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Abstract: A Disintegrin and Metalloprotease 10, also known as ADAM10, is a cell surface protease
ubiquitously expressed in mammalian cells where it cuts several membrane proteins implicated in
multiple physiological processes. The dysregulation of ADAM10 expression and function has been
implicated in pathological conditions, including Alzheimer’s disease (AD). Although it has been
suggested that ADAM10 is expressed as a zymogen and the removal of the prodomain results in its
activation, other potential mechanisms for the ADAM10 proteolytic function and activation remain
unclear. Another suggested mechanism is post-translational modification of the cytoplasmic domain,
which regulates ADAM10-dependent protein ectodomain shedding. Therefore, the precise and
temporal activation of ADAM10 is highly desirable to reveal the fine details of ADAM10-mediated
cleavage mechanisms and protease-dependent therapeutic applications. Here, we present a strategy
to control prodomain and cytosolic tail cleavage to regulate ADAM10 shedding activity without the
intervention of small endogenous molecule signaling pathways. We generated a series of engineered
ADAM10 analogs containing Tobacco Etch Virus protease (TEV) cleavage site (TEVcs), rendering
ADAM10 cleavable by TEV. This strategy revealed that, in the absence of other stimuli, the TEV-
mediated removal of the prodomain could not activate ADAM10. However, the TEV-mediated
cleavage of the cytosolic domain significantly increased ADAM10 activity. Then, we generated
ADAM10 with a minimal constitutively catalytic activity that increased significantly in the presence
of TEV or after activating a chemically activatable TEV. Our results revealed a bioengineering strategy
for controlling the ADAM10 activity in living cells, paving the way to obtain spatiotemporal control of
ADAM10. Finally, we proved that our approach of controlling ADAM10 promoted α-secretase activity
and the non-amyloidogenic cleavage of amyloid-β precursor protein (APP), thereby increasing the
production of the neuroprotective soluble ectodomain (sAPPα). Our bioengineering strategy has the
potential to be exploited as a next-generation gene therapy for AD.

Keywords: prodomain; cytosolic domain; TEV; engineered protein; APP; Alzheimer

1. Introduction

The ADAM (A Disintegrin and Metalloprotease) family includes transmembrane
proteins with proteolytic activity on juxtamembrane domains of cell surface substrates
implicated in multiple biological processes [1–5]. In humans, the ADAM family includes
roughly 30 ADAM isoforms [6], 13 proteolytically active and 11 catalytically inactive and
potentially involved in other biological functions, such as protein–protein interaction,
axon growth, and neurogenesis [7]. In eukaryotes, ADAM10 and ADAM17 are the main
proteases involved in the ectodomain shedding of membrane proteins [8]. For ADAM10,
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several pieces of evidence suggest that it acts as α-secretase in neurons [9–11], participating
in non-amyloidogenic cleavage of the amyloid-β precursor protein (APP) [12]. On APP,
ADAM10 activity causes the generation of a C-terminal membrane-anchored fragment and
a neuroprotective soluble ectodomain (sAPPα), precluding amyloid-β (Aβ) formation and
their aggregation leading to amyloid plaque load [13–15] that is a hallmark of Alzheimer’s
disease (AD). The downregulation of ADAM10 activity is considered a critical factor for AD
pathogenesis [13,14], whereas ADAM10 upregulation reduced Aβ-associated pathologies
in vitro and in vivo [15,16]. ADAM10 is a component of the excitatory postsynaptic density,
where it intervenes in the correct formation and the maintenance of synapses by proteolytic
processing of the neurexin–neuroligin complex [17–20]. Given its involvement in several
physiological and pathophysiological processes, ADAM10 is the focus of intense research.

ADAM10 is a transmembrane and multidomain protein of 748 amino acids in length
composed of N-terminal signal sequence, prodomain, metalloproteinase domain contain-
ing the characteristic HExxHxxGxxH zinc-binding consensus motif, disintegrin domain,
cysteine-rich domain, and a cytosolic region [21]. Several studies suggest that the activity of
ADAM10 is regulated at the transcriptional, epigenetic, translational, and post-translational
levels [22–26].

The post-translational regulation of ADAM10 is mediated by multiple factors, includ-
ing maturation processes in subcellular compartments, protein interactions, dimerizations,
and intracellular second messengers such as Ca2+, cAMP, and cGMP [27–29]. However, the
spatiotemporal dynamics of ADAM10 activation have not been fully identified. ADAM10
has been proposed to be expressed as an inactive zymogen for which the activity is spatially
and temporally regulated by endogenous proteolytic activities [30]. It has been suggested
that ADAM10 translocates from the endoplasmic reticulum (ER) and trans-Golgi network
to the cell membrane, gradually acquiring proteolytic activity [30–32]. During its transloca-
tion to the cell surface, the progressive processing of ADAM10 by endogenous proteases,
such as protein convertase 7 (PC7) and furin, promotes ADAM10 activation. Indeed, the
ADAM10 prodomain has been demonstrated to exert potent competitive inhibition of the
ADAM10 catalytic domain if applied as a recombinant peptide [33].

The prodomain contains a cleavage site for endogenous proteases (aa 211–215) between
the prodomain and the metalloproteinase domain, which is characterized by a dibasic motif
RXXR (i.e., RKKR), and it is known as a boundary site (BS) [34]. An additional putative
cleavage site has been identified upstream of the BS at residues 48–51 (RAKR), known as
the upstream site (US) [34].

Once expressed on the cell surface, ADAM10 forms homodimers through the cyto-
plasmic tail [35]. Interestingly, homodimerization has been shown to block the catalytic
site of the closely related ADAM17, reducing its proteolytic activity [36–39]. Moreover,
the cytoplasmic domain of ADAM10 contains an ER retention motif (i.e., RRR residues
722–724) that keeps ADAM10 in the ER, preventing its surface localization until a stimulus
arrives [40,41].

The necessity of different domains in regulating ADAM10 activity has been pro-
posed by using truncated ADAM10 analogs lacking domains, protease-resistant ADAM10
mutants, and pharmacological drugs [21,34,40,42]. However, it remains elusive whether
ADAM10 activity could be modulated by controlling the removal of domains from the
full-length protein in the absence of physiological stimuli mediating the activation of sig-
naling pathways. Here, we developed a genetically encoded controllable cleavage of the
prodomain and cytoplasmic regions of ADAM10, an approach that has been rarely explored
as a strategy to control ADAM10 activity in living cells. Using this strategy, we identi-
fied an ADAM10 analog with minimum activity in the absence of TEV and significantly
higher activity in the presence of TEV. Combining the expression of the identified ADAM10
analogs with a chemically inducible switchable single-chain TEV, we controlled ADAM10
cleavage and activity in space and time. Finally, by using this strategy, we controlled
non-amyloidogenic APP processing in living cells, an approach that might be used as a
therapeutic strategy for AD.
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2. Results
2.1. Design of Strategy to Control ADAM10 Activity

The bioengineering strategy proposed here to control ADAM10 activity in living
cells is based on the insertion of TEV cleavage site (TEVcs) into specific ADAM10 re-
gions to obtain TEV-mediated cleavage (Figure 1). In particular, we first replaced the two
endogenous cleavage sites in the prodomain with TEVcs. This insertion enabled the TEV-
mediated ADAM10 protein cleavage to be attained in: (i) US, (ii) BS, and (iii) both regions
(Figure 1A–C). We named these constructs: US-TEVcs (on which TEV activity cleaved
the prodomain in correspondence with the original US sequence whereas endogenous
proteases could process BS), BS-TEVcs (on which TEV activity cleaved the prodomain
corresponding to the original BS sequence whereas endogenous proteases could process
US), and US-BS-TEVcs (on which TEV processed the prodomain at both the original US
and BS) (Figure 1C).

Figure 1. Bioengineering strategy to control ADAM10 activity. (A) AlphaFold-predicted the crystal
structure of ADAM10 (Uniprot ID: A0A024R5U5). Signaling peptide is shown in orange, prodomain
in blue, metalloprotease in red, disintegrin in yellow, cysteine-rich in green, transmembrane in
cerulean, and cytoplasmic tail in magenta. (B) ADAM10 cleaves cell surface substrates on the
juxtamembrane domains. Some shedding fragments are released in the medium. (C) Design of
strategy to control ADAM10 activity. ADAM10 domains with colors used in (A). ENYFQ in red
represents TEVcs, AGSG and AKSG in green indicate the mutations in the prodomain. These
mutations preclude endogenous protease cleavage. Star indicates the sites of TEV-induced cleavage
in the ADAM10 analogs.

To study the role of the cytosolic region in ADAM10 activity, we introduced TEVcs
in the cytoplasmic region (Cyt), generating the Cyt-TEVcs analog (on which TEV activity
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released a cytoplasmic portion, whereas endogenous proteases could process both US and
BS, Figure 1C).

To assess whether the simultaneous cleavage of the cytosolic region and the prodomain
affected ADAM10 activity, we generated the following ADAM10 analogs: US-Cyt-TEVcs
(TEV cleaved ADAM10 on US and Cyt), BS-Cyt-TEVcs (TEV cleaved ADAM10 on BS
and Cyt), US-BS-Cyt-TEVcs (TEV cleaved ADAM10 on US, BS, and Cyt) (Figure 1C).
To render ADAM10 insensible to endogenous proteases, we inserted mutations at the
endogenous cleavage sites (RAKR mutated with AGSG and RKKR mutated with AKSG in
US or BS, respectively) generating US-mut, US-mut-Cyt-TEVcs, BS-mut, and BS-mut-TEVcs
(Figure 1C).

All ADAM10 analogs were designed based on the wild-type (wt) sequence of human
ADAM10 (Uniprot ID: A0A024R5U5) and contained a Myc-tag at the C-terminus. The
overexpression of each ADAM10 analog did not cause cytotoxicity in HEK293T cells.
To evaluate TEV-mediated cleavage in SDS-PAGE experiments, we introduced the HA
tag in ADAM10 analogs containing Cyt-TEVcs. The activity of ADAM10 analogs was
analyzed using the membrane-anchored ADAM10 substrate betacellulin (BTC) fused with
the alkaline phosphatase (AP) (BTC-AP). BTC-AP provided a simple and sensitive means to
monitor the shedding of ADAM10 in cell-based assays. The activity of ADAM10 on BTC-AP
released AP into the medium, which could be analyzed with colorimetric detection [43].

2.2. Evaluation of the Role of ADAM10 Prodomain in Shedding Activity

To explore the function of the ADAM10 prodomain in controlling protease activity, we
evaluated the shedding activity in HEK293T cells transiently transfected with expression
plasmids encoding: (i) BTC-AP, (ii) wt or ADAM10 mutants (i.e., US-BS-TEVcs, US-TEVcs,
BS-TEVcs), and (iii) an empty vector (EV) or a constitutively active TEV (Figure 2).

Figure 2. TEV-mediated removal of prodomain does not induce ADAM10 activation. (A) ADAM10
protein after TEV activity, wt ADAM10 lacking TEVcs was not a substrate of TEV. HEK293T cells
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were co-transfected with a ratio of 1:1:1 of plasmids encoding wt ADAM10:BTC-AP:EV (empty vector)
or constitutive active TEV. (B) Representative WB analysis of cell lysates evaluating the expression
and cleavage of wt ADAM10 using an antibody against the C-terminal Myc tag of the expressed
proteins. V5 antibody was used to show the presence of TEV. Anti-β-tubulin was used as a loading
control. (C) Shedding levels in cells expressing EV or TEV were similar. (D) US-BS-TEVcs ADAM10
analog after TEV activity. (E) Immunoblot analysis revealing TEV-mediated cleavage of US-BS-
TEVcs. (F) Shedding was unaffected by TEV-mediated cleavage in correspondence of US and BS sites.
(G) US-TEVcs ADAM10 analog after TEV activity. (H) WB of the expression of US-TEVcs analog
in the presence of EV or TEV. (I) Shedding levels in cells expressing TEV was significantly lower
than those in cells expressing EV. (J) BS-TEVcs ADAM10 analog after TEV activity. (K) Immunoblot
analysis of BS-TEVcs analog in the presence of EV or TEV. (L) Shedding levels in cells expressing
EV or TEV was similar. Star indicates the sites of TEV-induced cleavage in the ADAM10 analogs.
Data are expressed as mean ± SEM. ns, not significant; *** p < 0.0001; unpaired two-tailed Student’s
t-test. (M) Representative immunofluorescent analysis of ADAM10 analogs in HEK293T cells using
antibodies against the C-terminal Myc tag. Scale bar, 25 µm.

As expected, in cells transfected with wt ADAM10 and constitutively active TEV,
we did not observe a different SDS-PAGE migration of ADAM10 signal compared to
cells transfected with wt ADAM10 and an EV (Figure 2A,B). Similarly, analyzing the
levels of BTC-AP, we found no significant differences in AP in the supernatants of cells
transfected with wt ADAM10 and TEV compared with wt ADAM10 and EV (shedding
activity: 28.21 ± 1.79%, n = 8 vs. 29.19 ± 1.65%, n = 7, in the presence of EV and TEV,
respectively, p = 0.6973, Figure 2C).

However, in cells expressing US-BS-TEVcs ADAM10 mutant, TEV activity led to an
evident migration in SDS-PAGE experiments, reflecting the cleavage of prodomain regions,
as expected (Figure 2D,E). When we measured the shedding activity in the supernatants
of cells expressing US-BS-TEVcs ADAM10 mutant and EV, we found significantly lower
levels of AP detection than cells expressing wt ADAM10 and EV (5.93 ± 2.33%, n = 4,
p < 0.0001 compared with wt ADAM10). These data indicated that the insertion of TEVcs
in correspondence with the original US and BS sequence reduced the shedding activity
of ADAM10 (Figure 2F). The inhibition of ADAM10 activity with the US-BS-TEVcs ana-
log could result from the abrogation of endogenous protease activity on the US and BS
(Figure 1C). Of note, the shedding activity was unaffected by co-expression of the consti-
tutively active TEV (7.82 ± 3.26%, n = 4, p = 0.6531 compared with US-BS-TEVcs + EV,
Figure 2F), indicating that the removal of the prodomain without a concomitance of physi-
ological stimuli and/or a differential timing in prodomain processing was ineffective in
regulating ADAM10 shedding activity.

To learn more about the potential role of the ADAM10 prodomain in modulating its
shedding activity, we transfected cells with the US-TEVcs ADAM10 analog and BTC-AP in
the presence of EV or TEV.

The TEV-mediated cleavage of US-TEVcs ADAM10 analog was evaluated in SDS-
PAGE experiments (Figure 2G,H). The shedding ratio for BTC in these cells co-transfected
with an EV was similar to those expressing wt ADAM10 and EV (26.64 ± 0.25%, n = 3,
p = 0.9993 compared with wt ADAM10). Surprisingly, there was a significant reduction
in BTC-AP shedding in cells co-transfected with TEV, indicating that ADAM10 cleavage
on US negatively modulated ADAM10 protease activity (shedding activity: 5.89 ± 0.22%,
n = 3, p < 0.0001 compared with US-TEVcs + EV).

Next, we analyzed whether the prodomain processing on BS was required for ADAM10
activation in the absence of other stimuli (Figure 2J). In BS-TEVcs ADAM10-transfected cells,
we observed TEV-mediated protein cleavage (Figure 2K) without an increase in BTC-AP
shedding compared with cells co-expressing an EV (23.82 ± 0.25%, n = 3, vs. 24.56 ± 0.06%,
n = 3, in cells transfected with BS-TEVcs and expressing EV or TEV, respectively, p = 0.0449;
Figure 2L).

Finally, we stained HEK293T transfected cells with a Myc antibody to analyze the
amount of ADAM10 analogs on the cell surface. Figure 2M showed that all constructs
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were immunostained similarly to wt ADAM10, suggesting that the differences in protease
activity are not due to difference in protein expression.

2.3. Removal of the Cytoplasmic Domain of ADAM10 Increases Shedding Activity

To evaluate the role of the cytoplasmic tail in controlling ADAM10 activity, we co-
transfected HEK293T cells with BTC-AP, Cyt-TEVcs ADAM10, and EV or a constitutively
active TEV. The cytoplasmic tail has been demonstrated to influence ADAM10 membrane
trafficking [41] through an ER retention motif (i.e., 723-RRR) that negatively regulates
ADAM10 membrane localization by keeping the protein in the ER [40]. In our Cyt-TEVcs
ADAM10 analog, we inserted the TEVcs at the beginning of the cytoplasmic domain (694-
GFIKI) upstream of the 723-RRR motif (Figures 1C and 3A). In the upstream sequence of
TEVcs, we introduced an HA tag to evaluate the cleavage in SDS-PAGE experiments. In
immunofluorescence experiments, we found that Cyt-TEVcs ADAM10 analog immunore-
activity was similar to that of wt ADAM10 in HEK293T cells (Figure 3B). The appearance of
a 90 kDa band revealed with an HA antibody demonstrated that TEV-mediated Cyt-TEVcs
ADAM10 released the cytoplasmic tail (Figure 3C). When we evaluated the shedding
activity of Cyt-TEVcs ADAM10 mutant in cells co-transfected with an EV, we found sim-
ilar background shedding activity to the wt ADAM10 (27.33 ± 1.99%, n = 9, p = 0.9994
compared with wt ADAM10). However, in cells transfected with Cyt-TEVcs and TEV, we
observed a significant increase in ADAM10-mediated AP shedding, demonstrating that
the TEV-mediated removal of cytosolic domain significantly increased ADAM10 activity
(51.07 ± 1.09%, n = 8, p < 0.0001 compared with Cyt-TEVcs + EV; Figure 3D).

Figure 3. TEV-mediated removal of cytosolic tail increases the constitutive shedding. (A) Expected
TEV-mediated Cyt-TEVcs ADAM10 resultant cleavage fragments. (B) Representative immunoflu-
orescent analysis of Cyt-TEVcs ADAM10 expressing cells using Myc antibody. Scale bar, 25 µm.
(C) Representative WB analysis of cell lysates evaluating the expression and cleavage of Cyt-TEVcs
ADAM10 using antibodies against the C-terminal Myc and C-terminal HA tags of the expressed
proteins. Immunoblots with V5 and β-tubulin antibodies were used to evaluate the presence of TEV
and the loading amount of lysates, respectively. (D) Cells were analyzed for BTC-AP release in the
presence EV and TEV. The Cyt-TEVcs ADAM10 analog cleaved by TEV had significantly higher
shedding activity. Star indicates the sites of TEV-induced cleavage in the ADAM10 analogs. Data are
expressed as mean ± SEM. *** p < 0.0001; unpaired two-tailed Student’s t-test.
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2.4. Developing ADAM10 Analogs with Minimum Activity in the Absence of TEV and Maximum
Activity in the Presence of TEV

Because we aimed to obtain minimum activity in the absence of TEV and maximum
activity in the presence of TEV, as expected from an ideal engineered protein switch, we
intervened on ADAM10 to lower the basal catalytic activity to a minimum.

Having demonstrated that the insertion of TEVcs in the prodomain, in correspondence
with the original US and BS sequence, drastically reduced the shedding activity of ADAM10
(Figure 2F), we tested the role of a concomitant cut in pro- and cytoplasmic domains using
the US-BS-Cyt-TEVcs mutant (Figure 1C).

When we evaluated the shedding activity of US-BS-Cyt-TEVcs analog in cells co-
transfected with EV, we found that this mutant was unable to cut BTC-AP (shedding
activity: −3.08 ± 0.79%, n = 3, p < 0.0001 compared with wt ADAM10, Figure 4A–A”).
The co-expression of TEV produced a different SDS-PAGE migration of ADAM10 signal
compared to cells transfected with US-BS-Cyt-TEVcs and EV (Figure 4A,A’). However,
cleaved US-BS-Cyt-TEVcs analog did not increase its shedding activity, indicating that
concomitant TEV-mediated cleavage in pro- and cytoplasmic domains was ineffective in
promoting ADAM10 catalytic activity (−0.13 ± 1.81%, n = 3, p = 0.2096 compared with
US-BS-Cyt-TEVcs + EV; Figure 4A”).

Figure 4. TEV-mediated shedding activity of ADAM10 analogs with mutations in the prodomain
and cytosolic region. (A) ADAM10 protein after TEV activation. (A’) Representative WB analysis of
cell lysates evaluating the expression and cleavage of US-BS-Cyt-TEVcs. (A”) Shedding levels in cells
expressing EV were almost zero and TEV did not increase constitutive shedding. (B) US-Cyt-TEVcs
ADAM10 analog after TEV activity. (B’) Immunoblot analysis revealing TEV-mediated cleavage of
US-Cyt-TEVcs. (B”) Shedding was unaffected by TEV-mediated cleavage in corresponding US and
Cyt sites. (C) BS-Cyt-TEVcs ADAM10 analog after TEV activation. (C’) WB of the expression of
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BS-Cyt-TEVcs analog in the presence of EV or TEV. (C”) Shedding levels in cells expressing TEV were
significantly higher than those in cells expressing EV. (D,E) ADAM10 proteins after TEV activation;
US-mut and BS-mut ADAM10 analogs lacking TEVcs were not TEV substrates. (D’,E’) Immunoblot
analysis in cells expressing US-mut (D’) and BS-mut (E’) in the presence of EV and TEV. (D”,E”) Shed-
ding levels in cells expressing EV or TEV for US-mut (D”) and BS-mut (E”). (F,G) US-mut-Cyt-TEVcs
and BS-mut-Cyt-TEVcs ADAM10 proteins after TEV activation. (F’,G’) Immunoblot analysis in
cells expressing US-mut-Cyt-TEVcs (F’) and BS-mut-Cyt-TEVcs (G’) in the presence of EV and
TEV. (F”,G”) Shedding levels in cells expressing EV or TEV for US-mut-Cyt-TEVcs (F”) and BS-
mut-Cyt-TEVcs (G”). (H,I) T719A and T719A Cyt-TEVcs ADAM10 proteins after TEV activation.
(H’,I’) Representative WB analysis of cell lysates evaluating the expression and cleavage of T719A
(H’) and T719A Cyt-TEVcs (I’). T719A analog lacking TEVcs was not a TEV substrate. (H”,I”) Shed-
ding levels in cells expressing EV or TEV for T719A (H”) and T719A Cyt-TEVcs (I”). Star indicates
the sites of TEV-induced cleavage in the ADAM10 analogs. Data are expressed as mean ± SEM. ns,
not significant; *** p < 0.0001; unpaired two-tailed Student’s t-test.

To further study the effects of the removal of the cytoplasmic domains with the
concomitant cleavage of one of the prodomain sites, we generated the US-Cyt-TEVcs and
BS-Cyt-TEVcs ADAM10 analogs. We found that in US-Cyt-TEVcs transfected cells, TEV
promoted ADAM10 analog cleavage without modulating the release of AP (19.46 ± 1.76%,
n = 4, vs. 23.4 ± 0.66%, n = 4, in cells transfected with BS-TEVcs and expressing EV or
TEV, respectively, p = 0.0815, Figure 4B–B”). Moreover, the background shedding activity
of US-Cyt-TEVcs mutant in cells co-transfected with EV was similar to those of the wt
ADAM10 (p = 0.0125 compared with wt ADAM10 + EV).

However, we observed a significantly decreased shedding of BTC from cells co-
transfected with BS-Cyt-TEVcs ADAM10 and EV compared with wt ADAM10 and EV
(11.75 ± 1.94%, n = 4, p < 0.0001). Interestingly, when we co-transfected BS-Cyt-TEVcs
ADAM10 with TEV, we found a significant increase in the shedding of BTC-AP compared
with BS-Cyt-TEVcs ADAM10 co-transfected with EV (33.53 ± 1.63%, n = 4, p = 0.0001,
Figure 4C–C”). These results indicated that the insertion of TEVcs in correspondence with
the original BS sequence and the cytoplasmic tail was useful in reducing the background
activity of ADAM10 and maintaining TEV-mediated catalytic inducibility.

To further dissect the individual roles of US and BS in ADAM10 catalytic activity, we
inserted mutations (i.e., AGSG and AKGS in US and BS, respectively) to block endogenous
cleavage at one of these two sites. Mutations in US did not change the shedding activity
compared to wt ADAM10 also in cells co-expressing TEV (shedding activity US-mut + EV:
25.25 ± 0.4%, n = 3, p = 0.9654 compared with wt ADAM10; US-mut + TEV: 27.67 ± 0.37%,
n = 3, p = 0.0111 compared with US-mut + EV; Figure 4D–D”). A similar picture emerged
when we used the BS-mut analog (shedding activity BS-mut + EV: 25.21 ± 0.14%, n = 3,
p = 0.9627 compared with wt ADAM10; BS-mut + TEV: 21.33 ± 0.3%, n = 3, p = 0.0003
compared with BS-mut + EV; Figure 4E–E”).

Next, we used US-mut-Cyt-TEVcs (on which TEV activity released a cytoplasmic
portion, whereas endogenous proteases could process only BS, Figure 1C) and BS-mut-Cyt-
TEVcs (on which TEV activity released a cytoplasmic tail, whereas endogenous proteases
could process US but not BS, Figure 1C). With both constructs, we observed a significant
decrement of shedding activity compared with wt ADAM10 (p < 0.0001 and p < 0.0001
for US-mut-Cyt-TEVcs + EV and BS-mut-Cyt-TEVcs + EV, respectively) and a significant
increment in shedding levels for BTC in cells co-transfected with TEV (shedding activity
US-mut-Cyt-TEVcs + EV: 14.34 ± 2.06%, n = 4 vs. US-mut-Cyt-TEVcs + TEV: 30.9 ± 1.81%,
n = 4, p = 0.0009; BS-mut-Cyt-TEVcs + EV: 7.15 ± 0.28%, n = 3 vs. BS-mut-Cyt-TEVcs + TEV:
23.99 ± 0.24%, n = 3, p = <0.0001; Figure 4F–G”).

Another strategy we used to decrease the basal catalytic activity of ADAM10 included
the point mutation of a threonine at position 719 (T719) in the cytoplasmic tail. It has been
proposed that the catalytic activity of ADAM10 is also regulated through the inhibition of
its dimerization by means of phosphorylation on T719. For this reason, we generated a
T719 phosphoblocking ADAM10 mutant in which T719 was mutated to alanine (T719A).
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We reasoned that by blocking T719 phosphorylation, we promoted ADAM10 dimerization,
thus reducing ADAM10 constitutive catalytic activity. T719 is located downstream of TEVcs
in Cyt-TEV ADAM10 analog; thus, TEV activity could potentially abrogate dimerization
by cutting the dimerization sites.

To evaluate the role of T719A in ADAM10 activity, we first transfected HEK293T cells
with T719A ADAM10 mutant and BTC-AP. We found similar background shedding activity
of T719A ADAM10 mutant to the wt ADAM10 (36.3 ± 2.71%, n = 3, p = 0.0573 compared
with wt ADAM10). Additionally, the shedding activity of T719A is not affected by TEV
(39.22± 0.55%, n = 3, p = 0.3512 compared with T719A + EV). Similarly, the T719A mutation
in Cyt-TEVcs ADAM10 analog did not significantly reduce background activity on BTC-AP
substrate (shedding activity T719A Cyt-TEVcs ADAM10 mutant + EV: 26.94 ± 0.3%, n = 3,
p = 0.9994 compared with wt ADAM10). However, in the presence of TEV, shedding activity
was significantly increased (T719A Cyt-TEVcs ADAM10 mutant + TEV: 49.46 ± 0.24%,
n = 3, p < 0.0001 compared with T719A Cyt-TEVcs ADAM10 mutant + EV; Figure 4H–I”).

Among all constructs, we identified BS-Cyt-TEVcs as the analog with minimal basal
activity in the absence of TEV and maximum activity in the presence of TEV. Indeed,
when expressed with (i) EV, BS-Cyt-TEVcs led to a significant reduction in basal shedding
activity compared with wt ADAM10, and with (ii) TEV, BS-Cyt-TEVcs shedding activity
was significantly increased (Figures 4G–G” and 5B).

Figure 5. Evaluating ADAM10 analogs with minimum activity in the absence of TEV and maximum
activity in the presence of TEV. (A) Comparative analysis of constitutive shedding activity of ADAM10
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analogs in the presence of EV. Data are expressed as mean ± SEM. ns, not significant compared to
WT; * p < 0.05 compared to WT; *** p < 0.0001 compared to WT; one-way ANOVA with the Dunnett’s
post hoc test comparisons. (B) Heat map of results of shedding activity of ADAM10 analogs in the
presence of EV and TEV. *** p < 0.0001; unpaired two-tailed Student’s t-test. Arrow indicates the
construct generating the minimum shedding activity in the absence of TEV (EV) and a significant
increase in BTC-AP shedding in the presence of TEV. (C) AlphaFold-predicted crystal structure of
BS-Cyt-TEVcs ADAM10 analog before (left) and after (right) TEV activity.

2.5. A Chemogenetic Strategy to Control ADAM10 Activity in Living Cells

We recently developed a genetically encoded switchable single-chain TEV, allowing the
inducible cleavage of proteins containing the TEVcs in different compartments of cells using
rapamycin or its non-immunosuppressive analogs [44]. Here, we used this controllable
TEV (uniRapR-TEV) to attempt the chemogenetic modulation of TEVcs ADAM10 analogs
activity. Rapamycin did not affect BTC-AP shedding in HEK293T cells transfected with BTC-
AP alone compared with cells transfected with BTC-AP and treated with vehicle (p = 0.2673).
Similarly, the co-expression of uniRapR-TEV and Cyt-TEVcs did not affect ADAM10
cleavage when cells were treated with vehicle (Figure 6A,B). However, rapamycin promoted
uniRapR-TEV activation and the removal of Cyt region, increasing the catalytic activity
as demonstrated by monitoring BTC-AP shedding (24.01 ± 1.1%, n = 3 vs. 45.61 ± 3.06%,
n = 3, in the presence of vehicle and rapamycin, respectively, p = 0.0027, Figure 6A–C).
Similarly, the rapamycin-mediated activation of uniRapR-TEV induced the proteolytic
processing of BS-Cyt-TEVcs, increasing its shedding activity (13.03 ± 1.89%, n = 5 vs.
23.52 ± 1.08%, n = 5, in the presence of vehicle and rapamycin, respectively, p = 0.013,
Figure 6D–F). These results show that our strategy enables effective control of ADAM10
activity in living cells with rapamycin, which is an inert compound on the timescale of our
experimental manipulations.

Figure 6. Chemogenetic control of ADAM10 analog cleavage and activation. (A) Schematic drawing
of Cyt-TEVcs ADAM10 before (veh) and after (rap) uniRapR-TEV activation. (B) Assessment of
Cyt-TEVcs ADAM10 cleavage by WB analysis of lysates from HEK293T cells transfected with Cyt-
TEVcs and uniRapR-TEV and treated with veh or rap. (C) uniRapR-TEV activation significantly
increased Cyt-TEVcs shedding. (D) Schematic drawing of BS-Cyt-TEVcs before (veh) and after (rap)
uniRapR-TEV activation. (E) Cleavage of BS-Cyt-TEVcs by uniRapR-secTEV assessed by WB. (F) In
the presence of rap, a significant increase of BS-Cyt-TEVcs shedding was observed, indicating that
uniRapR-TEV-mediated cleavage activated ADAM10 analog. Star indicates the sites of TEV-induced
cleavage in the ADAM10 analogs. Data are expressed as mean ± SEM. ** p < 0.001; *** p < 0.0001;
unpaired two-tailed Student’s t-test.

2.6. Controllable ADAM10 Activation Increases α-Secretase Activity and Processing of APP

Finally, we tested whether our bioengineering strategy could be useful to promote
the non-amyloidogenic processing of APP. To this aim, we used cells stably overexpress-
ing APP695 with Swedish mutations. We transiently transfected cells overexpressing
APP695 with one of the following combinations of cDNA: (i) wt ADAM10 + EV; (ii) US-BS-
TEVcs + TEV as negative control; (iii) BS-Cyt-TEVcs + EV; and (iv) BS-Cyt-TEVcs + TEV.
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The cell growth medium was analyzed to detect ADAM10-dependent release of soluble
αAPP (sAPPα) fragment derived from α-secretase-mediated APP processing [45,46]. In
Western blot analyses, we detected similar amounts of lysate loading control protein, allow-
ing for a comparative analysis of its α-secretase activity on APP processing (Figure 7A).
In cells transiently transfected with wt ADAM10, we observed a significant increase in
sAPPα compared with untransfected (NT) cells (1.94 ± 0.43, n = 4, p = 0.0471 compared
with NT, Figure 7B). However, as expected, in cells transfected with the ADAM10 analog
without activity on BTC-AP (i.e., US-BS-TEVcs ADAM10 mutant, Figure 2D–F), we found
no significant differences in the release of sAPPα compared with NT cells (0.72± 0.13, n = 4,
p = 0.8202, Figure 7B). These results suggest the reliability of this approach in monitoring
ADAM10-mediated APP processing. Thus, we investigated whether the above-identified
ADAM10 mutant differentially cut APP in the presence of TEV. The co-expression of BS-
Cyt-TEVcs and EV did not show a significant difference in sAPPα release compared to
NT (1.26 ± 1.12, n = 4, p = 0.8572, Figure 7B). Consistent with our findings for BTC-AP
shedding, the co-expression of BS-Cyt-TEVcs and TEV significantly increased the amount
of sAPPα in the cell medium (2.03 ± 0.27, n = 4, p = 0.0053 Figure 7B), indicating that our
bioengineering strategy is useful for controlling the non-amyloidogenic cleavage of APP.

Figure 7. TEV-mediated ADAM10 activation increases non-amyloidogenic processing of APP.
(A) HEK293 cells stably overexpressing had higher levels of APP in cell lysates compared with
wt HEK293T cells. Cell lysates were analyzed by immunoblotting for APP using Y188 antibody.
β-Tubulin was used as a loading control. (B) APP695 HEK293 cells stably overexpressing APP695
were transiently transfected with wt, US-BS-TEVcs and TEV, or BS-Cyt-TEVcs in the presence of EV or
TEV. NT, not transfected. The conditioned medium and cell lysates were analyzed by immunoblotting
for sAPPα using antibody 6E10 and β-tubulin was used as a loading control. (C) Densitometric
quantification of conditions described in (B). Data are expressed as mean ± SEM. * p < 0.05 compared
to NT; ns, not significant compared to WT. Statistical analysis by one-way ANOVA with Dunnett’s
post hoc test comparisons.

3. Discussion

In mammals, ADAM10 is ubiquitously expressed for the proteolytic cleavage of several
cell surface proteins implicated in multiple physiological processes [47]. The dysregulation
of ADAM10 expression and function has important roles in the development of pathological
conditions, including AD, autoimmune disorders, and cancer [14,48,49].

Although ADAM10 appears to be a promising therapeutic target for a wide range of
diseases, much remains to be understood about the mechanisms of action of ADAM10 pro-
teolytic function. Experimental evidence suggests that the regulation of ADAM10 occurs
in a very complex manner at the transcriptional, post-transcriptional, translational, and
post-translational levels [50]. ADAM10 is finely regulated at the post-translational level by
the activity of multiple factors. Once expressed and matured by the action of endogenous
proteases, ADAM10 is catalytically active but not at full enzymatic function because it
acquires a closed conformational state involving the cysteine-rich domain precluding the
access of substrates to the active site [21]. Moreover, Ca2+, cAMP, and cGMP, affecting the
ADAM10 cytoplasmic and transmembrane domains, promote ADAM10 structural activa-
tion and its efficient substrate cleavage [51]. Indeed, Ca2+ influx elicitable by treatment
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of cells with ionophores, purinergic receptor agonists, or membrane-perturbating agents
induces a scramblase-dependent externalization of the negatively charged phospholipid
phosphatidylserine, which positively regulate ADAM10 activity [52].

Here, we report the engineering of the ADAM10 protein to regulate the removal of the
prodomain and/or cytosolic region with the aim of achieving spatiotemporal control of
ADAM10 activity independently of endogenous signaling pathways.

To this end, we mutated the consensus RX(K/R)R sequences in the prodomain with
ENYFQS (i.e., TEVcs). Replacement of cleavage sites of endogenous proteases with TEVcs
renders ADAM10 a TEV substrate and, at the same time, insensible to endogenous proteases
on mutated sites. We also introduced TEVcs at the beginning of the cytoplasmic domain
(694-GFIKI) upstream of the 723-RRR ER retention motif, which is known to negatively
regulate ADAM10 membrane localization and activity [40,41]. The co-expression of a
constitutive active TEV, exhibiting high specificity for TEVcs and negligible activity toward
endogenous mammalian proteomes, ensures a post-translational ADAM10 cleavage in
correspondence with desired sequences. The co-expression of BTC-AP, an ADAM10 analog,
and TEV allowed us to evaluate the shedding activity of ADAM10 by analyzing the amount
of AP released into the medium.

Our results demonstrated that the replacement of the consensus RX(K/R)R sequence
with TEVcs in both US and BS significantly reduced the basal catalytic activity of ADAM10
compared with wt ADAM10 (Figures 2D–F and 5). Moreover, our results are in line
with other observations indicating that cleavage sites for proprotein convertases are
mandatory for producing the catalytically active ADAM10 [32]. The removal of the TEV-
mediated prodomain did not affect the ability of the ADAM10 analog to shed BTC-AP
(Figures 2D–F and 5), suggesting that the removal of the prodomain required a time-lag
cleavage of US and BS or their processing in a different subcellular compartment. Moreover,
US and BS replacements with TEVcs could affect the prodomain sequence to such an
extent that these mutations influenced the intramolecular chaperone for correct folding,
as suggested by Anders and colleagues [32]. However, the replacement of TEVcs in the
prodomain corresponding to one of the two sites did not affect the basal shedding activity
of ADAM10 analogs compared with wt ADAM10 (Figures 2G–L and 5), potentially indi-
cating that, in these constructs, protein folding was not affected and/or that the action of
endogenous proteases at one of the two sites is sufficient to promote basal activation of
ADAM10. However, TEV-mediated cleavage on US, but not on BS, significantly blocked
the shedding activity of ADAM10, potentially reflecting a competitive inhibition action of
the fragment with its catalytic domain [33,34] (Figures 2G–L and 5). Thus, we found that
TEV-mediated prodomain removal in US or in both sites did not activate ADAM10.

However, our results demonstrated that inducing the removal of the cytoplasmic
tail, upstream of the cytoplasmic ER retention motif, was a strategy to modulate protease
activity unless at least one of the two sites (US or BS) in the prodomain was not mutated
(Figures 3–5). The importance of the cytosolic domain on ADAM10 activity has already
been demonstrated by using ADAM10 lacking the cytosolic tail. This mutant showed sig-
nificantly higher activity compared with the full-length protein, maintaining the sensitivity
to endogenous messengers [40].

It has been proposed that ADAM10 is expressed at the cell surface as dimers through
its cytoplasmic tail and that dimerization inhibits the catalytic activity [35]. Dimeriza-
tion is inhibited by threonine phosphorylation occurring in the C-terminal region and,
in turn, catalytic activity increases [36,39]. Although the control of dimerization and ac-
tivity through phosphorylation of T735 has been demonstrated in ADAM17, it remains
to be shown whether the phosphorylation of a conserved threonine at position 719 in
ADAM10 controls its dimerization and catalytic activity [38]. Our results demonstrated
that the T719A and T719A Cyt-TEVcs ADAM10 mutants behaved similarly to wt ADAM10
(Figures 4 and 5), suggesting that basal catalytic activity, in the absence of stimuli, was
unaffected by the loss of the phosphorylation on T719. Similarly, in the T719A Cyt-TEVcs
mutant, the TEV-mediated release of the cytosolic tail significantly increased the shedding
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of BTC-AP, confirming once again that the removal of the cytoplasmic tail was responsible
for an increase in the catalytic activity of ADAM10 (Figures 4 and 5).

Moreover, using the ADAM10 constructs developed here, we found that the simulta-
neous perturbation of the ADAM10 sequence at two sites significantly reduced the catalytic
activity of ADAM10. Indeed, a significant reduction in the shedding of BTC-AP was ob-
served for ADAM10 analogs containing the replacement of US + BS, US + Cyt, and BS + Cyt
(Figures 2, 4 and 5). When all three sites were mutated (US + BS + Cyt), we observed a
drastic collapse in the catalytic activity (Figures 4 and 5).

Of all the generated constructs, the one in which we inserted TEVcs corresponding to
both BS in the prodomain and upstream of the cytoplasmic ER retention motif rendered an
ADAM10 mutant with a minimum activity in the absence of TEV that was significantly
increased by TEV-mediated domain removal (Figures 4 and 5).

Then, combining the expression of TEV-inducible ADAM10 activation mutants with
a chemically activatable TEV, we controlled ADAM10 activity in living cells using the
well-tolerated, clinically approved, blood–brain barrier-permeant drug rapamycin [53,54].

Moreover, we provided evidence that our bioengineering strategy to control ADAM10
was able to enhance non-amyloidogenic APP processing. If validated in future in vivo
applications, our TEV-mediated modulation of ADAM10 activity could represent a novel
therapeutic strategy for the treatment and prevention of AD. Indeed, in humans, mutations
in ADAM10 reducing its activity were found to be associated with AD [55]. Conversely,
the overexpression of wt ADAM10 in an AD mouse model alleviated cognitive deficits by
reducing Aβ accumulation [15,56].

However, given that ADAM10 has multiple substrates, it is essential to emphasize
that although ADAM10 overactivation would result in beneficial effects for AD, it can
be detrimental to other diseases, such as cancer. For this reason, we developed a TEV-
inducible ADAM10 mutant with minimal activity in the absence of TEV-mediated cleavage,
and further studies are needed to render the action of ADAM10 specific for APP. An
object of attention for ADAM10 substrate selection could be the role of the members
of the tetraspanin (TSPAN) family [57]. The specificity of ADAM10 for the cleavage of
some of its substrates without concomitantly affecting all the others could be obtained
with concomitant overexpression of members of the TSPANC8 subgroup, with TSPAN15
potentially useful in promoting ADAM10-mediated APP cleavage in neurons [58].

Our bioengineering strategy presented here using a well-tolerated, mammalian-safe,
and inducible TEV protease, once validated in further studies, could pave the way for
developing novel ADAM10-based strategies requiring its precise and temporal activation.
We have provided evidence that ADAM10 activity can be controlled without intervening
with other molecules that facilitate structural activation, membrane expression, trafficking,
and export, but by directly promoting ADAM10 cleavage in living cells.

AD drugs have almost exclusively sought to use molecules and antibodies targeted
toward misfolded Aβ with the potential benefit to cover both familial and sporadic forms
of AD [59,60]. AD drugs targeting misfolded Aβ failed to show benefit in large clinical
trials involving patients with moderate AD [61]. However, very recently, an AD drug
using humanized IgG1 monoclonal antibody to target misfolded Aβ resulted in delayed
cognitive decline in persons with early AD [62]. Of note, in AD, the accumulation of Aβ

following excessive amyloidogenic APP processing occurs with a parallel decrease in the
neuroprotective and neurotrophic factor sAPPα. Thus, targeting Aβ accumulation without
promoting the production of neuroprotective APP fragments could limit the clinical benefit.
Once validated in vivo studies, our bioengineering strategy, leveraging the α-secretase-
dependent cleavage of APP, precludes the amyloidogenic pathway of Aβ generation and,
at the same time, increases the production of sAPPα; thus, it could be potentially used as a
new strategy to delay or revert the pathological effects in AD.
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4. Materials and Methods
4.1. DNA Plasmid Cloning

Mutation of the identified insertion TEVcs was introduced on the pRK5M-ADAM10
plasmid (addgene: 31717) through the Gibson Assembly reaction (Gibson Cloning Master-
Mix, NEB, Ipswich, MA, USA) following the manufacturer’s instructions. All the primers
were designed with by SnapGene software (GSL Biotech, San Diego, CA, USA). The
insertion of the T719A point mutation was introduced by PCR extension and ligation
with T4 Polynucleotide Kinase (T4 PNK, NEB, Ipswich, MA, USA) and T4 DNA Ligase
(NEB, Ipswich, MA, USA). Protein structure modeling was performed using AlphaFold2
as previously described [63]. Sequencing data were inspected using Sanger Sequencing
and Fragment Analysis Software SeqScape of Applied Biosystems (ThermoFisher Scien-
tific, Waltham, MA, USA) and assisted by SnapGene software (GSL Biotech, San Diego,
CA, USA).

4.2. Cell Cultures and DNA Transfections

HEK293T cells were cultured at passage 4–20 in high-glucose Dulbecco’s modified
Eagle medium (DMEM, Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% v/v
fetal bovine serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) without antibiotics and
incubated at 37 ◦C temperature and 5% CO2 conditions as previously described [44]. For
APP695 with Swedish mutation-overexpressing HEK293 cells, the cultured medium was
supplemented with 150 µg/mL of G418 (ThermoFisher Scientific, Waltham, MA, USA). For
shedding assay and Western blot experiments, 3 × 105 cells were plated into 6-well plates.
DNA plasmid vectors were transfected at 60–90% cell confluency with a DNA-PEI max
mixture consisting of 2.5 µg total DNA along with 7.5 µg pH 7.3, polyethylenimine HCl
max solution (PEI max, Polysciences, Warrington, PA, USA) in Opti-MEM Reduced-Serum
Medium (ThermoFisher Scientific, Waltham, MA, USA).

4.3. Ectodomain Shedding the Assay

For the ectodomain shedding assay after 24 h of transfection, cell medium was replaced
with fresh Opti-MEM Reduced-Serum Medium for 4 h. In cells transfected with uniRapR-
TEV, 7 µM rapamycin or 99% ethanol as vehicle was used. For colorimetric quantification
of AP shedding, we followed a sensitive and semiquantitative method described in [64].
Briefly, cell medium was collected before that the cells were lysed with ice-cold lysis
buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 2 mM EDTA) containing 1% Triton X-100,
0.1% SDS, 10% glycerol, 1× cOmplete Ultra tablets protease inhibitor cocktail (Roche, Basel,
Switzerland), 1 mM sodium orthovanadate (Sigma-Aldrich, St. Louis, MO, USA), 11 mM
β-glycerolphosphate, 10 mM sodium fluoride (Sigma-Aldrich, St. Louis, MO, USA). Cell
medium and cell lysate were mixed with 100 µL of a 2 mg/mL solution of the alkaline
phosphatase substrate 4-nitrophenyl phosphate in 100 mM Tris-HCl, pH 9.5, 100 mM NaCl,
20 mM MgCl2. After incubation at 37 ◦C for 15–60 min, the A405 signal of AP activity
was determined using a 96-well plate reader. Cells transfected with only BTC-AP plasmid
reflect endogenous shedding levels. Values are subtracted from endogenous shedding
levels and expressed as the ratio between AP activity in cell medium and AP total activity
(cell medium + cell lysate). BTC-AP plasmid was a kind gift from Dr Carl Blobel and Dr
Shigeki Higashiyama.

4.4. Western Blotting

Cell lysed supernatant was quantified for protein content (DC Protein Assay; Bio-Rad,
Hercules, CA, USA). Cells were lysed with ice-cold lysis buffer (150 mM NaCl, 50 mM
Tris-HCl pH 7.4, 2 mM EDTA) containing 1% Triton X-100, 0.1% SDS, 10% glycerol, 1× cOm-
plete Ultra tablets protease inhibitor cocktail (Roche, Basel, Switzerland), 1 mM sodium
orthovanadate (Sigma-Aldrich, St. Louis, MO, USA), 11 mM β-glycerolphosphate, 10 mM
sodium fluoride (Sigma-Aldrich, St. Louis, MO, USA). Equal amounts of protein were
diluted in Laemmli buffer, boiled, and resolved by SDS-PAGE. The primary antibodies
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were incubated for 1 h at room temperature (RT) or overnight at 4 ◦C and revealed with
horseradish peroxidase-conjugated secondary antibodies (Cell Signaling, Danvers, MA,
USA). Expression was evaluated and documented by using UVItec Cambridge Alliance.

4.5. Quantification of Soluble APP

HEK293 cells overexpressing APP695 Swedish mutation were transfected, as indicated
before. After 24 h of transfection, the cell medium was replaced with fresh medium
supplemented with 150 ug/mL of G418 (ThermoFisher Scientific, Waltham, MA, USA).
After 24 h of transfection, the conditioned medium was collected and the cells lysed. Based
on total protein content from lysed cells, an equal amount of conditioned medium was
used for SDS-PAGE analyses.

4.6. Immunofluorescence Analyses

HEK293T cells transfected with Myc-tagged ADAM10 analogs were fixed with 10% for-
malin solution (pH 7.4 with NaOH) for 15 min at RT. After washing with PBS, cells were
permeabilized with 0.3% Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS for
15 min and blocked with 0.3% BSA in PBS for 30 min at RT. Incubation with primary anti-
body was performed overnight at 4 ◦C in the blocking solution. The next day, the secondary
antibody (Alexa Fluor488, ThermoFisher Scientific, Waltham, MA, USA) was incubated
for 90 min at RT in PBS. Finally, cells were incubated with 4′,6-diamidino-2-phenylindole
(DAPI, ThermoFisher Scientific, Waltham, MA, USA), 0.5 mg/mL in PBS for 10 min at RT
and cells were then mounted on a microscope slide using the mounting medium ProLong
Gold antifade reagent (Invitrogen, Waltham, MA, USA). Images were acquired by using a
confocal laser scanning system (Nikon Ti-E, Confocal Head A1 MP, Tokyo, Japan) with a
60× oil-immersion objective lens. Each experiment was repeated at least three times with
independent cell preparations.

4.7. Antibodies

The following antibodies were used: anti-Myc-Tag (9B11) antibody (Cell Signaling,
Danvers, MA, USA), anti-HA-Tag (6E2) antibody (Cell Signaling, Danvers, MA, USA),
anti-V5 antibody (Invitrogen, Waltham, MA, USA), anti-β-tubulin antibody (Cell Signaling,
Danvers, MA, USA), APP Y188 (Abcam, Cambridge, UK), anti-6E10 antibody (BioLegend,
San Diego, CA, USA).

4.8. Statistical Analysis

The statistical tests used (i.e., Student’s t-test, one-way ANOVA with Dunnett’s post
hoc test comparisons) are indicated in the corresponding figure legends for each experiment.
All statistical tests were two-tailed and the level of significance was set at 0.05. Results are
shown as mean ± SEM.
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