains cancer-initiating cells [267,288,320,362].  

These context-dependent and sometimes opposing roles highlight the complexity of 

Numb/Numbl signaling and emphasize the importance of considering tissue type, 

developmental stage, genetic background, and signaling microenvironment when 

interpreting their functions. In the context of our study, the absolute requirement for Numb 

in hESCs, despite Numbl expression, underscores the conclusion that Numb is a non-

redundant, essential regulator of early human neural development, and that 

understanding its precise mechanisms of action including isoform-specific functions, post-

translational regulation, and interactions with other cell fate determinants will require 

continued investigation using refined genetic tools and systems that allow for more 

gradual or conditional depletion strategies. 
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The comparative analysis of Numb expression patterns across human tissues, as 

demonstrated by resources such as the Human Protein Atlas [371] , offers valuable 

context for interpreting our findings and underscores the notably low and context-

dependent expression of Numb in the adult human brain compared to other organs. 

Notably, the placenta exhibits the capacity to express specific Numb isoforms during 

gestation, introducing an additional layer of complexity to Numb's functional network 

[160]. This placenta-derived expression suggests a nuanced feedback mechanism 

between maternal and fetal environments, where Numb may play a role in regulating fetal 

development through maternal-fetal signaling pathways. 

 
According to publicly available RNA-seq and immunohistochemistry data, Numb mRNA 

and protein are expressed at relatively high levels in tissues characterized by active cell 

turnover and stem cell activity, such as the gastrointestinal tract, testis, skin, and 

hematopoietic organs, where Numb likely plays ongoing roles in maintaining progenitor 

pools and regulating asymmetric divisions. In contrast, Numb expression in the adult 

cerebral cortex and other brain regions is substantially lower, with only a subset of 

neuronal populations exhibiting detectable Numb protein by immunostaining (FIG 56). 
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Figure 57: Numb protein and mRNA expression overview. 

Upper panel: Protein-level analyses show that Numb is most highly expressed in tissues such as lung, liver, 
kidney, and stomach/tract. Lower panel: mRNA expression profiles reveal strong Numb transcription in 
cerebellum, testis, lung, placenta, and additional tissues, highlighting tissue-specific differences between 
protein abundance and transcriptional activity. 
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The elevated Numb expression observed in the cerebellum compared to other cerebral 

tissues likely reflects a convergence of several developmental and cellular processes 

unique to this brain region. First, the cerebellum undergoes an extended period of 

postnatal neurogenesis, during which granule cell precursors continue to proliferate and 

undergo asymmetric divisions events in which Numb is a well-established regulator. In 

addition, multiple cerebellar cell types naturally exhibit high Numb levels, including 

Bergmann glia, which guide neuronal migration, and immature granule neurons, which 

require precise control of Notch and endocytic signaling during their maturation [337,372].  

Numb may also play an important role in modulating Shh pathway activity, a key driver of 

granule precursor proliferation, and in maintaining tumor-suppressive mechanisms that 

protect against medulloblastoma formation [185,275,291,296,373]. Beyond early 

development, Numb could contribute to synaptic plasticity, dendritic remodeling, and 

long-term circuit refinement within cerebellar networks [42,53]. Together, these features 

help explain why Numb expression is particularly pronounced in the cerebellum and 

underscore how its functions are highly context-dependent across brain regions and 

developmental stages. More broadly, this pattern highlights the cerebellum as an 

especially informative model in which to dissect Numb’s roles in proliferation, 

differentiation, migration, and the long-term maintenance of neural circuitry. 

The downregulation in postmitotic neurons is consistent with our differentiation studies, 

which show progressive decline in Numb protein levels as cortical neurons mature and 

suggests that Numb's primary function in the brain is restricted to developmental stages 

particularly during neurogenesis, gliogenesis, and early circuit formation rather than in 

maintaining the homeostasis of mature neural networks. 

 However, residual Numb expression in specific neuronal subtypes, such as interneurons 

or layer-specific projection neurons, raises the possibility that Numb retains specialized 

functions in adult neurons, potentially related to synaptic plasticity, receptor trafficking, or 

neuroprotection [61,85,374]. Indeed, recent studies have implicated Numb in regulating 

Tau homeostasis and protecting against Tau-induced neurodegeneration in tauopathy 

models, with the long isoform Numb-p72 rescuing dendritic morphology, synaptic 

responses, and neuronal viability in the presence of toxic Tau oligomers [155,222,224].  
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This finding links Numb's developmental role in progenitor fate decisions to its potential 

neuroprotective functions in postmitotic neurons, suggesting a continuum of Numb activity 

throughout the lifespan of a neuron. The low baseline expression of Numb in adult brain 

tissue also has practical implications for the detection and validation of Numb antibodies, 

as many commercially available antibodies have been optimized and validated primarily 

in cancer cell lines or peripheral tissues where Numb is more abundantly expressed. This 

technical limitation may explain the difficulties we encountered in detecting endogenous 

Numb by immunofluorescence in early hESC cultures, even with antibodies that 

performed well in Western blots, and underscores the need for continued efforts to 

develop and validate reagents specifically tailored for studying Numb in pluripotent stem 

cells and differentiating neural populations. 

A broader interpretation of our findings must also consider the inherent differences 

between human embryonic stem cells (H9/WA09 line) and induced pluripotent stem cells 

(iPSCs), particularly with respect to epigenetic memory, differentiation efficiency, and 

baseline expression of developmental regulators such as Numb. H9 hESCs are derived 

directly from the inner cell mass of human blastocysts and maintain a stable, "naïve" 

epigenetic landscape that closely resembles the in vivo embryonic state, making them a 

gold-standard model for studying fundamental developmental mechanisms. In contrast, 

iPSCs are reprogrammed from somatic cells (often fibroblasts or blood cells) and, despite 

acquiring pluripotency markers and differentiation capacity, frequently retain residual 

epigenetic memory of their tissue of origin, which can bias differentiation trajectories, alter 

the kinetics of lineage commitment, and introduce variability in gene expression profiles 

[375]. This epigenetic memory, together with differences in X-chromosome inactivation 

status (in female lines), mitochondrial function, and baseline stress responses, can 

influence the efficiency and reproducibility of neural differentiation protocols and the 

expression dynamics of key regulators such as Numb [375,376]. In our comparative 

splicing analyses, we observed remarkably consistent isoform transitions during cortical 

differentiation in both H9-derived and iPSC-derived datasets [346,347], suggesting that 

the developmental switch from PRRL to PRRS isoforms is highly robust and conserved 

across pluripotent cell types. However, subtle differences in the timing and magnitude of 

these transitions such as the slightly more gradual downregulation of SOX1 in iPSC-
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derived NPCs compared to H9-derived NPCs may reflect the influence of residual somatic 

memory or reprogramming-induced epigenetic heterogeneity.  

These considerations are particularly relevant when interpreting the absolute requirement 

for Numb in hESCs revealed by our dTAG experiments, as it remains formally possible 

that iPSC-derived lines with different reprogramming histories or genetic backgrounds 

might exhibit differential sensitivity to Numb depletion or altered capacity for Numbl-

mediated compensation. Nevertheless, the convergence of our H9-based functional 

studies with published transcriptomic and splicing analyses from multiple independent 

iPSC lines strongly supports the conclusion that the developmental regulation of Numb 

isoforms represents a fundamental and conserved mechanism of human cortical 

neurogenesis, rather than a cell line-specific artifact. 

To gain a broader perspective on why Numb may be essential during early developmental 

stages, its expression dynamics were examined using the scDevDB resource 

(https://scdevdb.deepomics.org). Analysis across human developmental stages reveals 

a striking enrichment of Numb expression at the zygote stage and in pluripotent stem 

cells, strongly supporting the idea that Numb is critically required at the onset of human 

development. This pattern is consistent with RNA-seq datasets showing a pronounced 

early peak of Numb expression [377]. Such enrichment suggests that Numb may 

participate in establishing the first lineage decisions, supporting pluripotency, or priming 

cells for forthcoming asymmetric divisions. As development proceeds, the progressive 

decrease in Numb expression highlights its predominant contribution to the earliest 

molecular programs that precede and shape subsequent lineage specification (FIG 57). 
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Figure 58: Numb expression during human neural development. 

Numb expression exhibits two major peaks: one at the zygote stage and another during the embryonic stem 
cell state. https://scdevdb.deepomics.org  [377]. 
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Over the course of this thesis, several previously uncharacterized Numb isoforms were 

partially discovered during the process of human corticogenesis, as part of a collaborative 

initiative originally launched by a former postdoctoral researcher in the Reinberg Lab. 

 

These newly discovered isoforms were consistently expressed at various stages of 

neurodevelopment. Each isoform was sequenced, cloned into a pLvX vector, and stored 

at -80°C for future experimental use. Although these isoforms have not been previously 

described in the literature, their existence introduces an additional layer of complexity to 

the neurodevelopmental system, especially given the context-dependent and tightly 

regulated expression patterns observed during corticogenesis. These variants, 

designated as Clones N1, N2, N3, N4, and N5, expand the known repertoire of Numb 

isoforms. Their gene structures, along with comparisons to the four canonical Numb 

isoforms, are detailed in Table 12 (TABLE 12). 

 

Canonical human Numb isoforms described in neurodevelopment 

Name Characteristics 

p72 Full length, al exons 

p71 Exon 3 spliced 

p66 Exon 9 spliced 

p65 Exon 3 and 9 spliced 

New isoforms 

Name Characteristics 

N1 Exon 9 and part of exon 7 spliced 

N2 Exon 3, part of exon 10, part of exon1-2 spliced 

N3 Exon 7 spliced 

N4 Exon 9 and part of exon 8-9 spliced 

N5 Exon 4 spliced 

Table 12: General comparison between canonical and new Numb isoforms during the context of 
neurodevelopment.  
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 CHAPTER 6  

 

VI.- CONCLUSSION. 

 

In conclusion, our comprehensive investigation of Numb function and regulation during 

human cortical neuron differentiation has revealed a multifaceted and context-dependent 

regulatory landscape that challenges several prevailing models of Numb biology. The 

extreme sensitivity of hESCs to Numb depletion, as demonstrated by rapid and 

irreversible cell death following dTAG-mediated degradation, underscores the non-

redundant and essential role of this protein in maintaining pluripotent cell viability and 

supporting the earliest stages of neural commitment functions that cannot be rescued by 

exogenous isoform expression or compensated by the paralog Numbl under conditions 

of acute endogenous loss. The failure to achieve phenotypic rescue through forced 

expression of SNAP-tagged Numb isoforms, despite systematic optimization of timing, 

dosage, and delivery methods, highlights fundamental constraints imposed by the kinetics 

of protein turnover and suggests that Numb's critical functions are exquisitely dependent 

on its endogenous expression levels, subcellular localization, and integration into pre-

existing signaling networks. Our chromatin profiling studies have demonstrated that 

Numb transcriptional regulation deviates from classical PRC2-mediated silencing 

paradigms, with the Numb promoter remaining in an open, transcriptionally permissive 

state throughout cortical differentiation, as evidenced by persistent enrichment of active 

histone marks (H3K27ac, H3K4me3), chromatin accessibility (ATAC-seq, DNase-seq), 

and absence of repressive Polycomb components (EZH2, SUZ12, H3K27me3). These 

finding redirects attention toward post-transcriptional and post-translational mechanisms 

including microRNA-mediated translational repression, ubiquitin-proteasome-mediated 

degradation, and isoform-specific alternative splicing as the primary determinants of 

Numb protein abundance during neural development. The dynamic, context-dependent 

subcellular localization of Numb, which shifts between cytoplasmic and nuclear 
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compartments in a confluency-dependent manner, further emphasizes the functional 

plasticity of this protein and suggests that different isoforms may be preferentially 

deployed in distinct cellular contexts to balance membrane-associated signaling 

regulation with nuclear transcriptional control. The developmental switch in Numb isoform 

expression characterized by progressive exclusion of exons 3 and 9 as cells transition 

from proliferative progenitors to postmitotic neurons represents a highly conserved and 

robust mechanism that fine-tunes Numb's interactions with Notch, integrin, and 

cytoskeletal pathways to orchestrate the balance between self-renewal and 

differentiation. The technical challenges encountered during CRISPR-mediated targeting 

of the Numb locus, imposed by extensive intronic regions and complex splicing 

architecture, highlight the inherent difficulty of dissecting the functions of developmentally 

regulated genes with fragmented genomic structures and underscore the importance of 

careful experimental design and patient, large-scale screening efforts. Finally, the 

integration of our findings with published studies of Numb and Numbl function in 

mammalian neurodevelopment and cancer reveals a complex picture of partial functional 

redundancy, context-dependent specialization, and divergent signaling outputs that 

depend critically on tissue type, developmental stage, isoform composition, and post-

translational modification status.  

Collectively, these observations position Numb as a central, non-redundant coordinator 

of early human neural development operating at the intersection of chromatin regulation, 

alternative splicing, post-translational control, and membrane trafficking. Moreover, the 

identification of novel Numb isoforms whether functioning independently or through 

cooperative mechanisms introduces an additional layer of complexity to the regulation of 

neurogenesis, potentially uncovering new modulatory axes that influence cortical neuron 

differentiation. This expanding isoform diversity underscores the necessity for continued 

investigation using refined genetic tools, isoform-specific functional assays, and systems-

level analyses to fully elucidate the molecular mechanisms by which Numb integrates 

developmental signals to govern cell fate decisions during human corticogenesis. 
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 CHAPTER 7  

 

VII.- RECOMMENDATIONS. 

Based on the findings presented in this thesis, future investigations should explore new 

approaches to fully elucidate Numb's role in human cortical neurogenesis. First, 

microRNA and degradation pathway analysis is essential to resolve the paradox of 

declining Numb protein levels despite maintained transcriptional activity and open 

chromatin configuration at the Numb promoter. Identifying the specific microRNAs (miR-

9, miR-31, miR-146, miR-335, miR-543) and E3 ubiquitin ligases responsible for isoform-

specific degradation and ubiquitin-proteomic approaches will explain how post-

transcriptional mechanisms govern the temporal dynamics of Numb abundance during 

differentiation.  

Second, a systematic RNA-binding protein (RBP) perturbation screen is critical to identify 

the master regulators driving the developmentally conserved transition from exon 9-

containing (PRRL) to exon 9-skipping (PRRS) isoforms. CRISPR-based knockdown of 

candidate splicing factors (PTBP1, QKI-5, RBM4, SRSF9, NONO), combined with 

enhanced CLIP sequencing to map direct binding sites on Numb pre-mRNA, will reveal 

the regulatory networks that coordinate isoform switching with neural commitment and 

establish whether manipulation of these RBPs can predictably alter differentiation 

trajectories.  

Third, structure-function analysis through domain swapping is imperative to understand 

why exogenous Numb expression fails to rescue dTAG-mediated lethality. Generating 

chimeric constructs that interchange PTB domains (PTBL↔ PTBS) and PRR domains 

(PRRL ↔ PRRS) between isoforms, coupled with point mutations disrupting specific 

protein-protein interactions and proximity labeling to map context-dependent 

interactomes, will identify which structural features are essential at defined developmental 

stages and explain the molecular basis for rescue failure.  



 

 217 

Finally, single-cell multi-omics approaches are necessary to capture the cellular 

heterogeneity masked by bulk measurements. Integrating single-cell RNA-seq with 

protein quantification (CITE-seq), chromatin accessibility profiling (scATAC-seq), and 

long-read sequencing to resolve full-length Numb transcripts will reveal cell-type specific 

isoform expression patterns, identify rare transitional populations with unique splicing 

profiles, and enable trajectory inference modeling to predict how isoform dynamics govern 

individual cell fate decisions during the progenitor-to-neuron transition. Collectively, these 

research directions will provide mechanistic clarity on when, where, and how Numb 

isoform functions, transforming our understanding from demonstrating essentiality to 

defining the precise molecular logic underlying Numb-dependent regulation of human 

brain development. 
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 CHAPTER 10  

 

X.- NOMENCLATURE. 

 

ACD: Asymmetric Cell Division. 

ADAM: A Disintegrin And Metalloproteinase. 

ALK: Anaplastic Lymphoma Kinase. 

APC: Astrocyte Precursor Cell. 

aPKC: Atypical Protein Kinase C. 

APS: Ammonium Persulfate. 

ASD: Autism Spectrum Disorder. 

ATAC-seq: Assay for Transposase-Accessible Chromatin sequencing. 

BAPTA-AM: 1,2-bis(o-aminophenoxy) ethane-N,N,N',N'-tetraacetic acid 

acetoxymethyl ester. 

BC: Breast Cancer. 

BCA: Bicinchoninic Acid. 

BDNF: Brain-Derived Neurotrophic Factor. 

BV: Blood Vessel. 

CDC42: Cell Division Control protein 42 homolog. 

ChIP: Chromatin Immunoprecipitation. 

ChIP-seq: Chromatin Immunoprecipitation Sequencing. 

cKO: Conditional Knockout. 

CNS: Central Nervous System. 

CP: Cortical Plate. 

C-R: Cajal-Retzius. 

CSC: Cancer Stem Cell. 

CTCF: CCCTC-binding factor. 

DAPT: N-[N-(3,5-Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester. 

DL: Deep Layer. 

DMEM: Dulbecco's Modified Eagle's Medium. 
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dNumb: Drosophila Numb. 

DNase-seq: DNase I hypersensitive sites sequencing. 

DOX: Doxycycline. 

DPF: Aspartic acid-Proline-Phenylalanine motif. 

DSG: Disuccinimidyl Glutarate. 

dTAG: Degradation TAG. 

E: Embryonic day. 

ECL: Enhanced Chemiluminescence. 

ECM: Extracellular Matrix. 

EH: Eps15 Homology. 

EMT: Epithelial-Mesenchymal Transition. 

EPHB2: Ephrin type-B receptor 2. 

EPS15: Epidermal growth factor receptor pathway substrate 15. 

EVT: Extravillous Trophoblast. 

EZH1/2: Enhancer of Zeste Homolog ½. 

FA: Formaldehyde. 

FBS: Fetal Bovine Serum. 

FGF-2/FGF2: Fibroblast Growth Factor 2. 

FKBP12 F36V: FK506 Binding Protein 12 F36V variant. 

GAPDH: Glyceraldehyde 3-Phosphate Dehydrogenase. 

GFP: Green Fluorescent Protein. 

GMC: Ganglion Mother Cell. 

GW: Gestational Week. 

HAT: Histone Acetyltransferase. 

HDAC: Histone Deacetylase. 

HDR: Homology-Directed Repair. 

HEK293T: Human Embryonic Kidney 293T cells. 

hESC: Human Embryonic Stem Cell. 

HRP: Horseradish Peroxidase. 

IF: Immunofluorescence. 

IGF-1: Insulin-like Growth Factor 1. 
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IPC: Intermediate Progenitor Cell. 

iPSC: Induced Pluripotent Stem Cell. 

IQGAP1: IQ motif-containing GTPase-Activating Protein 1. 

ITGB5: Integrin beta-5. 

IZ: Intermediate Zone. 

JAG: Jagged. 

KLF4: Krüppel-Like Factor 4. 

LB: Luria-Bertani. 

LECA: Last Eukaryotic Common Ancestor. 

Lgl: Lethal giant larvae. 

L-HA: Left Homology Arm. 

LMNB2: Laminin Beta 2. 

MAML: Mastermind-Like. 

MAPK: Mitogen-Activated Protein Kinase. 

MB: Medulloblastoma. 

MDM2: Mouse Double Minute 2 homolog. 

MES: 2-(N-morpholino)ethanesulfonic acid. 

miRNA/miR: MicroRNA. 

mRNA: Messenger RNA. 

mTOR: Mammalian Target of Rapamycin. 

MZ: Marginal Zone. 

NB: Neuroblast. 

NEC: Neuroepithelial Cell. 

NICD: Notch Intracellular Domain. 

NPC: Neural Progenitor Cell. 

NPF: Asparagine-Proline-Phenylalanine motif. 

NS: NutriStem. 

NSC: Neural Stem Cell. 

NSCLC: Non-Small Cell Lung Cancer. 

Numbl: Numb-like. 

OC: Ovarian Cancer. 
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OCD: Obsessive Compulsive Disorder. 

oRGC: Outer Radial Glial Cell. 

PAR3/PAR6: Partitioning defective 3/6. 

PAX6: Paired box gene 6. 

PBS: Phosphate-Buffered Saline. 

PBT: PBS with BSA and Triton. 

PCR: Polymerase Chain Reaction. 

PCW: Post-conception week. 

PEI: Polyethyleneimine. 

PES: Poly Ether Sulfone. 

PFA: Paraformaldehyde. 

PI3K: Phosphoinositide 3-Kinase. 

PL: Parental Line. 

PM: Plasma Membrane. 

PNS: Peripheral Nervous System. 

PQBP1: Polyglutamine-binding protein 1. 

PRC2: Polycomb Repressive Complex 2. 

pre-OPC: Pre-Oligodendrocyte Precursor Cell. 

PRR: Proline-Rich Region. 

PSI: Percent Spliced In. 

PTB: Phosphotyrosine-Binding domain. 

PTBP1: Polypyrimidine tract binding protein 1. 

PVDF: Polyvinylidene Difluoride. 

QKI-5: Quaking-5. 

RBM4: RNA-Binding Motif protein 4. 

RBP: RNA-Binding Protein. 

RBPJ: Recombination Signal Binding Protein for Immunoglobulin Kappa J Region. 

Rocki: ROCK inhibitor. 

RGC/RGP: Radial Glial Cell/Radial Glial Progenitor. 

R-HA: Right Homology Arm. 

rMATS: replicate Multivariate Analysis of Transcript Splicing. 
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RNA-seq: RNA sequencing. 

RT: Room Temperature. 

RT-PCR: Reverse Transcription Polymerase Chain Reaction. 

SCF: Skp, Cullin, F-box. 

SH3: Src Homology 3. 

shRNA: Short Hairpin RNA. 

siRNA: Small Interfering RNA. 

SNAP: SNAP-tag protein. 

SOP: Sensory Organ Precursor. 

SOX1/SOX2: SRY-Box Transcription Factor ½. 

SP: Subplate. 

SRSF9: Serine/arginine-rich splicing factor 9. 

SRM: Selected Reaction Monitoring. 

Su(H): Suppressor of Hairless. 

SUZ12: Suppressor of Zeste 12. 

SVZ: Subventricular Zone. 

SYP: Synaptophysin. 

TBST: Tris-Buffered Saline with Tween-20. 

TEMED: Tetramethylethylenediamine. 

TF: Transcription Factor. 

TGF-β: Transforming Growth Factor Beta. 

tRGC: Truncated Radial Glial Cell. 

UL: Upper Layer. 

VEGF: Vascular Endothelial Growth Factor. 

VGCC: Voltage-Gated Calcium Channel. 

VZ: Ventricular Zone. 

WB: Western Blot. 

WT: Wild Type. 

ZIKV: Zika Virus. 
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 CHAPTER 12  

 

XII.- APPENDIX 

12.1- Antibodies used in this study. 

Primary Antibodies 

Functions 
Antibody 

targeting 
Catalog number Company 

Location and 

expression of Numb 

protein 

Numb ab4147 Abcam 

Numb ab155415 Abcam 

Numb PA1-32452 ThermoFisher Scientific 

Numb AF4338 RyD systems 

Numb C29G11 Cell signalling technology 

Notch markers 
Hes5 NBP2-41305 Novus Biotec 

DLL1 ab85346 Abcam 

Western Blot 

Controls 

Vinculin 13901S Cell signaling technology 

GAPDH 5174S Cell signaling technology 

B-actin 66009-1-Ig Proteintech 

Lentiviral expression SNAP P9310S New England Biolabs 

Pluripotency or 

neural markers 

Neun MAB377 Sigma Millipore 

OCT4 2750S Cell signaling technology 

SOX2 11064-1-AP Proteintech 

Epigenetic marks 

H3K27me3 9733S Cell signaling technology 

H3K27Ac 8173S Cell signaling technology 

H3K4me3 9751S Cell signaling technology 

EZH2 5246S Cell signaling technology 

ChIPseq control Anti-spike in 61686 Active Motif 

Chromatin 

organization 
LMNB2 ab151735 Abcam 
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Secondary antibodies 

 Antibody Catalog Number Company 

Immunofluorescence 

(IF) 

Donkey anti mouse 488 A32766 Invitrogen 

Donkey anti rabbit 647 A31537 Invitrogen 

Donkey anti goat 594 A11058 Invitrogen 

Donkey anti mouse 594 A21203 Invitrogen 

Donkey anti rabbit 594 A21207 Invitrogen 

Donkey anti rabbit 488 A322790 Invitrogen 

Donkey anti goat 647 A21447 Invitrogen 

Western Blot 

(WB) 

Goat anti mouse IgG HRP 31430 Invitrogen 

Donkey anti goat IgG HRP A15999 Invitrogen 

Donkey anti rabbit IgG 

HRP 
A16023 Invitrogen 

Table 13: Primary and secondary antibodies used in this study. 

 

12.2- mRNA and protein accession codes. 

mRNA Protein 

Name Accession number Name Accession number 

Transcript variant 1 NM_001005743.2 Numb isoform 1 AAD54279.1 

Transcript variant 2 NM_001005744.2 Numb isoform 2 AAD54280.1 

Transcript variant 3 NM_003744.6 Numb isoform 3 AAD54281.1 

Transcript variant 4 NM_001005745.2 Numb isoform 4 AAD54282.1 

Table 14: Numb mRNA and protein accession numbers.  
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12.3 - Primer list used in this study. 

Name Sequence goal 

Exon.1_NUMBdTAG1_sgRNA GATGAAGGCGTTCGCAC 

sgRNA 
Exon.1_NUMBdTAG2_sgRNA TCAATTGGAGCATGCCGGCG 

Exon.10-NUMB_SGRNA.1 GAAGGATGTTTATGTTCCAG 

Exon.10-NUMB_SGRNA.1 ACAAATTACGGCAAAGTTTT 

U6 F GATACAAGGCTGTTAGAGAG Sequencing of 

px458 insertion U6 R CAGTGCAGGGGAAAGAATAGTAGAC 

NUMB-dTAG-donor-Xho1-F CGCTCGAGAGAAACTGTTAGCAGTCTATAATTTG gBlock-Numb-

dTAG amplifying NUMB-dTAG-donor-Sac1-R CGgagctcGTATTTAAGAGAGCTGACTTCCAC 

NUMB-N-dTAG -F ATTCATTTTCCCTTTACACTGTGC Cloning into 

pBlueScript NUMB-N-dTAG- R CAGCTCTTACCTTAACCGGGA 

P1 ACCCAGGCATCATCCCACCACA Heterozygote 

and homozygote 

of dTAG 

insertion 

P2 TTCCGGTGCGAACGCCTTCTTC 

P3 TGTACAAATTTCCATTTTCAGGGGT 

Numb Exon 10 F  CAAAAGGATCCACTGGGCAG 

Detection of the 

4 Numb isoforms 

by sequencing 

Numb Exon 2 R AACTTGGCCATGTAGAAGTTG 

pLVx F TGTCACTCTCTTACCCGTCA 

pLVx TET SNAP V5 R AfeI  ACTTTCCGTACCACTTCCTACCCTCGT 

Flag pLLx F GGTTTGTCGGATTTGCCCAT 

Flag pLVX TET F  GCAAGACTTTCTGCGGAACA 

pLVx SVB13 R GAATAGCTCAGAGGCCGAGG 

pLVx PGK R GGGAGAGAGGTCGGTGATTC 

Table 15: Primers used in this study. 
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12.4- Examples of detection of Numb canonical and new Numb 

Isoforms detected by sequencing. 

By using primers flanking the exons of interest and comparing our results with well-
characterized isoforms, such as the full-length p72 or the variants lacking exons 3 and/or 
9 we can determine whether the observed isoforms correspond to known forms or 
represent previously uncharacterized isoforms expressed during neurodevelopment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 59: Sequencing tracks illustrating both Numb p72 and Numb p71 isoforms.  

The upper panel displays the full-length Numb transcript (p72), while the lower panel highlights the p71 
variant, which is distinguished by the absence of exon 3. These representative images provide a clear 
comparison between canonical and variant Numb isoforms detected through sequencing, aiding in the 
identification and characterization of alternative splicing events during neurodevelopment. 
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The following image illustrates examples of how newly identified isoforms can be 

visualized. In this particular case, the isoform is characterized by the absence of part of 

exon 10, the complete omission of exon 7, and partial deletions in exons 1 and 2. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 60: Sequencing tracks depicting newly discovered Numb isoforms. 

The first panel demonstrates the partial deletion of exon 10, a complete absence of exon 7, and missing 
segments in exons 1 and 2. These visualizations highlight the complex alternative splicing events that lead 
to the generation of novel Numb transcript variants during neurodevelopment.  
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12.5- Coding for dataset analyses from Leemput et al., 2014. 

 

12.5.1- Expression markers at different stages. 
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12.5.2- Splicing events upon differentiation. 

 

 



 

 258 

12.6- Coding for dataset analyses from Burke et al., 2020. 

 

12.6.1- Expression markers at different stages. 
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12.6.2- Splicing events upon differentiation. 
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