The substrate repertoire of y-secretase/presenilin
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Abstract

The intramembrane protease y-secretase is a hetero-tetrameric protein complex with
presenilin as the catalytic subunit and cleaves its membrane protein substrates within their
single transmembrane domains. y-Secretase is well known for its role in Notch signalling and
in Alzheimer’s disease, where it catalyzes the formation of the pathogenic amyloid 3 (AB)
peptide. However, in the 21 years since its discovery many more substrates and substrate
candidates of y-secretase were identified. Although the physiological relevance of the
cleavage of many substrates remains to be studied in more detail, the substrates
demonstrate a broad role for y-secretase in embryonic development, adult tissue
homeostasis, signal transduction and protein degradation. Consequently, chronic y-
secretase inhibition may cause significant side effects due to inhibition of cleavage of
multiple substrates. This review provides a list of 149 y-secretase substrates identified to
date and highlights whether substrate cleavage was validated and characterized in vitro or
also in vivo. Additionally, the review lists the cleavage sites where they are known and
discusses the functional implications of y-secretase cleavage with a focus on substrates
identified in the recent past, such as CHL1, TREM2 and TNFR1. A comparative analysis
demonstrates that y-secretase substrates mostly have a long extracellular domain and
require ectodomain shedding before y-secretase cleavage, but that y-secretase is also able
to cleave naturally short substrates, such as the B cell maturation antigen. Taken together,
the list of substrates provides a resource that may help in the future development of drugs
inhibiting or modulating y-secretase activity in a substrate-specific manner.
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1. Introduction

Intramembrane proteases are a fascinating group of proteases that are buried within the lipid
bilayer of the membrane and cleave their substrates within or very close to their
transmembrane domains [1-3]. The best studied intramembrane protease in mammals is y-
secretase, because of its role in Alzheimer’s disease (AD), Notch signalling and Notch-
dependent tumors [4]. Besides y-secretase, the inframembrane proteases comprise signal
peptide peptidase (SPP) and its homologs, the signal peptide peptidase-like (SPPL)
proteases SPPL2a, SPPL2b, SPPL2c and SPPL3 as well as the rhomboid proteases, the
site-2-protease and the glutamyl protease Rce1 [3, 5].

With the molecular identification of y-secretase 21 years ago [6], both the AD-linked amyloid
precursor protein (APP) and Notch were shown to be substrates [7, 8]. y-Secretase inhibitors
were then developed as drugs targeting AD and Notch-dependent tumors [9]. Since then,
more than one hundred substrates and substrate candidates have been identified and,
continuously, more are being revealed. The last comprehensive reviews on y-secretase
substrates date back several years [10, 11], but numerous additional y-secretase substrates
have been identified since then. The purpose of this review is to provide an updated,
comprehensive list of the 149 y-secretase substrates identified to date with a special focus
on the recently identified ones. This review will highlight the degree of validation of the
substrates and indicate whether their cleavage by y-secretase was seen under
overexpression or endogenous expression conditions of the substrate and whether substrate
cleavage was detected in vivo and shown to be relevant for a physiological process. At the
beginning, we start out with a brief description of the subunits and the cleavage mechanism
of y-secretase.

2. Subunits of y-secretase

y-Secretase is a hetero-tetrameric protein complex consisting of one proteolytically active
subunit, presenilin (PS), and the three non-proteolytic subunits nicastrin, APH-1 (anterior
pharynx defective-1) and presenilin enhancer 2 (PEN-2) (Fig. 1). Two homologous genes
exist for PS, named PS1 and PS2, while APH1 is encoded by two homologous genes in
humans (APH-1a and APH-1b), with APH-1a being present as long (APH-1aL) and a short
(APH-1aS) splice form, and in rodents, there is even an additional APH-1 gene, APH-1c [12-
14]. Given the different possible subunit combinations, y-secretase is present in human cells
and tissues as up to six homologous complexes, containing either PS1 or PS2 and either
one of the three APH-1 homologs (APH-1aL, APH-1aS, and APH-1b) [12, 14]. The y-
secretase complexes differ in their subcellular localization, with PS1-containing complexes
found in different secretory pathway compartments including at the plasma membrane,
whereas PS2-containing complexes localize more to endosomes and lysosomes [15, 16]. As
a consequence, some substrates, such as PMEL and TRP-1, which localize to lysosome-
related melanosomes, are mostly cleaved by PS2-, but barely by PS1-containing y-secretase
complexes. Thus, it is possible that the six different y-secretase complexes generally have a
different, but probably overlapping substrate spectrum, but this still remains to be analysed
in more detail [15]. The relative abundance of the six y-secretase complexes may also differ
among cell types and tissues [17]. For example, it has been reported that microglia cells
predominantly utilize PS2, but not PS1 in the y-secretase complex [18].

Upon assembly of the heterotetramer in early biosynthetic compartments of the secretory
pathway, the PS subunit undergoes autoproteolytic cleavage within the large loop between



transmembrane domains 6 and 7, resulting in the active protease complex [6, 19, 20] (Fig.
1). y-Secretase is an aspartyl protease, where the two catalytically active aspartic acids are
located at amino acids 257 and 385 in transmembrane domains 6 and 7 of PS1, respectively
[6]. PS1 and PS2 also have a non-proteolytic function in calcium homeostasis, autophagy
and lysosomal acidification, which is reviewed elsewhere [21, 22] and not covered in our
review. The heterotetrameric nature of y-secretase was initially demonstrated functionally in
yeast [20], later by biochemical experiments [23-25], and finally in cryo-electron microscopy
studies with a high resolution of less than 4 A [26]. These structures, which are now also
available together with a substrate, derived from either Notch or APP [27, 28], demonstrate,
that the four y-secretase subunits form a horseshoe-like structure in the membrane (Fig. 2).
y-Secretase is known to exclusively cleave substrate transmembrane domains with a type |
orientation (Table 1) and this is also seen in the cryo-electron microscopy structure, where
the N-terminus of the substrate helix is oriented towards the luminal/extracellular membrane
surface and the C-terminus directed towards the cytoplasmic membrane boundary.

3. Cleavage mechanism of y-secretase

While PS, APH-1 and PEN-2 have multiple transmembrane domains, Nicastrin only has a
single transmembrane domain, which, however, is connected to a large extracellular domain,
which folds in such a way that it forms a lid-like structure on top of the membrane-buried
horseshoe structure of y-secretase (Fig. 2). This lid-like structure is essential for substrate
selection by y-secretase, because it helps to anchor the substrate in the complex [29].
Additionally, it sterically prevents membrane proteins with a long extracellular domain to fit
under the nicastrin lid, thereby excluding their direct cleavage by y-secretase [30, 31]. Yet,
nearly all known y-secretase substrates have long ectodomains (Fig. 2). As a consequence,
these membrane proteins undergo a first proteolytic cleavage by another protease, which
cleaves off the large ectodomain and generates a C-terminal fragment (CTF) with a
remaining ectodomain stub of typically not more than 50 amino acids. This cleavage in the
membrane-proximal juxtamembrane domain is referred to as ectodomain shedding and is
mediated by a diverse group of typically membrane-bound proteases, such as ADAM and
BACE proteases [32] that have their active site within their ectodomain and are able to
cleave the substrates within their ectodomain close to the membrane surface (Fig. 2) [32] .
Thus, when we refer to a membrane protein as being a substrate for y-secretase, it is
typically not the full-length form but the CTF of that protein that is the real substrate. The
combination of ectodomain shedding and subsequent intramembrane proteolysis, e.g. by y-
secretase, is seen for numerous membrane proteins, such as APP and Notch, and is
generally referred to as regulated intramembrane proteolysis (RIP) [1, 32]. Taken together,
y-secretase only cleaves substrates with a short ectodomain and a transmembrane domain
of type | orientation.

Notably, one substrate, the B cell maturation antigen (BCMA), is directly cleaved by y-
secretase without a prior requirement for ectodomain shedding. This is possible because the
ectodomain is naturally short with only 54 amino acids in the human sequence. At present, it
is not known whether more naturally short substrates exist for y-secretase. Interestingly, the
APP-homolog APLP1, which has a long ectodomain was recently suggested to be directly
cleaved by y-secretase, at least to a small extent, whereas such a direct cleavage was not
observed with APP and the other homolog APLP2, which both require prior ectodomain
shedding before being cleaved by y-secretase [33-35]. How the long ectodomain of APLP1
bypasses the strict length requirements imposed by nicastrin remains unclear, but this



demonstrates that the cleavage mechanism of y-secretase appears more complex than what
is known and requires more research to be better understood.

In fact, while 149 membrane proteins (discussed in section 4) have been shown to be
cleavable by y-secretase, the exact cleavage mechanism has only been studied for few of
them, most notably APP and Notch. From the available cryo-electron microscopy of the
substrate-bound y-secretase [27, 28] it is assumed that the helical substrate transmembrane
domain unwinds at its C-terminus, where it gets cleaved by y-secretase (referred to as the e-
cleavage site), leading to release of the intracellular domain (ICD) into the cytosol (Fig. 2).
ICDs may act as signalling molecules, at least in the case of some substrates, such as
Notch [8], or may simply be further degraded. The remaining membrane-bound fragment
then further unwinds its helical transmembrane domain in a stepwise fashion and is further
truncated by about 3 amino acids (one turn of a transmembrane domain helix, termed -
cleavage) in each step. This carboxypeptidase-like activity of y-secretase proceeds until the
enzyme-substrate complex is not anymore stable enough, because the remaining part of the
transmembrane domain is shortened and can slip out of the membrane [36]. This last
cleavage (termed y-cleavage), thereby gives rise to a short, secreted peptide (Fig. 3). In
case of APP this is the AP peptide (Fig. 2). In agreement with the stepwise cleavage
mechanism there are Ap peptides of different length, ranging mostly from 37 to 43 amino
acid (Ap37-43), with the longer ones (AB42/43) being the pathogenic species in AD. In most
familial forms of AD with a dominant inheritance, mutations in PS1 or the substrate APP
interfere with efficient cleavage from the e- to the y-site [37]. As a result longer Ap peptides
are generated, resulting in an earlier onset of AD (for a review see [38]). Mechanistically,
the AD-linked mutations decrease the stability of the enzyme-substrate complex, so that
substrate dissociation may occur prematurely, effectively leading to longer, and thus, more
toxic AP peptides [39, 40]. Additionally, it is known that experimental mutations within the
APP-transmembrane domain affect either the e-cleavage or the subsequent trimming
towards the y-cleavage site and thus affect the ratio of short versus long Ap (e.g. [41-46]).
This demonstrates that the transmembrane sequence of a substrate has a significant
influence about whether and how it is cleaved by y-secretase. A more detailed review of the
cleavage mechanism of y-secretase has been published elsewhere [47].

Taken together, a wealth of biochemical and now also structural data provided exciting
insights into the cleavage mechanism of y-secretase. However, because most studies
focused on only few substrates — in particular APP and Notch —, crucial points in the
mechanism are still not well understood, such as how substrates are recognized by y-
secretase and then transferred to the active site and whether different substrates use the
same or different mechanisms. A better understanding of these topics requires a more
comprehensive knowledge of the spectrum of y-secretase substrates and their cleavage
patterns by y-secretase.

4. Substrates of y-secretase

During the past 21 years since the discovery of the molecular identity of y-secretase, 149
membrane proteins have been shown to be cleavable by y-secretase and, thus, can be
considered as the currently known y-secretase substrates (Table 1). This total number
comprises the membrane proteins listed in a previous review in 2011 [10] plus the results of
a Pubmed search for the years 2010 until 2019 for the keywords “gamma secretase AND
(substrate OR shedding OR cleavage)’. While a few of these substrates were identified in



proteomics and candidate screening studies (e.g.[48]), most of the membrane proteins were
identified by individual candidate approaches.

The criteria to define a membrane protein as a substrate of y-secretase varied throughout
these studies. Some studies used a single criterium, others used multiple criteria. Most
studies blocked y-secretase activity in cell lines pharmacologically or genetically and
monitored by immunoblot analysis the accumulation of the substrate CTF, which results from
the inhibited CTF cleavage. This is a popular approach (see Table 1), because antibodies
are often available to the cytoplasmic tail of a given membrane protein. However, detection
of the cleavage products — the ICD and the short, secreted peptide (Ap in case of APP) —is
mostly more difficult. The ICD is typically short-lived and, thus, present at very low
concentrations. An inhibition of the proteasome or of insulin-degrading enzyme was used in
some studies to stabilize and visualize the ICD (e.g.[49]) . The short, secreted peptide is
often not detected, simply because no suitable antibody is available for this short peptide.
One way around this limitation is the expression of the CTF — and not the full-length protein
— with an N-terminal epitope tag, which then allows detection of the short, secreted peptide
(e.g. [50, 51]).

The different substrate identification strategies have their advantages and limitations. Thus,
for an initial screen of several substrate candidates it may be sufficient to only consider one
of the above criteria, but if a substrate is studied in more detail, its cleavage by y-secretase
should be investigated by different of the above approaches. Ideally, substrate cleavage
should also be confirmed in an in vitro assay, where different approaches are feasible. For
example, it is possible to use a) purified y-secretase and/or substrate or b) detergent-
solubilized membrane fractions containing endogenous y-secretase isolated from cultured
cells [23, 25, 52, 53], or ¢c) membrane fractions from (transfected) cells which can be
incubated in vitro [54-56].

Another method to inform about whether a protein is cleaved by y-secretase or not, is the
determination of the cleavage site, which should be within the substrate’s transmembrane
domain. Cleavage sites have so far been determined for a subset of substrates (Table 2),
mostly by Edman degradation, where single amino acids from the N-terminus of a peptide
are sequentially removed and identified, or by matrix-assisted laser desorption-ionization
(MALDI) mass spectrometry, which allows to measure exact peptide masses. Such analysis
can be done on both cleavage products, either the ICD or the short, secreted peptide, and is,
thus, able to give information about either the initial e-cleavage or the final y-cleavage. Mass
spectrometric methods even allowed to detect the products of the intermediate {—cleavages
[57].

Finally, it is highly desirable to show that a membrane protein is a y-secretase substrate not
only when the substrate is overexpressed, but also under endogenous expression conditions
of the substrate. While y-secretase is ubiquitously expressed, this approach requires a
suitable cell line or primary cell that expresses the substrate endogenously. Ideally, the
cleavage is also shown in vivo in tissue or it is demonstrated that the cleavage has a
physiological consequence.

Taken together, various experimental approaches are available to demonstrate that a
membrane protein can be considered as a substrate for y-secretase. Table 1 indicates which
of the above methods were used for the 149 known y-secretase substrates.

A comparison of the substrates reveals differences and commonalities among the
substrates. Clear differences are seen in the wide range of physiological functions of the -



secretase substrates and their cleavage fragments (discussed in the next section) as well as
in their amino acid sequences, including within the transmembrane domain. But there are
also commonalities as discussed above, such as a short extracellular domain and a type |
orientation in the membrane (Table 1).

Notably, some substrates in the table are annotated as having a membrane orientation other
than type I. While they may appear to break the general rule for y-secretase substrates to
have a transmembrane domain with type | orientation, these proteins in fact are not against
the rule because of the following reasons. A type Ill membrane protein has the same
orientation as a type | membrane protein with the only difference that it lacks an N-terminal
signal peptide. One such y-secretase substrate is BCMA [58]. Type IV membrane proteins
are multipass membrane proteins. One example is neuregulin-1 type Il (NRG1) which has a
hairpin loop structure with two transmembrane domains. After shedding within the loop that
connects both TMDs, the protein consists of two single span membrane protein subunits.
One has a type | orientation and is further cleaved by y-secretase, whereas the other one
has a type Il orientation and is further cleaved by the distant presenilin homologs SPPL2a
and SPPL2b, which only cleave type || membrane proteins [59]. One type Il membrane
protein (GnT-V or MGATS5) was previously suggested to be a y-secretase substrate [60], but
this finding was corrected when it was discovered that GnT-V is instead cleaved by the
distant presenilin homolog SPPL3, which is known to cleave type || membrane proteins [61,
62].

In contrast to some proteases with high sequence specificity, such as trypsin or caspases, y-
secretase does not appear to have a unique sequence motif that is preferentially cleaved
and that would allow prediction of further y-secretase substrates (Table 2) [63]. Identification
of such a motif has been difficult because very few non-substrates of y-secretase have been
unequivocally established, such as integrin 1 [48], which would allow systematic sequence
comparisons between substrates and non-substrates. Despite the low cleavage specificity of
y-secretase, there is also evidence that mutations close to the ¢- or y-site can affect the
efficiency of y-secretase cleavage at either site, as shown for example for APP, but also
Notch [64], and as described above in the section on the cleavage mechanism, in particular
for APP.

5. Functions of y-secretase cleavage

The physiological functions of the full-length forms of y-secretase substrates vary strongly.
Because most substrates require ectodomain shedding before being further cleaved by y-
secretase, the function of the full-length proteins may not necessarily be affected by y-
secretase cleavage. Generally, it is assumed that y-secretase cleavage serves one of three
purposes or a combination thereof; a) signal transduction mediated by the released ICD or
b) secretion of a short peptide which may have a (patho-)physiological function or c)
degradation of the membrane-tethered CTF. The former is best exemplified by cleavage and
signalling of the Notch receptor [8, 65, 66]. Notch can be seen as a membrane-bound
transcriptional activator which requires y-secretase cleavage to become transcriptionally
active, e.g. during development [67]. Because hyperactivation of this signalling contributes to
tumorigenesis [68], y-secretase inhibitors are now used/tested for the treatment of Notch-
signalling-dependent tumors, such as leukemias [69, 70]. Other, more recent examples,
where y-secretase cleavage has functional consequences for a substrate, are described
further below and listed in Table 1.



In contrast to Notch, many other y-secretase substrates have short cytoplasmic domains
such that their ICD may not have a signalling function or, at least, not a known function.

Similar to the ICD, it is largely unknown whether the second y-secretase cleavage product,
the short, secreted peptide (Ap in case of APP), has a physiological function. In case of
APP, a potential physiological function of both A and ICD remain controversially discussed
[71]. However, ApB has an established pathophysiological function early in AD pathogenesis
and mutations in APP or PS1 or PS2 cause dominantly inherited forms of AD. Consequently,
y-secretase inhibitors have been developed and tested for AD treatment, but were
discontinued due to the occurrence of, most likely, Notch signalling mediated side effects
[72, 73]. Proposed beneficial functions for Ap include an antimicrobial role [74], and memory
regulation [75].

Given the large range of y-secretase substrates, it has been proposed that y-secretase
cleavage may also serve the function of protein degradation similar to the function of the
proteasome for cytoplasmic and nuclear proteins [76]. A CTF that arises through ectodomain
shedding cannot simply be extracted from the membrane and be degraded, e.g. by the
proteasome. Instead, it may be transported to the lysosomes for degradation. Alternatively,
y-secretase cleavage appears as an attractive mechanism to cleave within the CTF’s
transmembrane domain, which allows the ICD and the short, secreted peptide to be
released from the membrane and then be further degraded by soluble proteases. Yet, the
general function of y-secretase on CTF degradation has been questioned by a proteomic
study [48], which found that only few CTFs accumulated in y-secretase inhibitor-treated
HelLa cells. However, since then many more proteins were shown to be endogenous v-
secretase substrates (Table 1), so that a function of y-secretase acting as a CTF-degrading
enzyme still remains entirely possible.

Physiological and pathophysiological consequences of y-secretase cleavage, in particular of
APP and Notch, but also of other y-secretase substrates, have been described in previous
review articles [4, 11]. Thus, in the following we list selected y-secretase substrates identified
since 2011 and highlight how y-secretase cleavage controls their function. The
comprehensive list of y-secretase substrates and available information on the functional
outcome of y-secretase cleavage is found in Table 1, which lists the first paper describing y-
secretase cleavage of a given membrane protein and its functional implication.

5.1. Receptors with immune functions

The B cell maturation antigen (BCMA) is a surface receptor expressed on B cells, where it
activates NF-kB and allows survival of plasma cells after activation with its ligands BAFF or
APRIL. BCMA was found to be a naturally short y-secretase substrate [58]. Due to its short
ectodomain length of only 54 amino acids, it apparently directly fits under the nicastrin
domain, so that a shedding step prior to y-secretase cleavage is not required. The
physiological consequence of BCMA cleavage by y-secretase is two-fold. First, the released,
short BCMA ectodomain acts as a decoy receptor that competes with the membrane-bound
full-length BCMA for ligand binding. Second, y-secretase cleavage reduces the levels of full-
length BCMA. As a result of both processes, y-secretase cleavage reduces and thereby
controls the physiological BCMA-mediated NF-kB activation in vitro and survival of plasma
cells in vivo. Interestingly, pharmacological inhibition of y-secretase cleavage of BCMA is
now exploited in a clinical trial to improve the efficacy of BCMA-specific chimeric antigen
receptor (CAR) T cells in multiple myeloma [77]. The rationale behind this approach, which
has already been successfully tested in mice, is the following. y-Secretase inhibition blocks



release of the soluble, shed BCMA, which normally would inhibit CAR-T cell function.
Additionally, y-secretase inhibition increases full-length BCMA protein levels at the surface
[58], which in turn allows improved tumor recognition by the CAR-T cells.

Triggering receptor expressed on myeloid cells 2 (TREM2) is a major genetic risk factor of
AD [78]. Through association with the coreceptor DAP12, TREM2 acts as a cell surface
receptor controlling phagocytic activity of myeloid cells, such as microglia. The long
ectodomain of TREM2 is shed by ADAM proteases [79-81]. The resulting TREM2 CTF can
be further processed by y-secretase [82, 83], which controls in microglial BV2 cells the
extent of the inflammatory response [84] and TREM2-dependent calcium signalling and
phagocytosis [85].

Tumor necrosis factor (TNF) receptor (TNFR) signalling is a key pathway in inflammation,
and an established clinical target for inflammatory disorders. TNFR1 is the major receptor for
soluble TNF, which is released mostly from immune cells after proteolytic processing by
ADAMA17 [86, 87]. Ligand-bound TNFR1 can signal at two cellular localizations. At the
plasma membrane TNFR1 signalling activates the classical NF-«xB pathway and triggers a
prosurvival response, whereas in endosomes, TNFR1 signalling can lead to apoptosis [87,
88]. Similar to the ligand TNF, TNFR1 is also subjected to proteolytic processing by
ADAMA17 [86]. The resulting membrane bound TNFR1 CTF can be further processed by vy-
secretase, and this processing was shown to be important in TNF-mediated JNK/MAPK
activation and TNF-induced apoptosis [89].

5.2. Receptors and cell adhesion proteins in the nervous system

The close homolog of L1 (CHL1) is a transmembrane cell adhesion protein with essential
functions during development, most notably in axon guidance and growth cone collapse,
where it is recruited to the neuropilin 1 (NRP1)/plexin A receptor upon NRP1 stimulation with
semaphorin 3A (Sema3A). This stimulation induces shedding of CHL1 by BACE1 [90],
generating the CHL1 CTF, which in turn transmits the Sema3A signal to the neuronal
cytoskeleton, resulting in growth cone collapse in thalamic neurons in vitro. Inhibition of y-
secretase was found to enhance the CTF-dependent growth cone collapse [90],
demonstrating that y-secretase cleavage is a mechanism to control the signalling function of
the CHL1 CTF.

A Notch-like signalling mechanism was reported for the immunoglobulin and cell adhesion
receptors DSCAM and DSCAML1 [91]. Both are substrates for y-secretase and their ICDs
move to the nucleus where they are able to stimulate transcription of target genes involved
in neuronal differentiation, apoptosis and synapse formation. In primary murine neurons
expression of the ICDs impaired neurite growth and synapse numbers [91].

Neurexins (NRX) and neuroligins (NGLN) constitute two protein families and are central
interaction partners in synapse development [92]. They are trans-synaptic cell adhesion
proteins that may undergo shedding, for example by BACE1 and ADAM10 [93-95], or by
MMP9 [96]. All three neurexin family members as well as two out of five neuroligin
homologues are further subjected to y-secretase cleavage. Activity dependent processing by
sheddases and y-secretase was proposed to control synaptic autoregulation [97].

NGL-3, a recently identified y-secretase substrate, is also subjected to proteolytic processing
at synapses, where shedding and y-secretase cleavage are stimulated with induction of
long-term depression. These cleavages were suggested to regulate synaptic adhesion [98].



5.3. Additional substrates and functions of y-secretase

Candidate approaches and systematic screenings identified a number of receptor tyrosine
kinases (RTKs) as substrates for y-secretase and demonstrated that their cleavage may
provide a new signalling mechanism for these receptor tyrosine kinases, controlling cell
proliferation [99], but also chemoresistance in non-small-cell lung cancer cells, through
cleavage of AxI [100].

The oncogenic role is not limited to RTKs. CD147, also known as Basigin, is cleaved by y-
secretase, and the generated ICD induces Notch1 transcription in hepatocellular carcinoma
(HCC). The role of y-secretase cleavage was also tested in HCC xenographs, where y-
secretase inhibitor treatment together with Basigin antibody improved outcome compared to
antibody-only treatment [101]. Trop2 is a cell surface protein, overexpressed in many
epithelial cells. Upon y-secretase cleavage, Trop2-ICD acts through -catenin signalling and
promotes proliferation [102].

Additional y-secretase substrates were identified, such as seizure protein 6 (SEZ6), which is
genetically linked to schizophrenia, autism and AD [103, 104], as well as the TNFR
superfamily member DR6, which acts as a death receptor but also in peripheral myelination
[105, 106], and CACHD1 [107], that modulates voltage-gated calcium channel activity [108,
109]. While functions were identified for the full-length forms or the shed ectodomains of the
above proteins, it is not yet clear whether the generated ICDs have a signalling function or
are simply further degraded.

Taken together, for at least 61 of the 149 identified y-secretase substrates there is some or
good evidence for a functional consequence of their cleavage by y-secretase (Table 1). It is
well possible that functions will also be discovered in the future for some of the remaining
substrates.

6. Conclusion and Outlook

The function of a protease is determined by its substrates. For y-secretase the number of its
substrates is continuously increasing, reaching currently 149, and it is likely that this number
will increase further. A fundamental question that arises is whether — in principle — y-
secretase is able to cleave most or even all type | membrane proteins, provided that their
ectodomain length is short enough or is shed and that the CTF is found in the same place
where y-secretase is active in cells. At present little is known about non-substrates, i.e. type |
membrane proteins that are proven to not be cleaved by y-secretase. One such protein is
integrin B1 [48]. Although it does not appear to be a substrate for y-secretase, integrin g1 still
binds y-secretase as shown by immunoprecipitation. Another example is ICAM-5, also
known as telencephalin. PS1 interacts with ICAM-5 [110], but does not cleave it. Instead,
PS1 mediates the turnover of the ICAM-5 through the autophagy pathway, independent of
the catalytic activity of PS1 [111].

What exactly prevents the cleavage of the non-substrates is not known, but mutations within
a substrate’s transmembrane domain can affect the cleavage efficiency as discussed above.
Thus, we consider the possibility that y-secretase may accept most type | membrane
proteins as potential substrates, but that the cleavage rates may differ significantly, for
example based on the specific transmembrane domain sequence or even sequences
outside of the transmembrane domain. As a result, some proteins may be cleaved with such
slow rates that their cleavage by y-secretase is not meaningful in quantitative terms for
physiological processes in the cell. This would qualify such a protein effectively as a non-



substrate. In this context, it is important to note that y-secretase itself has slow cleavage
kinetics, as was shown for the two well-characterized substrates APP and Notch [30, 112].
Alternatively, more real non-substrates may be identified in the future, which would not be
cleaved even upon prolonged cleavage reaction times. Such non-substrates would be ideal
to compare their sequences and features to the ones of the real substrates and thereby
better understand which features are essential to make a type | membrane protein a
substrate for y-secretase. A detailed understanding would also help to develop safer,
substrate-preferring y-secretase inhibitors, for example for targeting specifically the cleavage
of APP in AD, but not of other y-secretase substrates, such as Notch [17].

Another open question for future studies relates to the functional consequence of y-
secretase cleavage. It will be interesting to see whether more ICDs and short, secreted
peptides have a physiological function or not. It will also be important to understand which of
the many y-secretase substrates identified in vitro are also functionally relevant in vivo.

An additional topic for further investigation is the substrate specificity of the up to six
individual y-secretase complexes. It will be important to see whether y-secretase complexes
with different PS or APH-1 isoforms have a generally different or overlapping substrate
spectrum. If the spectrum is different, the distinct complexes may be targeted individually for
the development of substrate-preferring y-secretase inhibitors as it is now tested for T cell
acute lymphoblastic leukemia [69].

Taken together, y-secretase is an unusual, but fascinating protease that is able to cleave at
least 149 substrates within their transmembrane domains. 21 years after the discovery of the
PS subunit of y-secretase an enormous amount of insight into the function and cleavage
mechanism of y-secretase has been gathered, and the enzyme is a major drug target for AD
and Notch-dependent leukemias. However, as this review demonstrates, much more still
needs to be understood about the substrates, their recruitment and cleavage by y-secretase.
This will allow a better mechanistic understanding of the function of this multi-purpose
enzyme in embryonic development and adult tissue homeostasis, and may pave the way
towards a targeted development of substrate-selective and, thus, safer inhibitors of y-
secretase.
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Figure 1: The four subunits of y-secretase. Presenilins (PS1, PS2) undergo
endoproteolytic cleavage within the loop between transmembrane domains 6 and 7, which
results in proteolytic activity of y-secretase towards its substrates [6, 19, 20]. Human PS1
and PS2 have 65% identity on the amino acid level, with most variability within the loop
regions. APH-1aL differs from Aph-1aS in the C-terminal tail, and human APH-1b is 57%
identical with human APH-1aL. Nicastrin has a large, glycosylated extracellular domain [30,
113]. Asterisks indicate the catalytic aspartic acid residues.
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Figure 2: y-Secretase substrate recognition and cleavage. y-Secretase forms a hetero-
tetrameric, horseshoe-shaped complex with one copy of each subunit. The subunits are
mostly buried within the membrane. An exception is Nicastrin. It has a large extracellular
domain that acts as a gatekeeper which only allows proteins with short ectodomains to be
transferred to the active site [30] and provides a mechanism to anchor the substrates in the
active site [29]. While the majority of substrates undergo ectodomain shedding to fit under
the nicastrin lid-like structure, a substrate with a naturally short ectodomain may be directly
cleaved by y-secretase without prior shedding [58]. The y-secretase cleavage releases the
intracellular domain (ICD) to the cytosol and a short secreted peptide to the extracellular
space.
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Figure 3: Processivity of y-secretase. After the ectodomain cleavage, the CTF fragment is
recruited to the catalytic site of y-secretase. The initial cleavage at the ¢-site, causes the
release of ICD. The remaining membrane bound part is then subjected to cleavages at the -

sites and continues to be processed, until the final cleavage at the y-site takes place, which
leads to release of an N-terminal peptide to the extracellular space.
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Table 1: List of y-secretase substrates. The table comprises membrane proteins listed in a
previous review in 2011 [10] plus the results of a Pubmed search for the years 2010 until
2019 for the keywords “gamma secretase AND (substrate OR shedding OR cleavage)”. The
information is collected from the papers that made the initial identification of the
corresponding substrate. Proteins are sorted alphabetically by their name. Be aware that
some proteins may have multiple names and, thus, may be at a different position in the table
than expected. For several substrates the cleavage by y-secretase was subsequently further
characterized, for example with regard to the cleavage mechanism, the functional
consequences or its in vivo relevance. These additional publications and their content are
not listed in order to not overload the table. In the detected product column, if no
experimental method (e.g. MEM or LUC) or condition (e.g. dnPS1 or PS1 KO) is indicated
next to the detected product, then the detection was made in the presence of y-secretase
inhibitors (GSls). Use of GSl is only indicated when it has been applied together with some
other method or condition. In this column, if two terms are connected with ‘and’, the
information in the following parenthesis is applied for both [e.g. CTF and ICD (PS dKO, GSI)
shows both CTF and ICD detected in PS dKO cells and in presence of GSI]. In the proposed
function column, if it is stated as ‘ICD by itself ...’, this shows that the ICD fragment was
expressed separately and the observation was done independent of y-secretase cleavage. In
the “Tissue/cell line” column, information about whether the endogenous protein being
studied or it has been exogenously overexpressed (including the method) has been
indicated within the parentheses. The following abbreviations are used in the table. #:
Cleavage has shown in vivo. **: Type | transmembrane protein. ***: Type Ill transmembrane
protein. ****: Type IV membrane protein. CTF: C-terminal fragment. dKO: double knock-out.
dnPS1: Dominant negative presenilin 1. E.: Endogenous protein. FL: Full-length. GSI: y-
Secretase inhibitor. ICD: Intracellular domain. IF: Immunofluorescence. IP:
Immunoprecipitation. LUC: Luciferase reporter. MEM: Isolated membrane incubation assay.
OE: Overexpression. Sec.Pep.: Short, secreted peptide. sECD: Soluble ectodomain. sT.:
Stable transfection. TD: Transduction. tT. : Transient transfection

Tissuel/cell line
Protein name | Organism Detected (Ovel_'expres- Proposed function of Ref.
Product sion/ cleavage
Endogenous)
Human
ACP2 (P11117) CTF MING (tT) - [114]
CTF,
Human Sef'CPSp" HEK293 (tT)
094985
Alcade ( ) (MEM) ICD by itself locate to
o Ica tem.a1 Sec.Pep. MEF (tT) nucleus and regulates | [50]
(Calsyntenin-1) CTF gene activation
Mouse (PS1/2 MEF (E)
(Q9EPL2) KO)
CTF, ICD Brain (E)
Alcadein 3 Human ICD )
(Calsyntenin-3) | (Q9BQT9) | (MEM) | HEK293(T) [50]
Alcadein y Human CTF, ICD )
(Calsyntenin-2) | (Q9H4D0) | (MEM) | HEK293(T) [50]
Mouse CTF N2a (E)
APLP1 (Q03157) | CTF (PSf1 Brain (E) [34]
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KO)

ICD
Human (LUC), HEK293 (tT)
(P51693) ICD
ICD (LUC) N2a (tT)
HEK293, SH-
Human sECD !
Y5Y (tT -
(P51693) SYSY (IT) [33]
sECD (IP) | SH-SY5Y (E)
CTF HEK293 (E)
Human ICD
(Q06481) (I_Igg), HEK293 (tT)
APLP2 ICD (LUC) N2a (tT) - [34]
CTF N2a (E)
Mouse
CTF (PS1 :
(Q06335) KO) Brain (E)
Mouse CTF Prlmary(/Er;eurons
apoER2 - [115]
(Q924X6) | CTF,ICD CHO (tT)
(LUC)
Mouse Primary neurons
. (P12023) | CTF AP (E) _ -
Human CTF A Primary neurons
(P05067) AP (TD)
H1299, A549,
AsPC-1, Panc-
1, Panc-28, LN-
CTF, ICD 18, LN-229 (E),
HEK293T (1T,
TD) ICD by itself locates to
Hela, nucleus, growth
Human CTE SGC7901, AGS, | promotion (OE in 3T3 | [100]
AXL (P30530) MDA-MB-231, cells), ICD
HCT116 (E) translocation to
CTF (PS nucleus (A431 cells)
dKO) MEF (TD)
. Cell-free
Activiy (Purified
y protein)
CTF MCF-7 (iT) [99]
Mouse CTF (PS
(Q00993) | dko, Gsly |  MEF(E) [100]
FL on
Human surface B cells, PBMC
(PS 1/2 (E), MEF (TD),
(Q02223) | o Gsl), | HeLa (tT)
. sBCMA Released sBCMA acts
BCMA Imm. as a decoy receptor [58]
splenocytes,
Mouse FL on
(088472) surface CD138+ plasma
cells, spleen
and bone
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marrow plasma
cells (In vivo)

CTF, ICD IMPE (TD)
Human ICD locates to
Betacellulin CTF A431 (E) nucleus, inhibits cell | [116]
(P35070) h
ICD (PS MEF (TD) IO
dKO)
Rat
(P26342) CTF COS7 (iT)
Human CTF HepG2 (E)
(Q03167) TGE-B2 sianali
Betaglycan Hamster r-B f'?.na ‘N9 [117]
(AOA3L7HB | CTF CHO (E) eguiation
54)
Mouse
(088393) CTF NIH-3T3 (E)
Mouse Primary neurons
CACHD1 (QBPDJ1) CTF (E) - [107]
Cadherin-6B Chicken
(Cad6B) (Q90762) CTF CHO (tT) - [118]
CTF, ICD COS7 (sT)
CTF
Mouse
CADMT1 (PS1/2 - [119]
(Q8R5M8) KO, NCT MEF (E)
KO)
CTF, ICD u87 (TD)
Human ICD ICD by itself locates to
CAR (P78310) | (PS12 |  MEF (TD) nucleus [120]
KO)
Nuclear translocation
of ICD, regulates
Notch1 expression.
CD147 Human SMMC-7721
L ICD CD147 Ab + GSI [101]
(Basigin) (P35613) () application treated
human HCC - Mouse
xenografts.
Human ICD by itself locates to
CD200 ICD Patient CLL (E) | nucleus and regulate | [121]
(P41217) .
TF expression
COLO 205,
K562, Jurkat
CD43 Human CTF (E), MCF-7, i [122
(Leukosialin) | (P16150) SW80 (sT) ]
CTF (PS1
KO, GSI) HEK293 (tT)
Hurman CTF, ICD U251MG (E)
CcDad (P16070) | CTF,ICD MEF (T) - [123]
(PS1 KO)
Human
CD99 (P14209) CTF HelLa (iT) - [124]
Mouse CTF
CSF-1R (P09581) (dnPS1) HEK293 (tT) - [125]
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CTF P388D1 (E)
CX3CL1 Human
(Fractalkine) | (P78423) CTF HEK293 (tT) - [126]
Human | CTF,ICD | HEK293 (tT)
CXCL16 - 126
(Q9H2AT) CTF MEF (tT) [120]
ICD
(LUC), HEK293 ({T)
Rat ICD
(Q63155) CTF
DCC (dnPS1), N2a (tT) - [127]
ICD
Mouse CTF (PS1 .
(P70211) K(()) Spinal cord (E)
CTF
(dnPS1,
Mouse GSl), ICD N2a (sT)
(61483) | (dnPS1, [128]
Dettar GSl, IP)
eta ICD (LUC) | HEK293 (tT) ;
Rat CTF
(P97677) | (dnPS1) CHO (tT) [129]
Murine | CTF, ICD MEF (TD) [130]
Desmoglein-2 (gng) CTF,ICD | HEK293 (sT) - [48]
CTF
oNER | fumen | @nesn) | MEFET) : 48]
) "CTF,ICD | HEK293 (sT)
DR6 (35215%%) CTF HEK293 (tT) ; [106]
CTF, ICD
(LUC, HEK293 (sT)
WB) I(iD locates to
Mouse nucleus, regulates
DSCAM (Q9ERCS) ICD (IF) SH_S_YSY (T) transcription in (91
_Primary neurons
ICD (IF) hippocampal
neurons (TF)
DSCAML1 (QI\RLE&) ICD (LUC) | HEK293 (sT) - [91]
CTF
Human (dnPS1) MEF (sT)
Dystroglycan | (h14118) | CTF,ICD | HEK293 (sT) - [48]
CTF HelLa (sT)
ICD binds to p-catenin.
Mouse CTF (PS Promoting
(P09803) | dKO) Embryo (E) disassembly of
) . adherens junctions
E-Cadherin CTF (PSH P [131]
Human KO, GSI) (ST, tT)
(P12830) [ ~1r |op | A431, HEK239

(E)
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ICD (IP) HCT-8 (E) ICD locates to
CH | FaDuE®) | itaion EpCAM:
Human CTF, ICD ICD expressin
EpCAM’ (P16422) (IP) HEK293 (sT) | HEKe3 graft to SCID | 1132)
Colon mice cause tumor.
ICD (IF) carcinoma Cleavage is PS2
(Human tissue) dependent.
Human
EphA2 (P29317) CTF MCEF-7 (tT) - [99]
CTF (PS
dKO, HEK293 (tT)
Rat GSl), ICD ICD promotes dendritic
EphA4 (D3ZZK3) (MEM) . spine formation [133]
Primary
CTF hippocampal
neurons (E)
Human
EphA5 (P54756) CTF MCEF-7 (tT) - [99]
Human
EphA7 (Q15375) CTF MCEF-7 (tT) - [99]
CTF (PS1 Brain (E
KO)
CTF (PS1
KO), ICD MEF (tT)
Mouse (MEM)
EphB2 (P54763) | CTF,ICD | HEK293T (TD) ] 1341
CTF and
(I\I/I(I;E[I:/I N2a (TD)
GSl)
Rat Primary cortical
EphB2 B2B9B0) | CTF neurons (E)
Human
EphB3 (P54753) CTF MCEF-7 (tT) - [99]
Human
EphB4 (P54760) CTF MCEF-7 (tT) - [99]
Human Growth promotion (OE
EphB6 ©o15197) | CTF MCF-7 (tT) in 3T3 cells) [99]
TF (P
Mouse CdK(())S MEF (E) ICD by itself locates to
(P52795) CTF Lung (E) nucleus
Ephrin-B1 Monkey CTF COS7 (E) [135]
Human ICP (in
(P98172) I\\/IIII\EIK/i) COS7 (iT)
CTF (PS1 :
KO) Brain (E)
CTF (PS1 :
Ephrin-B2 (F%%%%%) KO, GSI) MEF (E) 'CD;;::‘;T‘I}ﬁZ Stc | 1136
CTF, ICD
(dnPS1, HEK293 (tT)
GSl)
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Human CTF, ICD NIH-3T3 (sT)
ErbB4 ICD ICD locates to nucleus | [137]
(Q15303) (dnPS1) HEK293 (sT)
Human
F11R (QOY624) CTF MING (tT) - [114]
Mouse
FGFR3 (Q61851) ICD HEK293 (tT) ICD locates to nucleus | [138]
Human
FGFR4 (P22455) CTF MCEF-7 (tT) - [99]
Mouse
(P16882) CTF,ICD | 3T3-F442A (E) | ICD locates to nucleus
GHR . CTF and [139]
(Fﬁ%%m) ICD(PS | MEF (sT, TD)
dKO, GSI)
Human
GLG1 (Q92896) CTF MING (tT) - [114]
- Mouse :
GIuR3 (Q9Z2W9) ICD-like HEK293 (tT) - [140]
CTF
(dnPS1,
Hurman GSl), ICD CHO (sT)
HLA-A2 (P01892) (|I\r;”\5/:\\;|c)>, - [141]
Jurkat (E), B104
CTF (sT)
Human ICD by itself locates to
IFNaR2 ICD (LUC) CHO (tT) nucleus and repress | [142]
(P48551) ¢ oy
ranscription
Human
IGF-1R (P08069) CTF, ICD MEF (sT) - [143]
Human
IL11R (Q14626) CTF HEK293 (tT) - [144]
CTF and
] '%g1 HEK293T (tT)
Human (dn ’ IL-1R1 signalling
IL-1R1 GSI) . [145]
(P14778) CTE and regulation
ICD (PS MEF (tT)
dKO)
CTF
(dnPSH1,
IL-1R2 Human GSl), ICD HEK293 (tT) ) [146]
(P27930) (MEM)
CTF (PS
dKO) MEF (TD)
Human CTF HepG2 (iT)
IL6R CTF (PS - [147]
P 7
(P08887) dKO) MEF (TD)
Human CTF ICD by itself locates to
IR (dnPS1, HEK293 (tT) [148]
(P06213) Gsl), ICD nucleus
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Mouse

Primary neurons

(P15208) CTF (E)
Irelo (g;'gl%%) CTF Hela (tT) Nuclear translocation | [149]
Human :
Ire1 (Q76MJ5) CTF Hela (tT) Nuclear translocation | [149]
CTF
(G(ﬁ/III)EI\I/IC)D Embryo (E)
Jagged1 (Q6R:;t22) CTF - [129]
(dgl;IS)L CHO (tT)
ICD COS7 (iT)
CTF and
Human ICD
Jagged2 (Q9Y219) (dnPSH1, NIH-3T3 (sT) - [128]
GSl)
Human CTF, ICD B104 (sT)
KCNE1 (P15382) CTF HEK293 (tT) i [150]
(Flz/éo?;sé% ) CTF Cardio(rél)yocyte
Human
CCNE2 (QOY6.6) CTF, ICD B104 (sT) ] 150
Mouse CTF Primary cortical ]
(Q9D808) neurons (E)
CTF
Hurman (dnPS1, HEK293 (sT)
Klotho (QOUEF7) ((‘;_S“I:) - [151]
MEF (tT)
(dnPS1)
CTF and
L1 (Mﬂ%Z‘*?) ICD (PS MEF (E) - [152]
dKO, GSI)
CTF
(GSI), ICD CHO (sT) ICD locates to
P10588) | CTF (S " atenin mbciated
catenin mediate
LAR dKO CHO (tT) transcription [153]
dnPS1)
Rat Cortical neurons
CTF
(Q64604) (E)
Human
LDLR (P01130) CTF MING (tT) - [114]
CTF
(GSI), ICD
i (LUC, HEK293 (tT)
LRP1 (Q07954) C'|IY|IZE(I\|£)31 - [154]
KO), ICD N2a (tT)
(LUC)
CTF, ICD i
, HEK293 (tT ICD by itself locates to
LRP1b (ggu&agz) (LUC) ()| nucleus, leads tumor | [155]
CTF, ICD H4 (tT) suppression
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Human

LRP6 (075581) CTF, ICD CHO (sT) - [156]
: Opossum .
Megalin (QBEOK3) CTF Kidney (E) - [157]
Human
MER (Q12866) CTF MCEF-7 (tT) - [99]
Human CTF HeLa (E) Downregulation of
MET (FI:;)8581) CTF, ICD MDCK (E) receptor activity [158]
ouse
(P16056) CTF MEF (E)
CTF (Nct Uterine
Human SiRNA, epithelial cells
(P15941) GSI) (E)
MUC1 CTF ZR75, T47D (E) - [159]
Mouse Uterine
(Q02496) CTF eplthe(lllza)l cells
Human Growth promotion (OE
MUSK (015146) CTF HEK293 (tT) in 373 cells) [99]
Human ICD
(dnPSA1 HEK293 (E)
(P19022) MEM)
CTF (PS :
dKO) Brain (E)
N-cadherin IcD Neuronal [160]
cultures, N2a
Mouse (MEM) (E) ICD represses CREB-
(P15116) CTF (PS mediated transcription
dKO,
Gsl), ICD MEF (E)
(MEM)
CTF
(dnPSH1,
Nectin-1 Mouse GSlI), ICD CHO (sT) Cell junction [161]
« (QOJKF6) | (MEM) remodelling
Primary cortical
CTF neurons (E)
CTF, ICD
(PS1 KO, MEF (E)
. Mouse GSI)
Nectin-3 (Q9JLBOY) Rat - [162]
CTF, ICD hippocampal
neurons (TD)
MCF-7. 67NK ICD locates to
Human y nucleus, regulates
, (Q92859) ICD (), HEK293T transcription in
Neogenin (tT) [163]
neurons
Mouse :
(P97798) ICD Brain (E)
Neuregulin-1 (Q'\g%“;g& ICD (LUC) | HEK293 (tT) | Retrograde signalling | [164]
: Mouse B16F10,
Neuregulin-2 (P56974) CTF MC38CEA (sT) - [165]
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HEK293, COS

Rat CTF (tT) Regulation of synaptic
(Q63373) CTF Cultured function and
Neurexin-1-8* (dnPSH1, hippocampal processing of [166]
eure B GSI) neurons (E) neurexins at
glutamatergic
Mouse CTF (PS1 . :
(PODI97) KO) Brain (In vivo) synapses
CTF HEKZ(?% Ccos Regulation of synaptic
Rat CTE Cultured function and
N . 4 (Q63376) . processing of
eurexin-2- (dnPSH1, hippocampal . [166]
GSI) neurons (E) neurexins at
CTF (PS glutamatergic
Mouse KOs) Brain (In vivo) synapses
CTF HEK293T (tT)
CTF
(GSI), ICD CHO (sT)
(MEM)
Human CTF
(PS1/2 MEF (tT)
Neurexin-3-f3 (QOHDBS) KO) - [167]
ICD (LUC) HeLa (iT)
Cell-free
ICD (Purified
protein)
Mouse CTF Primary cortical
(Q8C985) neurons (E)
Rat ICD
(Q62765) (MEM) Adult cortex (E)
ICD Brain synapto-
- (MEM) neurosome (E) Regulates cell-surface | [95,
Neuroligin-1 Mouse CTF Primary neurons levels 96]
(Q99K10) = (E), COS7 (tT)
TF
(PS1/2 MEF (tT)
KO)
Rat ICD
(Q62888) (MEM) Adult cortex (E)
Primary neurons
- CTF
Neuroligin-2 Mouse — (E) - [95]
(QB69ZK9) | (ps1s MEF (tT)
KO)
OPC, HEK293
Mouse CTF ’
tT -
NG2 (Q8VHYO) (tT) [168]
ICD OPC (E)
) Rat Hippocampal Synaptic adhesion
NGL-3 (POCC10) CTF neurons (E) regulation during LTD [98]
ICD by itself supresses
Human SH-SY5Y (E),
NLRR3 (QOH3WS5) ICD SK-N-BE (tT) growth and promotes | [169]

neurite extension
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ICD (PS1

Primary neurons

) Mouse KO, GSI) (TD)
Notch-1 (Q01705) ICD (PSH MEF () ICD locates to nucleus | [8]
KO)
ICD
Mouse (dnPSH1, CHO (tT)
Notch-2 (035516) GSI) - [170]
ICD (LUC) MEF (tT)
ICD
Mouse (dnPSH1, CHO (tT)
Notch-3 (Q61982) GSI) - [170]
ICD (LUC) MEF (tT)
ICD
Mouse (dnPSH1, CHO (tT)
Notch-4 (P31695) GSI) - [170]
ICD (LUC) MEF (tT)
CTF
NPR-C (F'ﬁ’;%ﬂsé%) (dnPS1) MEF (sT) i (48]
CTF HEK293 (sT)
ICD (LUC)
(PS dKO, N2a (tT)
M GSI)
« ouse ICD
NRADD (Q8CJ26) (MEM) N2a (E) ICD locates to nucleus | [171]
ICD (LUC) BD (tT)
ICD NIH-3T3 (E)
Human RN22F (E),
p75 NTR (P08138) CTF, ICD HEK293 (sT) ICD locates to nucleus | [172]
Rat
PAM (P14925) CTF, ICD AtT-20 (sT) - [173]
CTF, ICD B16F10 (TD)
. Mouse CTF and -
Planp (Q6P1B4) | ICD (PS1 |  MEF (TD) 14l
KO, GSI)
Human
PLXDC2 (QBUXT1) CTF HEK293 (sT) - [48]
CTF
(GSI), ICD MNT1 (E)
Human (MEM) )
(P40967) ICD
Pmel17 (PS1/2 MEF (tT) [175]
KO)
Mouse
(QB60696) CTF B16F10 (E)
. PS1 KO MEFs :
Podoplanin Human ’ Cleavage is PS1
(PDPN) @ssyL7) | CTF HEK%?S'Pm specific [176]
ICD locates to
nucleus, transcriptional
Polycystin-1** Human ICD (LUC) HEK293 (tT) regulation of pathways | [177]
(P98161) . : . :
involved in proliferation
ICD LLC (sT) and apoptosis
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Human

Polyductin (PO8F94) ICD HEK293 (sT) ICD locates to nucleus | [178]
: Mouse PRIMA CTF nuclear
PRIMA (Q810F0) CTF CHO (tT) localization [179]
Protocadherin- (ng:\ln;a&) ICD, CTF | CHO (sT) i [180]
CTF (PS
Protocadherin- Rat dKo, SH-SYSY (T) | 1cp by itself locates to
ol @76718) |51 1CD nucleus [181]
Primary neurons
CTF, ICD (TD)
Protocadherin-y- Rat )

A1 (IBLBWE) CTF SH-SY5Y (iT) [181]
Protocacheriny- : Q'\gﬂ‘)‘(SYGS) CTF HEK293 (sT) - [182]
Protocadherin-y- Mouse C();'_I}I; (IIS ;) HEK293 (sT) ICD by itself locates to [182]

C3 (Q91XX1) dKO, GSI) MEF (E) nucleus

Protogenin (gggggg) ICD HEK293 (tT) | 'CP by r']tjf;:‘;fs"ates | 1183]
Human ICD by itself increases
PTK7 (Q13308) CTF, ICD | SW480 (tT, sT) oncogenic potential [184]
Rat ICD (IF,
Ptpr¢ (Q62656) WB) HEK293 (tT) - [185]
Mouse
PVRL2 (P32507) CTF MING (tT) - [114]
Human
RAGE (Q15109) CTF HEK293 (sT) - [186]
Human PLC/PRF/5 (E),
Robo1 (QOY6N7) CTF, ICD HEK293 (tT) ICD locates to nucleus | [187]
CTF
(dnPS1), HEK293 (tT) ICD locates to
Mouse ICD nucleus, activates -
(P35822) CTF and catenin mediated
RPTPx ICD (PS MEF (E) transcription [188]
dKO, GSI)
Human
(Q15262) CTF 768-0O (E)
Mouse CTF, ICD
RPTPu (P28828) | (PS dKO) MEF (E) - [188]
Mouse
SEZ6 (Q7TSK2) CTF HEK293T (sT) - [103]
Human
SEZ6L (QOBYH1) CTF MING (tT) - [114]
Human
SEZ6L2 (QBUXDS) CTF MING (tT) - [114]
THP-1,
Human CTF, ICD RAW264.7, NF-«B signalling
SIRPa (P78324) BEAS-2B (E) regulation [189]
ICD HeLa (iT)
Human CTF
SorCS1 (Q8WY21) | (dnPS1) MEF (tT) - [190]
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CTF

HEK293 (sT)

(MEM)
CTF CHO (sT) [191]
NT2 (E), CHO
CTF (sT)
(dgl;r;) MEF (tT) [51,
SorlA Human CTF ICD by itself locates to | 190,
(Q92673) (dnPS1 nucleus 191]
GSl), ICD HEK293 (sT)
(MEM),
Sec.Pep.
Human CTF HEK293 (tT)
Sortilin CTF - [190]
2
(Q99523) (dnPS1) MEF (tT)
Mass
Human Spectrom
Syndecan-1 (P18827) | etry (CTF HelLa (E) - [48]
with GSI)
Mass
Human Spectrom
Syndecan-2 (P34741) etry (CTF Hela (E) - [48]
with GSI)
ICD
MEF (sT
Human (MEM) T
(O75056) | Sec.Pep. MEF (TD)
Syndecan-3 I(C;_IE)F(I(‘FL)J;) HEK293 (tT) [192]
ouse | k0.Gs) | MEFE) | Reguates CasK
(Q64519) ICD Brain localization
(MEM) membrane (E)
. Human Regulates signalling
’ via degradation
Tie1 P35590 CTF, ICD HUVEC (E) i d dati [193]
Primary cortical
TkiB Mouse CTF neurons (E) ) [194]
(P15209) Primary cortical
CTF, ICD
neurons (TD)
Human HEK293, CHO
TMEFF2 (QOUIKS) ICD (sT), PC3 (tT) - [195]
CTF and
ICD
(dnPSH1, HEK293T (iT)
Human GSl) TNF-stimulated
TNFR1 (P19438) | CTF,ICD | MCF-7 (E) apoptosis [89]
CTF and
ICD (PS MEF (E)
dKO)
TREM? Human CTF, ICD HEK293 (tT) | Maintenance of proper [83]
(Q9NZC2) CTF (IF) COS7 (tT) TREMZ2 signalling
Human Growth promotion (OE
TRKA (P04629) CTF MCF-7 (tT) in 3T3 cells) [99]
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CTF

Prostate
(l.DS1/2 epithelial basal ICD Iocate.s to :
siRNA, (TD) nucleus. ICD signalling
M GSlI) through B-catenin
(QS%%SS\%) Functional interaction. Required
TROP2 assay LSCThi (TD) for protein's self- | [102]
(GSl and renewal and
mutants) proliferative effect.
ICD (IP) | TRAMP-C2 (TD)
Human Patient Prostate
Poa758) | 'CPUF) | cancer (E)
Human Growth promotion (OE
TYRO3 (Q06418) CTF MCF-7 (tT) in 573 calle) [99]
Primary
Tyrosinase Mouse CTF melanocytes (E) ) [196]
(P11344) | CTF (PS1 MEF (T)
KO)
Mouse Primary
TYRP1 (TRP1) (P07147) CTF melanocytes (E) ) [196]
Mouse Primary
TYRP2 (P29812) CTF melanocytes (E) ) [196]
CTF
Vasorin | Hamen, | (anpst) | MEF (D : 48]
CTF, ICD HEK293 (sT)
VE-cadherin (Fﬁ';g]%q) CTF HUVEC (E) - [197]
V(EFCIB_'T'T)- 1 (F'?ﬁ/l"[')”gg) ICD BRMEC (E) | Angiogenesis inhibition | [198]
Human Growth promotion (OE
VEGFR3 (P35916) CTF MCF-7 (tT) in 373 colls) [99]
Mouse CTF HEK293 (tT)
VGSCR | (per952) | icp N2a (tT) ' [199]
CTF
(dnPS1, CHO (tT)
Human GSl), ICD [200]
(060939) CEE(()';S ES cells (tT)
VGSC p2 CTF B104 (sT)
Primary cortical _
Mouse CTF neurons (E), Regulatllon of cell
(Q56A07) HEK293 (tT) adhesion and [199]
ICD N2a (tT) migration
VGSC B3 (Q'\QOB“;EZ) CTF HEK293 (tT) ; [199]
Primary cortical
Mouse CTF neurons (E),
VGSC p4 (Q7M729) HEK293 (tT) - [199]
ICD N2a (iT)
VLDLR (F'ﬁ’é%ﬂ%%) CTF COS7 (tT) i [201]
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Table 2: Identified major y-secretase cleavage sites. The table shows the substrates
which y-secretase cleavage sites have been experimentally determined. The sequences
comprise transmembrane domain (underlined), including the flanking 5 amino acid (in one
letter code). Asterisk (*’) signs indicate where cleavage sites were determined. Note that
only the major cleavage site(s) identified are indicated. Detailed cleavage sites including
alternative cleavage sites and (-cleavage events that are available for few selected

substrates (e.g. APP) are omitted. Cleavage sites that were only predicted based on

sequence similarity or mutational screening are not included in this table. Data from cellular
based cleavage assays are included if multiple sources exists (e.g.CD44).

Protein Name Sequence Ref.
Alcadein a. VVPSTAT*VVIVVCVSFLVEMIIL*GVFRIRAA | [202]
(Calsyntenin-1)

Alcadein B MIPSAATLII*VVCVGFLVLMVVLG*LVRIHSLH | [202]

(Calsyntenin-3)

Alcadein y SVVPSIAT*VVIIISVCMLVFVVAM*GVYRVRIA | [202]

(Calsyntenin-2)

APLP1 GVSREAVSGLLIMGAGG*GSLIVL*SMLLLRRKKP [ggii
APLP2 FSLSSSA*LIGL*LVIAVAIATVIVISL*VMLRKRQY | [35]
APP VGSNKGAIIGLMVGGVV*IATVIVITL*VMLKKKQY [3821

CD44 PQIPEWLIILASLLA*LALILAVCI*AVNSRRR [gggi
CSF-1R SLFTPVVVACMSVMSLLVLLLL*LLLYKYKQK | [209]
E-Cadherin LQIPAILGILGGILALLILILLLLLFL*RRRRA | [131]
EpCAM MQGLKAGVIAVIV*VVVIAVVAGIV*VLVISRKKR | [210]
EphB2 EKLPLIVGSSAAGLVFLIAVVVI*AIVCNRRG | [134]
GHR EEDFRFPWFLIIFGIFGLTVMLFV*FIFSKQQRI | [211]
IL-1R2 TTVKEASSTFSWGIV*LAPLS*LAFLVLGGIWMHRRCK | [146]
Neuregulin-1 LYQKRVLTITGICIAL*LVVGIMC*VVAYCKTKKQ | [59]
Notch-1 PAQLHFMYVAA*AAFVLLFFVGCG*VLLSRKRR 2[?31
Notch-2 PERTQLLYLLAVAVV*IILFIILLG*VIMAKRKRK | [213]
Notch-3 PSVPLLPLLVA*GAVLLLVILVLG*VMVARRKRE | [213]
Notch-4 ANQLPWPVLCSPVAG*VILLALGALL*VLQLIRR | [213]
p75 NTR GTTDNLIPVYCSILAAVV*VGLVAYIAFKRWNS | [214]
(F’F,Oggﬂ?”i” STVTLVGIIVGVLLAIGFIGAIIV*VVMRKMS | [176]
PTK? KMIQTIGLSVGAAVAYIIAVLG*LMFYCKKRC | [184]
Syndecan-3 ERKEVLVAVIVGGVVGALFAAL*VTLLIYRMKK | [192]
XE_%F)FH KSNLELITLTCT*CVAATLFWLLL*TLFIRKMKR | [213]

38




