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Commentary

The NOTCH receptors are mechanosensing proteins that require cell-cell contact and physical 
force for activation. While most receptors have evolved to respond to one or a few unique ligands, 
the four NOTCH receptors can respond to any of the five Delta/Serrate/Lag-2 (DSL) ligands - 
Jagged (JAG) 1, 2, and Delta-like (DLL) 1, 3, 4 [1]. What is most surprising is that unlike 
receptors that can have bias signaling, such as G protein-coupled receptors (GPCRs), by acquiring 
different conformations, the NOTCH receptors become activated by proteolysis upon pulling of 
the extracellular domain by any of the ligands, resulting in the proteolytic cleavage by membrane 
proteases (notably gamma-secretase) releasing the Notch Intracellular Domain (NICD) [2] – which 
is a common final outcome of NOTCH activation no matter the ligand at play. Once released, the 
NICD translocates to the nucleus to complex with CSL and other factors to regulate NOTCH-target 
genes.

Each NOTCH exhibits both individual and overlapping activities, unsurprisingly, considering 
their critical roles in development and tissue maintenance. Yet, the fact that different ligands activate 
different responses in the same receptor, we confess, sounds absurd. Nevertheless, mounting evidence 
shows that the downstream responses, including metabolic and gene expression changes in the 
receiving cell, depend on the type of ligand [3,4].

One possible explanation is that the interactions between ligands and receptors affect the velocity 
of activation, resulting in varied kinetics. Some ligands cause rapid activation with large pulses, 
while others trigger slower, more continuous signaling. Indeed, studies on NOTCH1 activation in 
individual cells have brought to light the intriguing fact that DLL1 and DLL4 generate distinct gene 
expression outcomes in the receiving cell [4]. DLL1 induces periodic pulses of Notch activation, 
while DLL4 induces sustained activity over time, resulting in similar HES1 gene expression but 
notably higher HEY1 and HEYL gene expression by DLL4 versus DLL1.

Could the observed differences in cell responses be attributed to variations in the affinity of 
ligands for NOTCH receptors? Notably, DLL4 binds to the NOTCH1 extracellular domain (ECD) 
with higher affinity than either DLL1 or JAG1, potentially accounting for the divergent strength of 
activation [5,6]. Quantitative analyses have further confirmed that higher affinity ligands indeed lead 
to more potent activation [7].

Moreover, studies involving in vitro evolved DLL4 ligands, engineered to approach NOTCH 
with up to a staggering 1,000-fold increase compared to wild-type (WT) DLL4, have exposed the 
connection between enhanced binding affinity and downstream responses - tested on cell lines 
expressing NOTCH1 utilizing a luciferase reporter integrated under the control of a CSL-driven 
promoter [8].

Thus, it has become evident that the mechanics of ligand activation revolve around the intriguing 
generation of different 'pulling' forces. This implies that some ligands may engage with the receptor 
for extended periods without immediate activation, while others bind and activate rapidly. Evidence 
supporting this notion can be observed in the case of JAG1, which necessitates higher molecular 
tension to activate NOTCH1 compared to DLL4. Upon binding NOTCH1, JAG1 undergoes 
conformational changes and remains bound for a sufficient duration to exert the force required to 
expose the S2 site for cleavage [5]. Furthermore, the interactions between ligands and structural 
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proteins, exemplified by the interaction between JAG and vimentin, 
serve to further amplify the 'pulling' force required for effective 
signaling. Conversely, the absence of interaction between DLL 
and vimentin highlights the nuanced differences in ligand-receptor 
dynamics within the Notch pathway [9]. In the context of vasculature, 
this interaction is regulated by sheer stress, which upregulates JAG1 
levels and promotes vimentin phosphorylation. Consequently, 
phosphorylated vimentin exhibits an enhanced interaction with 
JAG1, further increasing NOTCH transactivation [9]. 

Another layer of complexity lies in the numbers of engaged 
receptors and ligands, and their membrane organization, as 
oligomerization of both has been reported [4,10,11]. An open 
question is whether there are differences in NOTCH activity if they 
are activated in clusters, or in freely diffused on the membrane, and 
whether they are activated on one side or the other of polarized cells, 
or if membrane bending plays a role in downstream responses [12].

In addition to the number of receptors, the ligand-receptor ratio 
and the co-expression of ligands and receptors on the same cell are 
also critical factors to consider. Ligands in cis-conformation, when 
present on the same cell as the receptor, may compete with ligands 
presented by another cell in trans [13]. There is evidence that cis-
conformation, facilitated by cluster formation between receptor 
and ligands, reduces Notch activity [13-15]. Interestingly, studies 

involving the experimentally controlled production of DLL1/4 
and constantly expressed NOTCH have shown that while extreme 
expression of DLL1/4 silenced NOTCH activity, the intermediate 
DLL1/4 expression maximized cis-activation [4] – an observation 
that underscores the significance of the DLL1/4 expression threshold 
in finely regulating Notch signaling outcomes.

Although there are still key links missing in our understanding 
NOTCH activation dynamics, several independent approaches have 
been developed to address some of these questions. One such approach 
involves spatially controlling NOTCH activation by attaching the 
ligands (DLL or JAG) to inert surfaces. Thanks to bioprinting and 
micro-array technologies, these modified ligands – often engineered 
with the Fc of an antibody to anchor them to protein A- or protein 
G-coated surfaces (functionalized surfaces), can be placed in different 
concentrations, patterns and/or densities [16,17] (Figure 1). 
Likewise, the Synthetic Notch (SynNotch) concept was engineered 
by using artificial ligands, such as GFP, and exchanging the NOTCH 
ECD by that on a nanobody [18] (Figure 1). These approaches help 
explore how ligand number, pattern, and spatial arrangement affect 
the dynamics of NOTCH activation. Also, the use of nanobodies to 
target artificial ligands is of particular interest as they possess different 
affinities for either the same or different epitopes, making them 
useful for competition or orthogonal assays [19].

Figure 1. Illustrations of canonical NOTCH activation by neighboring cell (signaling cell) and by ligand-coated surface. Upon DLL/JAG ligand binding 
NOTCH undergoes proteolytic cleavage and its intracellular domain (NICD) is released to cytoplasm (left). Representation of ligand-functionalized 
materials, whether arranged in specific patterns or randomly, offers a more detailed understanding of the molecular constraints for activation (green 
spots). Natural or artificial ligands can be used to activate either WT NOTCH or SynNotch, respectively, leading to the release of NICD or a transcription 
factor acting as NICD (right). It is unclear whether aggregation or patterns make a difference in downstream signaling, yet the number of activating 
ligands does increase downstream signaling (downward arrows).
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Despite the elegance of these techniques, to study the force-
speed of activation is not possible using inert ligand-coated surfaces, 
just as controlling the number of receptor or ligands between cell-
cell contacts. One could imagine that atomic force microscopy 
(AFM) could be used for this, but its limitation of analyzing one cell 
at the time hinders broader applications. So far, AFM has provided 
some data on strong adhesion forces between Delta and NOTCH, 
indicating a potential mechanism to enhance Notch signaling. 
However, further experiments are necessary to discern the differences 
in activation dynamics between various NOTCH ligands [20].

While the individual receptor activation has been addressed by 
exchanging the ECD of NOTCH with biorecognition molecules 
(aptamers, antibodies, dimerizing proteins, etc) [21-23], other 
challenges remain such as the timing, and more importantly, the 
patterns of activation.

Thus, to overcome these limitations, we and others [24-26] 
have engineered NOTCH systems that are both ligand-independent 
and gamma-secretase-independent and can be controlled by light 
irradiation (Figure 2). The first reported system was an optogenetic 
inhibitor of Notch signaling, exploiting the abovementioned ligand 
in cis-conformation clustering effect. Clustering was achieved by 
a chimera between DLL and CRY2, a known optogenetic protein 
that aggregates or binds to CIB1 upon light activation [27]. Thus, 
Opto-Delta induced agglomeration of the ligand efficiently blocking 
NOTCH activation (Figure 2).

Almost at the same time, two other optogenetic controlling 
systems for Notch were reported, one in Drosophila (opto-NICD) 
[25] and one for mammalian cells (optoNotch, oN) [24]. In both 
cases, the NICD was fused to the photoreceptor protein LOV2 (Light 
Oxygen Voltage 2) and Zdk1 (Zdark 1) in-dark heterodimerizing 
complex, which dissociates under blue light stimulation. In oN, 
LOV2 protein is anchoring the complex to the intracellular side 
of the plasma membrane, while in opto-NICD, it is Zdk1 the one 
anchored but to the mitochondrial outer membrane. In the dark 
the complexes NICD-Zdk1-LOV2 keep NICD unable to reach 
nucleus to do its transcriptional activities. Upon light irradiation 
Zdk1 and LOV2 dissociate from each other, releasing NICD-Zdk1 
in oN and NICD-LOV2 in opto-NICD (Figure 2), enabling their 
translocation to the nucleus and triggering transcription of their 
target genes.

One must point out that these systems contain NICDs that 
carry a cargo with them, and although both are reported to activate 
downstream genes, it is unclear whether all their functions remain 
intact. More recently, two additional photoactivatable NOTCH 
systems have been reported: TANGO-Light (TL) [28] - a tool created 
by combining the TANGO system [29], a photoactivatable- CXCR4 
receptor (PA-CXCR4) [30] and NICD, where light activation causes 
conformational changes in PA-CXCR4, leading the recruitment 
of a β-arrestin-TEV protease fusion. The latter cleaves the TEV 
recognition site (TEV RS in Figure 2) releasing the NICD (Figure 
2). A somehow similar system (Opt-IC Notch) was engineered by 

Figure 2. Optogenetic tools controlling Notch signaling. In opto-Delta, the signal sending cell expresses CRY2 photoreceptor fused with DLL4, and 
aggregates upon blue light irradiation increasing the ligand density leading to inhibition of Notch signaling in the receiving cell. TANGO-Light is 
composed of membrane anchored chimera of photoactivatable-CXCR4 receptor (PA-CXCR4) fused with the C-terminal of the vasopressin receptor 
containing a TEV protease recognition site (TEV RS) and NICD. Upon activation, PA-CXCR4 recruits β-arrestin-TEV, resulting in the proteolytical release 
of NICD from the plasma membrane. In optIC-Notch NICD is anchored to cell membrane with CIB1 and LOV (Light Oxygen Voltage) masking the 
TEV RS, and one half of TEV protease (not shown for simplicity). In the dark, this complex cannot bind with CRY2-complementing half TEV fusion 
protein present in the cytoplasm. Under blue light two phenomena occur: 1) CRY2 and CIB1 form a heterodimer, reconstituting TEV protease, and 
2) unfolding of LOV, uncovering the TEV RS resulting in proteolytical release of NICD from the membrane. Opto-Notch (oN) and Drosophila opto-
NICD consisting of NICD fused to one partner of the heterodimeric photoreceptor protein LOV2/ Zdk1 (Zdark 1), which dissociate under blue light 
stimulation. In oN, LOV2 (green triangle) protein is anchoring the complex to cell membrane, in Drosophila system Zdk1 (magenta diamond) is 
anchored to mitochondrial membrane. Upon light irradiation NICD-Zdk1 in oN /NICD –LOV2 in opto NICD, is released from the membrane. Black 
arrows show that the system is unidirectional or reversible. Dotted line means the reverse process is slower.
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a multi-chimera between a membrane-tethered CIB1, LOV-TRAP, 
a complementing half of TEV and NICD. For activation, another 
protein construct comprising CRY2 and the complementing half of 
TEV protease is expressed in the cytoplasm. Upon light stimulation, 
CRY2 binds to CIB1, bringing together the complementing TEV 
halves, triggering the proteolytical release of NICD (Figure 2). On 
both of these cases the NICD has only one amino acid cargo.

Optogenetic systems allow studying strength, frequency, and 
pattern of the activation by modulation of light irradiation intensity, 
as well as number and frequency of the light pulses over time. This 
is the only available approach enabling a full explanation of the role 
of different patterns of activation of NOTCH receptors in vitro and 
in vivo. Surprisingly, using light-inducible systems, one would expect 
that a greater number of light pulses will result in a higher reporter’s 
response. However, activity of Drosophila opto-NICD after an initial 
increase slowly decreases despite maintaining photo-stimulation 
[25]. The same response was observed in oN and TL suggesting 
negative feedback mechanism [24,28].

Knowing the different velocity of Notch activation by JAG1, 
DLL1, and DLL4, several light irradiation patterns shall be 
considered and tested to identify those that match the activation 
dynamics of the natural ligands (Figure 3). Whereas, for slow 
activation less intensive and prolonged light pulses at long time 
intervals, an increased number of more intensive and short light 
pulses at short time intervals might be used for fast activation. Also, 
patterns exhibiting features of both above models might be analyzed. 
Thereby oN, by creating various patterns of irradiation, enables fine-
tuning of Notch signaling and, combined with RNA sequencing or 
ChIP (chromatin immunoprecipitation), may deliver functionally 
detailed data on Notch activation.

All systems have their limitations, and opto-Notch systems are 
no exception. One of the limitations is that oN’s distribution, either 
on the cell membrane or around mitochondria, is unnatural and, 
for example, aggregates might not be achievable. However, the local 
activation, by illuminating part of the cell, is possible to study. In 
a way, these systems are a notch above those using functionalized 
surfaces, as optogenetic tools add timing, what is not possible with 
inert surfaces-coated ligands, at least considering plating cells on 
them as time zero, or the addition of an aptamer e.g., dimerizing or 
linking molecule.

Also, optoNotch’s, or functionalized surfaces’, independence 
from the signal-sending cell obviously miss the cell context. In 
addition to any effects on the sending-cell that would naturally occur 
in cell-cell Notch activation, an issue that remains unclear [31]. 
It cannot be ruled out that other factors, such as mechanical and 
physical bending of the membrane, may contribute to the overall 
Notch signaling pathway as well [32-34].

The commonly measured outcome of NOTCH activation is the 
expression of NOTCH-target genes. Although, there is also evidence 
that the cleaved NICD interacts with mitochondria and affects its 
metabolic functions [35-37]. Therefore, the impact of how synthetic 
NOTCH systems affect the mitochondria-related function of NICD 
remains unsolved (Figure 4). In oN and Drosophila opto-NICD, the 
Zdk2/ LOV2 cargo, respectively, might affect NICD mitochondrial 
activities, while in TL and Opt-IC Notch the proteolytical cleavage 
by TEV results in only an additional glycine at the N-terminus of 
NICD, likely having little effect on such activities. This is not a 
problem encountered in the synNotch approach where the NICD 
– usually exchanged by a transcriptional activator such as tTA or 
Gal4, would be released in the WT form, such approach has not 
been implemented as far as we can tell.

Figure 3. Light irradiation patterns for sustained (blue) and pulsatile (red) oN activation differing with the strength of activation.
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Finally, the leftover transmembrane domain (TMD) has been 
shown to have some signaling activity on its own [38]. Studies on 
vascular barrier revealed that the TMD left after NOTCH activation 
by sheer stress, forms a complex with vascular endothelial cadherin, 
the transmembrane protein tyrosine phosphatase LAR, and the Rac1 
GEF Trio. This complex activates Rac1 to promote cell-cell junction 
assembly and establish the vascular barrier integrity [38]. These 
events are not represented in the opto-Notch systems but exist in 
those using SynNotch or ligand-functionalized surfaces.

As we have described above, there is no single magic tool to 
fully characterize all of Notch signaling effects. But all these tools 
have begun, notch by notch, to draw a detailed picture of how cells 
interpret NOTCH activation. Further development and refinement 
of these techniques will be needed to fully understand the complexity 
of Notch signaling in living organisms.
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