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The Notch signaling pathway relies on a proteolytic cascade to release its transcriptionally active intracellular
domain, on force to unfold a protective domain and permit proteolysis, on extracellular domain glycosylation
to tune the forces exerted by endocytosed ligands, and on amotley crew of nuclear proteins, chromatinmod-
ifiers, ubiquitin ligases, and a few kinases to regulate activity and half-life. Herein we provide a review of
recent molecular insights into how Notch signals are triggered and how cell shape affects these events,
and we use the new insights to illuminate a few perplexing observations.
At its core, Notch signaling involves: (1) cell-to-cell contacts that

enable Notch receptor and Delta/Serrate/Jagged ligand (hence-

forth DSL) interactions; (2) a receptor-ligand force generation

system that unfolds a protective domain within the Notch recep-

tor (the negative regulatory region [NRR]) to thereby allow

sequential proteolytic activation and release of the Notch intra-

cellular domain (NICD); and (3) NICD translocation from mem-

brane to nucleus where it binds a conserved transcription factor

(CSL; CBF1/RBPJ, Su(H), Lag-1) to upregulate Notch target

genes. A previous mechanistic review (Kopan and Ilagan, 2009)

described the core components, suggested how ligand/receptor

interactions promote the proteolytic activation mechanism,

described the structural insights available at the time, and

detailed the nuclear exploits of NICD, RBPJ, and their associated

proteins. Sufficient progress has been made in all these areas to

warrant crafting an update. Herein, we will update the reader on

structure-based insights into Notch receptor/ligand interactions,

the proteins involved in receptor modifications and cleavage, the

details onwhat forces are required to activate Notch and howcell

shape might effect this process, and end by updating the reader

on how the active NICD molecule mediates changes in

gene expression. We aim to provide a more in-depth discussion

of selected studies and supplement rather than replace the pre-

vious work (for recent comprehensive reviews, see Aster et al.,

2017; Bray, 2016). As was done in the original review, we orga-

nized the information in a manner reflecting the flow of informa-

tion in the Notch signaling pathway: from the outside in.

Structural Biology Illuminates Receptor-Ligand
Interactions at the Cell Surface
A mechanistic understanding of Notch signaling requires the

elucidation of how receptor-ligand interactions unfold the NRR

to promote proteolytic cleavage within the membrane. Several

technical hurdles had to be overcome to address this problem,

including the size and complexity of the extracellular domains

(ECDs) of ligand and receptors, their relatively weak affinity to

each other, and the extreme lipophilic nature of g-secretase,
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all of which impeded detailed analyses of the receptor/ligand/

protease complexes at the atomic level. Recent technological

advances such as in vitro evolution binding assays and cryoelec-

tron microscopy (cryo-EM) have begun to overcome these ob-

stacles. In this section, we highlight new findings that provide

insight into how the ligand and receptors interact, the role of

glycan modifications in these interactions, the range of forces

involved and how they are generated, and, finally, the machinery

that cleaves the Notch receptor to release NICD.

Rod or Nunchaku?

The ECDs of Notch receptors and DSL ligands are largely

composed of multiple iterative EGF repeats (mammalian Notch

receptors have 29–36 repeats [Figure 1], whereas DSL ligands

vary in EGF repeats from 6 to 16; D’Souza et al., 2010; Kopan

and Ilagan, 2009). Both the DSL domain and the EGF repeats

are small �40 residue modular domains that are primarily

composed of b strands and contain three conserved disulfide

bonds. Prior structures of 3 EGF repeats from either human

Notch1 or Jag1 revealed an elongated rod-like architecture (Cor-

dle et al., 2008; Hambleton et al., 2004), which supported the

interpretation that the ECD of Notch and DSL ligands would as-

sume a largely elongated, rigid linear topology at the cell surface.

However, recent structural and biophysical studies of Notch re-

ceptors and DSL ligands point to a structure of multiple rods

connected by flexible joints. This architecture most likely con-

tributes to function.

It was thought that the DSL domain within each ligand inter-

acted with Notch EGF11-12, with possible involvement of addi-

tional domains (Kopan and Ilagan, 2009). Kershaw et al. (2015)

solved the X-ray structure of the entire ECD of human DLL1,

which contained the MNNL (module at the N terminus of notch

ligands) and DSL domains, and EGF repeats 1–8 (note that

EGF7-8 were not visible in the structure) (Figure 1). MNNL is a

C2 domain, which has a b sandwich fold and is often involved

in binding of phospholipids (Chillakuri et al., 2013), whereas

DSL is a small �40 residue domain composed of b strands,

analogous to EGF repeats. Overall, DLL1 assumes an extended
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Figure 1. Domain Schematics and Their Structure and Other Structural Insights
The central figure shows domain organization of a Notch receptor and a DLL ligand, g-secretase, andMib-1. The extracellular domain of Notch receptors (Notch1
shown) consists of multiple iterative EGF repeats followed by the NRR (negative regulatory region), which consists of three LNR (Lin-12 and Notch repeats)
domains and HD (heterodimerization domain). EGF repeats for which no structure was determined are colored orange or green (representing the location of
Abruptex alleles). EGF repeats in any other color denote recent structure determinations. There is a�90� bend between EGF5-6, aswell as a flexible joint between
EGF9-10; mobility near EGF22 is yet to be determined. The intracellular domain of Notch receptors consists of a membrane proximal RAM (RBPJ associated
molecule) domain, ANK (ankyrin repeats), and a C-terminal TAD (trans-activation domain) comprised of three NLS (nuclear localization sequences) and degron-
containing PEST (for rich in proline, glutamate, serine, and threonine) sequence. The extracellular domain of DSL ligands (DLL4 shown) consists of an N-terminal
MNNL (module at the N terminus of Notch ligands) domain, DSL domain, and additional EGF repeats with a potential flexible joint between EGF4-5.
(A) X-ray structure of the Notch1-DLL4 complex (PDB: 4XLW). All domains in the crystal are colored as in the diagram, bound Ca2+ ions are shown as yellow
spheres, and glycan modifications are shown in a stick representation and colored orange.
(B) X-ray structure of Mib1 (PDB: 4XI6). Mib1 is composed of two N-terminal Mib-Herc2 domains, colored yellow and purple, with a ZZ zinc-finger domain (green)
in between them. These are followed by two Mib-repeat domain colored orange and red. The Jagged1 N-box peptide bound to the first Mib-Herc2 domain
(purple) is shown in a stick representation. The modeled C-box peptide bound to the first Mib-repeat (orange) is also shown in a stick representation with carbon,
oxygen, and nitrogen atoms colored yellow, red, and blue, respectively.
(C) High resolution cryo-EM structure of the g-secretase complex (PDB: 5A63). The Nicastrin, Aph-1, PS1, and Pen-2 subunits are colored green, magenta, blue,
and yellow, respectively. Note that catalytic aspartates (D257 and D385) in PS1 are not facing the cavity.
(D) X-ray structure of Rumi (PDB: 5F84) modeled with EGF11-13 from Notch1. Rumi is colored light blue and EGF11-13 are colored pink/magenta. Bound UDP
moiety is shown in stick representation with carbon, oxygen, and nitrogen atoms colored yellow, red, and blue, respectively.
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conformation that is largely linear from the MNNL through the

first 4 EGF repeats, measuring �195 Å along its longest axis.

Overlay of this region with the structure of Jag1 (Chillakuri
et al., 2013) suggests that all DSL ligands adopt a similar confor-

mation. Strikingly, the DLL1 structure reveals a 90� turn at the

junction between EGF4,5 with EGF5,6, resuming a linear
Developmental Cell 41, May 8, 2017 229
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conformation. Given that this region of the structure is involved in

crystal lattice contacts, the authors suggest that a range of bend

angles may be accommodated between these repeats; how-

ever, this remains to be experimentally determined. The residues

at the distinct bend are well resolved in the structure, and are

conserved in other ligands, suggesting that the bend observed

in DLL1 is also conserved in other DSL molecules.

The ECD of Notch receptors contains two types of EGF

repeats: Ca2+ binders and non-binders. Previous studies of

the ligand-binding region of Notch1 (EGF11-13) showed that all

three repeats bind Ca2+ and assume a near linear and rigid

conformation (Hambleton et al., 2004). To assess the flexibility

between the other EGF repeats that compose the Notch ECD,

the Handford and Redfield groups used nuclear magnetic

resonance (NMR) spectroscopy, X-ray crystallography, and

biochemical/cellular binding assays to analyze the conforma-

tions of the EGF repeats derived from EGF4-13 of human Notch1

(Weisshuhn et al., 2016). They found that Ca2+ binding by repeats

5, 7, 8, 9, 11, 12, and 13 occurs in the micromolar range, consis-

tent with these sites being largely occupied under physiological

conditionsofCa2+ (1.4mM).However, X-ray structuresof EGF re-

peats 4–7 from human Notch1 (Weisshuhn et al., 2015a) show a

striking tilt angle of �90� between repeats 5 and 6, which do

not bindCa2+ (Figure 1). To analyze additional tilt/twist angles be-

tween EGF repeats, the authors used NMR spectroscopy with

constructs corresponding to Notch1 EGF repeats 4–7, 7–9,

8–11, and 11–13 (Weisshuhn et al., 2015b). These studies

confirmed that Ca2+ binding EGF repeats assume a rigid rod-

like structure. EGF repeats 4–5, 6–7, 11–12, and 12–13 have

modest tilt angles, ranging from �16� to 48�. These NMR data

are consistent with the tilt angles observed in the X-ray structures

of EGF repeats 4–7 and 11–13. Interestingly, interspersed be-

tween these rigid rods areEGF6, 10, and22,whichdo not contain

the Ca2+ binding consensus sequence of D/N-x-D/N-E/Q-xm-D/

N-xn-Y/F and therefore may act as flexible joints within the

Notch1 ECD. Accordingly, NMR data demonstrate that the link-

age between EGF repeats 5–6 has the largest tilt angle (�70�),
and the linkage between EGF repeats 9–10 is flexible. Based on

these results, the authors constructed an informed model of

EGF repeats 4–13 of hNotch1, which consists of a flexible region

between EGF repeats 9–10 separating two rigid segments be-

tween repeats 4–9 and 10–13. EGF repeats 4–9 take on an ‘‘L

shape’’ conformation due to the bend between repeats 5–6,

with repeats 10–13 assuming a more linear arrangement, albeit

with a modest bend between repeats 10–11 (Figure 1).

Receptor-Ligand Complexes Studied at the

Atomic Level

In addition to studies on the isolated ECDsof receptor and ligand,

two landmark studies by theGarcia group solved the X-ray struc-

tures of Notch1-DLL4 (Luca et al., 2015) and Notch1-Jag1 com-

plexes (Luca et al., 2017). To overcome the inherent low affinity

between ligand and receptor in solution, Luca et al. used an

in vitro evolution procedure to identify ligand mutations that

increased their affinity for the receptor to permit crystallization.

Interestingly, the stabilizing variants map to regions outside the

Notch-DSL interface; one possibility is that the mutations in-

crease the stability and/or rigidity of the ligand, thereby indirectly

increasing the affinity of the receptor-ligand complex; another

possibility is that the mutations increase the propensity of the
230 Developmental Cell 41, May 8, 2017
ligand to adopt a high-affinity conformation for the receptor.

Nonetheless, this enabled the structural details of how Notch re-

ceptors interact with ligands and the role glycosylation plays in

modulating this interaction. Previousmodels proposed both par-

allel and antiparallel orientations between ligand and receptor

(Cordle et al., 2008), whereas the structures show that both the

MNNL and DSL domains of DLL4 and Jag1 interact with EGF12

and 11 of Notch1 in an antiparallel fashion.Moreover, the authors

suggest that an antiparallel orientation is consistent with both

trans-activation and cis-inhibition if the flexibility of these large,

multi-EGF repeat-containing ECDs are taken into account. Inter-

estingly, the ‘‘synNotch’’ proteins (Morsut et al., 2016) also reca-

pitulate cis-inhibition, reinforcing the argument that the binding

modes for activation and inhibition are very likely to be the same.

Using the new data of Notch/DLL4 interactions, Weisshuhn

et al. (2016) performed an in silico structural overlay of their

Notch1 EGF10-13 structure with EGF11-13 from the Luca et al.

complex. They uncovered a potential interaction between

EGF10 in Notch1 with EGF1 of DLL4. Using a cell-based flow

cytometry assay, Weisshuhn et al. (2016) were able to show

that inclusion of EGF10 from Notch1 decreased binding to full-

length DLL4; however, addition of EGF9 resulted in no further

reduction in Notch1/Dll4 interactions. Interestingly, the addition

of EGF10 had no effect on the interactions between Jag1 and

Notch1, beginning to differentiate the interaction interfaces

between Notch1 and its two ligand families.

Comparison between the receptor-ligand complexes reveals

that the interface between Notch1 and DLL4 is larger than the

interface between Notch1 and Jag1. This is consistent with

DLL4 having a higher in vitro affinity for Notch1 than Jag1 (An-

drawes et al., 2013). Interestingly, whereas Notch1-DLL4 inter-

actions involve only EGF10-13, the Notch1-Jag1 complex struc-

ture (Luca et al., 2017) shows that EGF1-3 in Jag1 makes

additional interactions with EGF8-10 in Notch, as predicted by

genetic studies in flies showing that Notch EGF8 mediates

Serrate-specific interactions (Yamamoto et al., 2012). This

observation led the authors to speculate that the Notch1-Jag1

interaction resemble catch bonds in which the strength of inter-

action is increased when greater forces are applied or when

sheer stress is present. Using biomembrane force probe

force-clamp spectroscopy, Luca et al. showed that, indeed,

the Notch1-Jag1 interaction involves catch bonds, but the

Notch1-DLL4 complex does not. This finding suggests that

when a low force is applied, the Jag/Notch interaction may be

unproductive (i.e., without NRR unfolding), whereas Dll4/Notch1

interactions under similar force result in receptor activation.

However, increasing the force will trigger Jag1/Notch1 activa-

tion. This difference may be important for the function of distinct

ligands under different physiological settings. For example, dur-

ing angiogenesis a new endothelial cell phenotype is formed in

response to vascular endothelial growth factor (VEGF) signals

from the environment, called a tip cell (Benedito et al., 2009).

The tip cell moves toward the source of VEGF signaling to

the trailing cell via Dll4, activating Notch1, which inhibits VEGF

receptor expression and thus reinforces a trailing stalk cell

morphology and function on the signal-receiving cell. The

stalk cell expresses Jag1, which binds Notch1 and sequesters

it from Dll4 without activating it, tuning the number of productive

receptor/ligand interactions and, thus, the number of tip cells
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(Benedito et al., 2009). The inability of Jag1 to activate Notch1 in

this system can potentially be attributed to the lower force

applied (see the following section). In contrast, the shear stress

that results from blood flow may potentiate Notch/Jag inter-

actions between the endothelial cells lining the vessels, where

Notch1 activation by Jag1 is critical for preventing aortic valve

calcification (Garg et al., 2005; Theodoris et al., 2015).

Some Notch Receptors Are Sweeter than Others

Another front where significant progress has been made in

recent years is the role of Notch glycosylation. It was known

that ECD glycosylation is essential for Notch signaling in some

cellular contexts, and can profoundly modulate signaling be-

tween different receptor-ligand pairs in other contexts (Stanley

and Okajima, 2010). However, the exact role of glycosylation at

the receptor/ligand interface was unclear and not all of the

enzymes involved in receptor/ligand modifications were identi-

fied in 2009. To date, known modifications of EGF repeats

in the Notch ECD include O-fucosylation, O-glucosylation,

and O-GlcNAcylation by the enzymes POFUT1, POGLUT1,

and EOGT1, respectively. O-Fucose modifications of Notch

can be extended by the Fringe family of GlcNAc-transferases

and O-glucose can be extended by the xylosyltransferases

GXYLT1/2 and XXYLT1 (Lee et al., 2013; Sethi et al., 2010,

2012). As predicted by the impact of removing Thr466 from

EGF12 of Notch1 (Ge and Stanley, 2008), the fucose at this res-

idue anchors the interaction with MNNL (Luca et al., 2015).

Modeling of the disaccharide formed by the extension of

O-fucose at Thr466 by Fringe suggested that additional interac-

tions could form with the MNNL, providing a structural rationale

for how glycan modifications can increase the affinity of some

ligands for the Notch receptor (Luca et al., 2015). Unexpectedly,

the O-glycan modification at Ser435 in Notch1 (EGF11, An-

drawes et al., 2013), also makes interactions with the DSL

domain (Luca et al., 2015). The functional consequence of glyco-

sylation at this position remains to be determined, as is the iden-

tity of the enzyme responsible.

Recent advances elucidate in more detail the extent EGF re-

peats are modified, and the structural basis for how glycosyl-

transferases recognize and modify specific repeats. Using

semi-quantitative mass spectrometry methods, the Haltiwanger

group published a comprehensive study mapping glycan modi-

fications of the Notch receptor in Drosophila S2 cells in the pres-

ence or absence of Fringe (Harvey et al., 2016). The ECDs of

Drosophila Notch has 36 EGF repeats, each composed of

approximately 40 residues with three disulfide bonds. Based

on consensus sequences, Notch is predicted to have 22

O-fucose, 18 O-glucose, and 18 O-GlcNac sites. Harvey et al.

showed that the majority of O-fucose sites were modified effi-

ciently; however, Fringe only extended a subset of these sites

to disaccharides. Similarly, Rumi, the Drosophila POGLUT1 or-

tholog, efficiently modified all O-glucose consensus sites with

only a fraction of these sites containing di- and trisaccharide

modifications. Of the potential 18 O-GlcNac sites in Notch,

only five showed any appreciable modification. Harvey et al.

also showed that Notch purified from Drosophila embryos had

levels of O-glycosylation similar to those in S2 cells. Thus, indi-

vidual Notch molecules are differentially modified, and this local

heterogeneity would impact the likelihood that an individual

receptor/ligand interaction will result in NICD release. Kakuda
and Haltiwanger (2017) extended these observations to a

mammalian Notch protein, establishing that Lunatic and Manic

Fringe modified similar sites on Notch1, including those at

EGF8 and 12. Interestingly, modifications at EGF6 and 36 (added

by Manic and Lunatic, but not Radical Fringe) specifically in-

hibited Notch1 activation by Jagged1. How modifications of

a residue on EGF36 can inhibit Jag1-mediated activation is

currently a mystery. Combined, these conclusions could explain

why only a small fraction of the cellular receptor pool undergoes

cleavage, and the presence of specific Fringe enzymes could

help to fine-tune the response of Notch receptors to available

ligands in different cellular environments.

Glycosyltransferase Crystalized

Importantly, glycosylation may become therapeutically exploit-

able to tune signaling levels. To that end, some structural insights

into the enzymes glycosylating Notch have been uncovered

(Figure 1). Yu et al. (2015, 2016) solved X-ray structures of the

endoplasmic reticulum (ER) enzyme xyloside a-1,3-xylosyltrans-

ferase (XXYLT1), a well-conserved type II membrane protein that

can extend O-glucose modifications within Notch EGF repeats.

In addition they solved the structure of Rumi alone and in com-

plex with an EGF repeat derived from the coagulation factor IX

containing a Xyl-Glc disaccharidemodification. These structures

provided mechanistic insights into how these enzymes bind to

and modify Notch. In the apo structure (the enzyme without a

substrate), XXYLT1 forms a dimer such that the enzyme active

sites are in an ideal conformation to interact with laterally ori-

ented Notch EGF repeats within the ER lumen (Yu et al., 2015).

The structure of XXYLT1 is largely unchanged when in complex

with the EGF repeat, but, unexpectedly, the structure of the EGF

repeat undergoes a large conformational change while main-

taining all disulfide bonds. The two b strands of the EGF repeat

assume a more extended conformation, suggesting that EGF

repeats have more structural flexibility than previously thought.

Using the factor IX EGF/XXYLT1 structure as a guide, the authors

docked the EGF repeats 11–13 from Notch1 in silico, which re-

vealed that the N-terminal repeats of Notch would be oriented

away from the luminal membrane, whereas the C-terminal re-

peats would face toward the membrane.

Rumi/POGLUT1 is the glycosyltransferase that addsO-glucose

moieties to serine residues within EGF repeats containing the

consensus sequence C-X-S-X-(P/A)-C. The structure shows

that Rumi is composed of two domains with bab folds (Rossmann

fold), in which the EGF repeat bindswithin a cleft between the two

domains (Yu et al., 2016) (Figure 1). The O-glucosylation

consensus sequence C-X-S-X-(P/A)-C forms a U-shaped struc-

tural motif. Unexpectedly, Rumi also interacts with a previously

unknown hydrophobic region in the EGF repeat through a region

conserved in Rumi orthologs. In contrast to the XXYLT1-EGF

structure, neither Rumi nor its bound EGF repeat undergo any

appreciable conformational changes upon complex formation.

Finally, Lira-Navarrete et al. (2011) solved the X-ray structure

of POFUT1 from C. elegans alone and in complex with guano-

sine diphosphate (GDP) and GDP-fucose. POFUT1 fucosylates

serine/threonine residues present in the EGF repeats of

Notch receptors, containing the consensus sequence C-X(4–5)-

[S/T]-C, which can be further modified with GlcNAc by Fringe

proteins. Similar to POGLUT1, POFUT1 is also a two-domain

protein with bab folds. The authors modeled EGF12 fromNotch1
Developmental Cell 41, May 8, 2017 231
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into the active site of POFUT1, noting excellent complementarity

between the two structures and reasonable proximity between

GDP-fucose in the POFUT1 active site and the modified threo-

nine residue in Notch.

Mechanotransduction of Notch Activation

Although the concept of a pulling force required for Notch activa-

tion has been around for nearly two decades (Kopan and Ilagan,

2009; Parks et al., 2000); however, only recently have studies

employed molecular force measurements to test this hypothesis

and directly measure the forces required for activating ligand-re-

ceptor pairs. A first attempt to measure the forces required for

Notch receptor activation was performed by Wang and Ha

(2013). To measure the force, they used double-stranded DNA

molecules as tension gauge tethers (TGT) designed to sustain

a defined level of tension before breaking apart. By presenting

cell lines containing a Notch-Gal4 reporter onto a plate-bound

TGT attached to the Dll1-ECD, they demonstrated that forces

as low as 12pN could trigger Notch proteolysis and reporter acti-

vation. Interestingly, the force required for activation of Notch is

significantly smaller than the force required for separating the

ligand-receptor pair (19 pN; Shergill et al., 2012). Recently, the

Ha group revisited the force requirements with an improved

approach (termed low TGT or LTGT) allowing them to map acti-

vation forces to a value between 4 and 12 pN (Chowdhury

et al., 2016).

Independently, Gordon et al. (2015) used another clever setup

to measure activation forces. By varying the distance between

samples and a fixed magnetic field, they applied pulling forces

to either a plate-tethered NRR domain or to Notch receptors ex-

pressed in live cells. In their assay, forces as small as 4–5 pN

were sufficient to enable cleavage of the NRR domain by

ADAM17, or to induce the activation of Notch receptors in live

cells. Furthermore, they show that force-induced signals can

be triggered even when the EGF repeats in the receptors and li-

gands are replaced by a synthetic FKBP-FRB binding domain.

This result established that the pulling force needed to unfold

the NRR can be applied directly to this domain, and indirectly

argued that allosteric interactions mediated by EGF repeats

are not needed: a force on the order of 5 pN is both necessary

and sufficient for NRR unfolding and for Notch activation. It is

important to note here that ADAM10, and not ADAM17, is

involved in activation of Notch receptor by their ligands in living

cells. The preferential activation of EDTA-unfolded NRR by

ADAM17 in cell culture reflects differential sensitivity to the inhib-

itory effect of EDTA: ADAM10 is inhibited, whereas ADAM17 is

not (Blobel, C., personal communication; Groot et al., 2013).

More recently, Seo et al. (2016) refined the use of magnets to

test the requirement of pulling force at the single-molecule level

in live cells. They used SNAP-tag chemistry to monovalently link

engineered Notch receptors (fused to mCherry) to magnetoplas-

monic nanoparticles (MPNs). This approach allowed pulling on

single beads, each attached to one receptor. Maneuvering a

magnetic atomic force microscope tip toward the cell surface

modulated the pulling force. The authors showed that at low

force (1 pN) they could cluster Notch receptors and move

them around as they followed the tip, but the intracellular

mCherry was not released, indicating that the NRR, and thus

the receptors, remained intact. In contrast, pulling Notch recep-

tors at a single spot with 9 pN force was sufficient to induce a
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release of mCherry. Next, they asked if clustering of receptors

or if complexing endogenous Notch with MPN conjugated to

Dll1-ECD (single- or multivalent Dll1-MPNs) could lead to activa-

tion at 1 pN. They concluded that neither clustering nor binding

of the ligand are sufficient to activate Notch, arguing again that

allostery is not required, nor does it facilitate, NRR unfolding.

Collectively, these experiments agree that forces between 4

and 9 pN are sufficient to unfold the Notch1 NRR in response

to Dll1, and demonstrate that the ECD of Notch and Dll1 does

not impact the magnitude of forces needed to directly fold an

NRR coupled to synthetic ligands.

While the force measurement experiments show that a 4–9 pN

force is sufficient to activate Notch, the identity of the in vivo

force generators that mediate receptor activation remain poorly

defined. It has long been suspected that ligand endocytosis can

serve as a pulling-force generator on the ligand side. However, it

was unclear whether the forces generated by ligand endocytosis

are within the 4–9 pN range. Weinmaster and her colleagues

(Meloty-Kapella et al., 2012; Shergill et al., 2012) demonstrated

that epsin- and clathrin-mediated endocytosis generated suffi-

cient force to activate Notch signals in vivo and in vitro (Me-

loty-Kapella et al., 2012). Using N1-Fc tethered to beads and

optical tweezers they measured the endocytic pulling forces

exerted by Dll1-expressing cells. The forces averaged around

�3 pN, but reached up to 10 pN, consistent with the pulling

forces required for Notch activation for some, but not all

Notch-Dll1 pairs. They also confirmed that inhibiting endocytosis

reduced the forces exerted on the tethered beads (note that

similar forces applied by the simultaneous endocytosis of Notch

in receptor-presenting cells could add to the overall force

experienced by receptor-ligand pairs). Membrane rigidity in

Notch-expressing cells could also modulate the level of force

in the system, with cells with pliable membranes expected to

experience less pulling force than cells with rigid membranes.

A prevailing hypothesis is that efficient endocytosis (and

thereby force generation) is enabled by the ubiquitylation of the

intracellular domain (ICD) of Notch ligands by Mind bomb (or

Neuralized in flies). While it is still unclear why DSL ligands excel

in activation after ICD ubiquitylation, it is clear that ubiquitination

by Mib and Neur remains an important regulatory step control-

ling Notch ligand activity. A recent study from the Blacklow lab

provided structural insights into how Mind bomb1 (Mib1) binds

the ICDs of ligands to promote their monoubiquitination by solv-

ing the X-ray structure of mammalian Mib1 alone and in complex

with peptides corresponding to Jag1 and Delta (Guo et al., 2016;

McMillan et al., 2015). At its N terminus Mib1 consists of five

elements: two Mib-Herc2 domains separated by ZZ zinc-finger

domain (forming the MZM), followed by tandem Mib-repeat do-

mains (REP) (Figure 1). C-terminal to MZM-REP are an ankyrin

repeat domain of unknown function and three C-terminal ring do-

mains that recruit the E2 ubiquitin-conjugating enzyme. Unex-

pectedly, the 3D structure of both theMib-Herc2 andMib-repeat

domains of Mib1 is similar to an SH3 domain despite lack

of sequence conservation. Through its N-terminal region, Mib1

binds two short, well-conserved and discontinuous regions on

the intracellular tails of DSL ligands: a membrane proximal

N-box sequence and a less-conserved C-box sequence

separated by approximately 70 residues (Figure 1). MZM-REP

crystals soaked with peptides that correspond to the N-box
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sequence of Jag1 and Delta show that the N-box binds a highly

conserved surface patch on the first Mib-Herc2 domain of Mib1.

The authors were unable to determine the X-ray structure of

MZM-REP bound to peptides corresponding to the C-box.

However, using a combination of structural inferences and

biochemical/biophysical binding studies, they showed that the

Mib-repeat domains are involved in binding the C-box region

of DSL ligands. Notably, cell-based assays show reduced but

significantly higher-than-background activation by a Dll1 ligand

lacking its ICD (see, for example, Gordon et al., 2015). Moreover,

it has been shown that synthetic Notch receptors in which the

ECD was replaced by monoclonal antibodies can be activated

by ligands without an intracellular tail, and thus without ubiquity-

lation (Morsut et al., 2016). Why, then, is ubiquitylation required?

And how does it mechanistically contribute to endocytosis?

While endocytosis is the best candidate for the pulling-force

generator, other force-generating mechanisms have been

proposed. Recent evidence suggests that Notch signals can

be transduced through filopodial contacts (Cohen et al., 2010;

Hunter et al., 2016). Since endocytosis does not occur in filopo-

dia, a potential pulling-force generator could be the active trans-

port mediated by molecular motors (Kerber and Cheney, 2011).

Other alternative candidates for producing a pulling force are cell

migration and shear stress generated by blood flow (Theodoris

et al., 2015), although there is no detailed study on the forces

exerted by such mechanisms. Nevertheless, multiple force-

generating mechanisms in addition to endocytosis are likely to

be capable of activating Notch signaling in vivo.

Spatial Organization and Cell Morphology Dependence

in Notch Signaling

An emerging topic in recent years in the Notch field has been the

spatial organization of Notch receptors and ligands and the ef-

fect of cell and tissue morphology on signaling. This effort has

been focused at two levels: the spatial organization of Notch re-

ceptors and ligands at the subcellular level, and the effect of

cellular and tissue morphology on Notch signaling and Notch-

mediated patterning.

Work from the Schweisguth lab provided insight into the

complex regulation of Notch receptor distribution during the

asymmetric cell division of the sensory organ precursor (SOP)

in Drosophila (Couturier et al., 2012, 2013). Using live tissue

imaging of endogenously tagged Notch-GFP, Couturier et al.

showed that, during SOP cytokinesis, Notch is localized at the

apical interface between the two daughter cells (pIIa and pIIb),

restricting Notch signaling to operate exclusively between these

two cells. Furthermore, they showed that the Notch inhibitor

Numb, in complex with Sanpodo, regulates the asymmetric

distribution of Notch at the cell junction required for the specifi-

cation of the pIIa and pIIb fates. In their more recent paper

(Couturier et al., 2013), the authors further show how directional

recycling of Sanpodo-containing endosomes regulates this

asymmetric distribution of Notch. These findings highlight the

important role of regulation of the membrane distribution of

Notch receptors and ligands.

Another nice example for the effect of local distribution of

Notch receptors and ligands on asymmetric cell division was

recently described by Akanuma et al. (2016). In this work the au-

thors show that the asymmetric division of the V2 neural progen-

itor cells in the developing zebrafish nervous system is affected
by variations in cell shape. They suggest that the DeltaC ligand is

asymmetrically enriched to the more elongated side of the V2

cell, creating a bias in ligand concentration that is maintained

during mitosis. This bias in local DeltaC concentration is trans-

lated to a bias in Notch signaling that is sufficient to define

distinct cell fates for the two daughter cells.

In addition to localization of Notch receptors/ligands, the

morphological properties of contact area between cells may

also contribute to Notch signal strength. While Notch receptors

and ligands are often described in the context of apical junctions

in epithelial layers (as in the SOP case described above), there

are multiple examples for other junction morphologies, including

in sprouting angiogenesis (Jakobsson et al., 2010), the germline

stem cell niche in C. elegans (Byrd et al., 2014; Lee et al., 2016),

and the immune synapse (Luty et al., 2007). Recent years have

seen a growing interest in the role of cellular protrusions such

as filopodia or cytonemes in various developmental processes

(Kornberg and Roy, 2014). Several authors have suggested

that Notch signals can be mediated by such filopodia in various

contexts. Studies from the Baum lab proposed that Notch

signaling through dynamic basal protrusions is important

in SOP patterning in Drosophila (Cohen et al., 2010). It was

also suggested that signaling through filopodia allows for an

extended range by which prospective SOPs can inhibit neigh-

boring cells, thus allowing for larger spacing between SOP cells.

More recent work by Hunter et al. (2016) suggests that differ-

ences in the level of signaling between SOP and its direct (cells

that share apical contact) and indirect neighbors (cells in contact

through filopodia) are important for ordered and timely progres-

sion of SOP patterning. However, a recent paper by Troost et al.

(2015) provides evidence against the filopodial model of SOP

patterning, showing that only cells adjacent to the SOP receive

inhibitory Notch signals. Hence, more direct evidence is needed

to resolve this controversy.

Two recent studies on pigment patterns in zebrafish provided

evidence that Notch signaling can also be transduced through

cellular protrusions in vertebrates. Hamada et al. (2014) showed

that Notch signaling provides the long-range survival signal

from xanthophores (bright pigment cells) to melanophores

(dark pigment cells) in adult skin patterns. They suggest that

these signals are mediated by long protrusions extended from

the melanophores to the xanthophores. Interestingly, they pro-

posed that Notch signaling through protrusions in this system

can serve as a long-range signal for a Turing-like patterning pro-

cess that underlies the formation of stripes. More recently, Eom

et al. (2015) used time-lapse microscopy in zebrafish to show

that fast-moving projections, termed airinemes, are extended

from melanophores. These airinemes, which contain both actin

microfilaments and microtubules, carry the Notch ligand Delta

and are stabilized upon interaction with xanthophores. Interest-

ingly, no airinemes were observed in melanophores of Danio

albolineatus, which lack striped patterns. We note, however,

that there is still no direct evidence for Notch signaling through

filopodia, nor a potential mechanism for how Notch can be

activated by ligand-bearing filopodia (see discussion in section

on Notch mechanotransduction).

The question of how different contact geometries affect Notch

signaling and Notch-mediated patterning was recently treated

both theoretically and experimentally in two studies by Khait
Developmental Cell 41, May 8, 2017 233
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et al. (2016) and Shaya et al. (2017). In the first study, Khait et al.

analyzed the interplay between membrane dynamics and con-

tact geometry. Two possible scenarios were identified: for rela-

tively large contact areas and/or slow diffusion (e.g., in epithelial

contacts), signaling strength is expected to be proportional to

the contact area. By contrast, for relatively small contact areas

and/or a fast diffusion regime (e.g., filopodia) signaling strength

should be independent of contact area but dependent on the

diffusion length scale of Notch receptors and ligands. Based

on FRAP-TIRF measurements of Dll1 diffusion and endocytosis

rates, the authors showed that the transition between the two re-

gimes is expected to occur for contact diameters on the order of

1–2 mm. To experimentally test this prediction, Shaya et al. (2017)

directly measured the dependence of Notch signaling on contact

area using a bowtie-shapedmicro-patterned device with a single

sender cell expressing Dll1 ligands and a single receiver cell ex-

pressing N1 receptors. Consistent with previous studies (Khait

et al., 2016), it was found that Notch signaling was proportional

to the contact width, for contact widths ranging from 1 to 40 mm.

But what is the developmental impact of the dependence of

Notch signaling on contact? Interestingly, modeling lateral inhibi-

tion while taking into account the dependence of signaling on

contact area predicts that smaller cells aremore likely to become

signal-producing cells. Consistent with this prediction, ligand-

producing hair cell precursors in the chick inner ear were found

to be smaller than their neighbors (Shaya et al., 2017). Thus,

cell morphology can influence the outcome of cell fate determi-

nation processes.

Proteolytic Cleavage and Charge Distribution at/below
the Membrane
The above structural and biophysical studies have revealed

significant new insights into the mechanisms of ligand-receptor

interaction and force generation. Force generation is required

for Notch receptor proteolysis with the g-secretase enzyme ulti-

mately freeing theNICDpolypeptide from themembrane and into

the cytoplasm. In a tour de force effort using single-particle cryo-

EM methods, the Yigong Shi and Sjors Scheres laboratories

determined the structure of the human g-secretase to 3.4 Å res-

olution (Bai et al., 2015a, 2015b; Lu et al., 2014; Sun et al., 2015).

g-Secretase is a 170 kDa integral membrane protein complex

required for the intramembrane S3 cleavage of many type I pro-

teins, including Notch and the amyloid precursor protein. It is

composed of four proteins, contributing 20 transmembrane

(TM) spanning helices. Either Presenilin1 or Presenilin2 provides

the catalytic domain. Pen-2 is required for maturation of Preseni-

lin; Aph-1a (or Aph-1b) is required for proper assembly of the

g-secretase complex. Finally, Nicastrin, which is not needed for

catalytic activity or substrate recognition (Zhao et al., 2010) is

involved in complex stabilization andperhaps substrate selection

(Li et al., 2014a). The cryo-EMdata showed that the 20TMhelices

adopt a horseshoe-like structure with a Presenilin and an Aph-1

molecule located in the center and the ECD of Nicastrin forming

a head domain that sits atop the hollow region of the horseshoe

(Figure 1). Aph-1 appears to function as a scaffold, supporting

the single Nicastrin TM helix and the flexible structure of Pre-

senilin. Notably, distinct g-secretase complexes are present in

different cell types. Loss of Psen2/Aph1b complexes is tolerated,

presumably due to a lesser role in Notch biology (Serneels et al.,
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2005). However, they may have unique disease-modulating

activity in specific subcellular compartments (Sannerud et al.,

2016). Interestingly, the aspartate residues required for intra-

membrane catalysis are located on the convex side of the TM

horseshoe, i.e., distal from the putative substrate binding region,

and are�10 Å apart, too far for catalysis. These findings suggest

that a substantial conformational change must occur in g-secre-

tase following substrate binding, possibly involving the two lobes

of Nicastrin, in order to bring the catalytic aspartates into align-

ment for proteolysis. In addition, the Shi lab determined the

g-secretase structure bound to the inhibitor DAPT (N-[N-(3,5-

difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; Bai

et al., 2015a). DAPT binds in a hydrophobic pocket near the Pre-

senilin active site, which results in a pronounced rigidification of

the Presenilin TM segments, but little to no structural changes

in Aph-1, Nicastrin, and Pen-2. This inhibitor may act by reducing

the likelihood of conformational changes needed for catalysis.

Another peptidomimetic inhibitor, compound E (S,S)-2-[2-(3,5-

difluorophenyl)-acetylamino]-N-(1-methyl-2-oxo-5-phenyl-2,3-

dihydro-1H-benzo[e][1,4]diazepin-3-yl)-propionamide), binds to

thePS1N terminus and induces a conformational change that re-

duces substrate binding at the substrate-docking site (Li et al.,

2014b). Interestingly, the authors identified a reciprocal allosteric

interaction between the docking site and the compound E bind-

ing site: a bound substrate paradoxically increased compound

E binding, and thus inhibition. The authors speculated that these

reciprocal interactions reveal the gating mechanism that under-

lies access of substrate to the catalytic site.

Free at Last: The Latest Insights on NICD Function in the
Nucleus
Once Notch is cleaved by g-secretase, NICD peptides are

released from the membrane. However, g-secretase generates

several NICD molecules with different compositions at their

amino termini. Molecules with an N-terminal Val or Met are long

lived, but other amino acids may be tolerated in a cell-type-spe-

cific manner. Immediately below the new amino terminus lies

the high-affinity Notch/RBPJ interaction domain containing the

WFP tripeptide. Structural studies reveal that a relatively short

N-terminal region around the WFP becomes ordered when

bound to CSL (Choi et al., 2012; Friedmann et al., 2008), but the

molecular properties of the entire RBPJ associated molecule

(RAM) linker region have been poorly defined. Between the

WFP region and the low-affinity ANK domain lies the RAM

domain; ongoing biophysical studies in the Barrick lab have

continued to provide insights into its structure and function.

NMR and analytical ultracentrifugation studies of RAM by Berta-

gna et al. (2008) and Sherry et al. (2015) have shown that theRAM

forms a compact intrinsically disordered protein that is stabilized

by electrostatic interactions. Using a series of insertion and dele-

tionmutationswithin this region, the authorswent on to show that

its length has been tuned to optimize formation of the activation

complex; shorter and longer versions ofRAM/ANK linker are defi-

cient in reporter activation assays. However, Sherry and col-

leagues also identified several regionswithin theRAM/ANK linker

that have stronger effects on activation than would be predicted

from polymer statistics. This finding suggests that deletion of

these regions has sequence-specific effects on the interactions

between CSL and NICD, likely changing the compaction of
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RAMand thereby indirectly affecting formation of theCSL-NICD-

mastermind (MAM) activation complex.

How Is Information Encoded in CSL Binding Sites within

a cis-Regulatory Module to Yield Cell/Target Gene

Specificity?

Notch, b-catenin, and Yap/Taz are transcription factors in the

sense that they regulate transcription, but none directly binds

DNA. Instead, all three seek DNA binding partners, and only

NICD associates with a single transcription factor, CSL (RBPJ

in vertebrate species). Studies across organisms revealed that

all cell types use this common core complex (CSL/NICD) to

mediate Notch transcriptional responses, and yet they often do

so in a largely cell-specific manner. How the same Notch signal

can regulate distinct sets of target genes within different cell

types has been a major area of study over the past two decades.

Although the events surrounding Notch target selection are still

shrouded in mystery, two main themes have emerged: (1) CSL

transcription factor binding site architecture, affinity, and combi-

natorial cis-regulatory logic differ between enhancers and are

likely to contribute to target gene specificity, and (2) CSL and

CSL/NICD can recruit a large number of additional chromatin

and transcriptional regulatory proteins to both positively and

negatively affect gene expression. Here, we review the contribu-

tion of each in generating Notch transcriptional responses.

Studies focused on defining how CSL DNA binding sites

contribute to transcription outputs have begun to shed light on

how orientation, spacing, affinity, and integration with additional

inputs by cis-regulatory modules (CRMs) shape Notch-depen-

dent contributions (Figure 2). Perhaps the best studied of these

parameters has been the Su(H)-paired-sites (SPS, or Su(H)-

paired-sites) that were originally described in the enhancer of

split E(spl) complex in Drosophila, and have been found in

CRMs of genes from insects to mammals (Bailey and Posakony,

1995; Hass et al., 2015; Liu and Posakony, 2012, 2014; Nellesen

et al., 1999). SPS sites consist of twoCSL sites that are found in a

specific orientation (head-to-head) and spacing (�15–17 nucle-

otides apart). Biochemical and structural studies revealed

that SPS sites can form cooperative complexes by recruiting

CSL/MAML/NICD to each CSL site with dimerization contacts

mediated by adjacent NICDmolecules (Arnett et al., 2010). Inter-

estingly, no such cooperative interactions have been described

for CSL/co-repressor complexes on SPS sites, suggesting that

target CRMs containing this CSL DNA binding site configuration

will likely behave differently than targets containing non-cooper-

ative CSL binding sites.

While originally described in the commonly regulated E(spl)

and Hes target genes, recent findings have described the pres-

ence of SPS sites within a variety of Notch targets. For example,

the mouseMyc (Herranz et al., 2014; Yashiro-Ohtani et al., 2014)

and Nrarp (Hass et al., 2015; Wang et al., 2014) genes are regu-

lated by SPS-containing super-enhancers. Hass et al. used a

DNA adenine methyltransferase (DAM) protein-complementa-

tion assay (called split-DamID or SpDamID) to identify many po-

tential dimer-dependent Notch targets. In this assay, the DAM

enzyme is split into two parts (D and AM) and fused to different

proteins binding within a complex (or in proximity to each other),

enabling reconstitution of an active DNA adeninemethyltransfer-

ase and labeling of the DNA strand to which they bind (Hass

et al., 2015). By fusing the D and AM components to separate
Notch wild-type or dimerization-deficient alleles, only genomic

regions that co-recruit at least two nearby CSL/MAM/NICD com-

plexes will complement DAM and methylate DNA. This assay

could distinguish between dimer-dependent SPS sites (which

were not labeled by the NICDR1947A/R1954A dimerization-deficient

pair, but are labeled by all other Notch-containing pairs) versus

two adjacent dimer-independent CSL sites (that were labeled

by all complexes including NICDR1947A monomers), enabling

the authors to use bioinformatic and reporter assays to confirm

the presence of two distinct SPS sites within the Nrarp Notch

target gene. Interestingly, and perhaps reflecting a general

rule, both Nrarp SPS sites contain only one high-affinity CSL

site and one low-affinity (also called cryptic) CSL site in the

preferred spacing/orientation. Genome-wide analysis of en-

riched SPS within the NICD/NICD SpDamID-labeled fragments

that were not labeled by dimer-deficient NICDR1947A molecules

indicate that many CRMs are likely to contain Notch dimer-

dependent SPS sites.

In addition to CSL binding site configuration, there is emerging

evidence that low-affinity CSL binding sites may be critical for

regulating cell-specific outputs (Ramos and Barolo, 2013; Swan-

son et al., 2010, 2011). For example, recent data on a Notch

target gene in theDrosophila eye demonstrates that CSL binding

affinity can affect cell-specific transcription downstream of

Notch. The sparkling (spa) enhancer, which regulates the expres-

sion of the Drosophila Pax2 gene in cone cells of the eye, con-

tains five CSL sites (none with the SPS orientation/spacing)

that contribute to Notch-dependent transcription. However,

none of the spa CSL sites matches the consensus-binding site,

suggesting they are all low-affinity sites. When Swanson et al.

changed the CSL sites within spa to the consensus sequence,

not only was the enhancer activated to higher levels in cone cells,

it was now expressed within additional Notch-dependent cell

types (photoreceptors) within the eye. Hence, at least in this

case, cell-type specific activation via Notch signaling required

low-affinity CSL sites.

Not surprisingly, endogenous Notch-dependent gene expres-

sion requires CRMs that contain additional transcription factor

binding sites. Perhaps the best known combinatorial code that

has been established for Notch targets is the SPS plus proneural

factor binding sites (called either E-box sites or P sites) found

in several E(spl) and Hes targets (Castro et al., 2005; Cave and

Caudy, 2008; Cave et al., 2005, 2011). Proneural factors are

basic-helix-loop-helix (bHLH) proteins that form homo- or heter-

odimers (typically with the ubiquitous E12/E47 proteins) on

CANNTGE-box sequences to activate gene expression and pro-

mote neurogenesis. Studies from the Posakony and Caudy labs

have shown that nearbySPS+E/P sites cooperate to yield strong

activation of E(spl)/Hes factors during lateral inhibition in the ner-

vous system. While the exact mechanism of integration between

proneural and CSL complexes is unclear, there is some evidence

that the N terminus of the Drosophila E-protein (daughterless)

can physically interact with Su(H) to stimulate transcription on

SPS-dependent reporters. This finding suggests a model where

nearby SPS and E/P sites recruit transcription complexes that

interact to synergize gene expression. However, it currently re-

mains unclear what the constraints (spacing, orientation, etc.)

are for the SPS+E/P sites tomediate this synergy. It also remains

unclear if this requirement is conserved in vertebrates.
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Figure 2. Regulating Transcription
(A) CSL (green) interacts with NICD (dark blue) through the high-affinity WFP tripeptide (hidden by RBPJ) and the low-affinity ANK domain, positioned at optimal
distance by the RAM domain. MAML1 (red) binds to the interface between the ANK and the CSL, and recruits the histone acetylases p300 (pink). P300 convers
H3K27 to H3K27ac, a modification enriched in enhancers. Details on specifically how the Notch TAD stimulates transcription are lacking.
(B) In the absence of NICD, the short-term consequences includes recruitment of Kdm5a to the chromatin and loss of H3K4me3. This is a reversible state.
(C) If CKII activity is low or absent, Mint/SHARP will instead recruit Kmt2D which will maintain chromatin in the permissive H3K27ac and H3K4me3 state,
bookmarking the site for future Notch-mediated activation.
(D) In cells lacking NICD and containing active CKII, RBPJ recruits phosphorylated Mint/SHARP, which binds to NCor. This complex is associated with histone
deacetylases (HDAC) that restore H3K27. The Ezh2 protein in the PRC2 complex than converts H3K27 to H3K27me3, establishing a repressed state propagated
further by removal of methyl groups from K4 by Kdm1b.

Developmental Cell

Review
Other transcriptional inputs have also been found in associa-

tion with CSL binding sites (Liu and Posakony, 2012, 2014).

For example, Runx binding sites were found to be associated

with potential CSL-regulated enhancers in a number of studies

in both Drosophila and vertebrates. Using the SpDamIDmethod,

Hass et al. (2015) found that many genomic regions bound

by NICD were highly enriched for nearby Runx binding sites.

Thus, these data support the idea that CRMs commonly inte-

grate both Runx and CSL inputs to regulate target gene expres-

sion downstream of Notch signals.

A well-studied example of Notch and Runx integration is the

regulation of the Bcl11b gene in T cells (Kueh et al., 2016; Li

et al., 2013; Rothenberg, 2012).Bcl11b transcription is regulated

by multiple transcription factors including Gata3, TCF1, Runx1,

and CSL/NICD. Aside from the fact that Gata3 and TCF7 (the

gene coding for Tcf1) are Notch targets, analysis of Bcl11b regu-

lation demonstrated a clear role for NICD as a frequency modu-

lator, the very function assigned to enhancer elements (Kueh

et al., 2016). To understandhowBcl11b is regulated in single cells

undergoing b selection, the investigators inserted a florescent
236 Developmental Cell 41, May 8, 2017
protein downstream of the Bcl11b transcript. Having demon-

strated the fidelity of their reporter, they noted three phases in

Bcl11b regulation: an early, pre-lineage commitment phase,

which required TCF1 and Gata3 (and thus indirectly required

Notch signals). This step prepared the locus for a second phase

that regulated the timing and frequency ofBcl11b expression and

was dependent on NICD binding. Importantly, whereas both the

activation and maintenance of a distant enhancer in cMyc in

T cells depended on the presence and concentration of NICD

(Herranz et al., 2014; Yashiro-Ohtani et al., 2014),Bcl11bmainte-

nance was independent of NICD concentration and instead

requiredRunx1,which regulated the amplitude ofBcl11b expres-

sion. Coupled with the ability of the Notch complex to recruit the

histone acetylase p300, chromatin modification in the vicinity of

the enhancer or, following looping in the vicinity of the promoter,

could contribute to this mechanism (Figure 2A).

However, it is less clear if the combination of Runx and CSL

binding sites is sufficient to yield specific outputs. In fact, the

thorough dissection of the spa enhancer in Drosophila suggests

that relatively simple combinatorial codes fail to adequately
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explain cell-specific responses to Notch signals. The early

studies by Banerjee and others suggested that the spa enhancer

integrates three different transcription inputs to yield cone-

cell-specific gene expression: the five low-affinity CSL sites

mentioned above, lozenge (a Runx homolog) binding sites, and

binding sites for the ETS transcription factors that are regulated

by receptor tyrosine kinase signaling (Flores et al., 2000). Inter-

estingly, cross-species studies revealed that the spa enhancer

from other Drosophila species evolved quickly and yet still

maintained cone-cell-specific expression when tested in Mela-

nogaster. Sequence analysis revealed that, while each of these

regulatory elements had relatively few blocks of sequence

conservation, they did all have CSL + Lz + ETS sites, suggesting

that this simple code could explain cone-cell-specific gene

expression (Swanson et al., 2010, 2011). Although Runx and

ETS sites are also co-enriched with RBPJ sites in vertebrate en-

hancers (Hass et al., 2015; Wang et al., 2011, 2014), synthetic at-

tempts to engineer enhancers containing CSL + Lz + ETS sites

failed to yield accurate gene expression patterns. Moreover,

Swanson et al. performed a thorough dissection of the Mela-

nogaster spa enhancer and found that changes in spacing

between sites can result in ectopic expression in inappropriate

cell types and that additional TF binding sites contribute to

cell-specific gene expression. Thus, while the combinatorial co-

des that are being uncovered have revealed conserved cooper-

ating factors required for proper Notch-regulated activity, we

still do not have a sufficient functional understanding of their inte-

gration to enable us to engineer and/or predict the behaviors of

these elements in vivo.

Lastly, while themajority of the studies above have focused on

the characterization of individual CRMs, genomic studies have

also begun to significantly impact our understanding of Notch

target selection and regulation. For example, while the affinity

of CSL to DNA is relatively modest (�60–1,000 nM; Friedmann

and Kovall, 2010; Torella et al., 2014) and does not change

in affinity or specificity when in complex with NICD in vitro (Del

Bianco et al., 2010; Friedmann et al., 2008), the in vivo NICD/

CSL complex appears to bind better to DNA than CSL alone.

Indeed, genome-wide analyses identified enrichment of CSL

at enhancers in both Drosophila (Skalska et al., 2015) and

T cells (Wang et al., 2014) after a short pulse of Notch stimulation.

HowNICD stimulates CSL DNA binding is currently unclear but it

could be through either enhanced dwell times on enhancers and/

or via chromatin acetylation (see below) and the opening of addi-

tional DNA binding sites within the CRM. However, we should

also note that, although NICD/CSL binds primarily to enhancers,

only a small fraction of all possible binding sites located within

available enhancers and open chromatin regions are bound by

this complex in flies (Skalska et al., 2015) or mammalian cells

(Hass et al., 2015; Wang et al., 2014). Hence, it still remains

largely unclear howCSL/NICD complexes select the appropriate

combinations of target genes within the genome.

NICD Maintains Gene Expression by Modulating the

Interactions with Chromatin and/or Modifiers

The above section deals largely with how the CSL/NICD com-

plex finds the appropriate target genes within the genome.

Another intriguing question is: once bound, how does the CSL/

NICD complex mediate an appropriate output? The large-scale

purification of NICD1 from human T-All cells (Yatim et al., 2012)
identified multiple chromatin modifiers as additional potential

partners, including the remodeling factor PBAF subunits BRG1

and PB1, the histone demethylase LSD1 (Curtis et al., 2011; Di

Stefano et al., 2011; Mulligan et al., 2011), members of the

Cohesin complex (Mah2,Pdd5A, Smc3,and Smc1A), the SWI/

SNF complex (Hltf,Snf2H), four members of the repressive

NuRD complex (Hdac1, Chd4, Gatad2B, and Rbbp4) and two

members of PRC1 (Ring1 and Rnf2). Interactions with repressive

complexes may help recruit NICD/CSL to closed chromatin

where CSL alone could not bind. Alternatively, these factors

are recruited to promoters that NICD helps repress.

In vertebrates, Bcl11b represents a locus that no longer

depends on active Notch signaling after expression is induced.

However, many T cell genes require NICD for their maintenance,

including Deltex, Hes1, CD25, and PreT (Liefke et al., 2010).

What happens to such NICD-regulated sites after NICD

turnover? Interestingly, transient inhibition of g-secretase in a

pre-T cell line resulted in loss of trimethylation of lysine-4 on

histone-3 (H3K4me3) in the vicinity of CSL binding sites, while

retaining these marks over the gene body. Methyl groups had

a half-life of about 5 hr (Liefke et al., 2010), corresponding to

�3 half-lives for the NICD protein. Investigating this phenome-

non, Oswald, Borggrefe, and their colleagues noted that once

NICD was degraded, RBPJ recruited the demethylase Kdm5a

that led to disappearance of active H3K4me3 near the transcrip-

tion start site (Figure 2B). Washing the inhibitor away within 24 hr

permitted reactivation of target genes with corresponding re-

methylation and accumulation of H3K4me3. This interaction is

conserved across species as the reduction in the Kdm5a

homolog Lid resulted in enhancement of Notch gain-of-function

in Drosophila (Liefke et al., 2010). Prolonged absence of

NICD was expected to allow recruitment of the adaptor Mint/

SHARP/SPEN. This large adaptor protein interacts with several

transcription factors, including Msx2 and RBPJ, to bridge be-

tween RBPJ and repressor proteins such as NCor/SMRT (Tsuji

et al., 2007; Yabe et al., 2007).

A recent study explored the Mint/SHARP/SPEN repression

complex in some detail and reported a surprising observation

(Figures 2C and 2D) (Oswald et al., 2016). The C-terminal

SPOC domain of the Mint/SHARP/SPEN protein bound to the

MLL4 activator complex via Kmt2D, a H3K4 methyltransferase

that generates H3K4me3 marks. The investigators found that

NCor does not bind to Mint/SHARP/SPEN unless it is phosphor-

ylated by CKII on a conserved LSDSD motif; once phosphory-

lated, NCor effectively compete with Kmt2D for Mint/SHARP/

SPEN binding. The recruitment of NCor represses transcription,

whereas the recruitment of the MLL4 complex to RBPJ-bound

regions enhances the retention of transcription-ready chromatin

(Oswald et al., 2016), reminiscent of reports that Mint enhanced

transcription mediated by Runx2 (Sierra et al., 2004).

These remarkable observations offer the following interpreta-

tion. On certain loci, a pulse of Notch activation releases NICD,

which increases the likelihood of transcription by a yet-to-be-

described mechanism. Once NICD degrades, several scenarios

may unfold consistent with selection of different, context-spe-

cific outcomes. First, factors like Runx1 could maintain expres-

sion (as with Bcl11b in T cells where Notch contributes to linage

commitment). Second, Kdm5A recruitment by RBPJ will remove

the methyl groups from H3K4 at specific sites. What follows will
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depend on the level of CKII activity. When CKII activity is low,

Mint/SHARP/SPEN will bridge Kmt2D with RBPJ, ensuring the

maintenance of H3K4me3 marks and maintaining the locus in

a transcription-ready state for the next round of Notch activation

(Figure 2C). By contrast, when CKII activity is high, Mint/SHARP/

SPEN will bridge NCor and its associated HDAC to RBPJ,

removing acetyl groups from H3K27AC at enhancers bound by

the RBPJ/NICD/MAML/p300 complexes (Figure 2D). The Ezh2

enzyme in the PRC2 complex may then methylate H3K27me3

to establish a repressed state. In parallel, demethylation of

H3K4me3 will continue to spread, mediated by another PRC2

complex protein, Kdm1B. One can imagine that following a divi-

sion, one daughter could be in a CK2LO regime and the other in a

CK2HI regime (perhaps exposed to a higher Wnt signal), altering

the epigenetic landscape of genes amenable to Notch regulation

and ensuring selection of different fates by daughter cells.

It is well established that CSL is needed to activate transcrip-

tion from all Notch target genes, but its role as a repressor is

less well defined. Moreover, the corepressors that bind CSL

to mediate repression, such as Hairless in Drosophila, and

Mint/SHARP/SPEN and KyoT2 (also known as Fhl1) in mam-

mals, appear to be divergent in different species. The Kovall

lab has used a combination of structural, biophysical, and

biochemical/cellular techniques to deepen our understanding

of how corepressors interact with CSL to prevent transcription

at Notch target genes (Collins et al., 2014; Yuan et al., 2016).

KyoT2 was identified in a yeast two-hybrid screen looking for

RBPJ binding partners. It is a multi-domain corepressor protein

that contains N-terminal LIM domains followed by a region that

bears sequence similarity to the RAM domain of Notch. This

RAM-like sequence of KyoT2 binds the BTD of RBPJ with

approximately 10 nM affinity (Collins et al., 2014). The RBPJ-

KyoT2 X-ray structure reveals that KyoT2 binds the BTD of

CSL in a similar fashion as RAM, suggesting that in the nucleus

KyoT2 is tethered to RBPJ via its high-affinity interaction to the

BTD (Collins et al., 2014). This likely serves to localize the

LIM domains at Notch target genes, which have been shown

to interact with components of the Polycomb repression

complex.

Hairless is the major antagonist of Notch signaling in

Drosophila. Hairless directly binds the fly CSL ortholog Su(H)

with high affinity and also interacts with the corepressors Grou-

cho and CtBP. Recently, Yuan et al. (2016) determined the X-ray

structure of Su(H)-Hairless bound to DNA. As predicted from

earlier studies, Hairless binds the CTD of Su(H) (Maier et al.,

2011). Surprisingly, Hairless binding induces a substantial

conformational change in CTD, which would preclude binding

by NICD or Mastermind. Despite their partially overlapping bind-

ing sites, based on the complex structure, the authors were

able to design mutations that affect Hairless binding, but leave

interactions with NICD and Mastermind largely unperturbed.

These mutants were characterized in Drosophila S2 cells and

in vivo assays in the fly, laying the groundwork for designing

and analyzing flies that are selectively defective in repression

or activation, but not both activities.

Unanswered Questions
Despite the progress, much remains to be learned about the

Notch signaling pathway. In addition to questions posed within
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this review, many others remain. For example, can different

ligands result in the selection of different targets, and, if so,

by what mechanism? Are all Notch targets activated stochasti-

cally (Lee et al., 2016) or are common targets such as E(spl)/

Hes bound preferentially? Why are some tissues/targets dose

sensitive but most are not? What is the role of SPS/dimerization

in Notch biology? What is the mechanism enabling force gen-

eration at an extended filopodia, and what role do they play

in vertebrate biology? How can NICD change the occupancy

of CSL on its targets? What specific function is performed by

NICD, and how does it fit in the transcriptional ‘‘logic’’ of a

given CRM? And, most pressing for the general public, how

can one safely and specifically modulate Notch signaling to

produce a desired therapeutic effect with minimal untoward

effects? How does ADAM10 recognize and engage the un-

masked S2 processing site in response to force? And how

does ADAM10 recognition in physiologic contexts differ from

pathologic recognition by ADAM17? The answers are within

reach, but not without continued investment in time and

resources.
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