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SUMMARY
Neuronal endosomal and lysosomal abnormalities are among the early changes observed in Alzheimer’s dis-
ease (AD) before plaques appear. However, it is unclear whether distinct endolysosomal defects are tempo-
rally organized and how altered g-secretase function or amyloid precursor protein (APP) metabolism
contribute to these changes. Inhibiting g-secretase chronically, in mouse embryonic fibroblast and hippo-
campal neurons, led to a gradual endolysosomal collapse initiated by decreased lysosomal calcium and
increased cholesterol, causing downstream defects in endosomal recycling and maturation. This endolyso-
somal demise is g-secretase dependent, requires membrane-tethered APP cytoplasmic domains, and is
rescued by APP depletion. APP C-terminal fragments (CTFs) localized to late endosome/lysosome-endo-
plasmic reticulum contacts; an excess of APP-CTFs herein reduced lysosomal Ca2+ refilling from the endo-
plasmic reticulum, promoting cholesterol accretion. Tonic regulation by APP-CTFs provides a mechanistic
explanation for their cellular toxicity: failure to timely degrade APP-CTFs sustains downstream signaling,
instigating lysosomal dyshomeostasis, as observed in prodromal AD. This is the opposite of substrates
such as Notch, which require intramembrane proteolysis to initiate signaling.
INTRODUCTION

Presenilin 1 and 2 (PSEN1 and 2) are the catalytic subunits of

g-secretase that proteolyze the amyloid precursor protein

(APP), resulting in amyloid b peptides (Abs) of various lengths.1,2

Dominantly inherited mutations in the APP and PSEN genes,

linked to familial Alzheimer’s disease (FAD), decrease g-secre-

tase processivity,3 shifting production to longer, more aggrega-

tion-prone Ab peptides and accelerating Ab deposition in senile

plaques in AD patients’ brains.4 However, there is ongoing

debate about the extent of toxic Abs’ role in triggering and/or

driving the neurodegenerative cascade in Alzheimer’s dis-

ease (AD).5,6

Importantly, autolysosomal dysfunction is implicated in AD

etiopathology, as observed in post-mortem AD brains.7 In the

AD brain8 and murine models,9,10 abnormally enlarged endo-

somes precede the appearance of extracellular amyloid plaques

and neurofibrillary tangles, making them early pathobiological
Developmental Cell 59, 1–22, J
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signs of neuronal demise.1 Genetic evidence supports the

importance of an altered endolysosomal homeostasis,11 as

genome-wide association studies have identified late-onset

AD-associated risk variants in genes linked to cholesterol meta-

bolism, endocytic transport regulation, and lysosomal pro-

cesses.12–14 Endolysosomal pathology is a convergent mecha-

nism shared with monogenic FAD.8,15–18

Kwart et al. found enlarged Rab5-positive endosomes in

induced pluripotent stem cell (iPSC)-derived human neurons

with FAD APP or PSEN1 mutations, which worsened with com-

bined mutations, suggesting a synergistic effect on the endoly-

sosome system.17 Hung and co-workers observed common de-

fects in lysosomal and autophagic pathways due to APP and

PSEN1 mutations.18 Additionally, APP-mediated enlargement

of Rab5-positive endosomes disrupted axonal trafficking19 and

nerve growth factor signals,20 leading to cell death. Herein,

APPL1 recruitment may contribute to endosomal abnormalities

by stabilizing Rab5-GTP,19 associating Rab5 overactivation
une 17, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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early in the cascade leading to endolysosomal dyshomeostasis.

The roles of APP and PSEN1 require further clarification, but

perturbation of endocytic compartments could alter APP proteo-

lytic fragment abundance and quality. Conversely, FAD-linked

mutations in APP and PSENs may disrupt endosolysosomal ho-

meostasis and degradative capacity. Although intracellular Ab42

toxicity has been linked to late endosomes, attention now fo-

cuses on APP b C-terminal fragments (bCTFs) in endolysosomal

dysfunction.16–18,21 In support of this notion, BACE-1 inhibition

corrected endosomal,17 lysosomal, and autophagic18 defects

in models with FAD-linked PSEN1 or APP and SorL1 variants.21

Depleting APP also mitigated late defects in lysosomal or auto-

phagic pathways.18

If these recent reports highlighted the role of APP-CTFs,

PSENs on their own also regulate endolysosomal homeostasis

through various mechanisms. PSEN deficiency or PSEN1 FAD

mutations may impair lysosomal acidification via a failing

V-ATPase,22,23 while other studies emphasized dysregulation

in lysosomal Ca2+ homeostasis24,25 and nutrient sensing and

CLEARance.26,27 Notably, defects are evident throughout

the endolysosomal pathway, up to affecting autophagy, but their

chronological initiation is unclear. For instance, excess APP-b-

CTFs may induce early endosomal disturbances, yet their pre-

cise mechanism is uncertain.17 But, conversely, APP-bCTFs ap-

peared recently to tonically regulate V-ATPase, arguing for a

primary defect in later compartments, including lysosomes.28

To address these questions, we used CRISPR-Cas9 editing to

generate novel combined PSEN double knockout (PSENdKO)

and APP KO cells that allowed us to systematically dissect the

contribution of these genes in otherwise isogenic backgrounds.

We conclusively show that a build-up of APP-CTFs caused by

PSEN/g-secretase inactivation abruptly affects lysosomal Ca2+

homeostasis, resulting in a cascade of events disturbing endo-

somal recycling and sorting compartments and, consequently,

provoking a collapse in endolysosomal maturation. APP KO

rescued these chronological defects, which can be mimicked

by re-introducing a membrane-tethered APP intracellular

domain (AICD), narrowing down the effect to downstream

APP-CTFs signaling. Mechanistically, we explain this by the ac-

cretion of APP-CTFs at or near late endosome/lysosome (LE/

Lys)-endoplasmic reticulum (ER) contact sites, affecting lyso-

somal Ca2+ refilling from the ER. Our findings imply a critical

role for balanced APP-CTF levels in LE/Lys-ER membrane con-

tact sites (MCSs) to maintain endolysosomal homeostasis. The

detrimental effects of elevated APP-CTFs herein underscore

their significance as a therapeutic target to address AD progres-
Figure 1. Chronic g-secretase inhibition identifies a chronology in end

(A) Immunostaining for APP (magenta) and LAMP1 (green) versus filipin (gray) in

(B–D) Mander’s overlap coefficient (MOC) for APP-LAMP1 (B), filipin-APP (C), an

from day 2 onward (N = 2, with, from left to right, n = 112, 109, 120, 111, 127, 12

(E) Immunostaining for VPS35 (red), LAMP1 (green), and APP (cyan).

(F) Size of VPS35+ compartments (N R 2, with n = 60, 63, 70, 62, 68, 65, 84, and

(G and H) MOC for APP-VPS35 (G) and VPS35-LAMP1 (H). VPS35+ compartments

83 cells).

(I) Immunostaining for VPS35 (red), LAMP1 (green), and EEA1 (magenta).

(J) EEA1+ compartments enlarged from day 4 (N = 2, with n = 113, 114, 96, 103,

(K and L) MOC for VPS35-EEA1 (K) and EEA1-LAMP1 (L). Endolysosomal collapse

normalized to DMSO). For all box-and-whiskers graphs: boxes display the 25/75, a

post hoc test were applied. Scale bars, 20 mm; inset 2 mm.
sion at an early stage, preceding the appearance of amyloid

plaques.

RESULTS

Inhibition of g-secretase induces lysosomal dysfunction
prior to affecting endosomes
To address the sequence of events leading to the observed

broad failure of the endolysosomal system, we treated

wild-type (WT) mouse embryonic fibroblasts (MEFs) with the

g-secretase inhibitor, N-[N-(3,5-difluorophenacetyl)-l-alanyl]-

s-phenylglycinet-butyl ester (DAPT), for 4 days (1 mM). DAPT-

treated cells rapidly accumulated APP-CTFs (Figure S1A) in lyso-

somal-associated membrane protein 1 (LAMP1)-positive LE/Lys

(Figures 1A and 1B). This accumulation strongly correlated with a

significantly reduced lysosomal Ca2+ content, evaluated in

Fura2-AM-loaded cells challenged with Gly-Phe-b-naphtyla-

mide (GPN)29–31 (Figure S1B). In addition, DAPT-treated cells

started to accumulate cholesterol in LE/Lys; however, only

significantly from day 2 (Figures 1A–1D). When investigating en-

dosomal compartments, vacuolar protein sorting ortholog 35

(VPS35)-positive organelle size was increased (Figures 1E and

1F), underscoring a potential defect in endosomal recycling,

although this only took place following 3 days of DAPT treatment

and thus downstream of lysosomal dysfunctions. Importantly,

early endosomes, as identified through early endosome

antigen-1 (EEA1), became significantly enlarged only after

4 days of treatment, indicating a late event (Figures 1I and 1J).

Increased organelle size coincided with increased co-localiza-

tion of VPS35 and EEA1 with LAMP1, suggesting a general delay

in endosome-to-lysosome maturation and a progressive partial

collapse of early and late endosomal compartments in DAPT-

treated cells (Figures 1H–1L). This is further corroborated by

increased co-localization of APP-CTFs in collapsing early to

late and recycling endosomes (Figures 1B and 1G). Notably,

similar results were obtained in primary mouse hippocampal

neurons, already showing a significantly decreased lysosomal

Ca2+ response after 1 day of DAPT treatment (Figure S1C),

whereas an increased co-localization of EEA1- and VPS35-pos-

itive endosomes with LAMP1-positive lysosomes was only

evident following 4 days of treatment (Figures 2A–2D and

S1D). The overall endolysosomal collapse was further substanti-

ated by an increased particle area of endolysosomal compart-

ments and accretion of APP-CTFs in VPS35 and LAMP1-positive

compartments (Figures 2E–2J and S1E). These data support a

conserved chronology in which lysosomal dysfunction lies at
olysosomal defects

MEFs treated with DAPT (1 mM) or DMSO for 1–4 days.

d filipin-LAMP1 (D). APP-CTFs accumulated from day 1, while cholesterol only

3, 120, and 127 cells).

83 cells, normalized to DMSO).

significantly enlarged from day 3 (NR 2, with n = 60, 63, 70, 62, 68, 65, 84, and

72, 93, 77, and 66 cells, normalized to DMSO).

is detected from day 3 (N = 2, with n = 97, 114, 96, 103, 73, 93, 77, and 66 cells,

ndwhiskers the 10/90 percentiles. Multiple ANOVAKruskal-Wallis with Dunn’s

Developmental Cell 59, 1–22, June 17, 2024 3
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Figure 2. Chronic g-secretase inhibition or PSEN depletion impact on neuronal endosomes and lysosomes

(A and B) Immunostaining for EEA1 (red), LAMP1 (green), and VPS35 (cyan), in PSEN1+/+ primary hippocampal neurons treated with DMSO or DAPT for 2 (A) or 4

(B) days (scale bars: 10 mm in A and 20 mm in B; inset 5 mm).

(C and D) Significant increased co-localization of EEA1-LAMP1 (C) and VPS35-LAMP1 (D) at day 4, suggesting delayed endolysosomal maturation.

(E–J) Size of EEA1 (E), VPS35 (F), and LAMP1 (G) compartments following 4 days DAPT (N = 1 in E, or N = 3 in F and G, normalized to DMSO). (H) Immu-

nostaining for VPS35 (red), LAMP1 (green), and 82E1 (magenta) in APP-NLGF neurons (DIV14), with DMSO or DAPT (4 days; scale bars, 10 mm; inset 2 mm).

(legend continued on next page)
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the root of the endolysosomal collapse. DIV 14 primary hippo-

campal neurons deficient for PSEN1 chiefly recapitulated endo-

somal and lysosomal enlargements, decreased lysosomal Ca2+,

and endolysosomal collapse, as evidenced from the increased

co-localization of EEA1 and VPS35 with LAMP1 (Figures 2K–

2P and S1F). Interestingly, we found VPS35 to be co-localized

with ICAM5 (Figure S1G), a neuronal adhesion molecule previ-

ously found to aberrantly accumulate in autophagic-like vacu-

oles in PSEN1�/� hippocampal neurons,32,33 suggesting that

the endolysosomal collapse may route dysfunctional organelles

ultimately to autophagy.

Knocking out APP in PSENdKO cells corrects
endolysosomal dysfunctions
Given the direct link between APP processing and endolysoso-

mal defects, observed here and by others,17,18 we decided to

decipher the underlying mechanistic role of, in particular, APP-

CTFs. Given the similar negative effects of chronic g-secretase

inhibition on endolysomal maturation between non-neuronal

cells and primary neurons, we chose to use PSEN-deficient

MEFs in the next experiments. Independent PSENdKO MEF

clones2 were stably rescued with human PSEN1 (hPSEN1) using

retroviral transduction. Nicastrin (NCT) maturation was restored

as well as PEN2 stabilization, PSEN1 endoproteolysis, and APP-

CTF clearance, indicating that PSEN1/g-secretase expression

and activity were rescued to WT levels (Figure S2A). As for

DAPT-treated cells (Figures 1 and 2), deficiency of PSEN expres-

sion, and thus g-secretase complex formation, resulted in a

significantly reduced lysosomal Ca2+ content (Figure 3A). Only

a concomitant minor alkalinization was observed, in agreement

with previous reports by us and others (Figure S2B).24–26 How-

ever, such a change is within the physiological variation of pH

in lysosomes, i.e., between 4.5 and 5.0.34 Moreover, only full

alkalinization, by treating cells with bafilomycin1 (Baf1), resulted

in an equally affected lysosomal Ca2+ content as observed in

PSENdKO cells. Independent assessment of lysosomal pH us-

ing FIRE-phLy35 did not show any significant difference between

WT, PSENdKO, and hPSEN1-rescued MEFs (Figures S2C and

S2D). As pH alteration in PSENdKO was suggested to be

induced by an alteration of maturation and transport of the

V-ATPase,22 we detected no defects in the N-glycosylation

of the endogenous V0a1 subunit of the V-ATPase nor in

V-ATPase subunit levels in isolated lysosomes from WT,

PSENdKO, and hPSEN1-rescued MEFs. Also, the ratio of V0

over V1 subunits was not affected, indicating normally assem-

bled V-ATPases on lysosomes (Figures S2E–S2G). In further

support, we next used Alexa568-conjugated SidK, a recombi-

nant fragment of an effector protein from Legionella pneumo-

phila that directly binds active V-ATPases.36 SidK-Alexa568 dis-

played an increased co-localization with LAMP1 in PSENdKO

compared with WT and hPSEN1-rescued PSENdKO MEFs,

underscoring a higher, and not lower, abundancy of active
(I and J) MOC showing that DAPT treatment (4 days) caused bCTFs to accumulat

of 2).

(K) Immunostaining for VPS35 (magenta), LAMP1 (yellow), and EEA1 (cyan) in PS

(L–P) Size of EEA1 (L) and LAMP1 (M) compartments (N = 2, normalized to DM

(P) underscoring delayed endolysosomal maturation. Note a non-significant VPS

the 25/75, and the whiskers the 10/90 percentiles. Mann-Whitney tests were app
V-ATPases on lysosomes (Figures S2H and S2I). Although this

could be explained by the overall delay in endosomal maturation

and endolysosomal collapse, these data together, strongly

argue in favor of lysosomal Ca2+ defects being a primary cause

of lysosomal dysfunctions in PSENdKO cells.

We subsequently gene-edited both WT and PSENdKO MEFs

to knock out APP, ensuring isogenic backgrounds (Figure S2J).

Depleting APP was sufficient to fully rescue the lysosomal

Ca2+ defect caused by PSEN deficiency in independent clones

to the same extent as observed in hPSEN1-rescued cells

(Figures 3A, 3B, and S2J). It also did not significantly affect pH

(Figures S2C and S2D) but rescued the increased levels of active

V-ATPases in LAMP1-positive lysosomes of PSENdKO MEFs

(Figures S2H and S2I), lending further support to lysosomal

Ca2+ deficit as a primary cause of lysosomal dysfunctions in

PSEN-deficient cells. Conversely, in the absence of APP expres-

sion, treatment with DAPT (1 mM, 4 days) did not affect the GPN-

elicited Ca2+ response (Figures 3C and S2K). This further sup-

ports the notion of APP playing a direct role in the control and

maintenance of lysosomal Ca2+ homeostasis and, thus, being

involved early in the endolysosomal collapse cascade.

PSENdKO cells displayed enlarged LAMP1- and EEA1-posi-

tive compartments as well as an increased recruitment of

VPS35 to these organelles (Figures 3D–3H, 3J, and 3K). In agree-

ment with our observations in DAPT-treated cells, the signifi-

cantly increased co-localization of EEA1-LAMP1 (Figure 3I),

VPS35-EEA1 (Figure 3J), and VPS35-LAMP1-positive structures

(Figure 3K) supports a general delay/collapse in endosomal

maturation. VPS35 levels were maintained between cell lines,

excluding the enlargements to be grounded in an altered retro-

mer expression (Figure S2L). Of note, both VPS35-positive

and LAMP1-positive structures in PSENdKO cells accumulate

APP, likely APP-CTFs, and this accumulation is relieved when

hPSEN1 is re-introduced (Figures S2M–S2O). Re-expression of

hPSEN1, as well as depletion of APP, reduced the size of

EEA1-positive and VPS35-positive organelles and decreased

the co-localization of endosomal markers, thus alleviating the

delay in endolysosomal maturation (Figures 3D–3K). On the ul-

trastructural level, transmission electron microscopy (TEM) re-

vealed enlarged multivesicular bodies (MVBs) with fewer intralu-

minal vesicles in PSENdKO as compared with hPSEN1 WT as

well as APP-depleted cells (Figures 3L–3N, S3A, and S3B).

This is consistent with a maturation delay and with immature

MVBs accumulating at an early stage in the degradative

pathway, i.e., at the crossroads of recycling and degradation.37

Of note, APP depletion did not revert the increased lysosomal

area back to WT, in agreement with APP being required for the

proper maintenance of endolysosomal size.38

In addition to endolysosomal defects, the trafficking of raft-

associated components such as GM1 gangliosides (evidenced

by CtxB Alexa-488) and caveolin-1 (Cav1) was altered upon

PSEN depletion. When cells were brought to suspension,
e in LAMP1+ and VPS35+ compartments (N = 1 representative experiment out

EN1+/+ or PSEN1� /� DIV 14 neurons (scale bars, 10 mm; inset 5 mm).

SO). (N)–(P) Increased MOC of EEA1 with LAMP1 (N) or VPS35 with LAMP1

35-EEA1 co-localization (O). For all box-and-whiskers graphs: boxes display

lied.
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Figure 3. APP deficiency normalizes endolysosomal defects

(A) Lysosomal Ca2+ levels are reduced in PSENdKO clones and restored when rescued by hPSEN1 (N = 3, normalized to PSENdKO).

(B) APP-KO restored lysosomal Ca2+ in PSENdKO cells (N > 2).

(legend continued on next page)
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surface-localized CTxB and Cav1 rapidly internalized and relo-

cated to a perinuclear compartment,39 irrespective of the pres-

ence of PSEN1 and underscoring that endocytosis is not

affected by PSEN deficiency (Figure S3C). Replating cells on

fibronectin failed to restore the polarized distribution of CTxB

and Cav1 at the cell surface in PSENdKO cells (Figures S3C–

S3E), whereas this was rescued by hPSEN1 reintroduction or

APP depletion. This prolonged intracellular clustering in

PSENdKO cells indicates therefore a defect in endosomal recy-

cling. Taken together, our data underscore the notion that the

major endosomal and lysosomal defects observed in

PSENdKO cells can be traced back to APP expression. We,

therefore, addressed next how APP mechanistically interferes

in these processes.

Both APP a- and bCTFs induce endolysosomal defects
We first stably re-introduced full-length APP695, aCTFs (C83), or

bCTFs (C99) in PSENdKO-APPKO cells (Figure S4A). Whereas

previous studies17,18,40 contributed toward the idea of a selec-

tive role for APP-bCTFs in inducing Rab5-positive endosomal

enlargements, we surprisingly found that both a- and bCTFs

were equally responsible for the appearance of enlarged

EEA1- and VPS35-positive compartments and an increased

co-localization of early and late endosomal markers (Figures

4A–4E and S4A–S4C). Thus, the endolysosomal collapse as

seen in PSENdKO and DAPT-treated WT cells may arise to a

similar extent from the accumulation of different types of APP-

CTFs. Correspondingly, re-expression of APP-a- or bCTFs led

to a defective endosomal recycling (Figures S4D and S4E) and,

like APP695, significantly impacted lysosomal Ca2+ homeosta-

sis, similar to PSENdKO cells (Figure 4F).

Endolysosomal defects require the membrane
anchoring of the AICD
As we have shown that the N terminus of APP-CTFs is not a

differentiating factor in the observed endolysosomal defects,

we next focused on the AICD (Figure 4G). Whereas g-secretase

processing initiates downstream (nuclear) signaling, e.g., in the

case of Notch, intramembrane proteolysis of other substrates

may be required to abrogate their functioning.41 The fact that

an increasing number of reports identify APP-CTF accumulation

as the incentive for a broad range of endolysosomal defects

points to (1) APP-CTFs instigating cell signaling and (2) cells

needing to keep the APP-CTF levels in check through g-secre-

tase processing. To test this hypothesis, we stably expressed

AICD modified at its N terminus with a myristoylation motif

(mAICD), ensuring membrane anchoring42,43 in our PSENdKO/
(C) Lysosomal Ca2+ is reduced following DAPT or inhibitor X (4 days), but not in

(D and E) Immunostaining for VPS35 (red), EEA1 (magenta), and LAMP1 (green

PSENdKO-APPKO cells (E) (scale bars, 10 mm; insets 2 mm).

(F–H) Re-expression of hPSEN1 or APP depletion in PSENdKO normalized the siz

rescued cells, but not following APP depletion (G) (NR 2, with n = 73, 161, 66, and

(I–K) Endolysosomal collapse shown by increased MOC for EEA1 with LAMP1 (I)

restored in hPSEN1 rescue or APP depletion (NR 2 with n = 73, 152, 66, and 64

(F)–(K) Data were normalized to PSENdKO.

(L–N) TEM of PSENdKO cells with enlarged electron-lucent MVBs, containing n

cells (* empty MVBs, + normal MVBs; scale bars, 2 mm; inset 500 nm). (M and N

electron-lucent MVBs in PSENdKO cells (mean ± SEM). Multiple ANOVA Kruskal-

For all box-and-whiskers graphs: boxes display the 25/75, and the whiskers the
APPKO cells (Figure 4G). Expression of mAICD fully recapitu-

lated endolysosomal defects observed in PSENdKO as well as

in APP-CTF-rescued PSENdKO-APPKO cells. In particular,

mAICD expression decreased lysosomal Ca2+ content (Figure

4O), promoted enlargement of EEA1-, VPS35-, and LAMP1-pos-

itive compartments, along with an increased VPS35-EEA1 and

VPS35-LAMP1 co-localization, showing a delay/collapse in en-

dolysosomal maturation (Figures 4B–4N and S5A) as well as an

endosomal recycling defect (Figures S5B and S5C). Interest-

ingly, stable expression of a mutant variant of mAICD, with

the Tyr residues of the YENPTY motif mutated to Ala, did

not induce endolysosomal defects, including lysosomal Ca2+

dyshomeostasis (Figures 4H–4O). These data support the

finding that the APP-CTF is the active signaling fragment of

APP and that its levels need to be homeostatically controlled

through g-secretase.

The YENPTY is a key motif for the binding of adaptor proteins

such as SorLA,44 Fe65,45 X11/Mint,45 and Dab1,46 as well as the

FYVE-type zinc finger-containing phosphoinositide kinase

PikFYVE,47 indicating the pleiomorphic nature of downstream

signaling. Part of the observed effects could originate from the

re-location of signaling-defective mAICD from a pronounced en-

dolysosomal localization to the cell surface (Figure 4H). Howev-

er, endolysosomal defects similar to those observed in

PSENdKO cells are observed in cells expressing a PikFYVE

dominant negative mutant48 or in WT cells treated with the

PikFYVE inhibitor YM201636 (Figure S5D). Likewise, inhibiting

Abl kinase in PSENdKO cells, using Imatinib,49 alleviated the

delay in endolysosomal maturation, as evidenced from the low-

ered VPS35-LAMP1 co-localization and restored dose-depen-

dent lysosomal Ca2+ content (Figures S5E–S5I). Improved

sorting and recycling resulted in a significant decrease of

APP-CTFs in VPS35-positive organelles (Figure S5G), albeit

this was not observed for LAMP1-positive LE/Lys (Figure S5F).

Altogether, this indicates that inhibition of signaling emanating

from APP-derived fragments alleviates endolysosomal defects,

mostly through restoration of cargo recycling.

Reduced lysosomal Ca2+ content originates from an
altered communication with the ER
Whereas we showed that chronic g-secretase inhibition identi-

fied a decreased lysosomal Ca2+ content at the root of endolyso-

somal dyshomeostasis, the data above suggest it may originate

from a sustained signaling from membrane-tethered AICD frag-

ments. To scrutinize this, we first addressed the origin of the

lysosomal Ca2+ dyshomeostasis. In contrast to previous re-

ports,23,50 we could not relate this defect to an overactivation
APPKO cells (N = 3, normalized to DMSO).

) in WT, PSENdKO, and PSENDKO+hPSEN1 cells (D), and PSENdKO versus

e of EEA1+ (F) and VPS35+ (H) endosomes. LAMP1 area normalized in hPSEN1-

75 cells, F; n = 150, 243, 160, and 75 cells, G; n = 138, 200, 145, and 75 cells, H).

, VPS35 with EEA1 (J), and VPS35 with LAMP1 (K) in PSENdKO cells, which is

cells in I; n = 73, 152, 66, and 64 cells in J; n =150, 234, 158, and 64 cells in K).

o/few intraluminal vesicles compared with hPSEN1-rescued or APP-depleted

) Quantification of (L) showed unaltered MVB numbers per cell but increased

Wallis with Dunn’s post hoc test, except the Mann-Whitney test for (M) and (N).

10/90 percentiles.
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of the lysosomal Ca2+ channel transient receptor potential muco-

lipin 1, also called mucolipin-1 (TRPML1). First, a challenge with

the TRPML1 agonist—MLSA1—did not reveal an overactivation

of the channel in three independent PSENdKOclones (Figure 6A).

Second, we generated a KI mouse model wherein TRMPL1 was

endogenously tagged with the Ca2+ sensor Gcamp6S and

crossed this line with our PSEN1KO mouse model. Primary neu-

rons derived from PSEN1 KO/KO Gcamp6S-TRPML1 KI/KI em-

bryos did not display an increased lysosomal Ca2+ response

when challengedwithMLSA1, as previously reported,23 whereas

the GPN elicited Ca2+ response remained reduced as compared

with their WT/WT counterparts (Figure S6B).

Another potential source of the lysosomal Ca2+ defect could

originate from a failed communication between the ER and lyso-

somes.51,52 We therefore assessed the Ca2+ refilling of the lyso-

somes from the ER in our different cell lines (Figures 5A, S6C,

and S6D).51 Fura2-AM-loaded cells were repeatedly challenged

with GPN in the absence of extracellular Ca2+, allowing the

emptying of lysosomal Ca2+, alternating with ‘‘rest phases’’ in

the presence of extracellular Ca2+, to allow lysosomes to reseal

and refill from the ER (Figures S6C and S6D). PSENdKO cells

displayed a significantly decreased lysosomal Ca2+ refilling,

which was restored upon stable hPSEN1 re-expression or

when APP was additionally knocked out (Figures 5A and S6C).

These findings point to a derailed ER-to-lysosome Ca2+ transfer,

which occurs through LE/Lys-ER MCSs.51–53 We, therefore,

investigated next whether APP-CTFs interfered within or near

LE/Lys-ER MCSs. We performed super-resolution Airyscan im-

aging of PSENdKO and PSENdKO-APPKO cells stably rescued

with APP-bCTF (C99) or mAICD and co-transfected with GFP-

Sec61b (to mark the ER; Figures 5B–5D, S6E, and S6F). APP

and/or APP-CTFs often appeared clustered on the limitingmem-

brane of LAMP1-positive LE/Lys and in close apposition to GFP-

Sec61b+ ER membranes, as shown by the respective line scans

(Figures 5B–5D), indicating their localization in LE/Lys-ERMCSs.

APP immunoreactivity did not overlap with GFP-Sec61b, making

APP-CTFs exert their role in MCSs from the side of LE/Lys.

Similar close appositions in the range of 80–120 nm, typical for

MCSs, were observed in mAICD-expressing cells (Figure 5D).

To further validate this, we promoted the formation of LE/Lys-

ERMCSs through overexpression of VAPB andStard3,54 leading
Figure 4. Endolysosomal defects are caused by membrane-anchored

(A) Immunostaining for EEA1 (magenta), VPS35 (red), and LAMP1 (green) in PSEN

insets 2 mm).

(B and C) Re-introducing a/bCTFs resulted in enlarged EEA1+ (B) and VPS35+ (C) en

to right]).

(D and E) MOC showed increased co-localization of VPS35 with EEA1 (D) or LAM

and 50 cells).

(F) CTF expression in PSENdKO-APPKO cells decreased lysosomal Ca2+ as in

Multiple ANOVA Kruskal-Wallis with Dunn’s post hoc test were applied.

(G) Amino acid sequence of control (mCtrl) and myristoylated AICD (mAICD; mu

(H) Immunostaining for VPS35 (red), APP (cyan), and LAMP1 (green) in PSENdKO-

to the plasma membrane) (scale bars, 10 mm; insets 5 mm).

(I–K) Re-expression of mAICD caused enlarged EEA1+ (D), LAMP1+ (E), and VPS3

D, and n = 46, 57, and 52 cells for E and F; data normalized to mCtrl).

(L) Immunostaining for EEA1 (magenta), VPS35 (red), and LAMP1 (green) in AICD

(M and N) MOC showed increased co-localization of VPS35 with EEA1 (M) or LA

n = 106, 122, and 125 cells in N).

(O) Reduced lysosomal Ca2+ in mAICD- but not mutant mAICD-expressing cells (

Dunn’s post hoc test, except the Mann-Whitney test for (I). For all box-and-whis
to the prominent co-localization of APP/APP-related fragments

with Stard3 in LE/Lys-ER MCSs (Figures S6G and S6H). Exoge-

nous expression of Stard3 in DAPT-treated primary hippocam-

pal neurons likewise resulted in an accumulation of APP-CTFs

in Stard3-positive domains juxtaposed with the ER, underscor-

ing a conserved feature of APP-CTFs (Figure S6I). To further

confirm the localization of APP-CTFs to these MCSs, we treated

cells with a hypotonic (5% DMEM in water) solution, which re-

sults in the rapid vacuolization of intracellular compartments

without affecting inter-organellar contacts.55 The formation of

large intracellular vesicles (LICVs) makes MCSs more visible,

facilitating co-localization analysis. Hypotonic treatment of

PSENdKO-APPKO cells, transfected with mCherry-Sec61b

and either APP-YFP (Figure 5E) or C99-GFP (Figure 5F), resulted

in APP-positive LICVs contacting ER-derived LICVs and with

APP/APP-CTFs being frequently enriched at these contact sites,

within a similar range of 80–120 nm to mCherry-Sec61b+ LICVs

(Figures 5B and 5C and line scans herein). These data therefore

demonstrate the localization of APP-CTFs to LE/Lys-ER MCSs,

where they may modulate ER-to-lysosome Ca2+ transfer. As a

control, line scans of triple-immunostained PSENdKO and

PSENdKO-APPKO cells rescued with C99 with HSP60 did not

reveal close appositions with mitochondria, reminiscent of

MCSs (Figures 5G and 5H). Likewise, live imaging of cells treated

with hypotonic medium showed much larger distances between

APP- and MitoTracker-positive LICVs (Figures 5I and 5J),

arguing against the presence of APP-C99 in mitochondria-asso-

ciated membranes (MAMs or ER-mitochondria MCSs), as re-

ported before.56,57 To scrutinize whether APP-bCTF (C99) accu-

mulation is responsible for mitochondrial defects observed in

PSEN-deficient cells, we tested mitochondrial fitness using a

Seahorse metabolic analysis (Figures S6J–S6O). PSENdKO

MEFs exhibited a significant decrease in their maximal respira-

tion and ATP production; these metabolic abnormalities were

restored in hPSEN1-rescued but not in PSENdKOxAPPKO

MEFs (Figures S6J–S6L). Regarding oxygen consumption rate

(OCR) and basal respiration, re-expression of PSEN1 partially

restored levels to WT MEFs, whereas depletion of APP did not

(Figures S6M and S6N). Only the deficiency in the spare respira-

tory capacity (SRC) was found to be rescued by APP deficiency.

Overall, and in support of a lack of localization of APP-C99 to
APP intracellular domains

dKO-APPKO cells expressing no, a-(C83), or b(C99) CTFs (scale bars, 10 mm;

dosomes (N = 2, normalized to PSENdKO cells, with n = 45, 49, and 50 cells [left

P1 (E) upon CTF expression in PSENdKO-APPKO cells (N = 2, with n = 47, 49,

PSENdKO cells (N = 2 experiments, mean ± SEM, normalized to PSENdKO).

tations in green).

APPKO cells rescued with mCtrl, mAICD, or mutant mAICD (which re-localized

5+ (F) positive compartments (N = 3 with n = 59, 65, and 70 cells [left to right] for

-rescued cells (scale bars, 20 mm; insets 2 mm).

MP1 (N) in mAICD-expressing cells (N R 3 with n = 59, 65, and 70 cells in M,

N = 2, normalized to mCtrl; mean ± SEM). Multiple ANOVA Kruskal-Wallis with

kers graphs: boxes display the 25/75, and the whiskers the 10/90 percentiles.
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ER-Mito MCSs, these data support our conclusion that, in

PSENdKO cells, APP expression is not significantly contributing

to the observed mitochondrial metabolic defects.

Accumulation of membrane-tethered APP fragments
affects LE/Lys-ER MCS morphology and LE/Lys
dynamics
We next investigated whether the increased localization of

APP-CTFs impacted LE/Lys-ER MCS morphology. Visualiza-

tion of the ER by TEM was facilitated by co-expressing a

KDEL sequence fused to a horseradish peroxidase and myc-

tag (HRP-myc-KDEL), followed by 30 3-Diaminobenzidine tetra-

hydrochloride (DAB) treatment.58 First, PSENdKO cells display

increased numbers of electron-lucent vesicles (red asterisk in

Figure 6A; see also Figure S3A for unrelated PSENdKO cells),

likely reflecting a delayed maturation to MVBs. As expected,

this phenotype disappeared in hPSEN1-rescued PSENdKO

and PSENdKO-APPKO cells but re-appeared when the latter

cells were stably rescued with mAICD (Figure 6A). Whereas

the HRP-reactive ER of both PSENdKO and PSENdKO-

APPKO-mAICD cells generally appeared more swollen, in

addition, many enlarged contacts of the ER were noticeable

with LE/MVBs, sometimes largely encapsulating them (Fig-

ure 6A, zoomed insets). Reintroducing hPSEN1 in PSENdKO

or depleting APP herein significantly reduced lengths, indi-

cating a normalization of MCSs (see also quantification in

Figure 6A).

We further reasoned that the enlarged contacts of ER with

LE/Lys might also affect other aspects of LE/Lys, including

motility. To test this, we used lattice-structured illumination

microscopy (SIM; Zeiss Elyra-7) and compared the dynamics

of LysoTracker-labeled acidic organelles in the different cell

lines. PALMtracer (see STAR Methods) was used to track in-

dividual organelles and to quantify changes in the time-corre-

lated mean-squared displacement (MSD). This approach al-

lows one to distinguish different types of motility from

random motion.2 In agreement with the observed enlarged

LE/Lys-ER contacts, only cells accumulating or expressing

membrane-tethered AICD fragments (either CTFs or mAICD)

display a significantly increased proportion of immobile

tracks, reminiscent of less-motile organelles (Figures 6B and

6E). Concordantly, we observed a reduction in the MSD

and diffusion coefficients (Figures 6C and 6D). The decreased

motility correlated with longer retention of the LysoTracker

Red-labeled organelles on the ER; indicated by the higher

co-localization of these organelles (Figures 6F and 6G; Videos

S1–S5).
Figure 5. APP-CTF- and mAICD-induced lowered lysosomal Ca2+ orig

(A) Lysosomal Ca2+ refilling is impaired in PSENdKO cells but normalized in hPS

(B–D) Immunostaining for LAMP1 (blue) and APP (red) in GFP-Sec61b transfected

rescued (D) PSENdKO-APPKO cells (scale bars, 10 mm; insets 0.5 mm).

(E and F) Hypotonic treatment of PSENdKO-APPKO cells transfected with mCher

closely contact ER (see inset and line scans; scale bars, 5 mm; inset 2 mm).

(G and H) Airyscan imaging of LAMP1 (blue), APP (red), and HSP60 (green) in PS

insets 0.5 mm).

(I and J) Hypotonic treatment of PSENdKO-APPKO cells transfected with APP-YF

No APP+ or C99+-enlarged organelles were nearby mitochondria (see inset and lin

display the 25/75, and the whiskers the 10/90 percentiles. Multiple ANOVA Krus
Promoting cholesterol egress largely restores
endolysosomal demise in PSEN-deficient cells
Thus far, we showed that a decreased lysosomal Ca2+ content

of PSEN-deficient cells can be functionally linked to the accu-

mulation of APP-CTFs or mAICD converging with altered LE/

Lys-ER MCSs. Moreover, both a decrease in lysosomal Ca2+

and cholesterol accretion are the two primary events preceding

endolysosomal collapse when chronically inhibiting g-secre-

tase. Therefore, we first reasoned that preventing lysosomal

Ca2+ release might prevent downstream endolysosomal de-

fects. LE/Lys contain different Ca2+ transporters, including

TRPML1 and TPC2 (two-pore channel 2).59 Chronic treatment

of PSENdKO MEFs, or PSEN1� /� hippocampal neurons with

the TPC2-inhibitor, NED-19 (400 nM), rescued LE/Lys Ca2+

release in a manner reminiscent of WT cells (Figures S7I and

S7J). NED-19 also reduced the LAMP1- and VPS35-positive

area (Figures S7A, S7B, S7D, and S7E) and decreased endoly-

sosomal collapse, as shown by the lowered co-localization of

LAMP1 with EEA1 and VPS35, although the latter not signifi-

cantly (Figures S7F and S7G). As we showed that APP/APP-

CTF accretion in LE/Lys is sufficient to induce endolysosomal

demise, the failure of NED-19 to reduce its localization in

LAMP1-positive compartments (Figure S7H) might explain the

failure of NED-19 to fully rescue more downstream effects of

decreased LE/Lys Ca2+ storage. Besides lysosomal Ca2+

dysfunction, PSEN1KO cells also share cholesterol accumula-

tion in LE/Lys with NPC1KOs,59–62 although more modestly

(Figure S8A). We therefore wondered whether counteracting

cholesterol accretion could alleviate endolysosomal demise in

PSEN-deficient cells. Free cholesterol, as measured by filipin

staining, accumulated in LAMP1 compartments of PSENdKO

and PSENdKO-APPKO cells rescued with APP-CTFs or mAICD

(Figures 7A and 7B). Within these organelles, filipin is clearly

co-localized with APP-CTFs and mAICD (Figures 7A–7D).

Depleting APP in a PSENdKO background or re-expression

of mutant mAICD reverted the accumulations back to WT

levels. Hence, we wondered whether alleviating the burden of

cholesterol in LE/Lys could correct lysosomal Ca2+ defects.

We treated PSENdKO cells with OSW-1, an inhibitor of OSBP

and ORP4L, counteracting the sequestration of cholesterol

from the ER to the lysosome.61–63 Treatment did not decrease

lysosomal cholesterol staining nor did it rescue lysosomal Ca2+

dysfunction of PSENdKO cells (Figures S8B and S8C). This in-

dicates that the cholesterol accumulated in LE/Lys does not

originate from an ER pool. Alternatively, we induced egress of

lysosomal cholesterol through overexpression of NPC1 or

treatment with 2-hydroxypropyl-g-cyclodextrin (HPgCD), a
inates from altered LE/Lys-ER contacts

EN1-rescued or APP-depleted PSENdKO cells (N = 3, 5, 3, and 2).

cells. Airyscan resolution ofMCSs in PSENdKO (B) versus C99- (C) andmAICD-

ry-Sec61b and APP-YFP (E) or C99-GFP (F). Enlarged APP+ or C99+ organelles

ENdKO (G) or PSENdKO-APPKO expressing C99 (H) cells (scale bars, 10 mm;

P (green, I) or C99-GFP (green, J) and treated withMitoTracker deep red (violet).

e scans; scale bars, 5 mm; inset 2 mm). For the box-and-whiskers graph: boxes

kal-Wallis with Dunn’s post hoc test.
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drug shown to reduce intracellular free cholesterol and to

enhance autophagic activity through the regulation of ER-lyso-

some MCSs64,65 (Figures S8D–S8Q). Both NPC1 overexpres-

sion and HPgCD treatment strongly reduced the accumulation

of membrane-tethered APP fragments in the LAMP1-positive

LE/Lys of PSENdKO cells (Figures S8D and S8E, also visible

in Figures S8F, S8K, S8L, and S8O), and fully restored lyso-

somal Ca2+ content (Figure 7E). Of note, these treatments

also partially restored the endolysosomal maturation, as seen

by the reduced EEA1 area and decreased co-localization of

VPS35 with either EEA1 or LAMP1 (Figures S8H–S8J, S8L,

S8M, S8P, and S8Q). In conclusion, treatments that promoted

cholesterol efflux from the LE/lysosomes, but not from the ER,

relieved both lysosomal Ca2+ and endolysosomal defects

observed in PSEN-deficient cells.

DISCUSSION

In this manuscript, we elucidated how elevated levels of APP-

CTFs mechanistically contribute to endolysosomal demise,

observed in PSEN-deficient cells and neurons or upon g-secre-

tase inhibition. Our data establish a functional link between APP

processing and maintaining the proper balance of lysosomal

Ca2+ through an ER Ca2+ refilling pathway. Additionally, APP-

CTFs clustered on the membranes of LE/Lys, proximal to or

within MCSs with the ER. Abnormal accumulation of APP-

CTFs, seen in PSEN/g-secretase-deficient or DAPT-treated

cells, feeds a prolonged signaling cascade originating from

APP’s cytosolic domain, disrupting inter-organellar communica-

tion and impairing ER-to-LE/Lys Ca2+ refilling. We propose that

proteolysis of APP-CTFs on LE/Lys is essential for safeguarding

homeostasis in LE/Lys-ER communication. Notably, similar data

were obtained in both non-neuronal cells and primary hippocam-

pal neurons, underscoring conserved mechanisms.

In the context of PSEN deficiency, our data do not support a

primary causal role for v-ATPase in the observed lysosomal de-

fects, contrary to previous research.22 In independent PSENdKO

clones, we observed no alterations in the activity of the lyso-

somal localized v-ATPase (Figure S2B) and onlyminor lysosomal

pH changes, but within the physiological range of 4.5–5.0,34 in

agreement with previous reports.24,26 However, Im and col-

leagues recently reported that excess APP-bCTF, particularly a

phosphorylated form, disrupted v-ATPase function via direct

interaction with the Voa1 subunit.28 But also here, the impact

on lysosomal pH was relatively modest, with a maximum devia-

tion of 0.5 pH units, slightly above the physiological range. We

argue that such changes result from other early events, such
Figure 6. Membrane-tethered APP fragments affect LE/Lys-ER MCS m

(A) PSENdKO and PSENdKO-APPKO cells expressing mAICD displayed extende

(as mean ± SEM, lower row) normalized in hPSEN1-rescued or APP-depleted PS

red * indicate short and long contacts; scale bars, 2 mm; inset 500 nm).

(B) Representative color-coded tracks of LysoTracker in aforementioned cell line

(C–E) MSD plot over time revealed decreased organelle motility in PSENdKO a

coefficients (D) and a shift from directed to immobile motilities (E). (C–E: n = 13,

(F) Representative image of LysoTracker+ organelles and GFP-Sec61b+ ER (sca

(G) Percentage overlap of (F), including the number of frames and corresponding

and, for (A) and (G), one-way ANOVA and multiple ANOVA Kruskal-Wallis with Du

and the whiskers the 10/90 percentiles.
as decreased lysosomal Ca2+ levels and changes in lipid compo-

sition (Figures 1, 2, and 7) affecting endosomal recycling and ul-

timately resulting in enlarged early endosomal compartments.

Further, the increased co-localization of lysosomal and endoso-

mal markers indicated a progressive collapse of the endolysoso-

mal compartment. Our study is the first to report the chronology

of the endolysosomal collapse initiated by a lysosomal Ca2+

deficit following g-secretase inhibition. Previous studies focused

primarily on individual endosomal or lysosomal defects without

directly linking them to PSEN/g-secretase loss of function, either

through KO or FAD-associated mutations. Thus, previously

reported defects, such as Rab5 overactivation and early endo-

somal enlargement,17–19 recycling distortion66 and autophagy

dysfunction,18 may be later events in endolysosomal demise,

downstream of LE/Lys dysfunction. Alternatively, studies using

overexpression or knockdown/KO of key endosomal regulators

have demonstrated causal relationships, although such dra-

matic alterations in expression can themselves lead to endolyso-

somal collapse,67–69 which is mechanistically distinct from

our observations in PSEN-inactivated cells and neurons. For

instance, the effects of constitutively active Rab5-Q79L on en-

dosomal collapse are well-documented in vitro, and Rab5 over-

activation (through overexpression) drives endosomal dysfunc-

tion in vivo, resulting in a neurodegenerative cascade.70

Regarding VPS35, limited data exist related to PSEN defi-

ciency, although decreased expression levels are noted in an

AD context.71 Enlarged VPS35-positive compartments observed

in PSEN-deficient cells and neurons may stem from recycling

failure, akin to when another recycling regulator, ARF6, is

depleted.72 We propose that these recycling defects may origi-

nate from lowered LE/Lys Ca2+ content and abnormal choles-

terol accumulation in LE/Lys, which disrupts fusion and fission

events crucial for cargo recycling. This defect in recycling ap-

pears to affect raft-associated proteins and lipids selectively,

as evidenced by our suspension-adhesion assay, and consistent

with the selective depletion of raft-associated proteins and lipids

in isolated plasmamembranes of PSENdKO cells.73 Therefore, a

re-activation of recycling could potentially be targeted as well to

restore endolysosomal collapse.74

Our findings provide another insight into APP-mediated

signaling, challenging previous notions regarding the function

and localization of APP-CTFs. First, we demonstrate that it is

abrogation rather than the initiation of downstream signaling of

APP that is crucial for maintaining endolysosomal homeostasis.

This is not the case for substrates such as Notch, N-cadherin,

and ErbB4, where g-secretase cleavage is integral to key down-

stream signaling mechanisms.41,75–78 Second, contrary to
orphology and LE/Lys dynamics

d LE/Lys-ER contacts, up to encapsulated LE/Lys (right images). MCS lengths

ENdKO cells, or PSENdKO-APPKO cells expressing mutant mAICD (blue and

s (scale bars, 1 mm).

nd mAICD-expressing PSENdKO-APPKO cells, resulting in reduced diffusion

10, 9, 4, and 9 cells, from left to right, mean ± SEM).

le bars, 5 mm; inset 1 mm).

cell numbers. For (A) and (C)–(E), mean ± SEM. Mann-Whitney test was applied

nn’s post hoc test. For the box-and-whiskers graph: boxes display the 25/75,
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Figure 7. Cholesterol egress corrects lysosomal Ca2+ defects

(A) Immunostaining for LAMP1 (green), APP (magenta), and filipin (blue).

(B–D) MOC of filipin-LAMP1 (B), filipin-APP (C), and APP-LAMP1 (D). (B–D: N = 2, with n = 71, 80, 61, 65, 73, 46, 78, and 67 cells, multiple ANOVA Kruskal-Wallis

with Dunn’s post hoc test.)

(E) Overexpressing NPC1-FLAGl or treatment with 2-hydroxypropyl-g-cyclodextrin (HPgCD, 1 mM, 4 days) alleviated lysosomal Ca2+ defects in PSENdKO

(N R 2 experiments, mean ± SEM; Mann-Whitney test). For all box-and-whiskers graphs: boxes display the 25/75, and the whiskers the 10/90 percentiles.
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recent studies,17–20 we show that both a- and b-cleaved APP-

CTFs induced endolysosomal defects. The emphasis on bCTF

may originate from neuronal cultures having predominant

amyloidogenic processing, overshadowing the subtler effects

of increased aCTF levels,17,18 or overexpression strategies.20

Further, APP-bCTF can also be processed to aCTFs,79 blurring

the assignment of specific roles to a- or bCTFs. More impor-

tantly, membrane-tethering of the AICD fragment was sufficient

to reproduce endolysosome defects in combined PSEN- and

APP-deficient cells, questioning the existence of a direct nuclear

signaling role for AICD, as proposed previously.80–84

APP-mediated downstream signaling is largely regulated

through its YNPTYmotif, with critical mutations abolishing the ef-

fects of mAICD on endolysosomal homeostasis (Figures 4 and

7). Inhibiting Abl kinase through Imatinib significantly rescued

endolysosomal defects in PSENdKO cells (Figures S5E–S5H),

supporting a direct contribution of Abl-mediated downstream

signaling on LE/Lys. These findings align with earlier studies link-

ing APP-CTF signaling to neuronal functions. Human APP and its

Drosophila ortholog, APP-like or APPL, induce axonal arboriza-

tion through the interaction with Abl kinase,85 whereas APP-

CTF signaling has been linked to wnt signaling.38 APP-CTFs

have been shown to activate cAMP/PKA through binding to

Gas and initiating the signaling of the cAMP response element-

binding protein (CREB) in the context of axonodendritic

outgrowth regulation in an in vivo FAD-PSEN1 KI model.42,86

Other studies have linked AICD/APP to an indirect activation of

Fe65.87,88 Further investigation is warranted to identify cell-

type-dependent signaling pathways downstream of APP-CTFs

modulating LE/Lys-ER MCS function.

Super-resolution microscopy revealed domains on LE/Lys en-

riched for APP and APP-CTFs closely opposed to ER mem-

branes, reminiscent of LE/Lys-ER MCSs. This finding was more

pronounced in hypotonic medium maintaining MCS integrity.

No APP/APP-CTFs were found in mitochondria-ER MCSs, con-

trasting previous reports,57,89,90 but which may be possibly

biased by biochemical analysis of isolatedMAMs. The combined

extraction and sonication procedures inherent in MAM isolation

may herein generate artifacts, including contaminations with

MCS fragments from other origin. In other cases, overexpression

of APP/APP-CTFs was often used,57,89,91 but APP-CTF overex-

pression is known to saturate the secretory route, generating

compartmental collapse and compromising reliable interpreta-

tions. Additionally, recent evidence demonstrated that g-secre-

tase assembly concludes after ER-exit,92 making the ER-local-

ized generation of APP-CTFs (and MAM association) unlikely. In

our study,most PSEN-deficiency-linked defects inmitochondrial

metabolism could also not be rescued by APP KO, arguing for an

indirect causal origin (Figures S6J–S6O). Herein, only the SRC

(which could be seen as a determinant of mitochondrial fitness)93

and theextracellular acidification rate (ECAR; linked toglycolysis)

were rescued, underlining only aminor role of APP in the handling

of stress. The exact contribution of APP and its fragments re-

quires further investigation.

However, localization of APP/APP-CTFs in LE/Lys-ER does

not necessarily contradict observed mitochondrial dysfunctions

in PSEN-deficient cells94–97 or AD contexts.89,98–100 Lysosomes

and mitochondria form functional MCSs, regulating lysosomal

and mitochondrial networks bidirectionally, potentially explain-
ing their concurrent dysfunction in neurodegenerative dis-

eases.101 For example, related to Parkinsonism, deficiency of

the lysosomal polyamine transporter ATP13A2 potentiates

ROS accumulation, which affects mitochondrial functioning.102

Lysosomal dysfunction in lysosomal storage diseases alters

autophagy/mitophagy, resulting in the accumulation of dysfunc-

tional/damaged mitochondria.103 In late onset AD (LOAD), failure

of the lysosomal exonuclease phospholipase 3 (PLD3) to

degrade mitochondrial DNA leads to primary lysosomal/auto-

phagy dysfunctions and cytosolic accumulation of dysfunctional

mitochondria.104

Although more subtle in PSEN/g-secretase deficiency, the

sequence of lysosomal to endosomal defects resembles NPC1

deficiency, where reduced lysosomal Ca2+ content is also an

initial sign of lysosomal dysfunction.60 Sphingosine accumula-

tion in acidic compartments triggers this reduction, followed by

cholesterol and glycosphingolipids storage. Although we did

not investigate sphingosine 1, its accumulation has already

been described in an AD context.105 Studies by Davis and Lim

further described a cholesterol egress through NPC1 to involve

MCSs as well,61,62 and likely involves crosstalk with Ca2+ refilling

from the ER.106 However, the failure of OSW-1 to rescue choles-

terol accumulation in PSEN-deficient cells suggests that the

build-up originates elsewhere, unlike what is observed in

NPC1KO cells, where it relies on cholesterol transfer from the

ER to lysosomes through OSBP.62 Nevertheless, stimulation of

cholesterol egress by NPC1 overexpression or HPgCD treat-

ment decreased cholesterol levels and rescued endolysosomal

demise, including lysosomal Ca2+ content, possibly through

the modulation of ER-LE/Lys MCSs, as in NPC1 KO cells.62,64,65

In NPC1 KO neurons, cholesterol accumulation disrupted lyso-

somal trafficking by sequestering motor adaptors, potentially

contributing to decreased lysosome motility.107,108 We show

lysosomal motility to be significantly decreased in PSENdKO

cells (and rescued upon APP depletion or re-introduction of

hPSEN1 [Figure 6]), possibly due to the extended LE/Lys-ER

MCSs promoting prolonged interaction, thus hindering motility.

It is noteworthy that we did not recapitulate cholesterol accu-

mulation in PSEN1KO neurons. Although we cannot exclude a

role for PSEN2/g-secretase herein, alternatively, cholesterol

accumulation could be cell-type-dependent. Essayan-Perez

and S€udhof recently showed that pharmacological inhibition or

genetic ablation of g-secretase in primary neurons decreased

cholesterol levels, whereas this was not observed in PSEN1-

deficient glial cells.109 Thus, while moderate accumulations

of cholesterol in LE/Lys may aggravate endolysosomal dysfunc-

tions in non-neuronal PSENdKO cells, our data support

decreased lysosomal Ca2+ storage capacity as an early event

driving downstream lysosomal and endosomal dysfunctions,

consistent across non-neuronal and neuronal cells.23–25,110

Herein, our results point to an inefficient Ca2+ refilling of LE/Lys

from the ER rather than overactivation of a lysosomal Ca2+ chan-

nel such as TRPML1.23 The ER has been shown to drive a main

route for Ca2+ refilling through LE/Lys-ER MCSs.51 Atakpa et al.

demonstrated that IP3 receptors cluster near ER-LE/Lys MCs,

facilitating local delivery of Ca2+ from the ER to LE/lysosomes.111

Ca2+ delivery occurred in a ‘‘piston-like’’ manner through IP3Rs

to present it to a low-affinity lysosomal uptake system. LE/Lys

Ca2+ uptake depended on the dynamic regulation of ER-LE/Lys
Developmental Cell 59, 1–22, June 17, 2024 15



ll
OPEN ACCESS Article

Please cite this article in press as: Bretou et al., Accumulation of APP C-terminal fragments causes endolysosomal dysfunction through the dysregu-
lation of late endosome to lysosome-ER contact sites, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.03.030
MCSs, which is affected in PSENdKO cells and negatively regu-

lated through APP metabolism. Interestingly, inhibition of v-

ATPase did not prevent ER-to-LE/Lys Ca2+ refilling activity,51

whereas sustained inhibition disrupted ER-LE/Lys MCSs.111

The longer and more stable ER-Lys MCSs in PSENdKO cells

thus also argue against pH defects as a primary cause of LE/

Lys dysfunction in PSEN-deficient cells.

In PSEN/g-secretase-inactivated cells and neurons, the

absence of Ab allowed us to identify the toxic contributions of

APP-CTFs. The similarity between PSENdKO and FAD-

PSEN1-expressing cell models (this study and Kwart et al.17

and Hung et al.18) suggests that most, if not all, observed endo-

lysosomal defects may be attributed to APP-CTF accumulation.

Further, endosomal abnormalities are observed early in AD pa-

thology, independent from the build-up of Ab and before major

AD hallmarks appear.8 Aberrant APP-CTF accumulation may

therefore be closer to the onset of AD neuropathogenesis

through gradually disrupting lysosomal homeostasis, tipping

the balance ultimately to a general endolysosomal collapse

and neuronal cell death.1,74 Although more work is needed,

recent studies also report on increased APP-CTF levels in

LOAD.112,113 For instance, LOAD-linked variants in PLD3 signif-

icantly delayed autolysosome turnover, resulting in APP-CTF

accumulation and aggravating endolysosomal demise.104

The critical organellar toxicity of APP-CTFs may have contrib-

uted to the failure of clinical trials on g-secretase inhibitors114

and could compromise the efficacy of future compounds target-

ing this enzyme. Our findings support the development of mod-

ulators or stabilizers to restore g-secretase processivity, thereby

normalizing APP-CTF turnover. Alleviating the APP-CTF burden

could be a promising therapeutic approach in combatting AD,

potentially serving as an early biomarker and upfront therapeutic

target.115 Addressing pathogenic mechanisms such as Ab clear-

ance, tau pathology, and neuroinflammation may not effectively

mitigate APP-CTF toxicity unless combined with strategies such

as BACE-1 inhibitors.116 In conclusion, our study underscores

the critical role of homeostatic APP processing in LE/Lys-ER

MCSs, the failure of which triggers a detrimental cascade leading

to a general endolysosomal demise crucial for neuronal survival.

It further emphasizes the multifaceted role of g-secretase, not

only as a generator of toxic Ab but also as a beneficial protease

that inactivates APP-CTFs.

Limitations of the study
This study explored the mechanism by which excess APP-CTFs

drive endolysosomal dysfunction, using an engineered cell line

deficient for both PSENs and APP. The conclusions in our study

are limited to PSEN deficiency and need to be extended to FAD-

associated mutations in PSEN1 to extrapolate these observa-

tions to endolysosomal abnormalities as observed in the AD

brain. Herein, follow-up studies in physiologically more relevant

AD models, including iPSC-derived human neurons, AD mouse

models, and human samples, are required to generalize our

main outcomes. Our study provided further support for the crit-

ical role of g-secretase-mediated APP proteolysis in maintaining

endolysosomal homeostasis. However, it does not fully exclude

the contribution of a g-secretase-independent role for PSENs

herein. Likewise, to what extent g-secretase heterogeneity,

with distinctly composed complexes being co-expressed in
16 Developmental Cell 59, 1–22, June 17, 2024
the cell, contributes to lysosomal homeostasis is subject to

further investigation. Although our research indicates that APP-

CTFs, and specifically their cytosolic domain, induce a toxic

signaling cascade, the exact downstream signaling pathway(s)

and how theymodulate LE/Lys-ER contact dynamics remain un-

known. Lastly, knocking out APP in PSEN-deficient cells failed to

rescue observed defects in mitochondrial fitness, arguing for a

yet unknown APP-independent mechanism distorting lysosomal

to mitochondrial communication in these cells.
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Tribl, F., Kögel, D., Prehn, J.H., and Egensperger, R. (2007).

Modulation of gene expression and cytoskeletal dynamics by the
Developmental Cell 59, 1–22, June 17, 2024 19

https://doi.org/10.1016/j.bbamcr.2015.01.022
https://doi.org/10.1242/jcs.139295
https://doi.org/10.1242/jcs.139295
https://doi.org/10.1073/pnas.1910854117
https://doi.org/10.1073/pnas.1910854117
https://doi.org/10.15252/embj.2019103791
https://doi.org/10.15252/embj.2019103791
https://doi.org/10.15252/embj.201796797
https://doi.org/10.1016/j.cell.2013.05.026
https://doi.org/10.3390/cancers13061299
https://doi.org/10.3390/cancers13061299
https://doi.org/10.1038/nm.1876
https://doi.org/10.1016/j.devcel.2020.11.016
https://doi.org/10.1038/s41556-019-0391-5
https://doi.org/10.1038/nchembio.625
https://doi.org/10.1038/nchembio.625
https://doi.org/10.3390/ijms21030898
https://doi.org/10.3390/ijms21030898
https://doi.org/10.1038/s41598-020-65627-4
https://doi.org/10.1096/fj.05-5531fje
https://doi.org/10.1016/0092-8674(92)90306-w
https://doi.org/10.1074/jbc.M304122200
https://doi.org/10.1083/jcb.200804048
https://doi.org/10.1016/j.celrep.2020.108420
https://doi.org/10.1016/j.celrep.2020.108420
https://doi.org/10.1002/ana.20667
https://doi.org/10.1038/ncomms11919
https://doi.org/10.1038/ncomms11919
https://doi.org/10.1038/msb.2011.74
https://doi.org/10.1126/scitranslmed.abb1717
https://doi.org/10.1126/scitranslmed.abb1717
https://doi.org/10.1016/j.cell.2003.08.008
https://doi.org/10.1016/j.cell.2003.08.008
https://doi.org/10.1016/j.cell.2006.07.037
https://doi.org/10.1016/j.cell.2006.07.037
https://doi.org/10.1016/j.bbamem.2013.04.016
https://doi.org/10.1016/j.bbamem.2013.04.016
https://doi.org/10.1038/nrm.2016.94
https://doi.org/10.1111/j.1471-4159.2009.06420.x
https://doi.org/10.1111/j.1471-4159.2009.06420.x
https://doi.org/10.1126/science.1058783
https://doi.org/10.1126/science.1058783


ll
OPEN ACCESS Article

Please cite this article in press as: Bretou et al., Accumulation of APP C-terminal fragments causes endolysosomal dysfunction through the dysregu-
lation of late endosome to lysosome-ER contact sites, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.03.030
amyloid precursor protein intracellular domain (AICD). Mol. Biol. Cell 18,

201–210. https://doi.org/10.1091/mbc.e06-04-0283.

82. Pardossi-Piquard, R., Petit, A., Kawarai, T., Sunyach, C., Alves da Costa,

C., Vincent, B., Ring, S., D’Adamio, L., Shen, J., M€uller, U., et al. (2005).

Presenilin-dependent transcriptional control of the Abeta-degrading

enzyme neprilysin by intracellular domains of betaAPP and APLP.

Neuron 46, 541–554. https://doi.org/10.1016/j.neuron.2005.04.008.

83. Alves daCosta, C., Sunyach, C., Pardossi-Piquard, R., Sévalle, J., Vincent,
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-PSEN2-CTF Herreman et al.117 B24

Rabbit polyclonal anti-APP Esselens et al.32 B63

Mouse monoclonal anti-NCT Esselens et al.32 9C3

Rabbit polyclonal anti-ICAM5 Esselens et al.32 B36

Mouse monoclonal anti-CD147 Abcam Cat#ab666: RRID:AB_305632

Rabbit polyclonal anti-PSEN1-NTF Abcam Cat#ab71181; RRID: AB_1603935

Rabbit polyclonal anti-PEN2 Abcam Cat#18189; RRID: AB_444310

Rabbit polyclonal anti-EEA1 Sigma-Aldrich Cat#E4156; RRID: AB_609870

Rabbit polyclonal anti-V-ATPase A1 Santa-Cruz Cat#sc-28801; RRID: AB_2258865

Rabbit polyclonal anti-LC3B Novus Biological Cat#NB600-1384; RRID: AB_669581

Rabbit polyclonal anti-caveolin1 BD Bioscience Cat#610060; RRID: AB_397472

Mouse monoclonal anti-caveolin1 BD Bioscience Cat#610407; RRID: AB_397789

Goat polyclonal anti-VPS35 Abcam Cat#ab10099; RRID: AB_296841

Mouse monoclonal anti-beta actin Sigma-Aldrich Cat#A5441; RRID: AB_476744

Mouse monoclonal anti-V0d1 Abcam Cat#ab56441; RRID: AB_940402

Mouse monoclonal anti-V1b2 Santa-Cruz Cat#sc-166122; RRID: AB_2258897

Mouse monoclonal anti-HSP60 BD transduction Cat#611562; RRID: AB_399008

Mouse monoclonal anti-PtdIns(3,5)P2 Echelon Biosciences Cat#Z-P035; RRID: AB_427224

Mouse monoclonal anti-VPS35 Santa-Cruz Cat#sc-374372; RRID: AB_10988942

Mouse monoclonal anti-Abeta 82E1 Tecan Cat#JP10323; RRID: AB_1630806

Mouse monoclonal anti-FLAG Sigma-Aldrich Cat#F1804; RRID: AB_262044

Rat monoclonal anti-LAMP1 Santa-Cruz Cat#sc-19992; RRID: AB_2134495

Rabbit monoclonal anti-APP (Y188) Abcam Cat#ab32136; RRID: AB_2134495

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-488

ThermoFisher Scientific Cat#A-11029; RRID: AB_2534088

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-568

ThermoFisher Scientific Cat#A-11031; RRID: AB_144696

Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-647

ThermoFisher Scientific Cat#A-21236; RRID: AB_2535805

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-488

ThermoFisher Scientific Cat#A-11034; RRID: AB_2576217

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-568

ThermoFisher Scientific Cat#A-11036; RRID: AB_10563566

Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-647

ThermoFisher Scientific Cat#A-21245; RRID: AB_141775

Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor� 647

ThermoFisher Scientific Cat#A-21247; RRID: AB_141778

Donkey anti-mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-488

ThermoFisher Scientific Cat#A-21202; RRID: AB_141607

Donkey anti-goat IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-488

ThermoFisher Scientific Cat#A-11055; RRID: AB_2534102

Donkey anti-mouse IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-647

ThermoFisher Scientific Cat#A-31571; RRID: AB_162542

Donkey anti-goat IgG (H+L) Highly Cross-Adsorbed

Secondary Antibody-Alexa-555

ThermoFisher Scientific Cat#A-21432; RRID: AB_141788

Goat anti-mouse -HRP BioRad Cat#1706516; RRID: AB_2921252

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Rabbit anti-goat-HRP Dako Cat#P044901

Rabbit anti-Rat-HRP Dako Cat#P045001

Goat anti-Rabbit-HRP BioRad Cat#170-6515; RRID: AB_11125142

Bacterial and virus strains

Subcloning Efficiency DH5a Competent Cells ThermoFisher Scientific Cat#18265017

Chemicals, peptides, and recombinant proteins

Lysotracker Red DND-99 ThermoFisher Scientific Cat#L7528

Lysotracker Deep Red ThermoFisher Scientific Cat#L12492

Mitotracker Deep Red ThermoFisher Scientific Cat#M22426

Cholera Toxin Subunit B Alexa 488 ThermoFisher Scientific Cat#C34775

Cholera Toxin Subunit B Alexa 647 ThermoFisher Scientific Cat#C34778

Phalloidin Alexa 488 ThermoFisher Scientific Cat#A12379

Phalloidin Alexa 568 ThermoFisher Scientific Cat#A12380

Phalloidin Alexa 647 ThermoFisher Scientific Cat#A22287

Filipin III Streptomyces filipensis Sigma-Aldrich Cat#F4767

DAPT Tocris Cat#2634; CAS 208255-80-5

InSolution� g-Secretase Inhibitor X Calbiochem Cat#565771

b-Secretase Inhibitor IV Calbiochem Cat#565788; CAS : 797035-11-1

(2-Hydroxypropyl)-g-cyclodextrin Sigma-Aldrich Cat#H125; CAS : 128446-34-4

ADAM10 inhibitor G1254023X Sigma-Aldrich Cat#SML0789; CAS : 260264-93-5

OSW-1 (Orsaponin) Cayman Cat #30310; CAS : 145075-81-6

Bafilomycin A1 Bio-Connect Cat#88899-55-2; CAS : 88899-55-2

Fura2-AM Thermo Fisher Scientific Cat#F1221

Thapsigargin Thermo Fisher Scientific Cat#T7459

GPN Abcam Cat#ab145914

MLSA1 Tocris Cat#4746

Ionomycin Sigma-Aldrich Cat#I0634

monensin Sigma-Aldrich Cat#M5273

Nigericin Thermo Fisher Scientific Cat# N1495

2-hydroxypropyl-g-cyclodextrin Sigma-Aldrich Cat#H125-5G-I

SidK-AL568 Gift from John L. Rubinstein,

SickKids, University of Toronto,

Canada, Maxson et al.36

N/A

Polybrene Sigma-Aldrich cat#H9268

Critical commercial assays

QuikChange II XL Site-Directed Mutagenesis Kit Agilent Cat# 200517

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs Cat# E2621S

Experimental models: Cell lines

MEF PSEN1 and 2 knock out Escamilla-Ayala et al.2 N/A

MEF PSEN1 and 2 knock out, APP knock out This paper N/A

MEF PSEN1 and 2 knock out rescued with PSEN1 This paper N/A

MEF PSEN1 and 2 knock out, APP knock out rescued

with APP

This paper N/A

MEF PSEN1 and 2 knock out, APP knock out rescued

with C99

This paper N/A

MEF PSEN1 and 2 knock out, APP knock out rescued

with C83

This paper N/A

MEF PSEN1 and 2 knock out, APP knock out rescued

with mAICD

This paper N/A

MEF PSEN1 and 2 knock out, APP knock out rescued

with mAICD-(AENPTA)

This paper N/A

(Continued on next page)
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HeLa Tharkeshwar et al.118 N/A

HeLa NPC1 knock-out Tharkeshwar et al.118 N/A

HEK293 T ATCC Cat#CRL-11268, RRID:CVCL_1926

Experimental models: Organisms/strains

Mouse: C57BL/6JAX The Jackson Laboratory RRID:IMSR_JAX:000664

Mouse: C57BL/6JAX TRPML1 x Gcamp6 This paper N/A

Mouse: PS1 -/+ De Strooper et al.119 N/A

Mouse: C57BL/6 TRPML1-Gcamp6 x PS1-/+ This paper N/A

Oligonucleotides

Primer forward C99 to C83:

ggcggatgcggatgcattggtgttctttgcag

Integrated DNA Technologies N/A

Primer reverse C99 to C83:

acgcgtacgcgtctagttctgcatctgctcaaag

Integrated DNA Technologies N/A

Primer forward APP:

tctagatctagagccaccatgctgcccggtttggcactg

Integrated DNA Technologies N/A

Primer reverse APP:

acgcgtacgcgtctagttctgcatctgctcaaag

Integrated DNA Technologies N/A

Primer forward C99:

tctagatctagaatgctgcccggtttggcactgc

Integrated DNA Technologies N/A

Primer reverse C99:

acgcgtacgcgtctagttctgcatctgctcaaagaacttgtagg

Integrated DNA Technologies N/A

gBlock for mCtrl:

CCTCCATAGAAGACACCGACTCTAGATGGGCTGCAT

CAAGAGCAAGCGCAAGGACAACCTGAACGACGACG

GCGTGGACATGAAGACCATGGTGAGCAAGGGCGAG

GAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGA

GCTGGACGGCGACGTAAACGGCCACAGGTTCAGC

GTGTCCGGCGAGGGCGAGGGCGATGCCACCTACG

GCAAGCTGACCCTGAAGTTCCGCTTCCTGGAAGAA

CGACCTTGACGCGTGCTCTAGCCCAATTCCGCC

Integrated DNA Technologies N/A

gBlock for mAICD:

CCTCCATAGAAGACACCGACTCTAGATGGGCTGCAT

CAAGAGCAAGCGCAAGGACAACCTGAACGACGACG

GCGTGGACGGACGCGTAAAGAAGAAACAGTACACA

TCCATTCATCATGGTGTGGTGGAGGTTGACGCCGCT

GTCACCCCAGAGGAGCGCCACCTGTCCAAGATGCA

GCAGAACGGCTACGAAAATCCAACCTACAAGTTCTT

TGAGCAGATGCAGAACCGCTTCCTGGAAGAACGAC

CTTGACGCGTGCTCTAGCCCAATTCCGCC

Integrated DNA Technologies N/A

gBlock for mAICD Y682A_Y687A

CCTCCATAGAAGACACCGACTCTAGATGGGCTGCATC

AAGAGCAAGCGCAAGGACAACCTGAACGACGACGGC

GTGGACGGACGCGTAAAGAAGAAACAGTACACATCCA

TTCATCATGGTGTGGTGGAGGTTGACGCCGCTGTCAC

CCCAGAGGAGCGCCACCTGTCCAAGATGCAGCAGAA

CGGCGCCGAAAATCCAACCGCCAAGTTCTTTGAGCAG

ATGCAGAACCGCTTCCTGGAAGAACGACCTTGACGC

GTGCTCTAGCCCAATTCCGCC

Integrated DNA Technologies N/A

Recombinant DNA

pFUGW-FIRE-pHLy Addgene; Chin et al.35 RRID: Addgene_170774; Chin et al.35

mcherry-Sec61b Addgene; Ma and Mayr120 RRID: Addgene_121160

pAc-GFPC1-Sec61b Addgene; Shibata et al.121 RRID: Addgene_15108

mCherry-VAPB Addgene; Zewe et al.122 RRID: Addgene_108126

Flag-Stard3-wt Gift from F. Aply N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

C99-FLAG Gift from Lawrence Rajendran,

King’s College London, UK

N/A

C99-GFP Gift from Lawrence Rajendran,

King’s College London, UK.

Rajendran

N/A

APP-YFP Gift from Eva-Maria Mandellkow,

DZNE, Bonn, Germany.

N/A

HRP-KDEL Gift from Francesca Giordano,

Institute of Integrative Cell

Biology, Paris Sud, France.

N/A

pMSCV-PSEN1 Coen et al.24 N/A

pCHMWS-mAICD-ires-puromycin This paper N/A

pCHMWS-mCtrl-ires-puromycin This paper N/A

pCHMWS-mAICD-Y682A-Y687-ires-puromycin This paper N/A

pCHMWS-C99-ires-puromycin This paper N/A

pCHMWS-C83-ires-puromycin This paper N/A

pCHMWS-APP This paper N/A

Software and algorithms

ImageJ Schindelin et al.123 https://imagej.nih.gov/ij/; RRID: SCR_002285

GraphPad Prism 9 GraphPad https://www.graphpad.com/;

RRID: SCR_000306

Adobe Illustrator CS6 Adobe https://www.adobe.com/products/

illustrator.html; RRID: SCR_010279

Aida Image Analyzer software Raytest https://www.elysia-raytest.com;

RRID: SCR_014440

Metamorph PALM tracer software J.B. Sibarita https://www.iins.u-bordeaux.fr/team-

sibarita-PALMTracer

BioRender BioRender https://www.biorender.com/;

RRID: SCR_018361
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wim An-

naert (wim.annaert@kuleuven.be).

Materials availability
Materials generated in this study are available upon request.

Data and code availability
All data reported in this study will be shared by the lead contact upon request.

This paper does not report original codes.

Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animal
Mice

TRPML1-Gcamp6 mouse generation. TRPML1-Gcamp6 mice were produced by Ingenious targeting laboratory, and were ob-

tained using the CRISPR-Assisted Reporter Knock-in Targeting Vector Construction strategy. Briefly, a targeting vector bearing ho-

mology arms, Gcamp6 and a selection cassette (Neo) was designed, using conventional cloning method. Colony PCR was used to

amplify both 5’ and 3’ homology arms with about 820 bp and 1.3 kb in length, respectively, from a positively identified C57BL/6 BAC

clone (RP23-298P17); the GCAMP6s was fused at the ATG start site in exon 1 of the TRPML1 gene and a Neo cassette was inserted
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downstream of the potential promoter sequence in intron 1-2. This combination was cloned in to the iTL cloning vector (�2.45 kb)

derived from pSP72 (Promega). The validated targeting vector was electroporated in embryonic stem (ES) cells, and resulting clones

were screened by PCR and Southern Blotting. Targeted clones were microinjected into Balb/c blastocysts, and resulting chimeras

were mated to C57BL/6 WT mice to generate Germline Neo deleted mice, leaving only the Gcamp6 reporter inserted. PSEN1WT or

KO-TRPML1 Gcamp6 mice were obtained by crossing TRPML1-Gamp6 KI/KI with WT and PSEN1 KO mice.

All mice experiments were conducted according to protocols approved by the local Ethical Committee of Laboratory Animals of the

KU Leuven (government license LA1210579, ECD project number P173/2022) following local and EU guidelines.

Cell culture and primary hippocampal neuron culture

Mouse embryonic fibroblasts (MEFs) were maintained in DMEM-F12 (Invitrogen) containing 10% FCS and maintained in a humid-

ified chamber with 5 % CO2 at 37�C.
NPC1KO Human cervical cancer cells (Hela) were characterized and cultured as described in 118.

Primary hippocampal neuron cultures were obtained as previously described.24,32 Briefly, hippocampal neurons were derived

from embryonic day 17 embryos from heterozygous crosses and were co-cultured with a glial feeder layer to allow proper neuronal

differentiation and polarization. After dissociation, cells from hippocampi of individual embryos were plated on poly-l-lysine–coated

coverslips in minimal essential medium (MEM) supplemented with 10% (vol/vol) horse serum. Twenty hours after plating, culture me-

dium was replaced by serum-free neurobasal medium supplemented with B27 (Gibco). 5-Fluoro-20-deoxyuridine (F0503, Sigma,

10 mM final) was added at DIV (days in vitro) 4, to prevent glial proliferation. Hippocampal neurons were maintained at 37�C and

5% CO2 for the indicated time.

METHOD DETAILS

Antibodies and reagents
Rabbit polyclonal antibodies (pAb) to PSEN2-CTF (B24 1/2000 for WB), APP (B63.1, 1/5000 for WB), andmonoclonal antibody (mAb)

to NCT (9C3, 1/7000 for western blotting (WB)) were used as described.32,124–127 The following antibodies were commercially ob-

tained: rabbit pAb anti-PSEN1 NTF (ab71181, abcam, 1/3000 for WB), anti-PSEN1 CTF (ab24748, abcam, 1/1000 for WB), anti-

PEN2 (ab18189, abcam, 1/1000 for WB), anti-EEA1 (E4156, Sigma, 1/300 in IF, 1/250 for WB), anti-V-ATPase A1 (v0a1, H-140,

sc-28801, Santa Cruz Biotechnology 1/1000 for WB), anti-LC3B (NB600-1384H, Novus Biological, 1/2000 for WB), anti-caveolin1

(610060 and 610407, BD Biosciences, 1/200 in IF); goat pAB anti-VPS35 (ab10099, abcam, 1/250 in IF); mouse mAb anti-b actin

(AC15, A5441, Sigma Aldrich, 1/10000 for WB), anti-V0d1 (ab56441, abcam, 1/1000 for WB), anti-V1b2 (sc-166122, Santa Cruz

Biotechnology, 1/1000 for WB), anti-HSP60 (611562, BD transduction 1/200 in IF), anti-PtdIns (3,5)P2 (Z-P035-2-EC, Echelon, mo-

bitec, 1/200 in IF), anti-VPS35 (sc-374372, Santa Cruz Biotechnology, 1/500 for WB), anti-human Ab 82E1 (JP10323, Tecan, 1/100

in IF), anti-Flag (F1804, Sigma, 1/500 in IF); rat mAb anti-LAMP1 (sc-19992, Santa Cruz, 1:300 in IF, 1/1000 for WB); rabbit mAb anti-

APP (Y188, ab32136, abcam, 1/500 in IF). Peroxidase-conjugated secondary antibodies were purchased from Biorad (1/10000 for

WB). Alexa-conjugated fluorescent secondary antibodies (Goat or Donkey, Alexa 488, 555 and 647) were from Life Technologies

(1/1000 in IF).

Lysotracker (Red DND-99 L7528, Deep Red L12492, used at 1/20000), Mitotracker (Deep Red, M22426, used at 500 nM), CtxB

conjugated with Alexa dyes (-488 C34775, -647 C34778) and phalloidin conjugated with Alexa fluor (-488 A12379; -568 A12380

and -647 A22287) were purchased from ThermoFisher Scientific; Filipin III Streptomyces filipensis (F4767, 200mg.ml-1) from Sigma.

Drug treatments
Cells were treated with the following drugs, for 4 days, unless otherwise stated: DAPT (2634/10, Tocris), 1 mM final; Inhibitor X

(565771-250 ug, Calbiochem/Merck), 1 mM final; b-Secretase Inhibitor IV (565788, Calbiochem/Merck), 2 mM final, (2-Hydroxy-

propyl)-g-cyclodextrin (H125-5G-I, Sigma Aldrich), 1 mM final; ADAM10 inhibitor G1254023X (SML0789, Sigma Aldrich), 3 mM final.

For OSW-1 (30310-1, Sanbio/Cayman Chemical), cells were treated overnight with 10 nM. Bafilomycin A1 (88899-55-2, Bio-connect)

was applied at a final concentration of 200 nM for 2 h (see Lysosomal pHmeasurement with FIRE-pHLy) or at 500 nM for 20 or 40min

(see Figure S2B). Diluent treatment alone (in most cases DMSO, water case of cyclodextrin) was used as vehicle control.

Plasmids and Cell transfection
Cells were transfected using Fugene HD (E2311, Promega), according to the manufacturer’s protocol (ratio 4:1 for Fugene HD re-

agent: DNA was applied). The following plasmids were used: pFUGW-FIRE-pHLy (Addgene plasmid #170774)35, mCherry-

Sec61B (Addgene plasmid # 121160)120; pAc-GFPC1-Sec61beta (Addgene plasmid # 15108)121; mCherry-VAPB (Addgene plasmid

# 108126)122; Flag-Stard3-WT (gift from F. Alpy)128; C99-GFP (gift from L. Rajendran); APP-YFP (gift from E.M. Mandelkow)129; HRP-

KDEL (gift from F. Giordano).130 For all experiments, assays were carried out 24 h after transfection.

For the stable cell line generation, the following plasmids were used: pCHMWS-hAPP695, which was obtained by generating the

cDNAAPP695wt via PCR, using the plasmid pCDNA-APP695131 as the template together with the forward and reverse primers spec-

ified in the KRT table. The resulting fragment and the pCHMWS plasmid underwent a double digestion using XbaI and MluI followed

by ligation. pCHMWS-c99-ires hygromycin was obtained by generating the cDNA C99 via PCR, using the plasmid pCDNA-

APP695131 as the template together with the forward and reverse primers specified in the KRT table. The resulting fragment and

the pCHMWS plasmid underwent a double digestion using XbaI and MluI followed by ligation. pCHMWS-C83 was obtained using
Developmental Cell 59, 1–22.e1–e9, June 17, 2024 e5
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the QuikChange II XL Site-Directed Mutagenesis Kit (cat# 200517, Agilent) with the forward and reverse primers indicated in the KRT

table, according to themanufacturer’s instructions. pCHMWS-mCtrl, pCHMWS-mAICD, pCHMWS-mAICDYYwere cloned between

XbaI and MluI restriction sites. gBlocks fragment corresponding to the sequence of mCtrl, mAICD, and mAICD_YY were obtained

from IDT (see key resources table). pCHMWS vector was linearised using XbaI and MluI and assembled with the gBlocks using

DNA assembly according to the manufacturer (NEBuilder HiFi DNA Assembly Master Mix, cat# E2621S). All constructs were verified

by sequencing.

Generation of stable cell lines
KO cell lines

PSEN1 and 2 KO cell lines (PSENdKO) cell lines were established as described.2 Briefly, the web-based CRISPR design tool was

used to select the sequence to be targeted in mouse PSEN1 and PSEN2 (i.e. 5-CAACGTTATCAAGTACCTCCCCGAA-3’ and

5’-CAACGTCCTGGGCGACCGTCGGGCC-3’, respectively). Oligo pairs encoding guide sequences (obtained from Integrated

DNA Technologies, IDT) were annealed and ligated into the pX330 plasmid (Addgene) according to the Zhang’s laboratory protocol

(https://www.addgene.org/crispr/zhang/). MEF cells were then transfectedwith the pX330-PSEN1 and PX330-PSEN2, using Fugene

HD (Promega), in accordancewith themanufacturer protocol. Selection of PSENdKO cloneswas achieved through serial dilution and

confirmed by WB analysis. Deficiency for APP in WT and different PSENdKO clones was achieved through electroporation of RNP

complexes. Single guide RNAs (sgRNAs) were designed to either target exon 2 (5’-GTACCCACTGATGGCAACGCCGG-3’) or exon 3

(5’-ACGGTAAGGAATCACGATGT GGG-3’). The Neon Transfection System (ThermoFisher Scientific, one pulse, 1650 V, 20 ms) was

used to electroporate 150 000 cells with 10 pmol of Cas 9 (IDT) and 20 pmol of single guide RNA (IDT). As above, cells were amplified

and selection of independent APPKO clones was performed with serial dilutions and WB analysis. Selected clones were sequenced

using Sanger sequencing.

Rescue cell lines

Cell lines were stably rescued using retro- or lentiviral particles. For virus generation (either retro- or lentivirus), HEK293T cells were

transfected using FuGENE6 (Promega) according to the manufacturer’s protocol. For retrovirus packaging, pMSCV expressing the

gene of interest was co-transfected with the helper plasmid pIk (Ecopac). Of note, cDNA of humanWT PSEN1 was already cloned in

the retroviral vector PMSCV*-puromycin (Takara bio Inc).24,132 For lentiviral production, particles were produced by co-transfecting

the HEK293T cells with the plasmid of interest, pCMV-DR8.74 (for packaging) and pMD2.G (VSV-G, for envelope). In all cases, me-

dium containing the viral particles was collected after 24 h and filtered (0.45 mmfilters). For transduction, viral particles were diluted in

polybrene containingmedium (8 ng/ml, Sigma Aldrich). Mediumwas refreshed 24 h after the transduction and selection of transduced

cells was achieved through antibiotic selection (puromycin, 3 mg/ml, Sigma Aldrich). Stable pools were validated by WB analysis.

Western blotting
Whole cell extracts were prepared from 80%confluent cell cultures and protein concentration determined using the Bio-Rad DC pro-

tein assay (Bio-Rad). Denatured extracts were run on 4-12 % Bis-Tris Bolt or NuPAGE precast gels in MES/MOPS running buffer

(Invitrogen), followed by transfer on nitrocellulose membranes (Life Technologies). Of note, for APP-CTFs characterization, samples

were run on 16% tricine gels in the appropriate running buffer (LC1675, Life Technologies). Membranes were blocked with 5% non-

fat milk (1 h, RT), incubated with primary antibodies (overnight, 4�C), rinsed and incubated with HRP-conjugated secondary

antibodies (1 h, RT). Immuno-detection was carried out using Western Lightning-Plus ECL reagent (NEL105001EA, PerkinElmer).

Immunoreactive protein bands were digitally imaged on a Fuji MiniLAS 3000 imager (Fuji, D€usseldorf, Germany) and analyzed using

the Aida Image Analyzer software (Raytest, Germany) or Image J.123,133

EndoH-EndoF assay

The EndoH-EndoF assay was carried out as described.24 Briefly, cell extracts were treated with either EndoH or EndoF (P0702L and

P0705L, Bioke, New England Biolabs), according to the manufacturer’s protocol. Cell extracts (40 mg) were loaded on 4-20% Tris

Glycine gels (Novex, ThermoFisher Scientific) and transferred on PVDF membranes for WB analysis.

Calcium dynamics
Cytosolic response

Ca2+ responses were measured as previously described.24 Briefly, cells (0.005 to 0.01* 106) were seeded two to three days prior to

the experiment on glass coverslips (631-0153, VWR). On the day of recording, cells were rinsed three times in Ringer solution

(155 mM NaCl, 5 mM KCl, 2 mM MgCl2, 2 mM CaCl2, 10 mM Glucose, 10 mM HEPES, 2 mM NaH2PO4.2H20; pH 7.3), and loaded

with 1 mM Fura2-AM (F1221, ThermoFisher Scientific) for 30 min (RT). Cells were rinsed three times and left to equilibrate for at least

15-20 min (RT). All acquisitions were carried out in Ringer Ca2+ free solution (same as above, albeit the 2 mMCaCl2 was replaced by

2 mM EGTA). During experiments, cells were challenged with different drugs, including Thapsigargin (T7459, ThermoFisher Scien-

tific, 1 mM final), GPN (ab145914, Abcam, 100 mM final for MEFs, 500 mM for neurons), MLSA1 (Cat. No. 4746, Tocris, 20 mM final) or

Ionomycin (I0634, SigmaAldrich, 1 mMfinal). Imageswere acquired every 5 sec for 8-10min, using anOlympus IX81 equippedwith an

APO/340 40x oil objective (1.35 NA), operated by CellR Software (Olympus). Recordings were done using 340 and 380nm excitation,

and 530 nm emission filters. Image processing was performed using Image J. Briefly, cells were segmented manually and fluores-

cence intensities were measured over time. Fura-2 signals were corrected to obtain DF/F0 (F0 being the initial signal recorded). For

each cell, the area under the curve, corresponding to the aforementioned stimulation, was measured using GraphPad Prism.
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TRPML1-Gcamp6 expressing primary neurons

On the day of isolation, neurons were seeded at 1.5*105 cells on 3 cm poly-L-Lysine glass coverslips (41001130, Circular 1001/30,

Hecht-Assistent, Germany), andwere co-culturedwith a glial feeder layer (see hippocampal neuron culture). Recordingswere carried

out from DIV 14 onwards. TRMPL1-Gcamp6 fluorescence was monitored at an excitation wavelength of 470 nm on a Zeiss Axio

Observer D1 equipped with a Zeiss 40x/1.30 Oil objective (420460-9900-000), Andor Neo 5.5 camera, Lambda DG-4 Plus light

source and EGFP filter set (Chroma, 49002)) and images were acquired every 3 sec (300 ms exposure time), for 20 min. Neurons

were bathed in Ringer solution, and lysosomal Ca2+ release elicited by local application of various drugs (20mM MLSA1 for 2 min,

500 mM GPN for 1 min) was measured in absence of extracellular Ca2+ (free Ca2+ Ringer buffer). For local application, a custom-

mademulti-barrel was used in combination with a fast-stepper piezo (Sutter SF-77C) and a gravity-based perfusion system (Warner,

VC-6). Local application was precisely timed using a HEKA trigger interface (TIB14) in combination with dedicated software (HEKA

Patchmaster). When drugs were applied sequentially, resting phases were added (3 min after MLSA1 stimulation, 7 min after GPN

application). Baseline fluorescence was determined for 30 sec prior to application. Continuous flow of regular Ringer solution from a

control barrel under baseline and resting periods ensured proper wash-out of applied drugs from the recording area. Experiments

were done at room temperature. Analysis was carried out as described above.x

Lysosomes-ER refilling assay

The same approach as in51 was used. Briefly, cells loaded with Fura2-AM were repeatedly challenged with GPN (100 mM-for 5 min).

These stimulations were done in Ca2+ free Ringer buffer, to ensure that the monitored Ca2+ response could be attributed to intracel-

lular lysosomal Ca2+.31,51 In between stimulation, Ca2+ containing Ringer was perfused (for 15 min) to allow the resealing and the

refilling of the ruptured lysosomes.51,134 Analysis was performed as above, and the ratio of the area under the curve measured after

the second over the one after the first GPN stimulation were computed (ratio GPN2/GPN1).

Lysosomal pH measurement
Fluorescein dextran

Lysosomal pHmeasurements were performed as in.135 Briefly, one day prior to the experiment, cells plated on coverslips (631-0153,

VWR) were pulsed for 2 h with 0.2 mg/ml of Fluorescein-dextran (10 000MW; Sigma-Aldrich), extensively rinsed and incubated over-

night to chase the fluorescein-dextran to lysosomes. All acquisitions were carried out at 37�C in HBSSmedium supplement with Ca2+

and Mg2+ but without phenol red, on an inverted microscope (IX81; Olympus) equipped with an 1003/1.35 NA oil objective lens and

FvII camera (Olympus soft imaging solution) and operated byCell^R software (Olympus). Recordingswere donewith 440 and 490 nm

excitation and 520 nm emission filters. A calibration curve was obtained by perfusing cells with a solution of known pH (ranging from

4.0 to 7.0). Cells were treated with ionophores (10 mMnigericin (N1495, ThermoFisher Scientific) and 10 mMmonensin (M5273, Sigma

Aldrich)). Analysis was carried out using Image J tomeasure lysosomal pH, the 490 nm signal (background corrected) was normalized

by the 440 nm signal (also background subtracted). All values were averaged to provide the mean lysosomal pH in a given cell.

Fire-pHLy

Cells, seeded at a density of 1.5*105 cells per well (6 well plates (M8562-100EA, Greiner Cellstar, Sigma-Aldrich) with 13 mm glass

coverslips (631-1578, VWR)), were transfected the next day with 2 mg of pFUGW-FIRE-pHLy for 6 h prior to recording.35 Cells were

incubated in OptiMEM for the duration of the transfection. Cells were fixed in 4%paraformaldehyde (PFA) /4% sucrose in PBS free of

Ca2+ andMg2+ (PBS-/-) (20 min), andmounted in mowiol. Acquisition was carried out using Zeiss LSM 880 Airyscan with a 40X objec-

tive, and 488 nm and 543 nm lasers were used for to acquire mTFP1 and mCherry signals, respectively. Images were analysed using

Image J. After background subtraction and smoothening, amaskwas created for the lysosomes (using themCherry signals) and then

applied to the corresponding mTFP1 source image. Mean fluorescence intensities of mCherry and mTFP1 channels were compiled,

and the ratios were calculated. Bafilomycin treatment (200 nM for 2 h) was performed to confirm the pH-sensitivity of mTFP1.

To localize and quantify active V-ATPases proton pumps, the recombinant Alexa Fluor 568-conjugated SidK (SidK-AL568, gift

fromM. Maxson) was used.36 As for immunostaining (see below) cells were fixed with PFA (20min), and then blocked, permeabilized

(30 min with 5% BSA in PBS + 0.1% TritonX-100) and stained with SidK-AL568 (1/200, in the aforementioned buffer). After 30 min,

immunolabeling with anti-LAMP1 (for 2 h, 1/200 in blocking buffer (see the immunofluorescence section below) with 5% of goat

serum) was performed using Alexa 647-conjugated secondary anti-rat antibodies (1/1000 in blocking buffer, 1 h, RT) for detection.

Cells incubated in HBSS (ThermoFisher/Invitrogen) were imaged directly on a Zeiss LSM 880 Airyscan and images analyzed using

ImageJ.

Isolation of Late Endosomes/Lysosomes using Super Paramagnetic Iron Oxide Nanoparticles
LE/LYS were isolated according to118 with some modifications. Confluent cells were incubated with DMSA-coated SPIONs sus-

pended in culture medium (0.2 mg/ml) for 30 min at 37�C. Excess of DMSA-coated SPIONs was washed using PBS and cells

were re-incubated overnight in a humidified chamber with 5 % CO2 at 37 C. Acidic washes (0.15 M glycine, pH 3) were performed

to remove SPIONs at the cell surface. After rinsing with PBS, cells were scraped, centrifuged (180 x g, 10 min) and pellets were re-

suspended in homogenization buffer (HB; 250 mM sucrose, 5 mM Tris and 1 mM EGTA pH 7.4 supplemented with PI). After cell

cracking (12 passages, clearance 10 mm) the total homogenate was centrifuged (800 x g, 10 min) and the post nuclear supernatant

(PNS) loaded on a LS column (pre-equilibrated with HB) placed in a strong magnetic field (SuperMACSII, Miltenyi). Cell debris and

organelles devoid of DMSA-SPIONs were removed by extensive washes with cold HB after which the magnetic field was removed to

elute the bound fraction containing LE/Lys. The eluate was centrifuged (126000 x g, 1 h) and the resulting pellet re-suspended in
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200 ml HB. To evaluate the presence of V-ATPase complexes in the purified fractions, the ratio of the V0/V1 domainswas evaluated by

WB.136,137

Suspension-adhesion assay
Suspension-adhesion assays were performed as decribed previously.39 Briefly, adherent cells were incubated on ice (15 min) with

10 mg/ml CTxB-Alexa488 in PBS-/-. Cells were detachedwith trypsin, washed and held in suspension with 1%methylcellulose before

re-plating on 20 mg/ml fibronectin-coated coverslips. At defined time-points, internalization and endocytic transport/recycling of

CTxB-Alexa488 was analysed by immuno-cytochemistry. For the analysis, the number of cells displaying repolarized markers (cav-

eolin1) to the total cells was quantified per field of view.

Mitochondrial metabolism
The oxygen Consumption rate (OCR) of mitochondria was measured with a Seahorse XFe24 Analyzer (Seahorse Biosciences, Bill-

erica, MA) according to the manufacturer’s instructions, with minor modifications. Cells were sequentially treated with 1 mM oligo-

mycin, 1 mM FCCP, 0.5 mM rotenone/antimycin A. Data were normalized to protein cell counts and next to the mean of WT control

samples. Analysis was performed using the online Seahorse Analytics software.

Confocal microscopy
Immunofluorescence

Cells were fixed in 4%PFA/4% sucrose in Ca2+ andMg2+ free PBS (PBS-/-, 20min, RT), permeabilized (0.1% triton X-100 in in PBS-/-;

10 min, RT), and blocked (2% BSA, 2% FBS, 1% gelatin, and depending on the experiment, 2% of goat or donkey serum (Bioké or

Sigma), 1h RT). Primary antibodies diluted in the same blocking buffer were incubated overnight at 4�C, and following PBS washing

steps, further incubated with (goat- or donkey-) secondary antibodies conjugated with Alexa fluor dyes (Alexa 488, 568, or 647;

ThermoFisher Scientific) diluted in blocking buffer (1h, RT). Coverslips weremountedwithMowiol (Sigma).When cholesterol labelling

was performed, fixed cells were treated with 200 mg/ml filipin (F4767, Sigma) for 2 h at RT, prior to permeabilization.

Acquisition

Z stack images (spacing 2 mm), or amedian plan were acquired on a Nikon 1AR connected to an inverse Nikon Ti-2000 equipped with

an oil-immersion plan APO 60x objective lenses with 1.40 NA. Data were collected using Nikon Imaging Software. For representation,

and where needed, images were displayed in false color.

Image analysis

Image analysis was done using Image J software.123,133 To measure the area of the organelle of interest, segmentation was applied

using automatic thresholding. The following masks were used: Mean (EEA1), Ostu (LAMP1), Intermodes (VPS35). Overlap of signals

of interests were quantified with Manders’ co-localisation index (Plugin Jacob, 138). When indicated, co-localization data were

normalized to the reference group for multiple comparisons.

Airyscan Imaging
Fixed cells

Images of fixed transfected cells (with LAMP1-mCherry and GFP-Sec61b or VAPB-mCherry and Stard3-HA) were acquired using an

inverted Zeiss LSM 880 microscope with Airyscan detector in super-resolution mode. The system was equipped with a 63x 1.4 NA

Plan-Apochromat objective lens and operated using Zen Black (version 2.3, Carl Zeiss Microscopy GmbH). The excitation lasers

Argon 488, 514, He-Ne 543, 594 and 633 were used with the filter set combinations BP 420 – 480 + BP 495–550, BP 420 – 480 +

BP 495– 620, BP 420 – 480 + LP 605, BP 465–505 + LP 525, BP 495–550 + LP 570, and BP 570 – 620 + LP 645. Cells with similar

levels of transfection were selected. All Airyscan-acquired images were processed using the default values. Obtained images were

further processed using the plot profile function of Image J.

Live-imaging of hypotonically treated cells

Transfected cells (with APP-YFP or C99-GFP and mCherry-Sec61b, or treated with mitotracker Deep Red) were treated with hypo-

tonic media (5% DMEM in water, pH�7, pre-equilibrated at 37�C and 5% CO2) for 10 min at 37�C to allow the formation of the large

intracellular vesicles (LICVs).55 Images were acquired within 15 min using the fast Airyscan mode of a Zeiss LSM880 microscope,

equipped with the same objective, lasers and filters as above. Acquired and processed images were analysed using the Image J

plot profile feature (vide supra).

Live-imaging

Lysosome-mitochondria interactions. Cells were seeded at a density of 0.06*106 on 15mmglass coverslips (631-1579, VWR). After

2 days, cells were first stained with Deep Red Mitotracker (500nM, in complete medium, for 10 min at 37�C), and next with Lyso-

tracker red (50nM, in HBSS without any extra incubation time). Living cells were directly recorded using a Zeiss LSM 880 Airyscan.

Tracking was done using Metamorph PALMtracer software and data analysis was done on Fiji using an ImageJ custom macro.

Structured Illumination microscopy (SIM)
Live cell imaging of cells transiently transfected with mCherry-LAMP1 and GFP-Sec61b were imaged with a two-camera lattice SIM

Elyra7 microscope (Carl Zeiss, Jena, Germany) equipped with a Plan Apo 63x 1.4 NA objective lens. Dual colour frames were ac-

quired every 250 ms for about 2 min. SIM reconstruction was done with ZEN black software (Carl Zeiss, Jena, Germany).
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For diffusion analysis of lysosomes, ROIs of the same size were made for the whole stack of the mCherry channel. Tracking was

done using Metamorph PALMtracer software with Auto thresholding and circularity feature (https://www.iins.u-bordeaux.fr/team-

sibarita-PALMTracer). Only tracks with more than 8 points where considered and MSD was calculated by linear fitting of the first

four points. MSD of individual tracks were averaged per cell. For type of motility analysis, the alpha was calculated by the power

of the MSD. Immobile tracks were defined as those with a diffusion coefficient below the resolution limit of the microscope limit

and calculated by the average of MSD (0) of the control cells, rendering a limit of 0.0035um2/s. From the mobile tracks the alpha

was classified as follows: <0.1=confined, 0.1 to 0.9=abnormal, 0.9 to 1.1= Brownian, and >1.1 =directed.139 The D Log10 was calcu-

lated to analyse different populations.

Colocalization analysis

Analysis was done on Fiji123 using an ImageJ custommacro. For the mCherry and GFPchannels, a bleach correction using exponen-

tial fit140 was first performed and next normalized using the CLIJX plugin (CLIJx_normalize from 0 to 1).141 A moment automatic

threshold142 was thereafter performed to create a binary mask. Objects smaller than 20 pixels were excluded and the area of the

lysosome and ER was measured for each time point. A Boolean AND operation using the Image Calculator in Fiji was used to create

the overlapping image mask between lysosomes and the ER and the overlapping area measured for each time point. In addition, the

mean through all the timepoints of the lysosome, ER and overlapping areas were computed.

Transmission Electron microscopy (TEM)
In brief, cells grown in 35 mm culture dishes till 90-95% confluency were fixed in 2.5% glutaraldehyde (Agar Scientific) (overnight,

4�C) and rinsed with 0.1 M sodium cacodylate buffer (pH 7.2) to remove glutaraldehyde.118 Fixed cells were scraped in washing

buffer, centrifuged (200 x g, RT), and the pellet resuspended in 1.5% agarose. After one more centrifugation (400 x g, RT), they

were left on ice to solidify (30 min). Samples were post-fixed in 1% osmium tetroxide and 1.5% ferrocyanide (2h), rinsed with

dH2O and dehydrated in a graded ethanol series (from 30-100%). Samples were en bloc stained with 4% uranyl acetate in the

70% ethanol step (30 min, 4�C). Following dehydration, samples were infiltrated with epoxy resin/propylene oxide mixtures (50%

and 66%). The next day, cell pellets were embedded with 100% epoxy resin in inverted BEEM-capsules (2 days, 60 �C). Ultrathin
sections of 70 nm were cut using an ultratome (LEICA REICHERT Ultracut S) and post-stained with 4% uranyl acetate in water

(10 min) and Reynolds’ lead citrate143 (5 min). Micrographs were taken on a JEOL JEM 1400 electron microscope equipped with

an Olympus Quemesa 11 Mpxl camera at 80 KV.

KDEL-HRP TEM

Cells transiently transfected with KDEL-HRP were fixed in 1.3% glutaraldehyde (Agar Scientific) in 0.1 M sodium cacodylate buffer

(pH 7.2; 1 h, RT). After washing in 0.1 M cacodylate buffer to remove glutaraldehyde, cells were incubated in 0.1M ammoniumphos-

phate (pH 7.4; 1 0min, RT). 30 3-Diaminobenzidine tetrahydrochloride (DAB) was dissolved in 0.1 M ammoniumphosphate (0,5 mg/

ml), filtered (0,2 mm) to remove any undissolved precipitate and used to wash the cells (10 min, RT). This ammoniumphosphate/DAB

mixturewas next replacedwith ammoniumphosphate/DABmixture including 0.005%H2O2 to generate an insoluble reaction product

(15 min, RT). Samples were post-fixed with 1% osmium tetroxide and 1.5% ferrocyanide (1 h) and extensively washed with 0.1 M

sodium cacodylate buffer and ddH2O before being en bloc stained with 0.5% uranyl acetate in ddH2O (overnight, 4�C). Samples

were dehydrated in a graded ethanol series (from 30-100%) and further infiltrated in epoxy resin/ethanol mixtures (50% and

66%). As for classical TEM, samples were embedded in epoxy resin (2 days, 60�C); ultrathin sections of 70 nm were cut on an ultra-

tome (LEICA REICHERT Ultracut S) and post-stained with 4% uranyl acetate (10 min) and Reynolds lead citrate (5 min). Using

RADIUS 2.0 (Build 14402, EMSIS), the distance between KDEL-HRP positive ER compartments and LE/Lys wasmeasured to identify

ER-LE/Lys MCSs, followed by systematic analysis of their length.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility
Experiments shown in figures mostly correspond to pooled experiments (n=number of cells analysed, N=number of experiments).

Whenever possible, n-values were directly indicated in the graphs, otherwise stated in the corresponding legend. All graphs and sta-

tistical analyses were performed using GraphPad Prism (versions 7 or higher), and exact p-values are indicated in the figures. Data

are represented as (i) boxes andwhiskers; where bars include 90%of the points, the line represents themedian, and the box contains

750% of the data or as (ii) mean ± SEM. Comparisons between any two groups were done using the non-parametric Mann-Whitney

statistical test; comparison between multiple groups were made using Multiple Anova Kruskal-Wallis with Dunn’s post-test, unless

otherwise stated.
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