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Abstract Proteolysis of transmembrane receptors is a critical cellular communication mechanism
dysregulated in disease, yet decoding proteolytic regulation mechanisms of hundreds of shed
receptors is hindered by difficulties controlling stimuli and unknown fates of cleavage products.
Notch proteolytic regulation is a notable exception, where intercellular forces drive exposure of a
cryptic protease site within a juxtamembrane proteolytic switch domain to activate transcriptional
programs. We created a Synthetic Notch Assay for Proteolytic Switches (SNAPS) that exploits the
modularity and unequivocal input/response of Notch proteolysis to screen surface receptors for
other putative proteolytic switches. We identify several new proteolytic switches among receptors
with structural homology to Notch. We demonstrate SNAPS can detect shedding in chimeras of
diverse cell surface receptors, leading to new, testable hypotheses. Finally, we establish the assay
can be used to measure modulation of proteolysis by potential therapeutics and offer new
mechanistic insights into how DECMA-1 disrupts cell adhesion.

DOI: https://doi.org/10.7554/eLife.46983.001

Introduction

Proteolysis of cell surface transmembrane proteins is a tightly regulated cellular mechanism that con-
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as cadherins, as well as receptors that respond to soluble factors, such as receptor tyrosine kinases
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Proteolysis not only provides a mechanism to break cell-cell and cell-ECM contacts to modulate
processes such as cell migration, but may also result in biologically-active fragments outside and
inside of the cell, such as the intracellular fragment of Notch, which translocates to the nucleus and
acts as a transcriptional co-activator (Bray, 2006; Struhl and Adachi, 1998; Struhl and Greenwald,
1999). Dysregulated proteolysis contributes to disease pathogenesis, for example, by causing accu-
mulation of pathogenic fragments such as the amyloid beta peptide implicated in Alzheimer’s dis-
ease (Goate et al., 1991; Scheuner et al., 1996), or removing epitopes required for normal cell
communication (Boutet et al., 2009; Groh et al., 2002; Kaiser et al., 2007, Waldhauer et al.,
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Modulation of proteolysis is a heavily pursued therapeutic avenue, aiming to either inhibit pro-
teases or prevent access to protease sites in a specific receptor. Many protease inhibitors have been
developed but have failed clinically due to significant off-target effects (Dufour and Overall, 2013,
Turk, 2006; Vandenbroucke and Libert, 2014). Conversely, relatively few examples of modulating
access to protease sites in specific receptors have been reported, despite the clinical success of the
monoclonal antibody trastuzumab (Herceptin) that was found to act, in part, by blocking proteolysis
of the receptor tyrosine kinase HER2 (Molina et al., 2001). Similarly, successful development of
modulatory antibodies targeting proteolysis of Notch (Agnusdei et al., 2014; Aste-Amézaga et al.,
2010; Falk et al., 2012; Li et al., 2008; Qiu et al., 2013; Tiyanont et al., 2013; Wu et al., 2010)
and MICA (Ferrari de Andrade et al., 2018) receptors have recently been reported. However,
although 8% of the annotated human transmembrane proteins are predicted to be shed from the
surface (Tien et al., 2017), mechanisms of proteolytic regulation that inform development of specific
modulators have remained elusive.

A relatively unique proteolytic regulation mechanism has recently come to light in which a stimu-
lus alters protein conformation to induce exposure of a cryptic protease site. For example, the
secreted von Willebrand factor (VWF) is cleaved in its A2 domain in response to shear stress in the
bloodstream, which regulates blood clotting (Dong et al., 2002). Transmembrane Notch receptors
also control exposure of a cryptic protease recognition site via the conformation of a juxtamembrane
domain called the Negative Regulatory Region (NRR) (Gordon et al., 2015; Gordon et al., 2009,
Gordon et al., 2007; Sanchez-Irizarry et al., 2004; Xu et al., 2015) to trigger Notch signaling
(Bray, 2006; Kopan and llagan, 2009) in response to ligand binding and subsequent endocytic
forces (Gordon et al., 2015; Langridge and Struhl, 2017, Parks et al., 2000). Crystal structures of
the NRR (Gordon et al., 2009; Gordon et al., 2007, Xu et al., 2015) reveal that the ADAM10/17
protease site is housed in a Sea urchin Enterokinase Agrin-like (SEA-like), with high structural homol-
ogy to canonical SEA domains of mucins (Macao et al., 2006; Maeda et al., 2004) but lacking the
characteristic autoproteolytic site. Canonical SEA domains of mucins contain a highly conserved of-
sandwich ferredoxin fold despite low sequence conservation (Macao et al., 2006). Notch’s SEA-like
domain was identified based on structural homology (Gordon et al., 2007) and a recent computa-
tional study identified several previously unidentified juxtramembrane domains predicted to exhibit
an SEA-like fold (Pei and Grishin, 2017).

The NRR normally exists in a proteolytic cleavage-resistant state in which the protease site is bur-
ied by interdomain interactions between the SEA-like and its neighboring domain but can be
switched to a protease-sensitive state when it undergoes a conformational change upon binding a
ligand on a neighboring cell and subsequent trans-endocytosis (Gordon et al., 2015; Parks et al.,
2000; Sanchez-Irizarry et al., 2004) or if it harbors disease-related mutations that destabilize the
domain (Gordon et al., 2009; Malecki et al., 2006, Weng et al., 2004).

Notch’s proteolytic switch has been exploited to develop conformation-specific modulatory anti-
bodies (Agnusdei et al., 2014; Aste-Amézaga et al., 2010; Falk et al., 2012; Li et al., 2008;
Qiu et al., 2013; Tiyanont et al., 2013; Wu et al., 2010) and harnessed for synthetic biology appli-
cations (Morsut et al., 2016) to turn on transcription in response to any desired cell-cell contact. For
example, Notch was engineered to respond to novel inputs and create custom responses
(Roybal et al., 2016). This SynNotch system has been applied to CAR T-cell therapy to require dual
antigen recognition for T-cell activation, increasing specificity. Thus, identification of additional pro-
teolytic switches is of great interest. However, despite the knowledge that several cell-surface recep-
tors harbor extracellular juxtamembrane domains with structural homology to Notch’s proteolytic
switch (Pei and Grishin, 2017) and that more than 100 receptors undergo a Notch-like proteolytic
cascade (Brown et al., 2000; Selkoe and Wolfe, 2007), other membrane resident proteolytic
switches have not been identified, in large part due to difficulties in studying proteolysis in most
receptors. For example, controlling the stimulus for receptors involved in homotypic interactions is
difficult and the signaling pathways modulated by cleaved intracellular fragments may not be
known.

A recent study showing that the known VWF proteolytic switch domain could functionally substi-
tute for the Notch NRR to facilitate Notch signaling in certain contexts in Drosophila (Langridge and
Struhl, 2017) inspired us to ask if we could exploit Notch signaling to discover new proteolytic
switches. We created a Synthetic Notch Assay for Proteolytic Switches (SNAPS) that harnesses the
modularity and precise control of Notch signaling (Gordon et al., 2015; Malecki et al., 2006;
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Roybal et al., 2016) to screen protease site-containing juxtamembrane domains of diverse cell-sur-
face receptors for their ability to functionally substitute for Notch’s proteolytic switch and induce
transcription in response to cell-cell contact. SNAPS uses the native Notch ligand-binding interaction
with DLL4 as the input and the Gal4 transcriptional response as the output (Figure 1A). Here, we
find that proteolysis regions of several receptors with structural homology to Notch can substitute
for the Notch ‘proteolytic switch’ and facilitate signaling in response to cell contact. Moreover, the
assay can be used to detect shedding of diverse receptors such as RTKs and cadherins. Finally, we
demonstrate that the assay can be used to screen modulators of proteolysis.

Results

SEA-like domains cooperate with adjacent domains to behave as
proteolytic switches

To determine if receptors bearing juxtamembrane domains predicted to be structurally homologous
to Notch could also function as proteolytic switches, we created chimeric receptors in which we
replaced the Notch NRR proteolytic switch domain with recently identified/predicted SEA and SEA-
like domains from other cell surface receptors and included relevant tandem N-terminal domains
(Figure 1B, Supplementary File 1). We hypothesized that other putative proteolytic switches could
functionally substitute for the Notch NRR and initiate a transcriptional response in response to con-
tact with a cell expressing DLL4. We also made a negative control chimera where the NRR was
replaced by the fluorescent protein mTFP. In the SNAPs assay, chimeric constructs together with
Gal4-responsive and control luciferase reporter constructs were transfected into U20S cells, co-cul-
tured with cells stably expressing Notch ligands, and luciferase activity measured in a high-through-
put format.

Surprisingly, we found that the ECM receptor dystroglycan and two protocadherins involved in
intercellular adhesion, Protocadherin-15 (PCDH15) and Cadherin-related protein 2 (CDHR2), could
functionally substitute for Notch's NRR (Figure 1C). These chimeric receptors signaled robustly only
in the presence of cells expressing DLL4, and the signal was abrogated by both a global metallopro-
teinase inhibitor (BB-94) and an inhibitor of the subsequent intramembrane y-secretase cleavage
event (y-secretase inhibitor; GSI). The putative cell adhesion molecules Trop2 and Cadherin-23
(CADH23) displayed a more moderate signaling activity in response to DLL4. Interestingly,
all of these receptors contain an SEA or an SEA-like domain in tandem with an N-terminal domain.
On the other hand, SEA/SEA-like domains without a structured neighboring domain, such as Mucin-
1 (MUC1) and receptor tyrosine phosphatase-related islet antigen 2 (IA-2), exhibited a high level of
proteolysis even in the absence of DLL4, suggesting they contain a constitutively exposed protease
site in the context of this assay.

A few chimeras showed very little signal in the assay (Figure 1—figure supplement 1), suggest-
ing a lack of proteolysis or lack of cell-surface expression. To further probe the receptors exhibiting
low levels of activation in the signaling assay, we performed a cell-surface ELISA assay. Briefly, Flag-
tagged Notch chimera constructs were transfected into U20S cells, fixed, stained, and cell-surface
levels quantified by measuring HRP activity. Most of the chimeras lacking signaling activity also
expressed at lower levels than Notch, suggesting defects in expression or trafficking due to incorrect
choice of domain termini. Our negative control mTFP chimera and MUC13 expressed substantially
better than Notch (Figure 1D), suggesting lack of response in the signaling assay is due to an
absence of proteolysis in the assay. In contrast, the ELISA showed that IA-2 expressed at much lower
levels than Notch yet exhibited robust constitutive signaling activity. We reasoned that high rates of
shedding could result in apparently low cell-surface levels in the ELISA assay, so we repeated the
ELISA assay with the addition of the metalloproteinase inhibitor BB-94. Indeed, I1A-2 surface expres-
sion was substantially increased in the presence of BB-94 (Figure 1—figure supplement 2), while
surface levels of other receptors that exhibited constitutive signaling activity were not drastically
affected by inhibitor treatment. This suggests that IA-2 undergoes much higher rates of proteolysis
than the other proteins studied. Since we observed variable cell-surface levels of the receptors in the
ELISA assay, we also performed titrations of the chimeric receptors in the SNAPS signaling assay to
ensure that high surface level expression was not masking proteolytic switch-like behavior (Fig-
ure 1—figure supplement 3). We generally recommend titration of chimera concentration to avoid
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Figure 1. SEA-like domains cooperate with adjacent domains to behave as proteolytic switches. (A) Schematic of Synthetic Notch Assay for Proteolytic
Switches (SNAPS). Cells co-expressing Flag-Notch-X-Gal4 chimeras, where X is a putative proteolysis region of another receptor, and luciferase reporter
constructs are co-cultured with DLL4 ligand-expressing cells to induce Notch activation and expression of luciferase. (B) Schematic of chimeric
constructs utilized in the signaling assay. Protein domains are color coded and labeled below. Amino acid ranges used for each construct are in
parentheses under the names. Note that Notch’s SEA-like domain is also referred to as the Heterodimerization Domain (HD) in the literature.
Abbreviations used: Cad: cadherin. EGF: Epidermal growth factor. LBD: Ligand binding domain. LNR: Lin-12 Notch-like repeats. ND: N-terminal
domain. PKD: polycystic kidney disease domain. S/T rich: serine-threonine rich. TFP: Teal fluorescent protein. TM: transmembrane domain. TY:
thyroglobulin type-1A domain. (C) Luciferase reporter gene activity profile of Notch and Notch chimera constructs (1 ng transfected in 96wp) co-
cultured with MS5 cells or MS5 cells stably expressing DLL4. BB-94 = Batimastat (pan-metalloproteinase inhibitor) GSI = Compound E (y-secretase
inhibitor). Data shown are triplicate measurements from a representative experiment. Error bars represent the SEM of triplicate measurements. (D) Cell
surface ELISA of Notch and Notch chimera constructs. Anti-Flag primary and goat anti-mouse HRP secondary antibodies were used to detect cell
surface expression levels of each chimera. The horizontal dotted line corresponds to Notch expression levels. Error bars represent the SEM of triplicate
measurements. (E) Structures and PDB IDs of SEA-like domains (gray) with applicable adjacent domains (purple). The Notch adjacent domain is

Figure 1 continued on next page
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comprised of three cysteine-rich, calcium binding Lin12 Notch repeats. Protocad15 (De-la-Torre et al., 2019, Dionne et al., 2018; Ge et al., 2018) has
an lg-like adjacent domain and EpCAM (Pavsic et al., 2014) has a cysteine-rich thyroglobulin adjacent domain. The buried surface area of the adjacent
domains are 3800, 1300, and 2800 square Angstroms for Notch, Protocad15, and EpCAM, respectively. SEA-like domains were structurally aligned to

the Notch SEA-like domain.

DOI: https://doi.org/10.7554/eLife.46983.002
The following figure supplements are available for figure 1:

Figure supplement 1. SEA domain chimeras without signaling activity.
DOI: https://doi.org/10.7554/eLife.46983.003

Figure supplement 2. ELISA in the presence of BB-94.

DOI: https://doi.org/10.7554/elife.46983.004

Figure supplement 3. Titration of DNA used in co-culture assay.

DOI: https://doi.org/10.7554/eLife.46983.005

Figure supplement 4. Plated ligand assay.

DOI: https://doi.org/10.7554/eLife.46983.006

Figure supplement 5. Shedding of diverse receptors detected by SNAPS.
DOI: https://doi.org/10.7554/eLife.46983.007

effects due to abnormally high cell surface expression that can mask ligand-induced effects. Most
receptors showed decreasing signaling activity with decreasing concentration of receptor, as
expected. Interestingly, IA-2 signal increased as receptor concentration decreased, perhaps related
to its high expression levels and turnover rates. SNAPS also works in the context of plated recombi-
nant DLL4 ectodomain (Figure 1—figure supplement 4), a common mode of performing the Notch
signaling assay, which may be more convenient in some cases.

Comparing solved structures of several SEA/SEA-like domain containing proteins reveals addi-
tional insights (Figure 1E). SEA/SEA-like domains are colored gray with adjacent N-terminal domains
in purple. In contrast to Notch, Protocadherin-15, EpCAM, MUC1, and IA-2 do not have structured
domains N-terminal to their SEA/SEA-like domain. This likely leads to enhanced conformational
dynamics, resulting in an increase in protease site exposure and signaling. Although Notch and Pro-
tocadherin-15 exhibit similar conformational switch behavior in the signaling assay, Protocadherin-
15's N-terminal cadherin-like domain binds on the opposite face of the SEA-like domain than
Notch’s neighboring Lin12 Notch Repeat domain, suggesting potentially different conformational
switching propensities.

SNAPS to probe MMP proteolysis of dystroglycan

We next aimed to investigate whether this assay can be used effectively to test hypotheses about
regulation and potential modulation of proteolysis by the conformation of SEA-like domains. We
chose to further investigate the extracellular matrix receptor dystroglycan, which provides a critical
mechanical link between the ECM and the actin cytoskeleton to provide stability to muscle cells and
maintain the blood-brain barrier (Agrawal et al., 2006; Barresi and Campbell, 2006), as a model
because the conformational regulation of proteolysis of the native dystroglycan protein in vitro has
been recently explored in parallel studies (Hayward and Gordon, 2018). This study showed that
dystroglycan containing an intact proteolytic switch domain exhibited low levels of proteolysis but
that destabilized proteolytic switch domains via mutation or truncation displayed enhanced proteoly-
sis. Moreover, degrees of proteolysis observed correlated with alterations in cell migration
phenotypes (Hayward and Gordon, 2018), an important finding given that dystroglycan proteolysis
by MMPs is enhanced in many pathogenic states (Agrawal et al., 2006; Matsumura et al., 2005;
Singh et al., 2004).

Thus, we used SNAPS to determine whether the Notch-dystroglycan chimera containing the
entire proteolytic switch domain is protected from proteolysis when exogenous MMPs are added.
For comparison, we also measured proteolysis in deletion chimera (ACadASEA) expected to have
constitutively exposed protease sites (Figure 2A). Indeed, while the chimera containing constitu-
tively exposed protease sites displayed robust 30-fold activation in the SNAPS assay upon addition
of MMPs, the chimera containing an intact proteolysis domain was substantially protected from
MMP cleavage, showing only a two- to three-fold increase in signal when MMPs were added
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Figure 2. Dystroglycan containing intact proteolytic switch domain is protected from MMP cleavage. (A) Chimera constructs used to test MMP
sensitivity of Notch-Dag chimeras (B) Luciferase reporter gene activity of Notch-Dag chimeras containing intact proteolytic switch and truncated switch
with constitutive MMP sites (ACadASEA) upon addition of MMPs. Data shown are triplicate measurements from a representative experiment. Error bars
represent the SEM of triplicate measurements and normalization is to no added MMP condition.

DOI: https://doi.org/10.7554/eLife.46983.008

(Figure 2B). These results suggest that the observed proteolytic switch-like behavior is relevant to
regulation of dystroglycan’s cleavage by MMPs in its native context, and that this assay can be used
to further test hypotheses about regulation and potential modulation of proteolysis in dystroglycan.

Shedding and modulation of shedding in diverse receptors detected by
SNAPS
We next wanted to determine whether SNAPS could be used to detect membrane shedding of
receptors that do not contain SEA-like domains. Proteolysis plays a major role in the function of cell
surface receptors such as E-cadherin and receptor tyrosine kinases (RTKs) (Katayama et al., 1994,
Merilahti et al., 2017, Okamoto et al., 1999), and dysregulation of proteolysis in these receptors
is, for instance, linked to cancer pathogenesis (Arribas et al., 2011; Brouxhon et al., 2014;
Katayama et al., 1994; Okamoto et al., 1999) and resistance to kinase inhibitor treatment
(Colomer et al., 2000; Leitzel et al., 1995; Miller et al., 2016). Moreover, therapeutic antibodies
such as Herceptin (Molina et al., 2001) have been developed that block proteolysis of the RTK
HER2 and similar proteolysis blocking antibodies have been developed for the MICA immune recep-
tor to block cancer cells from evading the immune system (Ferrari de Andrade et al., 2018). An
assay with well-controlled input and outputs that could detect proteolysis and therapeutic efforts to
modulate proteolysis would provide a valuable tool.

Unlike the aforementioned receptors with putative protease sites housed in structured SEA/SEA-
like domains, the protease sites responsible for receptor shedding in cadherins and RTKs map to a
putatively unstructured region between a structured repeat and the transmembrane region

Hayward et al. eLife 2019;8:€46983. DOI: https://doi.org/10.7554/eLife.46983 6 of 18


https://doi.org/10.7554/eLife.46983.008
https://doi.org/10.7554/eLife.46983

LI F E Biochemistry and Chemical Biology

(Cho et al., 2003; D'Huyvetter et al., 2017; Franklin et al., 2004, Harrison et al., 2011). These
receptors might be expected to have higher basal levels of proteolysis and proteolytic regulation
mechanisms distinct from SEA-like domain containing receptors; however, an assay that can detect
proteolysis in such receptors could provide a starting point to test hypotheses about other potential
mechanisms to regulate shedding, such as disruption of dimerization interfaces. We made chimeras
of 10+ diverse cell surface receptors including HER and TAM family RTKs, E-cadherin, MICA, and
CDA44 (Figure 3, Figure 4 and Figure 1—figure supplement 5) but focused our attention on the
receptor tyrosine kinase HER2 and the cell adhesion receptor E-cadherin due to the well-established
roles of proteolysis in their functions and the availability of extracellular antibodies that modulate
receptor function with established (Herceptin) and potential (DECMA-1) therapeutic utility.

We used SNAPS to determine if we could measure: 1) basal proteolysis in a Notch-HER2 chimera
and 2) its predicted modulation by Herceptin. Proteolysis of HER2 leads to a soluble ectodomain
which is a prognostic biomarker as well as a membrane-tethered kinase domain with dysregulated
activity (Arribas et al., 2011). We constructed a Notch-HER2 chimera replacing the Notch NRR with
the HER2 ectodomain (Figure 3A). As expected, we observe significant basal proteolysis when the
chimera is co-cultured with MS5 cells alone, in contrast to Notch (Figure 3B). Interestingly, like
Notch, we observe a reproducible enhancement of signaling when Notch ligands are present that is
observed in most RTKs tested (Figure 1—figure supplement 5). The relevance of this enhanced
proteolysis when exposed to forces of cell to cell contact will be interesting to probe in future stud-
ies, but suggests that exposure of cryptic protease sites could contribute to proteolytic regulation in
these receptors, perhaps by altering conformations of dimers. The monoclonal antibody trastuzumab
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Figure 3. SNAPS detects HER2 shedding and shedding modulation by Herceptin. (A) Chimera constructs for Notch and HER2 (human epidermal
growth factor receptor 2. Protein domains are color coded and labeled. (B,C) SNAPS assay measuring effect of Herceptin on basal signaling of HER2-
Notch chimeras. Data shown are triplicate measurements from a representative experiment, error bars are SEM. (B) Untreated cells in co-culture with
MS5 or MS5-DLL4 cells + GSI for reference. (C) HER2-Notch chimera expressing cells co-cultured with MS5 cells were treated with 1-25 ug/ml Herceptin
or IgG control. Statistical significance was determined with a two-way ANOVA followed by a post-hoc Bonferroni test. ****: p<0.0001, ***: p<0.001, **:
p<0.01 *: p<0.02.

DOI: https://doi.org/10.7554/eLife.46983.009
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Figure 4. SNAPS reveals that E-cadherin proteolysis is a likely mechanism for DECMA-1 disruption of cell-cell adhesion. (A) Scheme of Notch-E-
cadherin (CADH1) chimera in which cadherin repeats 4 and 5 replace the Notch NRR. (B) SNAPS assay on Notch-CADH1 chimera (top) and a construct
with 10 amino acids containing putative cleavage sites removed (bottom). Assay normalized for GSI treatment. (C) SNAPS assay in which Notch-CADH1
chimeras were co-cultured with MS5 cells and treated with increasing concentrations of IgG control or DECMA-1. Raw luciferase signal shown.
Untreated Notch CADH1 chimera shown on right for reference. Data shown are triplicate measurements from a representative experiment, error bars
are SEM. Statistical significance was determined with a two-way ANOVA followed by a post-hoc Bonferroni test. ****: p<0.0001, ***: p<0.001, **:p<0.01
*: p<0.02. (D) Schematic of E-cadherin in its native context, with previously observed ADAM10, intramembrane, and caspase cleavage locations
denoted as well as epitope of DECMA-1 binding. Beta-catenin (B) binds to cadherin’s intracellular tail and can be translocated to the nucleus when
E-cadherin is proteolyzed. (E) Western blot of E-cadherin cleavage products in MCF7 cells upon treatment with IgG control or DECMA-1 and inhibitors
of gamma-secretase (GSI) and caspase cleavages (Z-DEVD-FMK).

DOI: https://doi.org/10.7554/eLife.46983.010

The following figure supplement is available for figure 4:

Figure supplement 1. DECMA-1 additional quantification.
DOI: https://doi.org/10.7554/eLife.46983.011

(Herceptin), used to treat HER2+ breast cancer (Baselga et al., 1996; Pegram et al., 1998) has
been shown to block proteolysis of the HER2 receptor tyrosine kinase as part of its mechanism of
action (Molina et al., 2001). Therefore, we tested whether Herceptin could modulate the basal pro-
teolysis of HER2 observed in the Notch-HER2 chimeras. We treated HER2-chimera expressing cells
with increasing concentrations of Herceptin or an IgG control (Figure 3C). We observed reproduc-
ible and statistically significant decreases in proteolysis in cells treated with Herceptin as compared
to the IgG control (Figure 3C). Proteolysis was reduced up to 40%. Although the effects are the
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same at all concentrations, there is no inhibition of the Notch construct, demonstrating specificity.
While not surprising, the fact that Herceptin modulation of proteolysis in Notch-HER2 chimeras is
detected serves as further validation of the assay.

We next used SNAPS to measure proteolysis of the cell-adhesion receptor E-cadherin. E-cadherin
forms homotypic dimers between cells to facilitate cell adhesion. Proteolysis not only breaks the
intercellular adhesion but also generates a soluble ectodomain that can activate RTK signaling path-
ways and alters localization of beta-catenin, which binds to the E-cadherin intracellular tail, from the
membrane to the nucleus (David and Rajasekaran, 2012; Maretzky et al., 2005). We constructed
Notch-cadherin chimeras comprised of the two cadherin repeats closest to the transmembrane
either including or lacking the sequence containing putative cleavage sites between the terminal
cadherin repeat and the membrane (Figure 4A). The observed 10-fold increase in basal signaling
(co-culture with MS5 cells) over Notch was abrogated by treatment with protease inhibitors and
when the linker containing putative ADAM10 sites was removed, suggesting that the signal is due to
shedding. (Figure 4B).

Like HER2, antibodies that recognize E-cadherin’s ectodomain have been developed to block its
function. DECMA-1 is a function-blocking E-cadherin antibody known to break cell-cell contacts and
reduce tumorigenesis in mice (Brouxhon et al., 2013). However, its mechanism of breaking cell-
adhesions has remained elusive; the antibody binds to E-cadherin at the interface of the last two
cadherin repeats (EC4 and EC5) near the membrane, but the N-terminal repeats EC1 and EC2 are
responsible for the homotypic interactions presumed to be disrupted by the antibody. We hypothe-
sized that DECMA-1 might affect E-cadherin shedding since the antibody epitope maps to the ‘pro-
teolysis region’ of E-cadherin. Thus, we next tested the effects of DECMA-1 on proteolysis of the
Cadherin-Notch chimera.

In the absence of antibody or when treated with IgG control antibodies, the Notch-cadherin chi-
mera, in which cadherin repeats EC4 and EC5 have replaced the Notch proteolytic switch, displays a
moderate level of constitutive proteolysis and a two-fold increase in activity in response to DLL4
expressing cells (Figure 4B). When the cells are treated with DECMA-1, we observe a dose-depen-
dent increase in the basal level of signaling, in comparison to control antibody, almost to the level of
ligand induced signaling (Figure 4C). The apparent EC50 of DECMA-1 measured by the assay
is ~0.8 ug/mL (Figure 4—figure supplement 1). These data suggest that the mechanism of
DECMA-1 breaking adhesive contacts could, in part, be due to increased shedding of the receptor
from the membrane.

To provide further validation of the SNAPS assay and further explore the insight that proteolysis
may provide the mechanism of DECMA-1’s disruption of cell adhesions instead of the expected dis-
ruption of homotypic contacts, we tested DECMA-1's effects on proteolysis of endogenous E-cad-
herin in MCF7 cells. MCF7 cells were treated with DECMA-1 or IgG control in the presence or
absence of proteolysis inhibitors. E-cadherin is known to be cleaved by at least three enzymes
(Figure 4D). The first is ectodomain shedding by ADAM10 to form CTF1, which then makes the mol-
ecule a substrate for intramembrane cleavage by gamma-secretase to form CTF2. Finally, the intra-
cellular domain of E-cadherin is known to be cleaved by Caspase-3 to generate CTF3, and this
cleavage is enhanced in apoptotic cells. We observe a species at 37 kDa in all conditions
(Figure 4E), which has been previously assigned as CTF1 (Ferber et al., 2008). When cells are
treated with gamma-secretase inhibitors, the intensity of CTF1 increases, further confirming the
assignment of this band as CTF1 (Ferber et al., 2008). The constitutive ectodomain shedding
observed is consistent with the basal levels of proteolysis observed in the SNAPS assay. Strikingly, a
lower molecular weight species of ~28 kDa appears when cells are treated with DECMA-1, consis-
tent with DECMA-1 enhancing proteolysis of E-cadherin. This could be CTF2 or CTF3 according to
previous studies (Ferber et al., 2008; Steinhusen et al., 2001). When cells are treated with
DECMA-1 and a caspase three inhibitor, the band decreases about ~50% (quantification from two
western blots shown in Figure 4—figure supplement 1), underscoring that it could be the caspase
cleaved product. The intensity of the band also decreases 40% (Figure 4—figure supplement 1)
when cells are treated with gamma secretase inhibitors, along with a concomitant increase in CTF1.
Regardless of whether the fragment in CTF2 or CTF3, the result of DECMA-1 increasing proteolysis
of endogenous E-cadherin in a relevant cancer cell line not only provides validation of using the
SNAPS assay to study proteolysis in diverse receptors but also provides new mechanistic insight into
how DECMA-1 functionally disrupts cell to cell adhesion.
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Discussion

Notch’s proteolytic switch has been exploited to develop conformation-specific modulatory antibod-
ies and harnessed for synthetic biology applications to turn on transcription in response to any
desired cell to cell contact (Agnusdei et al., 2014; Aste-Amézaga et al., 2010; Falk et al., 2012;
Gordon et al., 2015; Li et al., 2008; Qiu et al., 2013; Roybal et al., 2016; Tiyanont et al., 2013,
Wu et al., 2010). Thus, we created SNAPS utilizing well-understood stimuli and responses of Notch
signaling to identify novel proteolytic switches and probe shedding of a wide range of cell-surface
receptors. Using this assay, we find that Notch’s mechanism of proteolytic regulation via conforma-
tional control of a cryptic protease site is not a unique phenomenon and is rather a potentially com-
mon mechanism of control for several SEA-like domain-containing receptors that share structural
homology to Notch. Moreover, shedding of transmembrane proteins such as HER2, AXL, CD44, and
PCDH12 was detected with the assay, enabling new hypothesis generation about proteolytic regula-
tion and modulation. SNAPS can also be used to screen for modulators of proteolysis; we observe
that Herceptin treatment causes significant decreases in basal proteolysis of HER2, while DECMA-1
treatment results in substantial increases in basal proteolysis of E-cadherin. These results reveal new
mechanistic insights into DECMA-1s function in breaking cellular adhesions.

New proteolytic switches for synthetic biology

Our studies revealed that most receptors containing juxtamembrane SEA-like domains are robustly
shed from the cell-surface and that several of them behave as proteolytic switches, only becoming
sensitive to proteolysis when ‘induced’ with forces derived from cell-cell contact. We were struck by
the fact that almost all of the receptors harboring SEA/SEA like domains in tandem with neighboring
domains showed a similar switch-like behavior in the intercellular signaling assay, despite having
neighboring domains with very different predicted structural characteristics. In Notch, the neighbor-
ing LNR domain is disulfide-rich and binds calcium, with little to no secondary structure (Figure 1E).
Dystroglycan and the Protocadherins have neighboring cadherin-like domains, characterized by high
B-strand content, while EpCAM and Trop2 have a cysteine-rich thyroglobulin domain. The existing
crystal structures of several of these domains also reveal differential modes of interaction with the
SEA/SEA-like domain. For example, in the EpCAM and NRR structures, the neighboring domain con-
tacts the o-helix in close proximity to the B-strand containing putative proteolytic sites. In contrast,
the cadherin-like domain interacts with the opposite face of the SEA-like domain in the Protocad-
herin-15 structure (Figure 1E). These different modes of interdomain interactions suggest that the
proteolytic switches may have different propensities to ‘switch on’ as well as potentially different
requirements for direction of applied force. Future studies probing comparative anatomy of putative
proteolytic switches may reveal whether the structural differences are a consequence of cellular con-
text; for example receptor involved in intercellular versus ECM interactions. On the other hand, the
SEA-like domains lacking structured neighboring domains exhibit constitutive signaling, likely due to
a more dynamic domain where protease site exposure occurs more frequently.

Synthetic biology applications that aim to induce transcription of a desired gene in response to
cell to cell contact might benefit from proteolytic switches with different characteristics from the
NRR of Notch. For example, in CAR-T applications, perhaps a switch that requires more ‘force’ to
switch on could be used to distinguish an epitope that is presented on a tumor with a stiff ECM com-
pared to a normal cell. Moreover, the smaller and structurally simpler design of the Cadherin-like
neighboring domains of dystroglycan and protocadherin-15 might permit more facile trafficking and
expression for certain applications. Finally, constitutively proteolyzed MUC1 and IA2 exhibit much
higher expression/rates of proteolysis and may provide opportunities for engineering more robust
switches when paired with a neighboring domain.

Targeting proteolytic switches and shedding with therapeutics

Notch’s proteolytic switch has been specifically targeted with both inhibitory and activating antibod-
ies, suggesting that similar strategies could be successful for other receptors harboring proteolytic
switches that are dysregulated in disease. While the proteolytic switches identified here need to be
validated to determine if exposure of cryptic protease sites is physiologically relevant, validation
experiments here and in a recent preprint (Hayward and Gordon, 2018) validates that dystroglycan
protease sites are be conformationally controlled in the native receptor. Moreover, high levels of

Hayward et al. eLife 2019;8:46983. DOI: https://doi.org/10.7554/eLife.46983 10 of 18


https://doi.org/10.7554/eLife.46983

LI F E Biochemistry and Chemical Biology

MMPs and thus dystroglycan cleavage have been observed in muscle biopsies of muscular dystrophy
patients (Matsumura et al., 2005), and treatment of muscular dystrophy mouse models with broad
spectrum metalloprotease inhibitors has been shown to ameliorate symptoms in a muscular dystro-
phy mouse model (Kumar et al., 2010). The dystroglycan proteolytic switch might offer a receptor-
specific therapeutic target in diseases where MMP cleavage is dysregulated. Moreover, SNAPS was
also able to detect shedding and modulation of shedding in receptors that do not contain SEA-like
domains, suggesting that the assay can provide a platform to screen modulators of shedding of
diverse receptors.

Exposure of cryptic protease site may be a common
mechanotransduction mechanism

In this study, mechanical force derived from intercellular contact is applied to cell-surface receptors
to identify cryptic protease sites. Many but not all receptor chimeras exhibited increased signaling in
the presence of forces derived from intercellular contact. While mechanical force may not play a role
in the function of some receptors studied here, several of the receptors probed have been impli-
cated in mechanosensing. Like Notch (Gordon et al., 2015; Langridge and Struhl, 2017,
Parks et al., 2000), E-cadherin (Schwartz and DeSimone, 2008) and Protocadherin-15 are involved
in intercellular adhesions and transmission of mechanical stimuli. Protocadherin-15, for example, is
involved in sensing sound vibrations across stereocilia tip links in the process of hearing
(Kazmierczak et al., 2007). Mechanical forces are also known to be sensed at adhesions of cells
with the ECM, as ECM stiffness dictates multiple cellular processes such as cell migration (Lo et al.,
2000) and stem cell differentiation (Engler et al., 2006). For example, the ECM receptor CD44 is
hypothesized to sense the stiffness of the ECM resulting in increased cell migration (Kim and
Kumar, 2014; Razinia et al., 2017). Additionally, the ECM receptor dystroglycan is thought to act
as a shock absorber to protect the sarcolemma during muscle contraction (Barresi and Campbell,
2006). Finally, even receptors that do not reside at canonical force sensing structures of cells have
been implicated in mechanosensing. The RTK AXL which binds to a secreted ligand Gasé has been
shown to be a rigidity sensor (Yang et al., 2016) and facilitate a decrease in cellular stiffness in lung
cancer (lida et al., 2017). Thus, our studies showing that many receptors exhibit increased proteoly-
sis in response to mechanical forces suggest that proteolysis may be a common mechanism used by
cells to communicate mechanical stimuli. This assay could be used in the future to measure how vary-
ing the mechanical microenvironment affects receptor proteolysis.

Limitations/caveats of assay

In the chimeric signaling assay, putative regions of proteolysis are evaluated in the context of artifi-
cial linkages at their N- and C-termini as well as potentially non-native stimuli and non-physiological
presentation of proteases. In most cases, a small region of a receptor was excised and inserted into
a larger receptor, resulting in non-native links to Notch’s ligand binding and transmembrane
domains. One might expect the artificiality of the chimeras would result in a majority of chimeric
receptors signaling either constitutively or not at all. However, several receptors exhibited ‘switch-
like" behavior, underscoring the validity of SNAPS and the modular nature of cell-surface receptors.
The use of the Notch transmembrane domain in the chimeric receptors also introduces some caveats
as the domain, together with membrane proteins such as tetraspanins (Zimmerman et al., 2016),
likely associates with the Notch membrane-tethered proteases ADAM10 and ADAM17. Although
many of the chimeras studied have been reported to be cleaved by ADAM10 and ADAM17, some
receptors may not typically reside in close proximity to these proteases and therefore not normally
be cleaved. However, these proteases are upregulated in many diseases suggesting that the cleav-
age observed in this assay may be biologically relevant in certain cellular contexts. Finally, the chime-
ric Notch signaling assay provides a stimulus for exposing protease sites involving a 2-5 pN force
normal to the cell surface. While many of the receptors studied here are also involved in cell-cell con-
tacts likely involving similar mechanical forces, many interact with the ECM or have soluble ligands
and perhaps may not normally be exposed to mechanical allostery. The main goal, however, was to
provide a means to determine the presence of cryptic protease sites regardless of mechanical sensi-
tivity. Harnessing this assay to study proteolytic regulation mechanisms is more specific than using,
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for instance, APMA to non-specifically activate metalloproteinases (Ogata et al., 1995; Stetler-
Stevenson et al., 1989).

Conclusions

We have identified several putative proteolytic switches using SNAPS. These findings may drive
development of conformation-specific modulatory antibodies as well as find use in synthetic biology
applications that use cell to cell contact to drive transcriptional events. Our results provide a starting
point for determining whether mechanisms of proteolytic regulation observed here are relevant to
the biology of a given receptor. The convenient stimulus and response to proteolysis can be used to
make additional chimeras to move closer to the native system and discover more about proteolytic
regulation in the native receptor. For example, the luciferase response can be measured when sys-
tematically replacing chimeric domains with native transmembrane domains, ligand recognition
domains, and intracellular tails. We also demonstrate that this assay provides a convenient platform
for evaluating modulators of proteolysis.

Materials and methods

Reagents

Recombinant DLL4, MMP-2, and MMP-9 were purchased from R and D Systems. Batimastat (BB-94)
was purchased from Sigma Aldrich. Compound E (GSI) was purchased from Fisher Scientific (Catalog
# AAJ65131EXD). DECMA-1 antibody was purchased from Sigma-Aldrich (Cat# U3254, RRID:AB_
477600). Z-DEV-FMK was purchased from R and D Systems (FMK004). E-cadherin primary antibody
was purchased from Thermo Fisher Scientific (Cat# 33-4000, RRID:AB_2533118). B-tubulin primary
antibody was purchased from Sigma-Aldrich (Cat#T8328, RRID:AB_1844090). U20S cells were pur-
chased from ATCC (Cat# HTB-96, RRID:CVCL_0042). MS5 and MS5-DLL4 cells were a kind gift from
Dr. Stephen Blacklow. 4-aminophenylmercuric acetate (APMA) was purchased from Sigma-Aldrich.
Herceptin was purchased from MedChemExpress (HY-P9907).

Cloning

An Nhe1 site was added in Notch between amino acids 1735 and 1736 near the transmembrane
region in a previously described Notch1-Gal4 construct (Andrawes et al., 2013) in the pcDNA5
FRT/TO backbone containing an N-terminal Flag tag, an Avrll site between the last EGF-like repeat
and NRR, and a Bsu3éi restriction site C-terminal to Notch transmembrane domain. All of the con-
structs were cloned using In-Fusion (Clontech).

CD44 was cloned using CD44S pWZL-Blast (RRID:Addgene_19126). Dystroglycan was cloned
from cDNA from Origene (Cat#: SC117393). mTFP was cloned from TS module from (RRID:Addg-
ene_26021). AXL, MerTK, and Tyro3 were originally ordered as E. coli optimized gBlocks (IDT) for
different constructs and then cloned into the Notch chimera using primers with In-Fusion ends.
HER2 and HER4 DNA was a kind gift from Dr. Laurie Parker, from the ORF kinase library (Addgene).
The remaining constructs were ordered as mammalian codon optimized gBlocks from IDT with In-
Fusion ends.

Cell culture
All cell lines were cultured in DMEM (Corning) supplemented with 10% FBS (Gibco) and 0.5% peni-
cillin/streptomycin (Gibco). Cells were incubated at 37°C in 5% CO..

Notch signaling assay

The Notch signaling assay was performed as described (Gordon et al., 2015). For co-culture assays,
0.1, 1, 2, or 10 ng chimera constructs were reverse transfected with reporter plasmids (50 ng Gal4
reporter plasmid and 1 ng PRL-TK reporter plasmid) in triplicate into U20S cells in a 96-well plate.
24 hr post-transfection, MS5 cells or MS5 cells stably expressing DLL4 were plated on top of the
U20S cells with DMSO or drug (40 uM BB-94 or 1 uM GSI). 48 hr post-transfection, cells were lysed
in passive lysis buffer (Promega). Lysate was added to a white 96 well half volume plate, and Dual-
Luciferase Reporter Assay (Promega) was performed according to manufacturer’s recommendation
and read out on a Molecular Devices LMaxII*8* plate reader.
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In assays using recombinant MMP-2 and MMP-9, activated MMP-2 or MMP-9 was diluted to 0.46
pug/mL in D10 media and added 36 hr post-transfection. Media was swapped out 38 hr post-trans-
fection. Cells were lysed in passive lysis buffer 50 hr post-transfection and read out as previously
described. For signaling assays using antibody, DECMA-1, Herceptin, or Sheep IgG control was
added during the co-culture step 24 hr post-transfection.

Data shown in figures are triplicate measurements from a representative experiment, although
the experiments were performed three times unless noted.

Cell surface ELISA

100 ng of Notch chimera constructs were transfected into U20S cells in a sterile opaque tissue cul-
ture-treated 96-well plate (Corning 353296) in triplicate. 24 hr post-transfection, cells were washed
once with PBS and fixed using 4% PFA (Thermo Fisher 28906) for 20 min, then washed three times
with PBS. Cells were blocked in TBS +5% milk for 1 hr. Then, Flag primary antibody (Sigma-Aldrich
F1804) was added 1:250 in TBS +5% milk for 2 hr. Cells were washed three times for 5 min each
with TBS +5% milk. The cells were then incubated 1:10,000 with an HRP secondary antibody for 1 hr
before being washed five times for 5 min each with TBS. Chemiluminescent substrate was added for
1 min before reading out on a luminescence plate reader.

Western blot

MCF-7 cells were plated in 24-well tissue culture plates. 24 hr later, they were serum starved with
0.1% FBS in DMEM with antibiotics. DECMA-1 (100 ug/mL), Sheep IgG control (100 ug/mL), GSI (1
uM), Z-DEV-FMK (50 uM) were also added at this time. DMSO was added as a control. Cells were
lysed with RIPA containing protease inhibitors 24 hr after serum starvation and drug treatment. Cell
lysates were run on a 4-20% SDS-PAGE gel with 2 mM sodium thioglycolate in the running buffer.
The protein was then transferred to a nitrocellulose membrane using a Genie Blotter (Idea Scientific)
and blocked with 5% milk in TBS-T. E-cadherin antibody was diluted 1:500, and the B-tubulin anti-
body was diluted 1:1000. A goat-anti mouse HRP conjugated antibody (Invitrogen) was used as a
secondary antibody. Western blots were imaged using chemiluminescent buffer (Perkin Elmer West-
ern Lightning Plus ECL) and the Amersham 600UV (GE) with staff support at the University of Minne-
sota-University Imaging Center.

Data and materials availability
All data needed to evaluate the conclusions of this study are available in the paper or the Supple-
mentary Materials.

Acknowledgements

We thank Steve Blacklow, Kassidy Thompkins, Maria Ramirez, and Robert Evans Ill for helpful com-
ments on the manuscript and Klaus Lovendahl for cloning the TAM receptor chimeras and some of
the RTK constructs. We thank the Aihara lab for use of their fluorescence plate reader. We also thank
Steve Blacklow and Jon Aster for the DLL4 stable cell lines and the Notch1-Gal4 construct. We
would like to thank the Parker lab for the HER2 and HER4 cDNAs.

Additional information

Funding
Funder Grant reference number  Author
National Institute of General ~ R35 GM119483 Wendy R Gordon
Medical Sciences
Pew Charitable Trusts Pew Biomedical Scholar Wendy R Gordon
National Cancer Institute U54CA210190 Eric J Aird

Wendy R Gordon
3M Graduate student fellowship Eric J Aird
American Heart Association Graduate student fellowship  Amanda N Hayward

Hayward et al. eLife 2019;8:€46983. DOI: https://doi.org/10.7554/eLife.46983 13 0of 18


https://doi.org/10.7554/eLife.46983

e LI F E Tools and resources

Biochemistry and Chemical Biology

NIGMS T32GM008347 Eric J Aird

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Amanda N Hayward, Formal analysis, Validation, Investigation, Visualization, Writing—original draft,
Writing—review and editing; Eric J Aird, Formal analysis, Validation, Investigation, Visualization,
Writing—review and editing; Wendy R Gordon, Conceptualization, Resources, Formal analysis,
Supervision, Funding acquisition, Validation, Investigation, Visualization, Methodology, Writing—
original draft, Project administration, Writing—review and editing

Author ORCIDs

Amanda N Hayward (& https://orcid.org/0000-0002-9252-0526
Eric J Aird @ https://orcid.org/0000-0002-4873-042X

Wendy R Gordon (i https://orcid.org/0000-0001-7696-5560

Decision letter and Author response
Decision letter https://doi.org/10.7554/elife 46983.015
Author response https://doi.org/10.7554/elife.46983.016

Additional files

Supplementary files
« Supplementary file 1. Amino acid sequences for all proteolysis domains used in Notch-X chimeras.
DOI: https://doi.org/10.7554/elife.46983.012

« Transparent reporting form
DOI: https://doi.org/10.7554/eLife.46983.013

Data availability
All data generated or analysed during this study are included in the manuscript and supporting files.
Source data files have been provided for Figures 1 and 3 and 4.

References

Agnusdei V, Minuzzo S, Frasson C, Grassi A, Axelrod F, Satyal S, Gurney A, Hoey T, Seganfreddo E, Basso G,
Valtorta S, Moresco RM, Amadori A, Indraccolo S. 2014. Therapeutic antibody targeting of Notch1 in T-acute
lymphoblastic leukemia xenografts. Leukemia 28:278-288. DOI: https://doi.org/10.1038/leu.2013.183,

PMID: 23774673

Agrawal S, Anderson P, Durbeej M, van Rooijen N, Ivars F, Opdenakker G, Sorokin LM. 2006. Dystroglycan is
selectively cleaved at the parenchymal basement membrane at sites of leukocyte extravasation in experimental
autoimmune encephalomyelitis. The Journal of Experimental Medicine 203:1007-1019. DOI: https://doi.org/10.
1084/jem.20051342, PMID: 16585265

Andrawes MB, Xu X, Liu H, Ficarro SB, Marto JA, Aster JC, Blacklow SC. 2013. Intrinsic selectivity of notch 1 for
Delta-like 4 over Delta-like 1. Journal of Biological Chemistry 288:25477-25489. DOI: https://doi.org/10.1074/
jbc.M113.454850, PMID: 23839946

Arribas J, Baselga J, Pedersen K, Parra-Palau JL. 2011. p95HER2 and breast cancer. Cancer Research 71:1515-
1519. DOI: https://doi.org/10.1158/0008-5472.CAN-10-3795, PMID: 21343397

Aste-Amézaga M, Zhang N, Lineberger JE, Arnold BA, Toner TJ, Gu M, Huang L, Vitelli S, Vo KT, Haytko P,
Zhao JZ, Baleydier F, L'Heureux S, Wang H, Gordon WR, Thoryk E, Andrawes MB, Tiyanont K, Stegmaier K,
Roti G, et al. 2010. Characterization of Notch1 antibodies that inhibit signaling of both normal and mutated
Notch1 receptors. PLOS ONE 5:9094. DOI: https://doi.org/10.1371/journal.pone.0009094, PMID: 20161710

Barresi R, Campbell KP. 2006. Dystroglycan: from biosynthesis to pathogenesis of human disease. Journal of Cell
Science 119:199-207. DOI: https://doi.org/10.1242/jcs.02814, PMID: 16410545

Baselga J, Tripathy D, Mendelsohn J, Baughman S, Benz CC, Dantis L, Sklarin NT, Seidman AD, Hudis CA,
Moore J, Rosen PP, Twaddell T, Henderson IC, Norton L. 1996. Phase Il study of weekly intravenous
recombinant humanized anti-p185HER2 monoclonal antibody in patients with HER2/neu-overexpressing
metastatic breast cancer. Journal of Clinical Oncology 14:737-744. DOI: https://doi.org/10.1200/JCO.1996.14.
3.737, PMID: 8622019

Hayward et al. eLife 2019;8:€46983. DOI: https://doi.org/10.7554/eLife.46983 14 of 18


https://orcid.org/0000-0002-9252-0526
https://orcid.org/0000-0002-4873-042X
https://orcid.org/0000-0001-7696-5560
https://doi.org/10.7554/eLife.46983.015
https://doi.org/10.7554/eLife.46983.016
https://doi.org/10.7554/eLife.46983.012
https://doi.org/10.7554/eLife.46983.013
https://doi.org/10.1038/leu.2013.183
http://www.ncbi.nlm.nih.gov/pubmed/23774673
https://doi.org/10.1084/jem.20051342
https://doi.org/10.1084/jem.20051342
http://www.ncbi.nlm.nih.gov/pubmed/16585265
https://doi.org/10.1074/jbc.M113.454850
https://doi.org/10.1074/jbc.M113.454850
http://www.ncbi.nlm.nih.gov/pubmed/23839946
https://doi.org/10.1158/0008-5472.CAN-10-3795
http://www.ncbi.nlm.nih.gov/pubmed/21343397
https://doi.org/10.1371/journal.pone.0009094
http://www.ncbi.nlm.nih.gov/pubmed/20161710
https://doi.org/10.1242/jcs.02814
http://www.ncbi.nlm.nih.gov/pubmed/16410545
https://doi.org/10.1200/JCO.1996.14.3.737
https://doi.org/10.1200/JCO.1996.14.3.737
http://www.ncbi.nlm.nih.gov/pubmed/8622019
https://doi.org/10.7554/eLife.46983

e LI F E Tools and resources

Biochemistry and Chemical Biology

Boutet P, Agiiera-Gonzalez S, Atkinson S, Pennington CJ, Edwards DR, Murphy G, Reyburn HT, Valés-Gémez M.
2009. Cutting edge: the metalloproteinase ADAM17/TNF-alpha-converting enzyme regulates proteolytic
shedding of the MHC class I-related chain B protein. The Journal of Immunology 182:49-53. DOI: https://doi.
org/10.4049/jimmunol.182.1.49, PMID: 19109134

Bray SJ. 2006. Notch signalling: a simple pathway becomes complex. Nature Reviews Molecular Cell Biology 7:
678-689. DOI: https://doi.org/10.1038/nrm2009, PMID: 16921404

Brouxhon SM, Kyrkanides S, Teng X, Raja V, O'Banion MK, Clarke R, Byers S, Silberfeld A, Tornos C, Ma L. 2013.
Monoclonal antibody against the ectodomain of E-cadherin (DECMA-1) suppresses breast carcinogenesis:
involvement of the HER/PI3K/Akt/mTOR and IAP pathways. Clinical Cancer Research 19:3234-3246.

DOI: https://doi.org/10.1158/1078-0432.CCR-12-2747, PMID: 23620408

Brouxhon SM, Kyrkanides S, Teng X, Athar M, Ghazizadeh S, Simon M, O’Banion MK, Ma L. 2014. Soluble
E-cadherin: a critical oncogene modulating receptor tyrosine kinases, MAPK and PI3K/Akt/mTOR signaling.
Oncogene 33:225-235. DOI: https://doi.org/10.1038/0nc.2012.563, PMID: 23318419

Brown MS, Ye J, Rawson RB, Goldstein JL. 2000. Regulated intramembrane proteolysis: a control mechanism
conserved from bacteria to humans. Cell 100:391-398. DOI: https://doi.org/10.1016/50092-8674(00)80675-3,
PMID: 10693756

Cho HS, Mason K, Ramyar KX, Stanley AM, Gabelli SB, Denney DW, Leahy DJ. 2003. Structure of the
extracellular region of HER2 alone and in complex with the herceptin fab. Nature 421:756-760. DOI: https://
doi.org/10.1038/nature01392, PMID: 12610629

Colomer R, Montero S, Lluch A, Ojeda B, Barnadas A, Casado A, Massuti B, Cortés-Funes H, Lloveras B. 2000.
Circulating HER2 extracellular domain and resistance to chemotherapy in advanced breast cancer. Clinical
Cancer Research 6:2356-2362. PMID: 10873087

D'Huyvetter M, De Vos J, Xavier C, Pruszynski M, Sterckx YGJ, Massa S, Raes G, Caveliers V, Zalutsky MR,
Lahoutte T, Devoogdt N. 2017. "3'|-labeled Anti-HER2 Camelid sdAb as a Theranostic Tool in Cancer
Treatment. Clinical Cancer Research 23:6616-6628. DOI: https://doi.org/10.1158/1078-0432.CCR-17-0310,
PMID: 28751451

David JM, Rajasekaran AK. 2012. Dishonorable discharge: the oncogenic roles of cleaved E-cadherin fragments.
Cancer Research 72:2917-2923. DOI: https://doi.org/10.1158/0008-5472.CAN-11-3498, PMID: 22659456

De-la-Torre P, Narui Y, Choudhary D, Araya-Secchi R, Sotomayor M. 2019. Structures and simulations of
membrane adjacent fragments of Protocadherin-15. Biophysical Journal 116:459a. DOI: https://doi.org/10.
1016/j.bpj.2018.11.2480

Dionne G, Qiu X, Rapp M, Liang X, Zhao B, Peng G, Katsamba PS, Ahlsen G, Rubinstein R, Potter CS, Carragher
B, Honig B, Miiller U, Shapiro L. 2018. Mechanotransduction by PCDH15 relies on a novel cis-Dimeric
architecture. Neuron 99:480-492. DOI: https://doi.org/10.1016/j.neuron.2018.07.006, PMID: 30057206

Dong JF, Moake JL, Nolasco L, Bernardo A, Arceneaux W, Shrimpton CN, Schade AJ, Mclntire LV, Fujikawa K,
Lépez JA. 2002. ADAMTS-13 rapidly Cleaves newly secreted ultralarge von willebrand factor multimers on the
endothelial surface under flowing conditions. Blood 100:4033-4039. DOI: https://doi.org/10.1182/blood-2002-
05-1401, PMID: 12393397

Dufour A, Overall CM. 2013. Missing the target: matrix metalloproteinase antitargets in inflammation and
cancer. Trends in Pharmacological Sciences 34:233-242. DOI: https://doi.org/10.1016/.tips.2013.02.004,
PMID: 23541335

Engler AJ, Sen S, Sweeney HL, Discher DE. 2006. Matrix elasticity directs stem cell lineage specification. Cell
126:677-689. DOI: https://doi.org/10.1016/j.cell.2006.06.044, PMID: 16923388

Falk R, Falk A, Dyson MR, Melidoni AN, Parthiban K, Young JL, Roake W, McCafferty J. 2012. Generation of anti-
Notch antibodies and their application in blocking notch signalling in neural stem cells. Methods 58:69-78.
DOI: https://doi.org/10.1016/j.ymeth.2012.07.008, PMID: 22842086

Ferber EC, Kajita M, Wadlow A, Tobiansky L, Niessen C, Ariga H, Daniel J, Fujita Y. 2008. A role for the cleaved
cytoplasmic domain of E-cadherin in the nucleus. Journal of Biological Chemistry 283:12691-12700.

DOI: https://doi.org/10.1074/jbc.M708887200, PMID: 18356166

Ferrari de Andrade L, Tay RE, Pan D, Luoma AM, lto Y, Badrinath S, Tsoucas D, Franz B, May KF, Harvey CJ,
Kobold S, Pyrdol JW, Yoon C, Yuan GC, Hodi FS, Dranoff G, Wucherpfennig KW. 2018. Antibody-mediated
inhibition of MICA and MICB shedding promotes NK cell-driven tumor immunity. Science 359:1537-1542.
DOI: https://doi.org/10.1126/science.aao0505, PMID: 29599246

Franklin MC, Carey KD, Vajdos FF, Leahy DJ, de Vos AM, Sliwkowski MX. 2004. Insights into ErbB signaling from
the structure of the ErbB2-pertuzumab complex. Cancer Cell 5:317-328. DOI: https://doi.org/10.1016/51535-
6108(04)00083-2, PMID: 15093539

Ge J, Elferich J, Goehring A, Zhao H, Schuck P, Gouaux E. 2018. Structure of mouse protocadherin 15 of the
stereocilia tip link in complex with LHFPLS5. eLife 7:e38770. DOI: https://doi.org/10.7554/elLife.38770,

PMID: 30070639

Goate A, Chartier-Harlin MC, Mullan M, Brown J, Crawford F, Fidani L, Giuffra L, Haynes A, Irving N, James L.
1991. Segregation of a missense mutation in the amyloid precursor protein gene with familial alzheimer's
disease. Nature 349:704-706. DOI: https://doi.org/10.1038/349704a0, PMID: 1671712

Gordon WR, Vardar-Ulu D, Histen G, Sanchez-Irizarry C, Aster JC, Blacklow SC. 2007. Structural basis for
autoinhibition of notch. Nature Structural & Molecular Biology 14:295-300. DOI: https://doi.org/10.1038/
nsmb1227, PMID: 17401372

Hayward et al. eLife 2019;8:€46983. DOI: https://doi.org/10.7554/eLife.46983 15 of 18


https://doi.org/10.4049/jimmunol.182.1.49
https://doi.org/10.4049/jimmunol.182.1.49
http://www.ncbi.nlm.nih.gov/pubmed/19109134
https://doi.org/10.1038/nrm2009
http://www.ncbi.nlm.nih.gov/pubmed/16921404
https://doi.org/10.1158/1078-0432.CCR-12-2747
http://www.ncbi.nlm.nih.gov/pubmed/23620408
https://doi.org/10.1038/onc.2012.563
http://www.ncbi.nlm.nih.gov/pubmed/23318419
https://doi.org/10.1016/s0092-8674(00)80675-3
http://www.ncbi.nlm.nih.gov/pubmed/10693756
https://doi.org/10.1038/nature01392
https://doi.org/10.1038/nature01392
http://www.ncbi.nlm.nih.gov/pubmed/12610629
http://www.ncbi.nlm.nih.gov/pubmed/10873087
https://doi.org/10.1158/1078-0432.CCR-17-0310
http://www.ncbi.nlm.nih.gov/pubmed/28751451
https://doi.org/10.1158/0008-5472.CAN-11-3498
http://www.ncbi.nlm.nih.gov/pubmed/22659456
https://doi.org/10.1016/j.bpj.2018.11.2480
https://doi.org/10.1016/j.bpj.2018.11.2480
https://doi.org/10.1016/j.neuron.2018.07.006
http://www.ncbi.nlm.nih.gov/pubmed/30057206
https://doi.org/10.1182/blood-2002-05-1401
https://doi.org/10.1182/blood-2002-05-1401
http://www.ncbi.nlm.nih.gov/pubmed/12393397
https://doi.org/10.1016/j.tips.2013.02.004
http://www.ncbi.nlm.nih.gov/pubmed/23541335
https://doi.org/10.1016/j.cell.2006.06.044
http://www.ncbi.nlm.nih.gov/pubmed/16923388
https://doi.org/10.1016/j.ymeth.2012.07.008
http://www.ncbi.nlm.nih.gov/pubmed/22842086
https://doi.org/10.1074/jbc.M708887200
http://www.ncbi.nlm.nih.gov/pubmed/18356166
https://doi.org/10.1126/science.aao0505
http://www.ncbi.nlm.nih.gov/pubmed/29599246
https://doi.org/10.1016/S1535-6108(04)00083-2
https://doi.org/10.1016/S1535-6108(04)00083-2
http://www.ncbi.nlm.nih.gov/pubmed/15093539
https://doi.org/10.7554/eLife.38770
http://www.ncbi.nlm.nih.gov/pubmed/30070639
https://doi.org/10.1038/349704a0
http://www.ncbi.nlm.nih.gov/pubmed/1671712
https://doi.org/10.1038/nsmb1227
https://doi.org/10.1038/nsmb1227
http://www.ncbi.nlm.nih.gov/pubmed/17401372
https://doi.org/10.7554/eLife.46983

e LI F E Tools and resources

Biochemistry and Chemical Biology

Gordon WR, Roy M, Vardar-Ulu D, Garfinkel M, Mansour MR, Aster JC, Blacklow SC. 2009. Structure of the
Notch1-negative regulatory region: implications for normal activation and pathogenic signaling in T-ALL. Blood
113:4381-4390. DOI: https://doi.org/10.1182/blood-2008-08-174748, PMID: 19075186

Gordon WR, Zimmerman B, He L, Miles LJ, Huang J, Tiyanont K, McArthur DG, Aster JC, Perrimon N, Loparo JJ,
Blacklow SC. 2015. Mechanical allostery: evidence for a force requirement in the proteolytic activation of notch.
Developmental Cell 33:729-736. DOI: https://doi.org/10.1016/j.devcel.2015.05.004, PMID: 26051539

Groh V, Wu J, Yee C, Spies T. 2002. Tumour-derived soluble MIC ligands impair expression of NKG2D and T-cell
activation. Nature 419:734-738. DOI: https://doi.org/10.1038/nature01112, PMID: 12384702

Harrison OJ, Jin X, Hong S, Bahna F, Ahlsen G, Brasch J, Wu Y, Vendome J, Felsovalyi K, Hampton CM,
Troyanovsky RB, Ben-Shaul A, Frank J, Troyanovsky SM, Shapiro L, Honig B. 2011. The extracellular architecture
of adherens junctions revealed by crystal structures of type | cadherins. Structure 19:244-256. DOI: https://doi.
org/10.1016/j.str.2010.11.016, PMID: 21300292

Hayward AN, Gordon WR. 2018. Dystroglycan proteolysis is conformationally-regulated and disrupted by
disease-associated mutations . bioRxiv.

lida K, Sakai R, Yokoyama S, Kobayashi N, Togo S, Yoshikawa HY, Rawangkan A, Namiki K, Suganuma M. 2017.
Cell softening in malignant progression of human lung cancer cells by activation of receptor tyrosine kinase
AXL. Scientific Reports 7:17770. DOI: https://doi.org/10.1038/s41598-017-18120-4, PMID: 29259259

Kaiser BK, Yim D, Chow IT, Gonzalez S, Dai Z, Mann HH, Strong RK, Groh V, Spies T. 2007. Disulphide-
isomerase-enabled shedding of tumour-associated NKG2D ligands. Nature 447:482-486. DOI: https://doi.org/
10.1038/nature05768, PMID: 17495932

Katayama M, Hirai S, Kamihagi K, Nakagawa K, Yasumoto M, Kato I. 1994. Soluble E-cadherin fragments
increased in circulation of cancer patients. British Journal of Cancer 69:580-585. DOI: https://doi.org/10.1038/
bjc.1994.106, PMID: 8123491

Kazmierczak P, Sakaguchi H, Tokita J, Wilson-Kubalek EM, Milligan RA, Miller U, Kachar B. 2007. Cadherin 23
and protocadherin 15 interact to form tip-link filaments in sensory hair cells. Nature 449:87-91. DOI: https://
doi.org/10.1038/nature06091, PMID: 17805295

Kessenbrock K, Plaks V, Werb Z. 2010. Matrix metalloproteinases: regulators of the tumor microenvironment.
Cell 141:52-67. DOI: https://doi.org/10.1016/j.cell.2010.03.015, PMID: 20371345

Kim Y, Kumar S. 2014. CD44-mediated adhesion to hyaluronic acid contributes to mechanosensing and invasive
motility. Molecular Cancer Research 12:1416-1429. DOI: https://doi.org/10.1158/1541-7786.MCR-13-0629,
PMID: 24962319

Kopan R, llagan MX. 2009. The canonical notch signaling pathway: unfolding the activation mechanism. Cell 137:
216-233. DOI: https://doi.org/10.1016/j.cell.2009.03.045, PMID: 19379690

Kumar A, Bhatnagar S, Kumar A. 2010. Matrix metalloproteinase inhibitor batimastat alleviates pathology and
improves skeletal muscle function in dystrophin-deficient mdx mice. The American Journal of Pathology 177:
248-260. DOI: https://doi.org/10.2353/ajpath.2010.091176, PMID: 20472898

Langridge PD, Struhl G. 2017. Epsin-Dependent ligand endocytosis activates notch by force. Cell 171:1383-
1396. DOI: https://doi.org/10.1016/j.cell.2017.10.048, PMID: 29195077

Leitzel K, Teramoto Y, Konrad K, Chinchilli VM, Volas G, Grossberg H, Harvey H, Demers L, Lipton A. 1995.
Elevated serum c-erbB-2 antigen levels and decreased response to hormone therapy of breast cancer. Journal
of Clinical Oncology 13:1129-1135. DOI: https://doi.org/10.1200/JC0O.1995.13.5.1129, PMID: 7738618

Li K, Li Y, Wu W, Gordon WR, Chang DW, Lu M, Scoggin S, Fu T, Vien L, Histen G, Zheng J, Martin-Hollister R,
Duensing T, Singh S, Blacklow SC, Yao Z, Aster JC, Zhou BB. 2008. Modulation of notch signaling by antibodies
specific for the extracellular negative regulatory region of NOTCH3. Journal of Biological Chemistry 283:8046—
8054. DOI: https://doi.org/10.1074/jbc.M800170200, PMID: 18182388

Lo CM, Wang HB, Dembo M, Wang YL. 2000. Cell movement is guided by the rigidity of the substrate.
Biophysical Journal 79:144-152. DOI: https://doi.org/10.1016/S0006-3495(00)76279-5, PMID: 10866943

Macao B, Johansson DG, Hansson GC, Hard T. 2006. Autoproteolysis coupled to protein folding in the SEA
domain of the membrane-bound MUC1 mucin. Nature Structural & Molecular Biology 13:71-76. DOI: https://
doi.org/10.1038/nsmb1035, PMID: 16369486

Maeda T, Inoue M, Koshiba S, Yabuki T, Aoki M, Nunokawa E, Seki E, Matsuda T, Motoda Y, Kobayashi A,
Hiroyasu F, Shirouzu M, Terada T, Hayami N, Ishizuka Y, Shinya N, Tatsuguchi A, Yoshida M, Hirota H, Matsuo
Y, et al. 2004. Solution structure of the SEA domain from the murine homologue of ovarian cancer antigen
CA125 (MUC16). Journal of Biological Chemistry 279:13174-13182. DOI: https://doi.org/10.1074/jbc.
M309417200, PMID: 14764598

Malecki MJ, Sanchez-Irizarry C, Mitchell JL, Histen G, Xu ML, Aster JC, Blacklow SC. 2006. Leukemia-associated
mutations within the NOTCH1 heterodimerization domain fall into at least two distinct mechanistic classes.
Molecular and Cellular Biology 26:4642-4651. DOI: https://doi.org/10.1128/MCB.01655-05, PMID: 16738328

Maretzky T, Reiss K, Ludwig A, Buchholz J, Scholz F, Proksch E, de Strooper B, Hartmann D, Saftig P. 2005.
ADAM10 mediates E-cadherin shedding and regulates epithelial cell-cell adhesion, migration, and beta-catenin
translocation. PNAS 102:9182-9187. DOI: https://doi.org/10.1073/pnas.0500918102, PMID: 15958533

Matsumura K, Zhong D, Saito F, Arai K, Adachi K, Kawai H, Higuchi I, Nishino I, Shimizu T. 2005. Proteolysis of
beta-dystroglycan in muscular diseases. Neuromuscular Disorders 15:336-341. DOI: https://doi.org/10.1016/j.
nmd.2005.01.007, PMID: 15833425

McCawley LJ, Matrisian LM. 2001. Matrix metalloproteinases: they're not just for matrix anymore!. Current
Opinion in Cell Biology 13:534-540. DOI: https://doi.org/10.1016/S0955-0674(00)00248-9, PMID: 11544020

Hayward et al. eLife 2019;8:€46983. DOI: https://doi.org/10.7554/eLife.46983 16 of 18


https://doi.org/10.1182/blood-2008-08-174748
http://www.ncbi.nlm.nih.gov/pubmed/19075186
https://doi.org/10.1016/j.devcel.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26051539
https://doi.org/10.1038/nature01112
http://www.ncbi.nlm.nih.gov/pubmed/12384702
https://doi.org/10.1016/j.str.2010.11.016
https://doi.org/10.1016/j.str.2010.11.016
http://www.ncbi.nlm.nih.gov/pubmed/21300292
https://doi.org/10.1038/s41598-017-18120-4
http://www.ncbi.nlm.nih.gov/pubmed/29259259
https://doi.org/10.1038/nature05768
https://doi.org/10.1038/nature05768
http://www.ncbi.nlm.nih.gov/pubmed/17495932
https://doi.org/10.1038/bjc.1994.106
https://doi.org/10.1038/bjc.1994.106
http://www.ncbi.nlm.nih.gov/pubmed/8123491
https://doi.org/10.1038/nature06091
https://doi.org/10.1038/nature06091
http://www.ncbi.nlm.nih.gov/pubmed/17805295
https://doi.org/10.1016/j.cell.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20371345
https://doi.org/10.1158/1541-7786.MCR-13-0629
http://www.ncbi.nlm.nih.gov/pubmed/24962319
https://doi.org/10.1016/j.cell.2009.03.045
http://www.ncbi.nlm.nih.gov/pubmed/19379690
https://doi.org/10.2353/ajpath.2010.091176
http://www.ncbi.nlm.nih.gov/pubmed/20472898
https://doi.org/10.1016/j.cell.2017.10.048
http://www.ncbi.nlm.nih.gov/pubmed/29195077
https://doi.org/10.1200/JCO.1995.13.5.1129
http://www.ncbi.nlm.nih.gov/pubmed/7738618
https://doi.org/10.1074/jbc.M800170200
http://www.ncbi.nlm.nih.gov/pubmed/18182388
https://doi.org/10.1016/S0006-3495(00)76279-5
http://www.ncbi.nlm.nih.gov/pubmed/10866943
https://doi.org/10.1038/nsmb1035
https://doi.org/10.1038/nsmb1035
http://www.ncbi.nlm.nih.gov/pubmed/16369486
https://doi.org/10.1074/jbc.M309417200
https://doi.org/10.1074/jbc.M309417200
http://www.ncbi.nlm.nih.gov/pubmed/14764598
https://doi.org/10.1128/MCB.01655-05
http://www.ncbi.nlm.nih.gov/pubmed/16738328
https://doi.org/10.1073/pnas.0500918102
http://www.ncbi.nlm.nih.gov/pubmed/15958533
https://doi.org/10.1016/j.nmd.2005.01.007
https://doi.org/10.1016/j.nmd.2005.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15833425
https://doi.org/10.1016/S0955-0674(00)00248-9
http://www.ncbi.nlm.nih.gov/pubmed/11544020
https://doi.org/10.7554/eLife.46983

LI F E Tools and resources Biochemistry and Chemical Biology

Merilahti JAM, Ojala VK, Knittle AM, Pulliainen AT, Elenius K. 2017. Genome-wide screen of gamma-secretase—
mediated intramembrane cleavage of receptor tyrosine kinases. Molecular Biology of the Cell 28:3123-3131.
DOI: https://doi.org/10.1091/mbc.e17-04-0261

Miller MA, Oudin MJ, Sullivan RJ, Wang SJ, Meyer AS, Im H, Frederick DT, Tadros J, Griffith LG, Lee H,
Weissleder R, Flaherty KT, Gertler FB, Lauffenburger DA. 2016. Reduced proteolytic shedding of receptor
tyrosine kinases is a Post-Translational mechanism of kinase inhibitor resistance. Cancer Discovery 6:382-399.
DOI: https://doi.org/10.1158/2159-8290.CD-15-0933, PMID: 26984351

Miller MA, Sullivan RJ, Lauffenburger DA. 2017. Molecular pathways: receptor ectodomain shedding in
treatment, resistance, and monitoring of cancer. Clinical Cancer Research 23:623-629. DOI: https://doi.org/10.
1158/1078-0432.CCR-16-0869, PMID: 27895032

Molina MA, Codony-Servat J, Albanell J, Rojo F, Arribas J, Baselga J. 2001. Trastuzumab (Herceptin), a
humanized Anti-HER2 receptor monoclonal antibody, inhibits basal and activated HER2 ectodomain cleavage
in breast cancer cells. Cancer Research 61:4744-4749. PMID: 11406546

Morsut L, Roybal KT, Xiong X, Gordley RM, Coyle SM, Thomson M, Lim WA. 2016. Engineering customized cell
sensing and response behaviors using synthetic notch receptors. Cell 164:780-791. DOI: https://doi.org/10.
1016/j.cell.2016.01.012, PMID: 26830878

Ogata Y, Itoh Y, Nagase H. 1995. Steps involved in activation of the pro-matrix metalloproteinase 9
(progelatinase B)-tissue inhibitor of metalloproteinases-1 complex by 4-aminophenylmercuric acetate and
proteinases. Journal of Biological Chemistry 270:18506-18511. DOI: https://doi.org/10.1074/jbc.270.31.18506,
PMID: 7629179

Okamoto |, Kawano Y, Tsuiki H, Sasaki J, Nakao M, Matsumoto M, Suga M, Ando M, Nakajima M, Saya H. 1999.
CD44 cleavage induced by a membrane-associated metalloprotease plays a critical role in tumor cell migration.
Oncogene 18:1435-1446. DOI: https://doi.org/10.1038/sj.onc.1202447, PMID: 10050880

Parks AL, Klueg KM, Stout JR, Muskavitch MA. 2000. Ligand endocytosis drives receptor dissociation and
activation in the notch pathway. Development 127:1373-1385. PMID: 10704384

Pavsic M, Guncar G, Djinovi¢-Carugo K, Lenaréi¢ B. 2014. Crystal structure and its bearing towards an
understanding of key biological functions of EpCAM. Nature Communications 5:4764. DOI: https://doi.org/10.
1038/ncomms5764, PMID: 25163760

Pegram MD, Lipton A, Hayes DF, Weber BL, Baselga JM, Tripathy D, Baly D, Baughman SA, Twaddell T, Glaspy
JA, Slamon DJ. 1998. Phase Il study of receptor-enhanced chemosensitivity using recombinant humanized anti-
p185HER2/neu monoclonal antibody plus cisplatin in patients with HER2/neu-overexpressing metastatic breast
cancer refractory to chemotherapy treatment. Journal of Clinical Oncology 16:2659-2671. DOI: https://doi.org/
10.1200/JC0O.1998.16.8.2659, PMID: 9704716

Pei J, Grishin NV. 2017. Expansion of divergent SEA domains in cell surface proteins and nucleoporin 54. Protein
Science 26:617-630. DOI: https://doi.org/10.1002/pro.3096, PMID: 27977898

Qiu M, Peng Q, Jiang |, Carroll C, Han G, Rymer |, Lippincott J, Zachwieja J, Gajiwala K, Kraynov E, Thibault S,
Stone D, Gao Y, Sofia S, Gallo J, Li G, Yang J, Li K, Wei P. 2013. Specific inhibition of Notch1 signaling
enhances the antitumor efficacy of chemotherapy in triple negative breast cancer through reduction of cancer
stem cells. Cancer Letters 328:261-270. DOI: https://doi.org/10.1016/j.canlet.2012.09.023

Razinia Z, Castagnino P, Xu T, Vazquez-Salgado A, Puré E, Assoian RK. 2017. Stiffness-dependent motility
and proliferation uncoupled by deletion of CD44. Scientific Reports 7:16499. DOI: https://doi.org/10.1038/
s41598-017-16486-z, PMID: 29184125

Roybal KT, Williams JZ, Morsut L, Rupp LJ, Kolinko I, Choe JH, Walker WJ, McNally KA, Lim WA. 2016.
Engineering T cells with customized therapeutic response programs using synthetic notch receptors. Cell 167:
419-432. DOI: https://doi.org/10.1016/j.cell.2016.09.011, PMID: 27693353

Sanchez-Irizarry C, Carpenter AC, Weng AP, Pear WS, Aster JC, Blacklow SC. 2004. Notch subunit
heterodimerization and prevention of ligand-independent proteolytic activation depend, Respectively, on a
novel domain and the LNR repeats. Molecular and Cellular Biology 24:9265-9273. DOI: https://doi.org/10.
1128/MCB.24.21.9265-9273.2004, PMID: 15485896

Scheuner D, Eckman C, Jensen M, Song X, Citron M, Suzuki N, Bird TD, Hardy J, Hutton M, Kukull W, Larson E,
Levy-Lahad E, Viitanen M, Peskind E, Poorkaj P, Schellenberg G, Tanzi R, Wasco W, Lannfelt L, Selkoe D, et al.
1996. Secreted amyloid beta-protein similar to that in the senile plaques of alzheimer’s disease is increased in
vivo by the presenilin 1 and 2 and APP mutations linked to familial Alzheimer’s disease. Nature Medicine 2:
864-870. DOI: https://doi.org/10.1038/nm0896-864, PMID: 8705854

Schwartz MA, DeSimone DW. 2008. Cell adhesion receptors in mechanotransduction. Current Opinion in Cell
Biology 20:551-556. DOI: https://doi.org/10.1016/j.ceb.2008.05.005, PMID: 18583124

Seals DF, Courtneidge SA. 2003. The ADAMs family of metalloproteases: multidomain proteins with multiple
functions. Genes & Development 17:7-30. DOI: https://doi.org/10.1101/gad.1039703, PMID: 12514095

Selkoe DJ, Wolfe MS. 2007. Presenilin: running with scissors in the membrane. Cell 131:215-221. DOI: https://
doi.org/10.1016/j.cell.2007.10.012, PMID: 17956719

Singh J, Itahana Y, Knight-Krajewski S, Kanagawa M, Campbell KP, Bissell MJ, Muschler J. 2004. Proteolytic
enzymes and altered glycosylation modulate dystroglycan function in carcinoma cells. Cancer Research 64:
6152-6159. DOI: https://doi.org/10.1158/0008-5472.CAN-04-1638, PMID: 15342399

Steinhusen U, Weiske J, Badock V, Tauber R, Bommert K, Huber O. 2001. Cleavage and shedding of E-cadherin
after induction of apoptosis. Journal of Biological Chemistry 276:4972-4980. DOI: https://doi.org/10.1074/jbc.
MO006102200, PMID: 11076937

Hayward et al. eLife 2019;8:€46983. DOI: https://doi.org/10.7554/eLife.46983 17 of 18


https://doi.org/10.1091/mbc.e17-04-0261
https://doi.org/10.1158/2159-8290.CD-15-0933
http://www.ncbi.nlm.nih.gov/pubmed/26984351
https://doi.org/10.1158/1078-0432.CCR-16-0869
https://doi.org/10.1158/1078-0432.CCR-16-0869
http://www.ncbi.nlm.nih.gov/pubmed/27895032
http://www.ncbi.nlm.nih.gov/pubmed/11406546
https://doi.org/10.1016/j.cell.2016.01.012
https://doi.org/10.1016/j.cell.2016.01.012
http://www.ncbi.nlm.nih.gov/pubmed/26830878
https://doi.org/10.1074/jbc.270.31.18506
http://www.ncbi.nlm.nih.gov/pubmed/7629179
https://doi.org/10.1038/sj.onc.1202447
http://www.ncbi.nlm.nih.gov/pubmed/10050880
http://www.ncbi.nlm.nih.gov/pubmed/10704384
https://doi.org/10.1038/ncomms5764
https://doi.org/10.1038/ncomms5764
http://www.ncbi.nlm.nih.gov/pubmed/25163760
https://doi.org/10.1200/JCO.1998.16.8.2659
https://doi.org/10.1200/JCO.1998.16.8.2659
http://www.ncbi.nlm.nih.gov/pubmed/9704716
https://doi.org/10.1002/pro.3096
http://www.ncbi.nlm.nih.gov/pubmed/27977898
https://doi.org/10.1016/j.canlet.2012.09.023
https://doi.org/10.1038/s41598-017-16486-z
https://doi.org/10.1038/s41598-017-16486-z
http://www.ncbi.nlm.nih.gov/pubmed/29184125
https://doi.org/10.1016/j.cell.2016.09.011
http://www.ncbi.nlm.nih.gov/pubmed/27693353
https://doi.org/10.1128/MCB.24.21.9265-9273.2004
https://doi.org/10.1128/MCB.24.21.9265-9273.2004
http://www.ncbi.nlm.nih.gov/pubmed/15485896
https://doi.org/10.1038/nm0896-864
http://www.ncbi.nlm.nih.gov/pubmed/8705854
https://doi.org/10.1016/j.ceb.2008.05.005
http://www.ncbi.nlm.nih.gov/pubmed/18583124
https://doi.org/10.1101/gad.1039703
http://www.ncbi.nlm.nih.gov/pubmed/12514095
https://doi.org/10.1016/j.cell.2007.10.012
https://doi.org/10.1016/j.cell.2007.10.012
http://www.ncbi.nlm.nih.gov/pubmed/17956719
https://doi.org/10.1158/0008-5472.CAN-04-1638
http://www.ncbi.nlm.nih.gov/pubmed/15342399
https://doi.org/10.1074/jbc.M006102200
https://doi.org/10.1074/jbc.M006102200
http://www.ncbi.nlm.nih.gov/pubmed/11076937
https://doi.org/10.7554/eLife.46983

e LI F E Tools and resources

Biochemistry and Chemical Biology

Stetler-Stevenson WG, Krutzsch HC, Wacher MP, Margulies IM, Liotta LA. 1989. The activation of human type IV
collagenase proenzyme. Sequence identification of the major conversion product following organomercurial
activation. The Journal of Biological Chemistry 264:1353-1356. PMID: 2536363

Struhl G, Adachi A. 1998. Nuclear access and action of notch in vivo. Cell 93:649-660. DOI: https://doi.org/10.
1016/50092-8674(00)81193-9, PMID: 9604939

Struhl G, Greenwald . 1999. Presenilin is required for activity and nuclear access of Notch in Drosophila. Nature
398:522-525. DOI: https://doi.org/10.1038/19091, PMID: 10206646

Tien WS, Chen JH, Wu KP. 2017. SheddomeDB: the ectodomain shedding database for membrane-bound shed
markers. BMC Bioinformatics 18:31-48. DOI: https://doi.org/10.1186/512859-017-1465-7, PMID: 28361715

Tiyanont K, Wales TE, Siebel CW, Engen JR, Blacklow SC. 2013. Insights into Notch3 activation and inhibition
mediated by antibodies directed against its negative regulatory region. Journal of Molecular Biology 425:
3192-3204. DOI: https://doi.org/10.1016/].jmb.2013.05.025, PMID: 23747483

Turk B. 2006. Targeting proteases: successes, failures and future prospects. Nature Reviews Drug Discovery 5:785-
799. DOI: https://doi.org/10.1038/nrd2092, PMID: 16955069

Vandenbroucke RE, Libert C. 2014. Is there new hope for therapeutic matrix metalloproteinase inhibition?
Nature Reviews Drug Discovery 13:904-927. DOI: https://doi.org/10.1038/nrd4390, PMID: 25376097

Waldhauer I, Goehlsdorf D, Gieseke F, Weinschenk T, Wittenbrink M, Ludwig A, Stevanovic S, Rammensee HG,
Steinle A. 2008. Tumor-associated MICA is shed by ADAM proteases. Cancer Research 68:6368-6376.

DOI: https://doi.org/10.1158/0008-5472.CAN-07-6768, PMID: 18676862

Weng AP, Ferrando AA, Lee W, Morris JP, Silverman LB, Sanchez-Irizarry C, Blacklow SC, Look AT, Aster JC.
2004. Activating mutations of NOTCH?1 in human T cell acute lymphoblastic leukemia. Science 306:269-271.
DOI: https://doi.org/10.1126/science.1102160, PMID: 15472075

White JM. 2003. ADAMs: modulators of cell-cell and cell-matrix interactions. Current Opinion in Cell Biology 15:
598-606. DOI: https://doi.org/10.1016/j.ceb.2003.08.001, PMID: 14519395

Wu Y, Cain-Hom C, Choy L, Hagenbeek TJ, de Leon GP, Chen Y, Finkle D, Venook R, Wu X, Ridgway J, Schahin-
Reed D, Dow GJ, Shelton A, Stawicki S, Watts RJ, Zhang J, Choy R, Howard P, Kadyk L, Yan M, et al. 2010.
Therapeutic antibody targeting of individual notch receptors. Nature 464:1052-1057. DOI: https://doi.org/10.
1038/nature08878, PMID: 20393564

Xu X, Choi SH, Hu T, Tiyanont K, Habets R, Groot AJ, Vooijs M, Aster JC, Chopra R, Fryer C, Blacklow SC. 2015.
Insights into autoregulation of Notch3 from structural and functional studies of its negative regulatory region.
Structure 23:1227-1235. DOI: https://doi.org/10.1016/}.str.2015.05.001, PMID: 26051713

Yang B, Lieu ZZ, Wolfenson H, Hameed FM, Bershadsky AD, Sheetz MP. 2016. Mechanosensing controlled
directly by tyrosine kinases. Nano Letters 16:5951-5961. DOI: https://doi.org/10.1021/acs.nanolett.6b02995,
PMID: 27559755

Zimmerman B, Kelly B, McMillan BJ, Seegar TCM, Dror RO, Kruse AC, Blacklow SC. 2016. Crystal structure of a
Full-Length human tetraspanin reveals a Cholesterol-Binding pocket. Cell 167:1041-1051. DOI: https://doi.org/
10.1016/j.cell.2016.09.056, PMID: 27881302

Hayward et al. eLife 2019;8:€46983. DOI: https://doi.org/10.7554/eLife.46983 18 of 18


http://www.ncbi.nlm.nih.gov/pubmed/2536363
https://doi.org/10.1016/S0092-8674(00)81193-9
https://doi.org/10.1016/S0092-8674(00)81193-9
http://www.ncbi.nlm.nih.gov/pubmed/9604939
https://doi.org/10.1038/19091
http://www.ncbi.nlm.nih.gov/pubmed/10206646
https://doi.org/10.1186/s12859-017-1465-7
http://www.ncbi.nlm.nih.gov/pubmed/28361715
https://doi.org/10.1016/j.jmb.2013.05.025
http://www.ncbi.nlm.nih.gov/pubmed/23747483
https://doi.org/10.1038/nrd2092
http://www.ncbi.nlm.nih.gov/pubmed/16955069
https://doi.org/10.1038/nrd4390
http://www.ncbi.nlm.nih.gov/pubmed/25376097
https://doi.org/10.1158/0008-5472.CAN-07-6768
http://www.ncbi.nlm.nih.gov/pubmed/18676862
https://doi.org/10.1126/science.1102160
http://www.ncbi.nlm.nih.gov/pubmed/15472075
https://doi.org/10.1016/j.ceb.2003.08.001
http://www.ncbi.nlm.nih.gov/pubmed/14519395
https://doi.org/10.1038/nature08878
https://doi.org/10.1038/nature08878
http://www.ncbi.nlm.nih.gov/pubmed/20393564
https://doi.org/10.1016/j.str.2015.05.001
http://www.ncbi.nlm.nih.gov/pubmed/26051713
https://doi.org/10.1021/acs.nanolett.6b02995
http://www.ncbi.nlm.nih.gov/pubmed/27559755
https://doi.org/10.1016/j.cell.2016.09.056
https://doi.org/10.1016/j.cell.2016.09.056
http://www.ncbi.nlm.nih.gov/pubmed/27881302
https://doi.org/10.7554/eLife.46983

