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Abstract

To sustain the essential biological functions required for life, eukaryotic cells rely on complex interactions between dif-
ferent intracellular compartments. Membrane contact sites (MCS), regions where organelles come into close proximity,
have recently emerged as major hubs for cellular communication, mediating a broad range of physiological processes,
including calcium signalling, lipid synthesis and bioenergetics. MCS are particularly abundant and indispensable in polar-
ized and long-lived cells, such as neurons, where they support both structural and functional integrity. In this review, we
explore the functional diversity, molecular composition, and dynamic regulation of key mammalian MCS: endoplasmic
reticulum (ER)-plasma membrane, ER-mitochondria and contact sites involving lipid droplets. We highlight their central
role in neuronal health and discuss how MCS dysfunction has increasingly been recognized as a hallmark of brain aging
and various neurodegenerative diseases, most notably Alzheimer’s disease, where altered MCS dynamics contribute to
pathogenesis. Finally, we emphasize the therapeutic potential of targeting MCS and outline key unanswered questions to
guide future research.

Keywords Organelle contacts - Neuronal homeostasis - Synaptic dysfunction - Therapeutic targets - Inter-organelle
crosstalk

Introduction

In all eukaryotic cells, membrane-bound organelles spa-
tiotemporally compartmentalize biochemical reactions.
Based on this concept, early studies in cell biology primar-
ily viewed organelles as independent entities, with cel-
lular processes believed to rely on vesicular trafficking or
the diffusion of small molecules and proteins through the
cytoplasm. This perspective established the basis of the
“autonomous model”, which assumed that specific proteins
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and phospholipids were synthesized entirely within their
respective organelle. However, alternative models for mito-
chondria soon emerged, challenging this view. The “non-
autonomous model” posited that all mitochondrial proteins
and phospholipid building blocks are synthesized elsewhere
in the cell and subsequently transported to mitochondria
for assembly. In contrast, the “hybrid model” proposed that
while some mitochondrial proteins and phospholipids are
synthesized by mitochondrial enzymes, others originate
from different cellular compartments and then imported [1].
In the 1950s, the hybrid model gained experimental support
through the seminal work of Bernhard and Rouiller. Using
electron microscopy (EM), they observed clear physical
contacts between the endoplasmic reticulum (ER) and mito-
chondria, as well as between the ER and the plasma mem-
brane (PM) [2]. Remarkably, over a decade before the term
“autophagy” was coined, they reported that these contacts
increased in liver cells of animals that were refed after a
prolonged period of starvation [2]. Although such contacts
were later observed in different biological systems [3],
including early electron micrographs from Keith Porter and
George Palade showing that the ER makes physical contacts
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with mitochondria and PM [4, 5], their physiological signif-
icance remained underappreciated for decades, largely due
to the lack of tools to confirm whether organelle proximity
facilitated functional crosstalk essential for cellular homeo-
stasis. It was not until 40 years after Bernhard and Rouiller’s
observations that Jance E. Vance demonstrated that mem-
brane contact sites (MCS) have distinct cellular functions
[6]. In an elegant study, Vance combined biochemical frac-
tionation with a Percoll density gradient and radiolabelling
to show that the ER actively transfers phosphatidylserine
(PS) into mitochondria through a “collision-based mecha-
nism” occurring at mitochondria-associated membranes
(MAMs) [6]. This PS transfer is now known to be the rate-
limiting step in producing phosphatidylethanolamine (PE),
which is synthesized through PS decarboxylation by mito-
chondrial PS decarboxylase [7]. Moreover, given that many
MCS mediate lipid transfer, it is now widely accepted that
these structures evolved in modern eukaryotes to maintain
the unique lipid composition of cellular membranes in the
face of extensive vesicular trafficking [8].

Since then, technical breakthroughs have significantly
advanced our understanding of inter-organelle communica-
tion, revealing heterotypic MCS (interactions between two
different organelles) across virtually all organelles and cell
types, thereby creating an intricate, interconnected web of
functional interactions [9] (Fig. 1). Over the past decade,
the diversity of identified contact sites has grown substan-
tially, unveiling novel molecular mechanisms that facili-
tate contact formation and revealing unexpected functional
roles. Among organelles, the ER stands out as the largest
and most dynamic organelle, making it unsurprising that

the best-characterized MCS involve ER tubules [10, 11].
ER-mitochondria contact sites are implicated in calcium
(Ca*") transfer, lipid exchange, mitochondrial fission,
autophagy, inflammation and the integration of apoptotic
stimuli [12-23]. ER-PM junctions regulate lipid metabo-
lism, store-operated Ca*>* entry (SOCE) and autophagy [24—
31], while ER-Golgi apparatus (GA) contacts play critical
roles in vesicle trafficking and lipid exchange [32-34]. ER-
lysosome (ER-Lys) interactions coordinate lipid metabo-
lism and facilitate Ca®>" exchange [35, 36], while ER-lipid
droplets (ER-LD) interfaces are essential for LD biogenesis
[37—-41]. Endosomal contacts with the ER regulate choles-
terol trafficking and endosome fission [10, 42, 43], and ER-
peroxisome (PO) connections are essential for PO division
and lipid handling [44, 45]. In the mitochondria field, the
last 15 years have seen an explosion in contact site stud-
ies. Interactions between mitochondria and Lys regulate
mitophagy and Ca®" homeostasis [46, 47], while mito-
chondria-LD contacts influence metabolic states [48—50].
Mitochondria-nucleus MCS enable retrograde signalling
and phospholipid transfer [51, 52], and mitochondria-GA
contacts are linked to apoptotic pathways [53]. Mitochon-
dria-endosome interfaces regulate iron transfer and serve as
mRNA translation platforms [54]. Mitochondria-PO MCS
contribute to reactive oxygen species (ROS) metabolism
and fatty acid oxidation [55], while mitochondria-PM con-
tacts regulate mitochondrial shape [56]. Lys—GA interfaces
mediate nutrient sensing [57], while Lys-PO contacts play
a role in cholesterol trafficking [58]. Lys-LD MCS regulate
LD degradation via stillunknown tether(s) [59]. Finally,
PO-LD interfaces have been shown to facilitate lipid traffic

Fig. 1 The extensive landscape of
membrane contact sites (MCS).
Schematic overview illustrating
the diversity of membrane contact
sites (MCS) identified to date.
The top panel shows the spatial
architecture of a neuron, includ-
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panel depicts the intricate network
of inter-organelle interactions,
highlighting key MCS between
the endoplasmic reticulum (ER),
mitochondria, Golgi apparatus
(GA), lysosomes (Lys), peroxi-
somes (PO), lipid droplets (LD),
endosomes, the nucleus, and the
plasma membrane (PM). Each red o}
star indicates a heterotypic MCS
observed in mammalian cells

ER-PM

ER-GA

° o

Mitochondria-GA

Mitochondria-PO

Mitochondria-nucleus

Mitochondria-PM
ER-endosomes

Mitochondria-endosomes

Mitochondria-lys  Lys-LD

ER-PO /*T

PO-LD
ER-LD

“

Mitochondria-LD

@R-mitochondria

Nucleus ER-Lys

@ Springer



The complex web of membrane contact sites in brain aging and neurodegeneration

Page30of 25 301

[60]. Recently, homotypic contact sites have been identified
between two PO [61] and two LD [62], as well as contact
sites involving three organelles simultaneously, referred to
as “three-way contacts”.

As interest in contact sites grows and new concepts
emerge, this review provides a comprehensive update on
the current understanding of mammalian MCS biology. We
focus on their functions and molecular components, includ-
ing tethers and regulatory proteins, with a particular empha-
sis on their roles in neurons. This emphasis is motivated
by a growing body of evidence suggesting that MCS are
essential for neuronal development, supporting high meta-
bolic demands, extensive signalling needs, and the elaborate
architecture of these highly specialized cells, which must
transmit information over long distances and integrate sig-
nals from thousands of synaptic inputs [63, 64]. Moreover,
given the long lifespan of neurons, it is not surprising that
MCS dysregulation is associated with neurodegenerative
diseases [65, 66] and the progressive decline of cellular
homeostasis during brain aging [67, 68]. Since these pro-
cesses are multifactorial, and considering the current state
of knowledge, it is impossible to address every aspect in
this review. Therefore, we focus primarily on ER-PM, ER-
mitochondria, and LD contact sites, describing the proteins
that are directly linked to their formation and function, par-
ticularly those implicated in Alzheimer’s disease (AD), and
highlighting their emerging potential as targets for therapeu-
tic intervention.

Definition and experimental approaches for
studying membrane contact sites

MCS are defined as extended areas of close apposi-
tion between two membrane-bound compartments [69],
typically maintained at a distance of 10-30 nm, although
exceptions exist [70]. These sites are stabilized by molecu-
lar bridges known as tethers, specialized proteins that, by
forming complexes with other proteins or directly interact-
ing with membrane lipids, play a dual role: they establish
and regulate MCS while preventing membrane fusion [69].
Indeed, unlike incidental associations or SNARE (soluble
NSF attachment protein receptor)-mediated fusion events,
MCS can be either stable or transient, yet consistently
serve as biological “hotspots” that enable functional cross-
talk between organelles [9]. This crosstalk fulfils specific
biological functions essential for cellular homeostasis and
depends on the enrichment of specific lipids, proteins, and
enzymes at a certain MCS [9, 69, 71].

To elucidate MCS composition, researchers have sig-
nificantly expanded the experimental toolkit, using a wide
range of methods including EM, biochemical fractionation,

co-immunoprecipitation, affinity chromatography, proxim-
ity enzymatic biotinylation and mass spectrometry [72].
Emerging high-resolution approaches, such as cryo-electron
tomography (cryo-ET), which enables label-free imaging of
macromolecular assemblies in their native cellular context
with resolutions of 4—10 nm [73, 74], and focused ion-beam
scanning electron microscopy (FIB-SEM), offering resolu-
tions below 10 nm in all planes [75-77], are expected to
become the techniques of choice for visualizing MCS in
the near future. However, many of these methods require
fixed and processed samples, making them unsuitable for
capturing the transient nature of organelle contact sites in
living cells. For this reason, fluorescence microscopy, com-
bined with genetically encoded organelle-specific markers,
has remained the gold standard for several years. While
super-resolution imaging techniques and atomic force
microscopy offer higher precision for visualizing sub-dif-
fraction-limit MCS, confocal microscopy, with its resolu-
tion limit of approximately 250 nm, remains widely used
due to its ability to analyse temporal dynamics and lower
technical demands [72]. Using this approach, MCS have
been identified in combination with a number of proximity-
based assays, where the activation of a bipartite reporter
depends on close membrane association. Examples of such
techniques include bimolecular fluorescence complementa-
tion (BiFC), as split-GFP [78, 79], and Forster Resonance
Energy Transfer (FRET) [33, 80, 81]. Although these tech-
niques allow live-cell imaging, they may introduce artefacts
depending on irreversible complementation, protein over-
expression or the need to calibrate experiment by rapamy-
cin-induced dimerization of the FRET couple. To overcome
these limitations, proximity-ligation assays (PLAs), which
use antibody-oligonucleotide conjugates to probe endog-
enous proteins, are now frequently used [82, 83], though
the readout might be affected by the expression levels of
the target proteins and the specificity of selected antibod-
ies. Recently, a series of reversible chemogenetic reporters,
tailored from the splitFAST (split Fluorescence-activating
and Absorption Shifting Tag) system, has been developed
to monitor MCS dynamics in living cells and organisms
[84]. Thanks to the combination of these probes with Ca*'-
sensing modules, it was possible to dynamically study
MCS while simultaneously measuring the associated Ca*"
signals occurring at these nanodomains [84]. Importantly,
splitFAST-based probes can also be used to monitor the
recruitment of specific proteins at certain MCS [84], help-
ing the definition of the molecular apparatus involved in the
assembly/modulation of a particular MCS. We anticipate
that combining this approach with CRISPR-Cas9 technol-
ogy will enable the tracking of dynamics and functions of
endogenous proteins at MCS with unprecedented resolution.
Nevertheless, we [85] and others [69] have emphasized that
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achieving a comprehensive characterization of contact sites
requires a combination of multiple methodologies, includ-
ing biochemical, fluorescence, and EM-based techniques.
To date, technological advances have revealed that MCS
possess a unique protein and lipid composition. Tethering
and spacer proteins form the structural framework of these
sites, maintaining the appropriate intermembrane distance
by anchoring to organelles or binding to proteins or lipids in
the opposing membranes [86]. Functional proteins, such as
ion channels, lipid transfer proteins, and metabolite trans-
porters, are enriched at MCS and mediate key processes,
like Ca®" signalling and lipid exchange [87]. Additionally,
sorting proteins regulate the recruitment and organization
of MCS components, shaping the unique proteome and
lipidome of each contact site [64, 88]. Regulatory proteins
further control both the extent of contact and the activity of
other proteins within the site. These diverse protein classes
collectively orchestrate MCS formation and function. Many
exhibit overlapping roles (e.g., tethers can also act as lipid
transporters or regulators), while others contribute to func-
tion without being involved in the formation of the contact
site, or vice versa. Moreover, numerous MCS proteins also
perform roles outside the contact site, complicating their
study. This structural complexity is underscored by the
observation that deleting a single tether typically reduces
MCS abundance, rather than eliminating them entirely [69].

Despite significant progress, many aspects of MCS
remain poorly understood. Numerous tethers are yet to be
identified, and the lipid composition of MCS has received
far less attention than their protein counterparts. Addressing
these gaps with advanced techniques and suitable probes
will be essential to uncover the spatiotemporal organization
and dynamic roles of lipids at MCS.

Ca?* and lipid exchange at ER-PM contact
sites in neurons

ER-PM contact sites are increasingly recognized as key
hubs for cellular communication, coordinating Ca®* sig-
nalling, lipid transport, and membrane dynamics [§9-91]
(Fig. 2). These contacts were first observed by Keith Porter
and George Palade using EM [4, 5] and were later exten-
sively studied in the context of excitation—contraction
(E-C) coupling in muscle cells [92]. In cardiac and skeletal
muscle, specialized ER-PM contacts form dyad and triad
junctions, respectively, where the sarcoplasmic reticulum (a
muscle-specific ER subtype) contacts the tubular invagina-
tions of sarcolemma (the PM in muscle cells) [93]. These
sites enable rapid Ca®" signalling through direct coupling
of the dihydropyridine receptor (DHPR) on the PM with
the ryanodine receptor (RyR) on the ER, providing a spatial
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Fig. 2 Functional architecture of ER-PM contact sites in Ca®" signal-
ing and lipid transport. The cartoon illustrates the diversity of proteins
enriched at endoplasmic reticulum-plasma membrane (ER-PM) con-
tact sites, involved in Ca?* homeostasis and lipid exchange. Store-
operated Ca®" entry (SOCE) is initiated upon ER Ca>" depletion,
leading to STIM1/2 oligomerization and their interaction with PM-
localized Orail-3 channels, facilitating Ca?* influx. VAPA/B tethers
mediate ER-PM contact formation via interactions with proteins carry-
ing FFAT motifs, including oxysterol-binding protein-related proteins
(ORPs), which coordinate lipid exchange. The lipid transfer protein
Nir2 also associates with VAPs and contributes to phosphoinositide
homeostasis. Kv2.1 channels function both as voltage-gated potassium
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channels and structural ER-PM tethers. They interact with ryanodine
receptors (RyRs), forming a tripartite complex with junctophilins
(JPH1/3) and supporting ER-PM Ca®" crosstalk. Extended synapto-
tagmins (E-Syt1-3), via their Ca*"-sensitive C2 domains and SMP
domain, mediate lipid transfer at these MCS and form non-fusogenic
SNARE complexes with syntaxin-1 (Stx1) and Sec22b. TMEM24
interacts with cytoskeletal adapters (Band 4.1) and synaptic adhesion
proteins (SynCAM1), linking membrane lipid composition to neuro-
nal excitability. Large lipid transfer proteins (LTPs), such as VPS13
and ATG2, mediate bulk lipid transport through extended hydrophobic
bridges, addressing high membrane demand during neuronal growth
and activity



The complex web of membrane contact sites in brain aging and neurodegeneration

Page 50f 25 301

platform for E-C coupling [92, 94-96]. Building on these
pioneering studies, ER-PM contacts have since been iden-
tified in a variety of non-muscle cells, including neurons,
where they are particularly abundant in cell bodies [97].
Here, they modulate neuronal excitability and lipid homeo-
stasis during synaptic activity, axonal growth, and repair
[98].

ER-PM contact sites as gatekeepers of neuronal Ca%*
signalling

A key example of Ca®" signalling at ER-PM contacts is the
SOCE, a Ca*" entry pathway through PM channels trig-
gered by ER Ca®" depletion to replenish ER stores and
prevent toxic cytoplasmic Ca®" overload. The ER-resident
stromal interaction molecule (STIM) proteins, STIM1 and
STIM2, play central roles in SOCE by detecting ER Ca**
depletion via their EF-hand domains (Fig. 2) [99, 100].
Upon Ca?" depletion, STIM proteins undergo conforma-
tional changes, oligomerize, and translocate to ER-PM con-
tact sites, where they interact with the PM Ca**-permeable
Orai channels (Orail-3), facilitating Ca®" entry into the ER
lumen [25, 26, 29, 30, 99—-102]. Recent findings reveal that
STIM1 organizes ER-PM contacts into specialized “ER lad-
der” structures in distal axons of developing neurons [103].
Additionally, acute ER Ca”* depletion and ER stress increase
presynaptic Ca*" levels and glutamate release via a pathway
involving STIM2 and the synaptic Ca** sensor synaptotag-
min-7 [104]. Beyond its classical role in refilling ER Ca®"
stores, the SOCE machinery, which includes a broader net-
work of soluble and membrane-bound proteins, is essential
for neuronal functions at both pre- and post-synaptic sites,
in both excitatory and inhibitory neurons, as well as in glial
cells [105]. Indeed, SOCE plays a pivotal role in regulat-
ing basal synaptic transmission, dendritic spine morphol-
ogy and synaptic plasticity, with inactivation of key SOCE
components leading to learning deficits in animal models
[105]. Furthermore, emerging evidence links SOCE dys-
function to aging and neurodegenerative diseases, including
Alzheimer’s disease (AD) and Huntington’s disease (HD).
For instance, selective STIMI1 deletion in Purkinje cells
reduces the levels of specific SOCE-associated proteins,
such as Orai3 and the inositol 1,4,5-trisphosphate receptor
(IP3R1), while downregulating ion transporters, leading to
age-dependent changes in neuronal excitability [106]. In
AD, STIM2 downregulation impairs SOCE and disrupts
Ca®" homeostasis, contributing to synaptic loss [107],
while in HD, hyperactivation of SOCE leads to cytosolic
Ca*" overload and synaptic dysfunction [108]. Familial AD
(FAD) cellular models expressing either presenilin 1 or 2
(PS1 or PS2) mutations show a blunted SOCE [109-113],
likely due to a reduced expression level of STIM1 found in

mutant PS-expressing cells, human FAD fibroblasts, and in
the brain of sporadic AD patients [112—114]. Accordingly,
modulating SOCE activity has been proposed as a therapeu-
tic strategy to restore synaptic function and mitigate neuro-
degeneration [105].

Lipid homeostasis at neuronal ER-PM contact sites

In addition to Ca®" signalling, ER-PM contact sites play
a central role in lipid transport, particularly in neurons,
where they meet the high PM synthesis demands dur-
ing axonal growth and repair [63, 64, 90]. Among model
systems where lipid exchange at ER-PM contact sites has
been extensively characterized, Drosophila photorecep-
tors represent a prominent example [115]. These primary
sensory neurons transduce light into electrical signals and
are structurally specialized to maximize photon capture. To
sustain their activity, they contain specialized smooth ER
subdomains called sub-microvillar cisternae (SMC), which
lie within~10 nm from the PM rich in rhodopsin receptors
[116]. Phototransduction here depends on the non-vesic-
ular transfer of lipids, including phosphatidylinositol (PI)
and phosphatidic acid (PA). The SMC are enriched in lipid
transfer proteins, such as RDGBa (also known in mammals
as PITPNM1/Nir2) [117], which shuttles PI and PA during
G-protein-mediated PI(4,5)P, hydrolysis, and the diacylg-
lycerol kinase DGK, which phosphorylates diacylglycerol
(DAG) to generate PA [118]. Loss of RDGBa or DGK
impairs lipid turnover and leads to light-dependent retinal
degeneration [118, 119].

In mammalian cells, lipid identity at ER-PM contacts is
maintained by tether proteins such as the vesicle-associ-
ated membrane protein (VAMP)-associated proteins A and
B (VAPA and VAPB). Anchored to the ER by their trans-
membrane domains, these proteins contain a cytosolic Ig-
like major sperm protein (MSP) domain and a coiled-coil
region involved in dimerization [28]. The MSP domain
interacts with a specific short peptide motif known as the
FFAT motif, found in more than 100 proteins across vari-
ous cell types and collectively referred to as the “VAPome”
[28]. These interactions not only stabilize ER-PM con-
tacts but also support other inter-organelle contacts, such
as ER-GA and ER-mitochondria connections, highlighting
the pleiotropic roles of VAPs in inter-organelle commu-
nication [28]. At ER-PM contacts, VAPA/B interact with
oxysterol-binding protein (OSBP)-related proteins (ORPs),
a family of lipid transfer proteins (Fig. 2) [120, 121]. ORPs
facilitate the countertransport of specific lipids, such as
newly synthesized cholesterol and phosphatidylserine (PS)
from the ER, in exchange for phosphatidylinositol 4-phos-
phate (PI4P) at the PM [120-122]. While most of the 12
ORP homologues target the ER through FFAT-mediated
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VAPA/B interaction, a subset contains PH domains that
directly bind phosphoinositides [120, 121]. In neurons,
ORP6 and ORP3 facilitate the exchange of PI4P and PS,
while ORP2 regulates PM cholesterol and neurotransmitter
release through interactions with the PM-localized SNARE
proteins syntaxin 1A and SNAP-25 (Fig. 2) [123]. VAPs
also interact with the lipid transporter Nir2 [124], promot-
ing the clustering of phosphorylated voltage-gated potas-
sium (Kv) channels and enhancing neuronal excitability via
a voltage-independent mechanism (Fig. 2) [27, 125, 126].
Despite lacking a typical FFAT motif, Kv2.1’s C-terminal
VAP-binding domain is essential for enabling ER Ca?"
uptake during electrical activity [125]. Additionally, Kv2.1
channels also facilitate the coupling between PM L-type
Ca*" channels and ER RyRs, as well as the recruitment of
Nir2 to regulate phosphoinositide homeostasis [127, 128].
Increased levels of nitrosylation and oxidation of RyRs,
accompanied by a decrease in the channel-stabilizing sub-
unit calstabinl, have been observed in the skeletal muscle
of aged mice, resulting in elevated ROS production and ER/
PM Ca®" leakage [129]. Given the critical role of RyRs in
Ca*" signalling, it would be informative to explore whether
similar mechanisms contribute to aging-related changes in
the brain. Kv2.1 channels also associate with the type I pro-
tein kinase A (PKA) signalosome [130], linking membrane
depolarization to PKA activity. Similarly, neuronal ER-
localized Juctophilin isoforms (JPH1, 2, 3) stabilize a tri-
partite complex of Cavl Ca** channels, RyR2, and KCa3.1
potassium channels at ER-PM contacts (Fig. 2) [131, 132].
These junctions, periodically arranged along dendrites and
stabilized by JPH3, serve as microdomains for Ca*" influx
and release, supporting long-distance neuronal signalling
and plasticity [133]. Interestingly, a recent study showed
that JPHss, through interactions with a family of curvature-
sensing proteins containing the Eps15 homology domain,
display a preference for curved regions of the plasma mem-
brane. The relevance of this mechanism in neurons remains
to be fully investigated [134]. Nevertheless, consistent with
their essential functions in neurons, both VAPA/B and JPH3
have been linked to progressive neurodegenerative diseases,
such as Amyotrophic Lateral Sclerosis (ALS) and Parkin-
son’s disease (PD) [98].

The interplay between neuronal lipid transfer and Ca**
handling at ER-PM contacts is further illustrated by proteins
such as extended-synaptotagmin 2 (E-Syt2) and transmem-
brane protein 24 (TMEM?24) (Fig. 2). E-Syt2, a member
of the evolutionarily conserved extended synaptotagmin
(E-Syt1/2/3) family, contains Ca**-binding C2 domains and
a synaptotagmin-like mitochondrial lipid-binding protein
(SMP) domain, which dimerizes to form hydrophobic tun-
nels that transfer lipids like diacylglycerol (DAG) between
the ER and PM under elevated cytosolic Ca*" levels [24].
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E-Syt2 also forms a tripartite complex with the ER-resi-
dent SNARE protein Sec22b and syntaxin-1 (Stx1), tether-
ing the axonal ER to the PM and supporting lipid transport
for PM expansion [135]. Unlike traditional SNARE com-
plexes that mediate membrane fusion, the Sec22b-Stxl
assembly at ER-PM contact sites is non-fusogenic. Instead,
it acts as a short-range tether, maintaining a precise dis-
tance (~ 10 nm) between the ER and PM. In line with this,
overexpression of E-Syt2 promotes axonal branching and
filopodia formation, effects dependent on both Sec22b and
Stx1 [135]. Interestingly, E-Sytl silencing in hippocampal
neurons impairs synaptic plasticity [136], and E-Syt2- and
E-Syt3-mediated ER-PM contacts have also been impli-
cated in autophagy [31]. Despite their significant roles,
E-Syt triple knockout (E-Syt1/2/3 KO) mice exhibit no
changes in ER morphology or neuronal survival, reflecting
the functional redundancy of tether proteins [137]. In con-
trast, loss of Drosophila extended synaptotagmin (dEsyt)
leads to a reduction in ER-PM contacts and mislocaliza-
tion of the phosphatidylinositol transfer protein RDGB,
ultimately resulting in progressive retinal degeneration
[138]. In Drosophila photoreceptors, Ca>" binding is a pre-
requisite for dEsyt function [139]. Instead, TMEM24 and
its paralogue C2CD2, by interacting with band 4.1 family
members and cell adhesion molecules, such as SynCAMI,
regulate phosphatidylinositol (PI) transport from the ER to
the PM in response to changes in cytoplasmic Ca®" levels
(Fig. 2), potentially linking lipid dynamics with neuronal
excitability [140, 141].

Emerging evidence highlights the roles of large lipid
transfer proteins (LTPs) in mediating bulk lipid transport
by a shuttle mechanism between MCS involving the ER,
PM, and other organelles, addressing the extensive mem-
brane demands of growing neurons [64, 142]. These pro-
teins include: VPS13, ATG2, the Hob proteins, Tweek/Csfl/
KIAA1109 and SHIP164 [64]. Most LTPs function as lipid
bridges, enabling continuous lipid flow between organelles
without vesicular transport (Fig. 2). This process involves a
hydrophobic groove along the protein’s rod-like structure,
allowing lipids to slide directly from one bilayer to another,
bypassing the cytosol thereby enhancing efficiency [143].
Beyond their bridge-like transport capabilities, many LTPs
operate in conjunction with other proteins to maintain mem-
brane asymmetry and homeostasis. For example, SHIP164
has been implicated in endosomal lipid dynamics and may
contribute to maintaining lipid balance across organelles
[144]. Mutations in these proteins are linked to several neu-
rological disorders, including PD (VPS13C), chorea-acan-
thocytosis (VPS13A), ataxia (VPS13D), Cohen syndrome
(VPS13B) and Alkuraya-Kucinskas syndrome (KIA1109),
further emphasizing the clinical relevance of ER-PM con-
tact sites [64].
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Despite being the most well-characterized MCS, ER-PM
contacts remain an active focus of investigation. Key unan-
swered questions include the extent of functional redun-
dancy among tethering proteins, their tissue-specific roles,
and how these structures adapt under stress conditions.

The multifaced roles of ER-mitochondria
contact sites: functions and molecules

Contact sites between both smooth and rough ER and the
outer mitochondrial membrane (OMM), known as mito-
chondria-ER contact sites (MERCS), define specialized sub-
cellular regions called MAMs (Fig. 3). Highly responsive
to the cellular metabolic state, these structures play a cru-
cial role in preserving the distinct architecture and function
of both organelles while supporting their communication
during key cellular processes, including Ca*>" homeostasis

Mitochondria

Fig. 3 Structural and regulatory proteins of ER-mitochondria contact
sites. Overview of key proteins and complexes enriched at mitochon-
dria-associated membranes (MAMs), which coordinate Ca”" transfer,
lipid exchange, mitochondrial dynamics, and stress responses. Central
to Ca®" signaling, the ER-localized inositol 1,4,5-trisphosphate recep-
tors (IP3Rs) release Ca®" upon stimulation, transferring it to mitochon-
dria through the IP3R-GRP75-VDACI1 complex, allowing organelle
Ca®" uptake mediated by the mitochondrial Ca®" uniporter (MCU)
complex. This process is fine-tuned by additional components, includ-

[145], lipid metabolism [7], mitochondrial dynamics [146],
ER stress response [147], autophagy regulation [148], apop-
tosis induction [149, 150] and the inflammatory response
[151]. In neurons, MAMs are particularly abundant in the
soma, neurites and synaptic regions [97], where they are
indispensable for proper synaptic transmission, axonal
growth, and energy supply [63, 65]. Given that MAM alter-
ations have been implicated in several neurodegenerative
disorders, including AD, PD and ALS, and that mitochon-
drial dysfunction is considered one of the nine hallmarks
of aging [67], there is increasing interest in therapeutic
strategies aimed at modulating MAM levels and functions.
For example, a high-throughput screening of 1,200 FDA-
approved compounds identified luteolin as a promising can-
didate that enhances ER-mitochondria contacts, promoting
mitochondrial Ca®" uptake and improving locomotor activ-
ity in an HD model by boosting Ca**-dependent pyruvate
dehydrogenase activity [152].

Endoplasmic
reticulum (ER)

ing DJ-1, TG2, PDK4, TOM70, IREla, and Sig-1R. Close apposition
between the ER and mitochondria is also modulated by homotypic
or heterotypic interactions between MFN2 or MFNI1, as well as by
PDZD8 and VAPB. Through interactions with PTPIP51, MOSPD2 and
MIGAZ2, these proteins facilitate not only tethering but also phosphati-
dylserine (PS) and IP3R-mediated Ca®" transfer. PDZDS additionally
mediates Ca®* shuttling, while FIS1, BAP31, PACS-2, FUNDCI1 and
CNX link MAMs to apoptotic and autophagic signaling
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Molecular mechanisms of Ca* exchange at ER-
mitochondria contact sites

One of the primary roles of MERCS is the regulation of
Ca’" flux between the ER, the main intracellular Ca®* store,
and mitochondria, which rely on Ca®" for metabolic bio-
energetics. This transfer is primarily regulated by two key
ER-resident proteins: the sarco/endoplasmic reticulum Ca**
ATPase (SERCA), which actively pumps Ca*" from the
cytosol into the ER lumen to maintain steady-state ER Ca**
concentration, and the inositol 1,4,5-trisphosphate receptors
(IP3Rs), which release Ca*>" from the ER upon IP3-gener-
ating stimuli [19, 22, 23]. Notably, IP3Rs are also required
to maintain ER-mitochondrial contacts, independently of
Ca*" fluxes [153]. IP3Rs form a tethering complex with the
voltage-dependent anion channels (VDAC1) on the OMM,
an interaction facilitated by the cytosolic molecular chap-
erone glucose-regulated protein 75 (GRP75) [12]. Upon
IP3R-mediated ER Ca*" release, this molecular complex
and other ER-mitochondria tethering complexes enriched
at MAMs allow the formation of nanodomains with high
Ca®" concentrations (defined as “hot spots”) at the ER-mito-
chondria interface [80, 154]. These regions enable efficient
Ca*" uptake by the low-affinity mitochondrial Ca** uni-
porter complex (MCUC) located in the inner mitochondrial
membrane (IMM) [22], thereby stimulating mitochondrial
ATP production through activation of Krebs cycle enzymes
and metabolite transporters [155]. Additional proteins, such
as translocase of the outer membrane (TOM) protein 70
(TOM70), the ER stress sensor inositol-requiring enzyme
1 (IRElw), transglutaminase type 2 (TG2), the ER sigma-1
receptor (Sig-1R), and pyruvate dehydrogenase kinase 4
(PDK4), interact with components of the IP3R-GRP75-
VDAC complex, further refining its regulatory functions
(Fig. 3) [13, 156—159]. In neurons, this ER-to-mitochondria
Ca®" transfer supports retrograde mitochondrial move-
ment, neurite elongation, and axon regeneration following
injury [160, 161]. Accordingly, loss of any of these proteins
impairs essential processes, such as cellular bioenergetics,
autophagy and cell proliferation [13, 156—159]. The IP3R-
GRP75-VDAC complex also interacts with the PD-associ-
ated deglycase DJ-1 and a-synuclein. DJ-1 depletion results
in reduced ER-mitochondria MCS, decreasing Ca*" transfer
between these organelles [14, 162, 163].

While the IP3R-GRP75-VDAC complex is the best-char-
acterized pathway for Ca®" release at MERCS, especially in
non-excitable cells [164], the potential role of RyRs (previ-
ously discussed in the ER-PM contact sites section), should
also be considered in neurons. Given their high expression in
many neuronal subtypes, RyRs may contribute to ER-mito-
chondria Ca** exchange, particularly at synapses, although
direct evidence for this mechanism remains limited.
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In addition to its well-accepted role in mitochondrial
fusion, Mitofusin 2 (MFN2) also regulates ER-mitochon-
dria tethering (Fig. 3). Unlike its paralog MFNI1, a fraction
of MFN2 localizes to the ER [165], where it is proposed to
tether the ER and mitochondria via homotypic or hetero-
typic interactions with MFN2 or MFN1, respectively, on the
OMM [17]. Early studies supported this tethering role, link-
ing MFN2 to MAM-regulated processes such as autophago-
some formation [166]. However, more recent studies have
challenged this view, showing that loss of MFN2 leads to
increased ER-mitochondria contacts, as revealed by EM
and functional assays measuring Ca>" transfer at MAMs
[78, 167—171]. Despite this, MFN2 is widely considered a
modulator, though not essential, of ER-mitochondria tether-
ing, and its precise function remains an active area of inves-
tigation. In neurons, MFN2 overexpression or conditional
knockout impairs Ca®" uptake and disrupts IP3R-GRP75
interactions [172] and it is downregulated in post-mortem
brains from AD patients [173]. Mutations in MFN2, linked
to Charcot-Marie-Tooth disease type 2A (CMT2A), a disor-
der characterized by progressive axonal degeneration, dis-
rupt ER-mitochondria contacts resulting in mitochondrial
fragmentation, defective axonal transport, and progressive
neuropathy [174]. Similarly, PD-associated mutations in
the mitochondrial adaptor protein Mirol (RHOT1) reduce
MAM formation in fibroblasts derived from PD patients
[175], while PINKI1/Parkin-mediated phosphorylation
and ubiquitination of MFN2 destabilizes MAMs [176].
Conversely, Parkin overexpression strengthens ER-mito-
chondria coupling and Ca®* exchange [177]. Although con-
trasting evidence exists regarding the precise role of MFN2
in ER-mitochondria apposition, a promising approach has
emerged from the use of a cell-permeant minipeptide that,
by altering MFN2 conformation, enhances organelle tether-
ing and mitochondrial fusion without interfering with MFN2
GTPase activity [178]. Although it has been demonstrated
that this strategy can reverse mitochondrial fragmentation
and depolarization in both MFN2-deficient fibroblasts and
neurons carrying a pathogenic CMT2A-linked MFN2 muta-
tion [178], its effect on ER-mitochondria contacts remains
to be investigated.

Another well-characterized ER-mitochondria tether-
ing complex involves VAPB and the tyrosine phospha-
tase interacting protein-51 (PTPIP51), which facilitates
IP3R-mediated Ca®" transfer from the ER to mitochondria,
supporting mitochondrial ATP production and regulating
autophagy (Fig. 3) [16, 179]. Similar to VAPB, the ER-resi-
dent motile sperm domain-containing protein 2 (MOSPD2),
which also binds PTPIP51 via its MSP domain, functions
as a master regulator of multiple contact sites across organ-
elles [180]. In neurons, VAPB and PTPIP51 co-localize in
synaptic regions, where their interaction is enhanced by
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neuronal activity and is crucial for synaptic transmission
[181]. Accordingly, loss of this complex reduces dendritic
spine density and impairs synaptic functions [181]. Notably,
their expression is decreased in the temporal cortex of AD
patients [182], and PD-linked a-synuclein mutations disrupt
this tethering, impairing Ca®" homeostasis and ATP produc-
tion [183]. While the VAPB-PTPIP51 axis is also implicated
in ALS and frontotemporal dementia (FTD) [16], further
studies are needed to determine whether MAM dysfunc-
tion is a common feature across different cohorts. However,
both wild-type and ALS/FTD-associated mutant TDP-43
have been reported to disrupt VAPB-PTPIP51 interaction
[184], and overexpression of either protein restores synaptic
function in TDP-43 disease models [185]. From a therapeu-
tic perspective, a small high-throughput screen identified
LCD3 (also known as Dynarrestin) as a compound with high
affinity for PTPIP51, which enhances the VAPB-PTPIP51
interaction [186]. Although the impact of LCD3 on MERCS
ultrastructure and function has not been investigated, future
studies will be important to clarify this and to evaluate its
potential effects on neuropathies, particularly ALS, where
the VAPB-PTPIP51 interaction is disrupted. Alongside
these major players, the PDZ domain-containing protein 8
(PDZDS), located at the ER, and VPS (discussed earlier)
have been identified as important regulators at MAMs in
neurons [187, 188], where PDZDS directs ER Ca®" released
by IP3Rs or RYRs toward mitochondria (Fig. 3). This
process is essential for dendritic excitability and synaptic
plasticity [187]. Although its mitochondrial binding partner
remained unknown for some time, the OMM protein FKBP8
has recently been identified as a PDZD8 interactor [189].
Consistently, PDZD8 deletion disrupts ER-mitochondria
communication, leading to excessive cytosolic Ca>" accu-
mulation and neuronal dysfunction [187], whereas FKBP8
overexpression is sufficient to narrow ER-mitochondria dis-
tance [189].

ER-mitochondria coupling in Alzheimer’s disease
and aging

Alterations in the structure and/or functions of MAMs
have emerged as a common feature in different neurode-
generative diseases and during brain aging [190], suggest-
ing that disruptions of these MCS may actively contribute
to neurodegeneration rather than being mere secondary
consequence of disease progression. In the context of AD,
three genes frequently mutated in FAD encoding for amy-
loid precursor protein (APP), PS1, and PS2, are involved
in AP peptide generation [191]. AP peptides are produced
through proteolytic cleavage of APP by the y-secretase
complex, an intramembrane aspartyl protease in which
PSs (PS1 or PS2) serve as the catalytic core [191]. Despite

the central role of A accumulation in AD pathogenesis,
pharmacological strategies targeting amyloid plaques have
largely failed in clinical trials [192]. As a result, the discov-
ery that PSs are enriched at MAMSs (Fig. 3) [193] and that
FAD-linked PS2 mutants increase ER-mitochondria physi-
cal coupling and enhance Ca®" transfer efficiency in differ-
ent cellular models [194], have shifted focus toward MAM
dysfunction as a potential driver of AD pathology. Several
studies reported that, post-mortem human AD brains, APP
transgenic mice, primary hippocampal neurons treated with
AB,,, and fibroblasts from both familial and sporadic AD
patients display upregulated ER-mitochondria contacts
and elevated levels of VDACI and other MAM-associated
proteins [195, 196]. Similarly, decreased expression of
mitochondrial Ca?* influx transporter genes and upregu-
lation of efflux pathway components have been observed
in post-mortem AD human brains, likely reflecting a com-
pensatory response to limit mitochondrial Ca®" overload,
thereby potentially linked to altered ER-mitochondria con-
tact sites [197]. Instead, reduced Sig-1R levels, observed
in primary hippocampal neurons from 3xTG-AD exposed
to AB,s.35, increase ER-mitochondria distance and impair
IP3-dependent Ca’* transfer [198]. Interestingly, Ap expo-
sure increases MAM formation and Ca®" transfer in young
rat hippocampal neurons, but reduces them in aged neu-
rons, mirroring the age-related decline in mitochondrial
Ca”" handling seen in AD [199]. Moreover, in two animal
models mimicking HD, the expression levels of GRP75,
IP3R and MFN2 significantly decline with age, suggest-
ing a possible disruption of ER-mitochondria contacts
[200]. Additionally, FAD-associated PS1 and PS2 muta-
tions enhance IP3R channel gating kinetics [201]. PS2 also
strengthens ER-mitochondria contacts [194, 202, 203] via
its cytosolic loop [204] and interaction with MFN2 (Fig. 3)
[203], thereby antagonizing MFN2’s inhibitory effect on
organelle tethering [167]. These effects are exacerbated
by FAD-linked PS2 mutations, resulting in further MAM
upregulation [203]. In addition, the same mutations in PS2
impair mitochondrial functions by disrupting Ca*" signal-
ling and displacing hexokinase 1 (HK1) from mitochon-
dria in a GSK-3B-dependent manner [205, 206]. Of note,
the flavonoid luteolin, recently identified through a high-
throughput screen for mitochondrial modulators, enhances
mitochondrial respiration and ATP production in human
neuroblastoma cells by increasing ER-mitochondria Ca®"
transfer via IP3Rs at MAMs [152], highlighting the critical
role of MCS, and the associated Ca®" signal, for mitochon-
drial function and neuronal health. Finally, FAD-PS2 muta-
tions also interfere with autophagosome-Lys fusion, thus
blocking the autophagy flux by reducing ER Ca’" content
and dampening cytosolic Ca** rises upon IP3-generating
stimulations [207].
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Compelling evidence also suggests that MAMs serve
as platforms for AP production. Although APP cleavage
by y-secretase has traditionally been linked to the GA and
PM, emerging studies show that multiple components of
this pathway, including APP, PS1, PS2, and y-secretase acti-
vating proteins (e.g., GSAP), are enriched at MAMs [196,
208-211], supporting the hypothesis that a significant por-
tion of AP production may occur directly at ER-mitochon-
dria interfaces. The biochemical and structural properties of
MAMs also appear to influence y-secretase activity and A}
generation. For instance, deletion of the y-secretase activat-
ing protein GSAP has been shown to affect the cellular lipid
landscape, thereby restoring cognitive behavior in an AD
animal model [211]. Moreover, MAM upregulation, such as
by MFN2 knock-down, reduces AP production in HEK293
cells expressing FAD-linked APP mutations [169]. Interest-
ingly, elevated glucocorticoid levels, a known stress-related
AD risk factor, upregulate MAMs and increase PS1 recruit-
ment to these sites, thereby enhancing y-secretase activity
and A production, ultimately contributing to mitochondrial
dysfunction [212]. Further supporting the role of MAMs in
AP metabolism, a 3D neural cell culture AD model showed
that palmitoylation of APP promotes its localization to
MAMs, influencing APP trafficking to the PM and modulat-
ing B-secretase activity, particularly in axons and neurites
[213]. Together, these findings reveal a bidirectional rela-
tionship: on the one hand, MAMSs serve as central hubs for
AP production, while on the other, AB itself can modulate
ER-mitochondria contacts.

In conclusion, given their pivotal roles in Ca*" signalling,
mitochondria dynamics, and proteostasis, it is not surprising
that MAM dysfunctions have been implicated in neurode-
generative diseases and brain aging, emphasizing the urgent
need for further research to uncover potential therapeu-
tic targets. For example, in a therapy-induced senescence
model, increased ER-mitochondria contacts were observed
alongside reduced Ca®’ flux, attributed to a diminished
interaction between IP3R and VDACI! [214]. Supporting
the therapeutic potential of modulating MAM function,
pharmacological activation of Sig-1R using selective ago-
nists has shown promise in models of neurodegeneration.
Notably, pridopidine, a high-affinity Sig-1R agonist is capa-
ble of rescuing IP3R-dependent Ca** release in HD mod-
els, including patient-derived induced pluripotent stem cells
(iPSCs) [215]. Increased mitochondrial respiration, reduced
ROS production, and improved antioxidant responses have
also been reported following pridopidine treatment in stria-
tal neurons from HD mouse models expressing the human
mutant form of huntingtin [216]. These mice also showed
improved motor coordination upon treatment, suggesting a
delay in symptom onset [216]. In AD, pridopidine exhib-
its strong positive effects, notably preventing the loss of
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mushroom spines which correlates with cognitive impair-
ment, and rescuing long-term potentiation deficits induced
by AP42 oligomers in hippocampal slices [217]. These
effects depend on Sig-1R activity and involve the restora-
tion of ER Ca*" content and enhanced SOCE in dendritic
spines [217]. Nevertheless, although pridopidine targets the
MERCS-resident protein Sig-1R, future studies are needed
to unravel the modulation of MAM function upon agonist
treatment. In contrast, while the role of the antihyperglyce-
mic drug metformin in normalizing the number of upregu-
lated MERCS in a model of Duchenne muscular dystrophy
[218], and that of sulforaphane in improving disrupted
ER-mitochondria interactions in hepatocytes isolated from
obese mouse models are well established [219], similar stud-
ies in neurodegenerative diseases are lacking. Nevertheless,
whether MAM alterations act as primary drivers, second-
ary consequences, or compensatory mechanisms in disease
progression remains unclear. Clarifying these dynamics is
critical for identifying new therapeutic targets.

Lipid regulation at ER-mitochondria contact sites

MAMs also represent highly specialized subdomains that
play a critical role in regulating intracellular lipid metabo-
lism (Fig. 3) [220]. Characterized by a unique lipid compo-
sition enriched in cholesterol, sphingolipids, and saturated
phospholipids, MAMs act not only as structural platforms
for ER-mitochondria tethering but also as functional hubs for
non-vesicular lipid exchange and lipid production. Among
the key proteins that regulate lipid transport at MAMSs, the
OMM protein Mitoguardin-2 (MIGA2) has emerged as a
central player. By binding to VAPB, MIGA2 localizes to ER-
mitochondria and mitochondria-LD contact sites and facili-
tates the transfer of PS, thereby maintaining mitochondrial
membrane integrity and dynamics [221-224]. Lipid trans-
port at MAM s is also mediated by VPS13D, which interacts
with VAPs on the ER and Miro proteins on mitochondria
and PO [188]. Importantly, their unique lipid composition,
resembling lipid rafts, provides an optimal environment for
the recruitment and activity of lipid-processing enzymes.
These include acyl-CoA:cholesterol acyltransferase 1
(ACAT1/SOAT1), which esterifies cholesterol into choles-
teryl esters (CE) [225], followed by their deposition in LDs;
DGAT?2, which catalyzes the final step of triacylglycerol
(TAG) synthesis and LD formation [226]; the fatty acid CoA
ligase 4 (FACL4/ACSL4), which activates long-chain fatty
acids (FAs) for incorporation into complex lipids or protein
acylation [227]. Additionally, phosphatidylserine synthases
1 and 2 (PSS1 and PSS2) convert PC and phosphatidyletha-
nolamine (PE) into PS in the ER. This PS is subsequently
transferred to mitochondria, decarboxylated into PE, and
then shuttled back to the ER, where it is methylated by



The complex web of membrane contact sites in brain aging and neurodegeneration

Page 11 0of 25 301

phosphatidylethanolamine N-methyltransferase 2 (PEMT2)
to regenerate PC [228, 229]. In addition to phospholipids,
cholesterol metabolism at MAMs has gained significant
attention, particularly in the context of neurodegenerative
diseases [230]. While the bulk ER membrane is low in cho-
lesterol, it accumulates at MAMs, where ACAT1 catalyzes
free cholesterol conversion into CE [231]. Under stress
conditions, this esterification serves as a buffering mecha-
nism to prevent cholesterol toxicity and preserve cellular
homeostasis [231, 232]. The regulation of MAM lipid com-
position, particularly of cholesterol, sphingolipids, and satu-
rated phospholipids, is orchestrated by sphingomyelinases
(SMases) and various phospholipase enzymes [233]. More-
over, ER lipid raft-associated proteins 1 and 2 (ERLIN1/2),
which localize at MAM raft-like microdomains, contribute
to cholesterol homeostasis by modulating the activity of
sterol regulatory element-binding proteins (SREBPs) and
associated factors, including SREBP cleavage-activating
protein (Scap) and insulin-induced gene 1 (Insigl) [234,
235]. Under cholesterol-depleted conditions, the SREBP-
Scap complex associates with COPII-coated vesicles and
is transported to the GA, activating FA biosynthesis. Con-
versely, when cholesterol levels are high, ERLINSs stabilize
the SREBP-Scap-Insigl complex at the ER, thereby sup-
pressing cholesterol synthesis [236]. In agreement with the
importance of cholesterol in brain physiology, €4 variant of
apolipoprotein E (APOE), a cholesterol/lipid transporter in
the central nervous system, is an important risk factor for
AD development [237] and alterations in lipid composition
have been observed in different AD cell models, as well as
in plasma and frontal cortex of AD patients (for an exten-
sive review see [196]). Moreover, in different AD models,
cholesterol accumulation, increased ACAT1 activity, and
elevated CE deposition have been observed, potentially con-
tributing to tau hyperphosphorylation, impaired A} process-
ing, and LD accumulation (reviewed in [196]). Intriguingly,
emerging evidence suggests that cholesterol dysregulation
in AD may underlie both ER-mitochondria tethering defects
and local AP generation. For instance, in fibroblasts from
an AD patient carrying a PS2 mutation, which enhances
ER-mitochondria contacts, increased LD formation was
normalized by genetic correction of organelle juxtaposi-
tion, reinforcing the role of MAMs in cholesterol handling
and ACAT1 regulation [204]. Moreover, cholesterol itself
appears capable of modulating ER-mitochondria contacts,
with high levels promoting membrane contact site forma-
tion [231]. Interestingly, APP, and particularly its C99 frag-
ment, has been proposed to function as cholesterol sensor.
The C99 domain contains a cholesterol-binding motif and
may influence the subcellular distribution of cholesterol,
stabilizing MAMs [209, 238, 239]. Indeed, increased lev-
els of C99 fragments, arising from FAD-APP mutations or

cholesterol overload, may enhance MAM stabilization and
disturb local lipid composition, thereby promoting A} gen-
eration at these sites [196]. This aligns with findings that
y-secretase activity is enriched in lipid rafts and highly sen-
sitive to membrane lipid composition [240, 241], potentially
contributing to the altered APP cleavage and the formation
of aggregation-prone AP species. Furthermore in neurons,
lipid rafts facilitate p-secretase-mediated cleavage of pal-
mitoylated APP, and MAM upregulation enhances APP
trafficking to the PM, where B-secretase cleavage and AP
production are increased [213].

Given its critical involvement in AD pathogenesis, reg-
ulating MAM lipid composition, particularly cholesterol
metabolism, is emerging as a promising therapeutic strategy.
Statin, which inhibit cholesterol biosynthesis, and ACAT1
inhibitors have been shown to attenuate AD phenotypes
in various in vitro and in vivo models [242, 243]. More
recently, a study has identified that the ATPase family AAA-
domain containing protein 3 A (ATAD3A), which oligomer-
izes and accumulates at MAMs in AD, drives cholesterol
buildup at these sites. This, in turn, exacerbates AD-related
alterations in APP processing and synaptic dysfunction.
Inhibiting ATAD3A oligomerization, either pharmacologi-
cally or genetically, restores brain cholesterol homeostasis
and alleviates AD pathology in 5xFAD transgenic mice
[244], further emphasizing the central role of MAM lipid
remodeling in AD progression.

The role of MAMs in mitochondrial dynamics and
quality control, ROS production and cell death

MAMs also regulate the balance between mitochondrial
fusion and fission, processes essential for proper mitochon-
drial distribution and function within cells [245]. At fission
sites, ER tubules wrap around mitochondria, marking divi-
sion points and facilitating the scission process [20, 246]. At
these sites, ER-associated proteins, such as inverted formin-2
(INF2), polymerize actin to stabilize ER-mitochondria con-
tacts [247, 248]. Actin polymerization also initiates IMM
constriction, a process supported by Ca®" influx through
VDACI channels [247, 248]. The OMM protein Spirelc,
working in tandem with INF2, nucleates actin filaments,
further stabilizing these contacts [247]. Dynamin-related
protein 1 (DRP1) is another key player in mitochondrial fis-
sion, ensuring the proper inheritance of mitochondrial DNA
(mtDNA) at specific subpopulations of these division sites
[21, 249]. Mitochondrial fusion, which counteracts fission,
also relies on ER-mitochondria contact sites. The ER marks
future fusion points where the dynamin-associated GTPase
mitofusins, MFN1 and MFN2, mediate OMM fusion,
while OPA1 orchestrates IMM fusion [245]. Although both
homotypic and heterotypic interactions between MFN1 and
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MFN2 occur, homotypic interactions are required for suc-
cessful fusion [17, 250]. These fusion events are spatially
and temporally coupled with fission, as MFN1 and DRP1
puncta colocalize at ER-mitochondria contacts to regulate
these dynamic events [245]. In addition, the ER membrane-
localized lipid hydrolase ABHD16A, the p97-UBXDS8 com-
plex and the sphingolipid desaturase DEGS1 maintain lipid
composition at MAMs, thereby controlling the assembly and
function of both fission and fusion machineries [251-253].

MAMs also play a crucial role in linking mitochondrial
fission to mitophagy, particularly under hypoxic condi-
tions, in both neuronal and non-neuronal cell lines. Under
hypoxia, the OMM protein FUN14 domain-containing pro-
tein 1 (FUNDCI1) interacts with the ER membrane protein
calnexin at MAMs to promote mitophagy (Fig. 3). Initially,
FUNDCI1 accumulates at MAMs, stabilizing its associa-
tion with calnexin. As mitophagy progresses, this interac-
tion weakens, exposing a cytosolic loop of FUNDCI that
recruits DRP1 at MAMs, thus facilitating autophagosome
formation and the clearance of damaged mitochondria [254,
255].

Several studies revealed that Ca®" signalling at MAMs
also controls ROS production, a key event contributing to
aging and several age-associated disorders [256, 257]. In
this context, the 66-kDa isoform of the growth factor adapter
protein She (p66Shc) translocates into the mitochondrial
intermembrane space through the TIM/TOM complex,
where it interacts with cytochrome c, inducing ROS produc-
tion and triggering apoptotic pathways [258]. Interestingly,
elevated levels of p66Shc have been observed in the MAM
fraction of older animals [259] and in primary fibroblasts
derived from centenarians [260]. In line with this, p66Shc
KO mice exhibited extended lifespan [261], highlighting the
role of MAM-associated ROS regulation in longevity.

Additionally, MAMs serve as platforms for apoptotic
signalling (Fig. 3). In this context, the ER-resident chaper-
one B cell receptor-associated protein 31 (BAP31) interacts
with mitochondrial fission protein 1 (FIS1) to trigger apop-
tosis [15]. This interaction facilitates Ca>" transfer from the
ER to mitochondria, which leads to the opening of the per-
meability transition pore (PTP), loss of the mitochondrial
membrane potential, and release of cytochrome c into the
cytosol. Cytochrome c then binds to the apoptotic prote-
ase-activating factor 1 (APAF1) to form the apoptosome,
thereby activating caspases responsible for programmed cell
death [15, 262]. Interestingly, BAP31 also binds the mito-
chondrial translocase TOM40 to recruit NDUSF4, a compo-
nent of the mitochondrial electron transport chain complex
I, suggesting an additional role in stress sensing. Dysregu-
lation of BAP31 has been implicated in neurodegenerative
diseases: its deletion in AD mice leads to increased reticu-
lon-3 (RTN3) levels and subsequent AP accumulation [263].
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Moreover, a significant increase in FIS1-DRP1 interaction
has been observed in Ap-treated neurons and fibroblasts
from AD patients [264]. Like BAP31, the multifunctional
sorting protein PACS-2 is required for ER-mitochondria
contacts. Loss of PACS-2 results in BAP31-dependent mito-
chondria fragmentation and detachment from the ER [18].

Although MAM functions have been extensively stud-
ied, it is still unclear whether their excessive or prolonged
formation may have context-dependent consequences, espe-
cially during aging. Experimental strategies that artificially
enhance ER-mitochondria proximity using synthetic link-
ers have shown mixed outcomes. In D. melanogaster, for
example, enforced tethering between the two organelles led
to lifespan extension, with a concurrent rise in mitochon-
drial ROS levels [265]. Similarly, increased ER-mitochon-
dria coupling in high-fat diet-fed mice resulted in higher
ROS accumulation [266]. In senescent endothelial cells,
tighter ER-mitochondria contacts elevated mitochondrial
Ca”" uptake and respiration, but also heightened susceptibil-
ity to Ca**-induced cell death [267]. A comparable scenario
was observed in aging hippocampal neurons in vitro, where
enhanced ER-mitochondria communication was associated
with increased mitochondrial activity but decreased SOCE
efficiency [268]. These findings collectively underscore the
dual nature of MAMs: while beneficial in promoting bio-
energetic output and stress adaptation, excessive tethering
may contribute to oxidative damage and neuronal vulner-
ability in aging. Future studies are needed to clarify the con-
text-dependent roles of MAMs in aging and age-associated
diseases, and to determine whether modulating ER-mito-
chondria contact sites could serve as a therapeutic strategy
for improving neuronal health in the elderly.

Lipid droplet contact sites in lipid storage
and redistribution

LD are highly dynamic organelles that play a pivotal role in
cellular energy by synthesizing, storing and breaking down
neutral lipids, such as triacylglycerols (TAGs) and sterol
esters (SEs) [269, 270]. Although initially viewed as inert fat
deposits, LD form when neutral lipids accumulate between
the cytoplasmic leaflets of the ER bilayer, eventually bud-
ding into the cytoplasm [269, 270]. Even after detachment,
a significant portion of LD (approximately 85% in mam-
malian cells) remains in close physical contact with the ER,
forming ER-LD MCS (Fig. 4). These contacts play critical
roles in LD biogenesis, expansion, and function [269, 270].
A key player at ER-LD MCS is Seipin, an ER-resident pro-
tein enriched at ER-LD junctions [271]. Seipin facilitates the
formation of nascent LD, ensuring the proper incorporation
of neutral lipids and structural proteins [271], by forming
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Endoplasmic
reticulum (ER)

Fig.4 Molecular machineries involved in ER-LD contact sites. Tether-
ing proteins that regulate the biogenesis, growth, and function of lipid
droplets (LD) at MCS with the endoplasmic reticulum (ER). A central
component at ER-LD contacts is Seipin, an ER-resident protein that
forms oligomeric ring structures and interacts with LDAF1 to promote
LD biogenesis. SNX14, another ER-resident factor, also localizes to
ER-LD contacts and promotes LD maturation independently of Seipin.
VAP proteins (VAPA/B) support contact site formation by interacting
with FFAT motif-containing lipid transfer proteins (LTPs), including

symmetric ring-shaped oligomers and by interacting with
LDAF1/promethin, which is also required for LD forma-
tion [272]. Therefore, Seipin loss causes aberrant ER-LD
contacts, leading to defective LD assembly and lipid stor-
age, while its toxic gain-of-function mutations can disrupt
ER architecture [40, 273]. Indeed, EM analysis of Seipin-
deficient cells revealed a local expansion of ER membranes
at ER-LD contact sites, which is further exacerbated, lead-
ing to a widening of the overall ER diameter, in knockout
cells incubated with oleic acid to induce LD biogenesis.
This may indicate an accumulation of lipid cargo within the
ER prior to droplet formation [40]. Mutations in the BSCL?2
gene encoding Seipin result in a severe form of human lipo-
dystrophy, named Berardinelli-Seip congenital generalized
lipodystrophy type 2 (BSCL2), a disorder marked by severe
insulin resistance and near-total loss of adipose tissue [274].
A group of dominant motor neuropathies, such as heredi-
tary motor neuropathy and Silver syndrome, have also
been linked to Seipin dysfunction [275], highlighting its

Lipid droplets
(LD)

oxysterol-binding protein-related proteins (ORPs). These LTPs medi-
ate non-vesicular phospholipid and sterol transport at ER-LD inter-
faces. Other critical regulators include the fatty acid transport protein
FATP1 and diacylglycerol acyltransferase 2 (DGAT2), which interact
across the ER-LD contacts to coordinate triglyceride biosynthesis.
Rab18, a small GTPase associated with the NRZ-SNARE tethering
complex, promotes LD expansion and lipid storage. MOSPD2, an ER-
anchored VAP-related protein, has both tethering and lipid transfer
functions

broad physiological relevance. Although small molecules
directly targeting Seipin are currently unavailable, down-
stream pathways affected by Seipin deficiency have been
pharmacologically targeted with promising results. Loss of
Seipin function in neurons is known to impair the peroxi-
somal proliferator-activated receptor gamma (PPARY) sig-
naling, triggering a cascade of detrimental effects, including
tau hyperphosphorylation, synaptic dysfunction, impaired
neurogenesis, and neuroinflammation [276-281]. In mouse
models lacking neuronal Seipin (nKO), reduced PPARYy
expression contributes to decreased AMPA glutamate recep-
tor expression and synaptic plasticity, leading to cognitive
deficits [279]. The PPAR vy agonist, rosiglitazone, has been
shown to restore AMPA receptor levels, rescue hippocam-
pal long-term potentiation, improve spatial memory and
ameliorate anxiety- and depression-like phenotypes in these
mice [277, 279]. Seipin loss also promotes tau pathology.
Enhanced activity of GSK3p and Akt/mTOR signaling in
Seipin-nKO hippocampi drives tau hyperphosphorylation
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and aggregation, processes that are reversed by treatment
with PPARy agonists, GSK3p or mTOR inhibitors [276].
Seipin-deficient mice also show increased vulnerability to
ApB-induced neurotoxicity, a process associated with slightly
elevated levels of pro-inflammatory cytokines (IL-6, TNF-
o). Again, PPARy agonists mitigate these inflammatory
responses conferring neuroprotection [281].

Independently of Seipin function, the sorting nexin pro-
tein Snx 14, an ER-resident protein associated with cerebellar
ataxia SCAR20, localizes to ER-LD contacts following FA
treatment and promotes LD maturation [282]. Accordingly,
Snx14-deficient cells exhibit deficits in LD morphology
and, conversely, its overexpression promotes LD biogen-
esis and increases ER-LD contacts [282]. Another critical
component of ER-LD MCS is the interaction between trans-
port protein 1 (FATP1) and diacylglycerol acyltransferase 2
(DGAT?2). FATPI, residing in the ER, interacts with DGAT2
on the LD surface to coordinate triglyceride biosynthesis
[283]. This interaction enhances lipid storage and drives LD
expansion, with mutations in the DGAT2 gene implicated
in axonal neuropathies [284]. In detail, a heterozygous mis-
sense mutation in DGAT2 was identified in two individu-
als of the same family with autosomal-dominant CMT?2.
Genomic and functional studies revealed that the missense
mutation (p.Y223H) in DGAT2 impairs triglyceride syn-
thesis and, when overexpressed in zebrafish, disrupts axon
branching in the peripheral nervous system [284]. The small
GTPase Rab18 also orchestrates ER-LD MCS by recruiting
the NAG-RINT1-ZW10 (NRZ) complex and their associ-
ated SNARE proteins (Syntaxin18, Usel, BNIP1) [39]. This
association supports LD growth and triglyceride accumu-
lation, particularly in lipid-demanding cells such as adipo-
cytes [39]. Dysregulation of Rab18 activity has been linked
to Warburg Micro syndrome, a neurodevelopmental disor-
der characterized by extensive neuronal defects, including
disrupted cytoskeletal architecture and impaired lysosomal
function and, accordingly, Rab18-deficient neurons exhibit
severe synaptic abnormalities [285]. Other proteins such as
ORPS5, VPS13A, and MOSPD?2 also contribute to ER-LD
interactions by mediating lipid transfer and tethering.
ORPS5, for example, binds PI4P on LD to facilitate phos-
pholipid transport [286], while VPS13A supports bulk lipid
transfer across the MCS [143]. MOSPD2, an ER-resident
VAP family protein, uniquely attaches to LD via its CRAL-
TRIO domain and plays a crucial role in LD assembly and
inflammatory response regulation [287].

Beyond ER-LD interfaces, LD establish contact sites with
mitochondria, PO, Lys, and even other LD. These interac-
tions regulate processes such as FA B-oxidation, lipophagy,
and lipid recycling. For example, LD-PO MCS, essential
for FA trafficking, are regulated by a complex interaction
between Spastin, mutations of which are the most common
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cause for hereditary spastic paraplegia (HSP), and the per-
oxisomal FA transporter ATP binding cassette D member
1 (ABCD1) [60]. LD-mitochondria contacts facilitate FA
transfer for ATP generation, while LD-PO interactions sup-
port the breakdown of very-long-chain FAs. Disruptions in
these MCS have been linked to various diseases, including
non-alcoholic fatty liver disease (NAFLD) and HSP [269].

While significant progress has been made, the molecu-
lar mechanisms underlying the dynamic behaviour of LD
contact sites and their full repertoire of molecular compo-
nents remain unresolved. Advanced tools, such as proxim-
ity labelling and in vitro reconstitution, could prove crucial
in addressing these gaps. Furthermore, understanding the
role of LD contact sites, particularly in metabolic stress
responses across different tissues, may pave the way for tar-
geted therapeutic interventions.

Conclusion and future perspectives

Neurodegenerative diseases and aging are complex, multi-
faceted biological processes characterized by a gradual loss
of cell homeostasis and resilience [67, 288]. Emerging evi-
dence recognizes that organelles do not function in isola-
tion and a new paradigm is emerging: cells operate within
an integrated network of MCSs whose dynamic regulation
underpins many hallmarks of aging and age-associated
diseases [65, 68, 69]. Despite significant advances, many
of them discussed in this review, fundamental questions
remain. Mechanistic studies have uncovered diverse molec-
ular mediators of MCSs and revealed that their dysregula-
tion may be either a causative driver of neurodegenerative
conditions or a secondary consequence [65]. Nevertheless,
substantial knowledge gaps in this field remain, largely due
to methodological limitations and the incomplete transla-
tional relevance of current model organisms, which often
fail to recapitulate the complex pathophysiological pro-
cesses observed in humans [289, 290]. Therefore, a renewed
emphasis is needed. In this context, advanced cellular repro-
gramming technologies offer a promising path forward.
While iPSC-derived neurons have greatly enhanced our
ability to model patient-specific neurodegenerative diseases
[291, 292], their embryonic-like identity limits their use for
studying age-related phenotypes, including neurodegenera-
tive diseases. In contrast, transdifferentiation techniques,
where somatic cells are directly converted into neurons,
bypass the pluripotent state and preserve age-associated
epigenetic and transcriptomic features [293, 294]. This
approach enables the generation of patient-derived neurons
that faithfully recapitulate the molecular and functional
landscape of aging human brains [295-304]. For instance,
a recent study using transdifferentiated neurons from aged
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and AD patients revealed that these cells accumulate pro-
teotoxic aggregates and exhibit constitutive lysosomal
damage, lysosomal Ca** dysregulation, and increased mito-
chondria-Lys contacts. These findings support a model in
which age-related loss of proteostasis and organelle homeo-
stasis, especially within the endosome-lysosomal system,
contributes to early pathogenesis of AD and shows how
transdifferentiated neurons may serve as powerful tools for
studying inter-organelle communication in human-derived
cells [305]. Beyond cellular models, recent developments
in systems biology and multi-omics technologies hold the
potential to unravel the complexity of MCSs. Techniques
such as proximity biotinylation, crosslinking mass spec-
trometry (XL-MS) and splitFAST systems represent par-
ticularly innovative strategies to identify and measure the
dynamic recruitment of proteins at contact sites, while
characterizing their proteomic rearrangements under dif-
ferent conditions [84, 306-311]. By capturing transient and
low-affinity interactions between proteins, these techniques
might reveal changes in MCS architecture and composition
during aging or various age-related diseases. Ultimately,
adopting a systems-level perspective that integrates spa-
tial, functional, and biochemical information from dynamic
organelle networks will be essential. Future research must
not only map the full spectrum of MCS in human cells but
also assign functional relevance to these networks under
physiological and pathological conditions. This integrated
approach, spanning novel models, high-resolution imag-
ing, and proteomics, promises to shift our understanding of
aging and neurodegenerative diseases. By unraveling and
targeting the inter-organelle interactome, MCS alterations
may serve as promising biomarkers for the early detection
of several diseases. Moreover, this knowledge could guide
the development of novel interventions able to preserve
brain homeostasis and delay the onset of neurodegenerative
disorders in the elderly.

Acknowledgements We thank Dr. Riccardo Filadi for his critical read-
ing of the manuscript and for providing valuable suggestions. Figures
were created with BioRender.com. We also acknowledge the many
researchers whose work is cited and summarized in this review, and
we apologize to those whose contributions we were unable to include
due to space limitations.

Author contributions D.A.T. and P.P. jointly wrote the manuscript and
prepared the figures.

Funding D.A.T. is supported by a Klaus Tschira Boost Fund and the
Programma per Giovani Ricercatori “Rita Levi Montalcini”. P.P.’s re-
search is funded by Italian Ministry of University and Scientific Re-
search grants (PRIN2022943TH9 and PRIN P20225R4Y5, financed
by the European Union, NextGenerationEU); Cure Alzheimer’s Fund
(USA) and Alzheimer’s Association grant (USA; E2A-23-1148250);
Next Generation EU and Italian Ministry of Research, NRRP-National
Recovery and Resilience Plan grant, National Centre of Research “De-

velopment of gene therapy and drugs with RNA technology”, CN3
“Neurodegenerative Diseases”. The authors thank Euro-Biolmaging
(www.eurobioimaging.eu) for providing access to imaging technolo-
gies and services via the Advanced Light Microscopy Italian Node
(Laboratory of Ca** and cAMP signaling in physiology and pathol-
ogy, Padua, Italy), and the PNRR infrastructure, SEELIFE n. IR00023
(financed by the European Union, NextGenerationEU).

Data availability Data sharing is not applicable to this article, as no
datasets were generated or analyzed during the current study.

Declarations

Ethical approval This article does not report any studies involving
human participants or animals, nor does it disclose any patient data.
Therefore, no additional ethical approval is required.

Consent to participate Not applicable.

Consent for publication D.A.T. and P.P have approved the final ver-
sion of this manuscript and agree with its submission to Cellular and
Molecular Life Sciences.

Conflict of interest The authors declare no competing financial or non-
financial interests.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and
reproduction in any medium or format, as long as you give appropri-
ate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if you modified the licensed
material. You do not have permission under this licence to share
adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Cre-
ative Commons licence, unless indicated otherwise in a credit line to
the material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory regu-
lation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1.  Dennis EA, Kennedy EP (1972) Intracellular sites of lipid synthe-
sis and the biogenesis of mitochondria. J Lipid Res 13:263-267

2. Bernhard W, Rouiller C (1956) Close topographical relationship
between mitochondria and ergastoplasm of liver cells in a definite
phase of cellular activity. J Biophys Biochem Cytol 2:73-78. http
s://doi.org/10.1083/jcb.2.4.73

3. Copeland DE, Dalton AJ (1959) An association between mito-
chondria and the endoplasmic reticulum in cells of the pseudo-
branch gland of a teleost. J Biophys Biochem Cytol 5:393-396. h
ttps://doi.org/10.1083/jcb.5.3.393

4. Porter KR, Machado RD (1960) Studies on the endoplasmic retic-
ulum. IV. Its form and distribution during mitosis in cells of onion
root tip. J Biophys Biochem Cytol 7:167—180. https://doi.org/10.
1083/jcb.7.1.167

5. Porter KR, Palade GE (1957) Studies on the endoplasmic reticu-
lum. III. Its form and distribution in striated muscle cells. J Biophys
Biochem Cytol 3:269-300. https://doi.org/10.1083/jcb.3.2.269

@ Springer


http://www.eurobioimaging.eu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1083/jcb.2.4.73
https://doi.org/10.1083/jcb.2.4.73
https://doi.org/10.1083/jcb.5.3.393
https://doi.org/10.1083/jcb.5.3.393
https://doi.org/10.1083/jcb.7.1.167
https://doi.org/10.1083/jcb.7.1.167
https://doi.org/10.1083/jcb.3.2.269

301

Page 16 of 25

D. Azarnia Tehran, P. Pizzo

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Vance JE (1990) Phospholipid synthesis in a membrane fraction
associated with mitochondria. J Biol Chem 265:7248-7256
Petrungaro C, Kornmann B (2019) Lipid exchange at ER-mito-
chondria contact sites: a puzzle falling into place with quite a few
pieces missing. Curr Opin Cell Biol 57:71-76. https://doi.org/10.
1016/j.ceb.2018.11.005

Jain A, Holthuis JCM (2017) Membrane contact sites, ancient and
central hubs of cellular lipid logistics. Biochim Biophys Acta Mol
Cell Res 1864:1450—1458. https://doi.org/10.1016/j.bbamcr.2017
.05.017

Voeltz GK, Sawyer EM, Hajnoczky G, Prinz WA (2024) Making
the connection: How membrane contact sites have changed our
view of organelle biology. Cell 187:257-270. https://doi.org/10.1
016/j.cell.2023.11.040

Wu H, Carvalho P, Voeltz GK (2018) Here, there, and every-
where: the importance of ER membrane contact sites. Science
361:eaan5835. https://doi.org/10.1126/science.aan5835

Wenzel EM, Elfmark LA, Stenmark H, Raiborg C (2022) ER as
master regulator of membrane trafficking and organelle function. J
Cell Biol 221:€202205135. https://doi.org/10.1083/jcb.202205135
Szabadkai G, Bianchi K, Varnai P et al (2006) Chaperone-medi-
ated coupling of endoplasmic reticulum and mitochondrial Ca2+
channels. J Cell Biol 175:901-911. https://doi.org/10.1083/jcb.20
0608073

D’Eletto M, Rossin F, Occhigrossi L et al (2018) Transglutamin-
ase type 2 regulates ER-mitochondria contact sites by interacting
with GRP75. Cell Rep 25:3573-3581.e4. https://doi.org/10.1016/
j-celrep.2018.11.094

Liu Y, Ma X, Fujioka H et al (2019) DJ-1 regulates the integ-
rity and function of ER-mitochondria association through inter-
action with IP3R3-Grp75-VDACI. Proc Natl Acad Sci U S A
116:25322-25328. https://doi.org/10.1073/pnas. 1906565116
Iwasawa R, Mahul-Mellier A-L, Datler C et al (2011) Fisl and
Bap31 bridge the mitochondria-ER interface to establish a plat-
form for apoptosis induction. EMBO J 30:556-568. https://doi.or
2/10.1038/emboj.2010.346

De Vos KJ, Morotz GM, Stoica R et al (2012) VAPB interacts
with the mitochondrial protein PTPIP51 to regulate calcium
homeostasis. Hum Mol Genet 21:1299-1311. https://doi.org/10.
1093/hmg/ddr559

de Brito OM, Scorrano L (2008) Mitofusin 2 tethers endoplasmic
reticulum to mitochondria. Nature 456:605—610. https://doi.org/1
0.1038/nature07534

Simmen T, Aslan JE, Blagoveshchenskaya AD et al (2005)
PACS-2 controls endoplasmic reticulum-mitochondria communi-
cation and Bid-mediated apoptosis. EMBO J 24:717-729. https:/
/doi.org/10.1038/sj.emboj.7600559

Rizzuto R, Pinton P, Carrington W et al (1998) Close contacts
with the endoplasmic reticulum as determinants of mitochondrial
Ca2+ responses. Science 280:1763—1766. https://doi.org/10.1126
/science.280.5370.1763

Friedman JR, Lackner LL, West M et al (2011) ER tubules mark
sites of mitochondrial division. Science 334:358-362. https://doi.
org/10.1126/science.1207385

Lewis SC, Uchiyama LF, Nunnari J (2016) ER-mitochondria
contacts couple mtDNA synthesis with mitochondrial division in
human cells. Science 353:aaf5549. https://doi.org/10.1126/scienc
e.aaf5549

Rizzuto R, Brini M, Murgia M, Pozzan T (1993) Microdomains
with high Ca2+ close to IP3-sensitive channels that are sensed by
neighboring mitochondria. Science 262:744—747. https://doi.org/
10.1126/science.8235595

Csordas G, Thomas AP, Hajnoczky G (1999) Quasi-synaptic
calcium signal transmission between endoplasmic reticulum and
mitochondria. EMBO J 18:96—-108. https://doi.org/10.1093/embo
j/18.1.96

@ Springer

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

Schauder CM, Wu X, Saheki Y et al (2014) Structure of a lipid-
bound extended synaptotagmin indicates a role in lipid transfer.
Nature 510:552—555. https://doi.org/10.1038/nature13269

Park CY, Hoover PJ, Mullins FM et al (2009) STIM1 clusters and
activates CRAC channels via direct binding of a cytosolic domain
to Orail. Cell 136:876-890. https://doi.org/10.1016/j.cell.2009.0
2.014

Quintana A, Rajanikanth V, Farber-Katz S et al (2015) TMEM110
regulates the maintenance and remodeling of mammalian ER-
plasma membrane junctions competent for STIM-ORALI signal-
ing. Proc Natl Acad Sci U S A 112:E7083-7092. https://doi.org/1
0.1073/pnas.1521924112

Fox PD, Haberkorn CJ, Akin EJ et al (2015) Induction of stable
ER-plasma-membrane junctions by Kv2.1 potassium channels. J
Cell Sci 128:2096-2105. https://doi.org/10.1242/jcs. 166009
Murphy SE, Levine TP (2016) VAP, a versatile access point for
the endoplasmic reticulum: review and analysis of FFAT-like
motifs in the VAPome. Biochim Biophys Acta 1861:952-961. htt
ps://doi.org/10.1016/j.bbalip.2016.02.009

Chen Y-J, Chang C-L, Lee W-R, Liou J (2017) RASSF4 controls
SOCE and ER-PM junctions through regulation of PI(4,5)P2. J
Cell Biol 216:2011-2025. https://doi.org/10.1083/jcb.20160604
7

Wu MM, Buchanan J, Luik RM, Lewis RS (2006) Ca2+ store
depletion causes STIMI to accumulate in ER regions closely
associated with the plasma membrane. J Cell Biol 174:803-813.
https://doi.org/10.1083/jcb.200604014

Nascimbeni AC, Giordano F, Dupont N et al (2017) ER-plasma
membrane contact sites contribute to autophagosome biogenesis
by regulation of local PI3P synthesis. EMBO J 36:2018-2033. ht
tps://doi.org/10.15252/embj.201797006

Mesmin B, Bigay J, Moser von Filseck J et al (2013) A four-step
cycle driven by PI(4)P hydrolysis directs sterol/PI(4)P exchange
by the ER-Golgi tether OSBP. Cell 155:830-843. https://doi.org/
10.1016/j.¢cell.2013.09.056

Venditti R, Rega LR, Masone MC et al (2019) Molecular determi-
nants of ER-Golgi contacts identified through a new FRET-FLIM
system. J Cell Biol 218:1055-1065. https://doi.org/10.1083/jcb.2
01812020

Peretti D, Dahan N, Shimoni E et al (2008) Coordinated lipid
transfer between the endoplasmic reticulum and the Golgi com-
plex requires the VAP proteins and is essential for Golgi-mediated
transport. Mol Biol Cell 19:3871-3884. https://doi.org/10.1091/
mbc.e08-05-0498

Atakpa P, Thillaiappan NB, Mataragka S et al (2018) IP3 recep-
tors preferentially associate with ER-lysosome contact sites and
selectively deliver Ca2+ to lysosomes. Cell Rep 25:3180-3193.
e7. https://doi.org/10.1016/j.celrep.2018.11.064

Lee CA, Blackstone C (2020) ER morphology and endo-lyso-
somal crosstalk: functions and disease implications. Biochim
Biophys Acta Mol Cell Biol Lipids 1865:158544. https://doi.org/
10.1016/j.bbalip.2019.158544

Li D, Zhao YG, Li D et al (2019) The ER-localized protein
DFCP1 modulates ER-lipid droplet contact formation. Cell Rep
27:343-358.e5. https://doi.org/10.1016/j.celrep.2019.03.025
Deng Y, Zhou C, Mirza AH et al (2021) Rab18 binds PLIN2 and
ACSL3 to mediate lipid droplet dynamics. Biochim Biophys Acta
Mol Cell Biol Lipids 1866:158923. https://doi.org/10.1016/j.bbal
ip.2021.158923

XuD, LiY, Wu L etal (2018) Rab18 promotes lipid droplet (LD)
growth by tethering the ER to LDs through SNARE and NRZ
interactions. J Cell Biol 217:975-995. https://doi.org/10.1083/jcb
201704184

Salo VT, Belevich I, Li S et al (2016) Seipin regulates ER-lipid
droplet contacts and cargo delivery. EMBO J 35:2699-2716. http
s://doi.org/10.15252/embj.201695170


https://doi.org/10.1038/nature13269
https://doi.org/10.1016/j.cell.2009.02.014
https://doi.org/10.1016/j.cell.2009.02.014
https://doi.org/10.1073/pnas.1521924112
https://doi.org/10.1073/pnas.1521924112
https://doi.org/10.1242/jcs.166009
https://doi.org/10.1016/j.bbalip.2016.02.009
https://doi.org/10.1016/j.bbalip.2016.02.009
https://doi.org/10.1083/jcb.201606047
https://doi.org/10.1083/jcb.201606047
https://doi.org/10.1083/jcb.200604014
https://doi.org/10.1083/jcb.200604014
https://doi.org/10.15252/embj.201797006
https://doi.org/10.15252/embj.201797006
https://doi.org/10.1016/j.cell.2013.09.056
https://doi.org/10.1016/j.cell.2013.09.056
https://doi.org/10.1083/jcb.201812020
https://doi.org/10.1083/jcb.201812020
https://doi.org/10.1091/mbc.e08-05-0498
https://doi.org/10.1091/mbc.e08-05-0498
https://doi.org/10.1016/j.celrep.2018.11.064
https://doi.org/10.1016/j.bbalip.2019.158544
https://doi.org/10.1016/j.bbalip.2019.158544
https://doi.org/10.1016/j.celrep.2019.03.025
https://doi.org/10.1016/j.bbalip.2021.158923
https://doi.org/10.1016/j.bbalip.2021.158923
https://doi.org/10.1083/jcb.201704184
https://doi.org/10.1083/jcb.201704184
https://doi.org/10.15252/embj.201695170
https://doi.org/10.15252/embj.201695170
https://doi.org/10.1016/j.ceb.2018.11.005
https://doi.org/10.1016/j.ceb.2018.11.005
https://doi.org/10.1016/j.bbamcr.2017.05.017
https://doi.org/10.1016/j.bbamcr.2017.05.017
https://doi.org/10.1016/j.cell.2023.11.040
https://doi.org/10.1016/j.cell.2023.11.040
https://doi.org/10.1126/science.aan5835
https://doi.org/10.1083/jcb.202205135
https://doi.org/10.1083/jcb.200608073
https://doi.org/10.1083/jcb.200608073
https://doi.org/10.1016/j.celrep.2018.11.094
https://doi.org/10.1016/j.celrep.2018.11.094
https://doi.org/10.1073/pnas.1906565116
https://doi.org/10.1038/emboj.2010.346
https://doi.org/10.1038/emboj.2010.346
https://doi.org/10.1093/hmg/ddr559
https://doi.org/10.1093/hmg/ddr559
https://doi.org/10.1038/nature07534
https://doi.org/10.1038/nature07534
https://doi.org/10.1038/sj.emboj.7600559
https://doi.org/10.1038/sj.emboj.7600559
https://doi.org/10.1126/science.280.5370.1763
https://doi.org/10.1126/science.280.5370.1763
https://doi.org/10.1126/science.1207385
https://doi.org/10.1126/science.1207385
https://doi.org/10.1126/science.aaf5549
https://doi.org/10.1126/science.aaf5549
https://doi.org/10.1126/science.8235595
https://doi.org/10.1126/science.8235595
https://doi.org/10.1093/emboj/18.1.96
https://doi.org/10.1093/emboj/18.1.96

The complex web of membrane contact sites in brain aging and neurodegeneration

Page 17 of 25 301

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Yeshaw WM, van der Zwaag M, Pinto F et al (2019) Human
VPS13A is associated with multiple organelles and influences
mitochondrial morphology and lipid droplet motility. eLife
8:e43561. https://doi.org/10.7554/eLife.43561

Rocha N, Kuijl C, van der Kant R et al (2009) Cholesterol sensor
ORPIL contacts the ER protein VAP to control Rab7-RILP-p150
glued and late endosome positioning. J Cell Biol 185:1209-1225.
https://doi.org/10.1083/jcb.200811005

Rowland AA, Chitwood PJ, Phillips MJ, Voeltz GK (2014) ER
contact sites define the position and timing of endosome fission.
Cell 159:1027-1041. https://doi.org/10.1016/j.cell.2014.10.023
Costello JL, Castro IG, Hacker C et al (2017) ACBD5 and VAPB
mediate membrane associations between peroxisomes and the
ER. J Cell Biol 216:331-342. https://doi.org/10.1083/jcb.20160
7055

Hua R, Cheng D, Coyaud Eetal (2017) VAPs and ACBDS tether
peroxisomes to the ER for peroxisome maintenance and lipid
homeostasis. J Cell Biol 216:367-377. https://doi.org/10.1083/j
cb.201608128

Peng W, Wong YC, Krainc D (2020) Mitochondria-lysosome
contacts regulate mitochondrial Ca2+ dynamics via lysosomal
TRPMLI. Proc Natl Acad Sci U S A 117:19266-19275. https://d
oi.org/10.1073/pnas.2003236117

Wong YC, Ysselstein D, Krainc D (2018) Mitochondria-lysosome
contacts regulate mitochondrial fission via RAB7 GTP hydroly-
sis. Nature 554:382-386. https://doi.org/10.1038/nature25486
Wang H, Sreenivasan U, Hu H et al (2011) Perilipin 5, a lipid
droplet-associated protein, provides physical and metabolic link-
age to mitochondria. J Lipid Res 52:2159-2168. https://doi.org/1
0.1194/j1rM017939

Boutant M, Kulkarni SS, Joffraud M et al (2017) Mfn2 is criti-
cal for brown adipose tissue thermogenic function. EMBO J
36:1543—1558. https://doi.org/10.15252/embj.201694914

Wang J, Fang N, Xiong J et al (2021) An ESCRT-dependent step
in fatty acid transfer from lipid droplets to mitochondria through
VPS13D-TSG101 interactions. Nat Commun 12:1252. https://do
1.0rg/10.1038/541467-021-21525-5

Desai R, East DA, Hardy L et al (2020) Mitochondria form
contact sites with the nucleus to couple prosurvival retrograde
response. Sci Adv 6:eabc9955. https://doi.org/10.1126/sciadv.ab
c9955

Eisenberg-Bord M, Zung N, Collado J et al (2021) Cnm1 medi-
ates nucleus-mitochondria contact site formation in response to
phospholipid levels. J Cell Biol 220:¢202104100. https://doi.org/
10.1083/jcb.202104100

Ouasti S, Matarrese P, Paddon R et al (2007) Death receptor liga-
tion triggers membrane scrambling between Golgi and mitochon-
dria. Cell Death Differ 14:453-461. https://doi.org/10.1038/sj.cd
d.4402043

Cioni J-M, Lin JQ, Holtermann AV et al (2019) Late endosomes act
as mRNA translation platforms and sustain mitochondria in axons.
Cell 176:56-72.e15. https://doi.org/10.1016/j.cell.2018.11.030
Shai N, Yifrach E, van Roermund CWT et al (2018) Systematic
mapping of contact sites reveals tethers and a function for the
peroxisome-mitochondria contact. Nat Commun 9:1761. https://d
0i.org/10.1038/s41467-018-03957-8

Meschede IP, Ovenden NC, Seabra MC et al (2020) Symmet-
ric arrangement of mitochondria: plasma membrane contacts
between adjacent photoreceptor cells regulated by Opal. Proc
Natl Acad Sci U S A 117:15684-15693. https://doi.org/10.1073
/pnas.2000304117

Hao F, Kondo K, Itoh T et al (2018) Rheb localized on the Golgi
membrane activates lysosome-localized mTORCI1 at the Golgi-
lysosome contact site. J Cell Sci 131:jcs208017. https://doi.org/1
0.1242/jcs.208017

S8.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Wu B, Wei S, Petersen N et al (2015) Synaptotagmin-7 phosphor-
ylation mediates GLP-1-dependent potentiation of insulin secre-
tion from B-cells. Proc Natl Acad Sci U S A 112:9996-10001. htt
ps://doi.org/10.1073/pnas.1513004112

Kaushik S, Cuervo AM (2015) Degradation of lipid droplet-
associated proteins by chaperone-mediated autophagy facilitates
lipolysis. Nat Cell Biol 17:759-770. https://doi.org/10.1038/ncb3
166

Chang C-L, Weigel AV, loannou MS et al (2019) Spastin teth-
ers lipid droplets to peroxisomes and directs fatty acid trafficking
through ESCRT-III. J Cell Biol 218:2583-2599. https://doi.org/1
0.1083/jcb.201902061

Schrader M, King SJ, Stroh TA, Schroer TA (2000) Real time
imaging reveals a peroxisomal reticulum in living cells. J Cell Sci
113(Pt 20):3663-3671. https://doi.org/10.1242/jcs.113.20.3663
Eisenberg-Bord M, Mari M, Weill U et al (2018) Identification
of seipin-linked factors that act as determinants of a lipid droplet
subpopulation. J Cell Biol 217:269-282. https://doi.org/10.1083/
jcb.201704122

Kuijpers M, Nguyen PT, Haucke V (2024) The endoplasmic
reticulum and its contacts: emerging roles in axon development,
neurotransmission, and degeneration. Neurosci Rev J Bringing
Neurobiol Neurol Psychiatry 30:545-559. https://doi.org/10.117
7/10738584231162810

Guillén-Samander A, De Camilli P (2023) Endoplasmic reticu-
lum membrane contact sites, lipid transport, and neurodegenera-
tion. Cold Spring Harb Perspect Biol 15:a041257. https://doi.org/
10.1101/cshperspect.a041257

Kim S, Coukos R, Gao F, Krainc D (2022) Dysregulation of
organelle membrane contact sites in neurological diseases. Neu-
ron 110:2386-2408. https://doi.org/10.1016/j.neuron.2022.04.02
0

Wang Y, Yang J (2024) ER-organelle contacts: a signaling hub for
neurological diseases. Pharmacol Res 203:107149. https://doi.or
2/10.1016/j.phrs.2024.107149

Loépez-Otin C, Blasco MA, Partridge L et al (2023) Hallmarks of
aging: an expanding universe. Cell 186:243-278. https://doi.org/
10.1016/j.cell.2022.11.001

Petkovic M, O’Brien CE, Jan YN (2021) Interorganelle commu-
nication, aging, and neurodegeneration. Genes Dev 35:449-469.
https://doi.org/10.1101/gad.346759.120

Scorrano L, De Matteis MA, Emr S et al (2019) Coming together
to define membrane contact sites. Nat Commun 10:1287. https://
doi.org/10.1038/s41467-019-09253-3

Ping HA, Kraft LM, Chen W et al (2016) Numl anchors mito-
chondria to the plasma membrane via two domains with different
lipid binding specificities. J Cell Biol 213:513-524. https://doi.or
2/10.1083/jcb.201511021

Prinz WA (2014) Bridging the gap: membrane contact sites
in signaling, metabolism, and organelle dynamics. J Cell Biol
205:759-769. https://doi.org/10.1083/jcb.201401126

Poggio E, Brini M, Cali T (2022) Get closer to the world of contact
sites: a beginner’s guide to proximity-driven fluorescent probes.
Contact Thousand Oaks Ventura Cty Calif 5:25152564221135748.
https://doi.org/10.1177/25152564221135748

Fung HKH, Hayashi Y, Salo VT et al (2023) Genetically encoded
multimeric tags for subcellular protein localization in cryo-EM.
Nat Methods 20:1900-1908. https://doi.org/10.1038/s41592-02
3-02053-0

Berger C, Premaraj N, Ravelli RBG et al (2023) Cryo-electron
tomography on focused ion beam lamellae transforms structural
cell biology. Nat Methods 20:499-511. https://doi.org/10.1038/s4
1592-023-01783-5

Obara CJ, Nixon-Abell J, Moore AS et al (2024) Motion of VAPB
molecules reveals ER-mitochondria contact site subdomains.

@ Springer


https://doi.org/10.1073/pnas.1513004112
https://doi.org/10.1073/pnas.1513004112
https://doi.org/10.1038/ncb3166
https://doi.org/10.1038/ncb3166
https://doi.org/10.1083/jcb.201902061
https://doi.org/10.1083/jcb.201902061
https://doi.org/10.1242/jcs.113.20.3663
https://doi.org/10.1083/jcb.201704122
https://doi.org/10.1083/jcb.201704122
https://doi.org/10.1177/10738584231162810
https://doi.org/10.1177/10738584231162810
https://doi.org/10.1101/cshperspect.a041257
https://doi.org/10.1101/cshperspect.a041257
https://doi.org/10.1016/j.neuron.2022.04.020
https://doi.org/10.1016/j.neuron.2022.04.020
https://doi.org/10.1016/j.phrs.2024.107149
https://doi.org/10.1016/j.phrs.2024.107149
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1016/j.cell.2022.11.001
https://doi.org/10.1101/gad.346759.120
https://doi.org/10.1101/gad.346759.120
https://doi.org/10.1038/s41467-019-09253-3
https://doi.org/10.1038/s41467-019-09253-3
https://doi.org/10.1083/jcb.201511021
https://doi.org/10.1083/jcb.201511021
https://doi.org/10.1083/jcb.201401126
https://doi.org/10.1177/25152564221135748
https://doi.org/10.1177/25152564221135748
https://doi.org/10.1038/s41592-023-02053-0
https://doi.org/10.1038/s41592-023-02053-0
https://doi.org/10.1038/s41592-023-01783-5
https://doi.org/10.1038/s41592-023-01783-5
https://doi.org/10.7554/eLife.43561
https://doi.org/10.1083/jcb.200811005
https://doi.org/10.1083/jcb.200811005
https://doi.org/10.1016/j.cell.2014.10.023
https://doi.org/10.1083/jcb.201607055
https://doi.org/10.1083/jcb.201607055
https://doi.org/10.1083/jcb.201608128
https://doi.org/10.1083/jcb.201608128
https://doi.org/10.1073/pnas.2003236117
https://doi.org/10.1073/pnas.2003236117
https://doi.org/10.1038/nature25486
https://doi.org/10.1194/jlr.M017939
https://doi.org/10.1194/jlr.M017939
https://doi.org/10.15252/embj.201694914
https://doi.org/10.1038/s41467-021-21525-5
https://doi.org/10.1038/s41467-021-21525-5
https://doi.org/10.1126/sciadv.abc9955
https://doi.org/10.1126/sciadv.abc9955
https://doi.org/10.1083/jcb.202104100
https://doi.org/10.1083/jcb.202104100
https://doi.org/10.1038/sj.cdd.4402043
https://doi.org/10.1038/sj.cdd.4402043
https://doi.org/10.1016/j.cell.2018.11.030
https://doi.org/10.1038/s41467-018-03957-8
https://doi.org/10.1038/s41467-018-03957-8
https://doi.org/10.1073/pnas.2000304117
https://doi.org/10.1073/pnas.2000304117
https://doi.org/10.1242/jcs.208017
https://doi.org/10.1242/jcs.208017

301

Page 18 of 25

D. Azarnia Tehran, P. Pizzo

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Nature 626:169—-176. https://doi.org/10.1038/541586-023-0695
6-y

Marshall AG, Damo SM, Hinton A (2023) Revisiting focused
ion beam scanning electron microscopy. Trends Biochem Sci
48:585-586. https://doi.org/10.1016/j.tibs.2023.02.005

Jang W, Puchkov D, Samso P et al (2022) Endosomal lipid signal-
ing reshapes the endoplasmic reticulum to control mitochondrial
function. Science 378:eabq5209. https://doi.org/10.1126/science.
abq5209

Cieri D, Vicario M, Giacomello M et al (2018) SPLICS: a split
green fluorescent protein-based contact site sensor for narrow
and wide heterotypic organelle juxtaposition. Cell Death Differ
25:1131-1145. https://doi.org/10.1038/s41418-017-0033-z
Vallese F, Catoni C, Cieri D et al (2020) An expanded palette of
improved SPLICS reporters detects multiple organelle contacts in
vitro and in vivo. Nat Commun 11:6069. https://doi.org/10.1038/s
41467-020-19892-6

Csordas G, Varnai P, Golenar T et al (2010) Imaging interorgan-
elle contacts and local calcium dynamics at the ER-mitochondrial
interface. Mol Cell 39:121-132. https://doi.org/10.1016/j.molcel.
2010.06.029

Naon D, Zaninello M, Giacomello M et al (2016) Critical reap-
praisal confirms that Mitofusin 2 is an endoplasmic reticulum-
mitochondria tether. Proc Natl Acad Sci U S A 113:11249-11254.
https://doi.org/10.1073/pnas.1606786113

Benhammouda S, Vishwakarma A, Gatti P, Germain M (2021)
Mitochondria endoplasmic reticulum contact sites (MERCs):
proximity ligation assay as a tool to study organelle interaction.
Front Cell Dev Biol 9:789959. https://doi.org/10.3389/fcell.2021
789959

Séderberg O, Gullberg M, Jarvius M et al (2006) Direct observa-
tion of individual endogenous protein complexes in situ by prox-
imity ligation. Nat Methods 3:995-1000. https://doi.org/10.1038/
nmeth947

Garcia Casas P, Rossini M, Pavénius L et al (2024) Simultane-
ous detection of membrane contact dynamics and associated
Ca2+ signals by reversible chemogenetic reporters. Nat Commun
15:9775. https://doi.org/10.1038/s41467-024-52985-0

Rossini M, Pizzo P, Filadi R (2021) Better to keep in touch: inves-
tigating inter-organelle cross-talk. FEBS J 288:740-755. https://d
oi.org/10.1111/febs.15451

Eisenberg-Bord M, Shai N, Schuldiner M, Bohnert M (2016) A
tether is a tether is a tether: tethering at membrane contact sites.
Dev Cell 39:395-4009. https://doi.org/10.1016/j.devcel.2016.10.0
22

Prinz WA, Toulmay A, Balla T (2020) The functional universe of
membrane contact sites. Nat Rev Mol Cell Biol 21:7-24. https://
doi.org/10.1038/s41580-019-0180-9

Selitrennik M, Lev S (2016) The role of phosphatidylinositol-
transfer proteins at membrane contact sites. Biochem Soc Trans
44:419-424. https://doi.org/10.1042/BST20150182

Gallo A, Vannier C, Galli T (2016) Endoplasmic reticulum-
plasma membrane associations:structures and functions. Annu
Rev Cell Dev Biol 32:279-301. https://doi.org/10.1146/annurev
-cellbio-111315-125024

Stefan CJ (2020) Endoplasmic reticulum-plasma membrane con-
tacts: principals of phosphoinositide and calcium signaling. Curr
Opin Cell Biol 63:125-134. https://doi.org/10.1016/j.ceb.2020.0
1.010

Saheki Y, De Camilli P (2017) Endoplasmic reticulum-plasma
membrane contact sites. Annu Rev Biochem 86:659-684. https://
doi.org/10.1146/annurev-biochem-061516-044932

Dixon RE, Trimmer JS (2023) Endoplasmic reticulum-plasma
membrane junctions as sites of depolarization-induced Ca2+ sig-
naling in excitable cells. Annu Rev Physiol 85:217-243. https://d
oi.org/10.1146/annurev-physiol-032122-104610

Springer

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Chang C-L, Chen Y-J, Liou J (2017) ER-plasma membrane junc-
tions: why and how do we study them? Biochim Biophys Acta
Mol Cell Res 1864:1494—1506. https://doi.org/10.1016/j.bbamcr.
2017.05.018

Airey JA, Beck CF, Murakami K et al (1990) Identification and
localization of two triad junctional foot protein isoforms in mature
avian fast twitch skeletal muscle. J Biol Chem 265:14187-14194
Yuan SH, Arnold W, Jorgensen AO (1991) Biogenesis of trans-
verse tubules and triads: immunolocalization of the 1,4-dihy-
dropyridine receptor, TS28, and the ryanodine receptor in rabbit
skeletal muscle developing in situ. J Cell Biol 112:289-301. http
s://doi.org/10.1083/jcb.112.2.289

Flucher BE, Phillips JL, Powell JA (1991) Dihydropyridine
receptor alpha subunits in normal and dysgenic muscle in vitro:
expression of alpha 1 is required for proper targeting and distribu-
tion of alpha 2. J Cell Biol 115:1345-1356. https://doi.org/10.108
3/jcb.115.5.1345

Wu Y, Whiteus C, Xu CS et al (2017) Contacts between the endo-
plasmic reticulum and other membranes in neurons. Proc Natl
Acad Sci U S A 114:E4859-E4867. https://doi.org/10.1073/pna
s.1701078114

Hewlett B, Singh NP, Vannier C, Galli T (2021) ER-PM contact
sites - SNARING actors in emerging functions. Front Cell Dev
Biol 9:635518. https://doi.org/10.3389/fcell.2021.635518

Liou J, Kim ML, Heo WD et al (2005) STIM is a Ca2+ sensor
essential for Ca2+-store-depletion-triggered Ca2+ influx. Curr
Biol CB 15:1235-1241. https://doi.org/10.1016/j.cub.2005.05.0
55

Zhang SL, Yu'Y, Roos J et al (2005) STIM1 is a Ca2+ sensor that
activates CRAC channels and migrates from the Ca2+ store to the
plasma membrane. Nature 437:902-905. https://doi.org/10.1038/
nature04147

Vig M, Peinelt C, Beck A et al (2006) CRACMI1 is a plasma
membrane protein essential for store-operated Ca2+ entry. Sci-
ence 312:1220-1223. https://doi.org/10.1126/science.1127883
Feske S, Gwack Y, Prakriya M et al (2006) A mutation in Orail
causes immune deficiency by abrogating CRAC channel func-
tion. Nature 441:179-185. https://doi.org/10.1038/nature04702
Zamponi E, Meehl JB, Voeltz GK (2022) The ER ladder is a
unique morphological feature of developing mammalian axons.
Dev Cell 57:1369-1382.¢6. https://doi.org/10.1016/j.devcel.2022
.05.002

Chanaday NL, Nosyreva E, Shin O-H et al (2021) Presynaptic
store-operated Ca2+ entry drives excitatory spontaneous neuro-
transmission and augments endoplasmic reticulum stress. Neuron
109:1314-1332.e5. https://doi.org/10.1016/j.neuron.2021.02.023
Courjaret R, Prakriya M, Machaca K (2024) SOCE as a regulator
of neuronal activity. J Physiol 602:1449-1462. https://doi.org/10.
1113/JP283826

Dhanya SK, Hasan G (2021) Purkinje neurons with loss of STIM1
exhibit age-dependent changes in gene expression and synaptic
components. J Neurosci Off J Soc Neurosci 41:3777-3798. https
://doi.org/10.1523/JINEUROSCI.2401-20.2021

Sun S, Zhang H, Liu J et al (2014) Reduced synaptic STIM2
expression and impaired store-operated calcium entry cause
destabilization of mature spines in mutant presenilin mice. Neu-
ron 82:79-93. https://doi.org/10.1016/j.neuron.2014.02.019

Wu J, Ryskamp DA, Liang X et al (2016) Enhanced store-oper-
ated calcium entry leads to striatal synaptic loss in a huntington’s
disease mouse model. J Neurosci Off J Soc Neurosci 36:125-141.
https://doi.org/10.1523/JNEUROSCI.1038-15.2016

Giacomello M, Barbiero L, Zatti G et al (2005) Reduction of
Ca2+ stores and capacitative Ca2+ entry is associated with the
familial Alzheimer’s disease presenilin-2 T122R mutation and
anticipates the onset of dementia. Neurobiol Dis 18:638—648. h
ttps://doi.org/10.1016/j.nbd.2004.10.016


https://doi.org/10.1016/j.bbamcr.2017.05.018
https://doi.org/10.1016/j.bbamcr.2017.05.018
https://doi.org/10.1083/jcb.112.2.289
https://doi.org/10.1083/jcb.112.2.289
https://doi.org/10.1083/jcb.115.5.1345
https://doi.org/10.1083/jcb.115.5.1345
https://doi.org/10.1073/pnas.1701078114
https://doi.org/10.1073/pnas.1701078114
https://doi.org/10.3389/fcell.2021.635518
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1038/nature04147
https://doi.org/10.1038/nature04147
https://doi.org/10.1126/science.1127883
https://doi.org/10.1038/nature04702
https://doi.org/10.1016/j.devcel.2022.05.002
https://doi.org/10.1016/j.devcel.2022.05.002
https://doi.org/10.1016/j.neuron.2021.02.023
https://doi.org/10.1113/JP283826
https://doi.org/10.1113/JP283826
https://doi.org/10.1523/JNEUROSCI.2401-20.2021
https://doi.org/10.1523/JNEUROSCI.2401-20.2021
https://doi.org/10.1016/j.neuron.2014.02.019
https://doi.org/10.1523/JNEUROSCI.1038-15.2016
https://doi.org/10.1523/JNEUROSCI.1038-15.2016
https://doi.org/10.1016/j.nbd.2004.10.016
https://doi.org/10.1016/j.nbd.2004.10.016
https://doi.org/10.1038/s41586-023-06956-y
https://doi.org/10.1038/s41586-023-06956-y
https://doi.org/10.1016/j.tibs.2023.02.005
https://doi.org/10.1126/science.abq5209
https://doi.org/10.1126/science.abq5209
https://doi.org/10.1038/s41418-017-0033-z
https://doi.org/10.1038/s41467-020-19892-6
https://doi.org/10.1038/s41467-020-19892-6
https://doi.org/10.1016/j.molcel.2010.06.029
https://doi.org/10.1016/j.molcel.2010.06.029
https://doi.org/10.1073/pnas.1606786113
https://doi.org/10.1073/pnas.1606786113
https://doi.org/10.3389/fcell.2021.789959
https://doi.org/10.3389/fcell.2021.789959
https://doi.org/10.1038/nmeth947
https://doi.org/10.1038/nmeth947
https://doi.org/10.1038/s41467-024-52985-0
https://doi.org/10.1111/febs.15451
https://doi.org/10.1111/febs.15451
https://doi.org/10.1016/j.devcel.2016.10.022
https://doi.org/10.1016/j.devcel.2016.10.022
https://doi.org/10.1038/s41580-019-0180-9
https://doi.org/10.1038/s41580-019-0180-9
https://doi.org/10.1042/BST20150182
https://doi.org/10.1146/annurev-cellbio-111315-125024
https://doi.org/10.1146/annurev-cellbio-111315-125024
https://doi.org/10.1016/j.ceb.2020.01.010
https://doi.org/10.1016/j.ceb.2020.01.010
https://doi.org/10.1146/annurev-biochem-061516-044932
https://doi.org/10.1146/annurev-biochem-061516-044932
https://doi.org/10.1146/annurev-physiol-032122-104610
https://doi.org/10.1146/annurev-physiol-032122-104610

The complex web of membrane contact sites in brain aging and neurodegeneration

Page 19 0f 25 301

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Leissring MA, Akbari Y, Fanger CM et al (2000) Capacitative
calcium entry deficits and elevated luminal calcium content in
mutant presenilin-1 knockin mice. J Cell Biol 149:793-798. http
s://doi.org/10.1083/jcb.149.4.793

Zatti G, Burgo A, Giacomello M et al (2006) Presenilin mutations
linked to familial Alzheimer’s disease reduce endoplasmic reticu-
lum and Golgi apparatus calcium levels. Cell Calcium 39:539—
550. https://doi.org/10.1016/j.ceca.2006.03.002

Greotti E, Capitanio P, Wong A et al (2019) Familial Alzheimer’s
disease-linked presenilin mutants and intracellular Ca2+ han-
dling: a single-organelle, FRET-based analysis. Cell Calcium
79:44-56. https://doi.org/10.1016/j.ceca.2019.02.005

Tong BC-K, Lee CS-K, Cheng W-H et al (2016) Familial
Alzheimer’s disease-associated presenilin 1 mutants promote
v-secretase cleavage of STIMI to impair store-operated Ca2+
entry. Sci Signal 9:ra89. https://doi.org/10.1126/scisignal.aaf137
1

Pascual-Caro C, Berrocal M, Lopez-Guerrero AM et al (2018)
STIMI deficiency is linked to Alzheimer’s disease and triggers
cell death in SH-SYS5Y cells by upregulation of L-type voltage-
operated Ca2+ entry. ] Mol Med Berl Ger 96:1061-1079. https://
doi.org/10.1007/s00109-018-1677-y

Yadav S, Cockeroft S, Raghu P (2016) The Drosophila photore-
ceptor as a model system for studying signalling at membrane
contact sites. Biochem Soc Trans 44:447-451. https://doi.org/10.
1042/BST20150256

Matsumoto-Suzuki E, Hirosawa K, Hotta Y (1989) Structure of
the subrhabdomeric cisternae in the photoreceptor cells of Dro-
sophila melanogaster. J Neurocytol 18:87-93. https://doi.org/10.
1007/BF01188427

Vihtelic TS, Goebl M, Milligan S et al (1993) Localization of
Drosophila retinal degeneration B, a membrane-associated phos-
phatidylinositol transfer protein. J Cell Biol 122:1013—-1022. http
s://doi.org/10.1083/jcb.122.5.1013

Masai I, Suzuki E, Yoon CS et al (1997) Immunolocalization of
Drosophila eye-specific diacylgylcerol kinase, rdgA, which is
essential for the maintenance of the photoreceptor. J Neurobiol
32:695-706. https://doi.org/10.1002/(SICI)1097-4695(19970620
)32:7%3¢695::AID-NEU5%3e3.0.CO;2-%23

Harris WA, Stark WS (1977) Hereditary retinal degeneration in
Drosophila melanogaster. A mutant defect associated with the
phototransduction process. J Gen Physiol 69:261-291. https://d
oi.org/10.1085/jgp.69.3.261

Pietrangelo A, Ridgway ND (2018) Bridging the molecular and
biological functions of the oxysterol-binding protein family. Cell
Mol Life Sci CMLS 75:3079-3098. https://doi.org/10.1007/s000
18-018-2795-y

Nakatsu F, Kawasaki A (2021) Functions of oxysterol-binding
proteins at membrane contact sites and their control by phos-
phoinositide metabolism. Front Cell Dev Biol 9:664788. https:/
/doi.org/10.3389/fcell.2021.664788

Chung J, Torta F, Masai K et al (2015) Intracellular transport.
PI4P/phosphatidylserine countertransport at ORP5- and ORPS8-
mediated ER-plasma membrane contacts. Science 349:428-432.
https://doi.org/10.1126/science.aab1370

Weber-Boyvat M, Trimbuch T, Shah S et al (2021) ORP/Osh
mediate cross-talk between ER-plasma membrane contact site
components and plasma membrane SNAREs. Cell Mol Life Sci
CMLS 78:1689-1708. https://doi.org/10.1007/s00018-020-0360
4-w

Kim YJ, Guzman-Hernandez M-L, Wisniewski E, Balla T (2015)
Phosphatidylinositol-phosphatidic acid exchange by Nir2 at
ER-PM contact sites maintains phosphoinositide signaling com-
petence. Dev Cell 33:549-561. https://doi.org/10.1016/j.devcel.2
015.04.028

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Panzera LC, Johnson B, Quinn JA et al (2022) Activity-depen-
dent endoplasmic reticulum Ca2+ uptake depends on Kv2.1-
mediated endoplasmic reticulum/plasma membrane junctions
to promote synaptic transmission. Proc Natl Acad Sci U S A
119:€2117135119. https://doi.org/10.1073/pnas.2117135119
Johnson B, Leek AN, Solé L et al (2018) Kv2 potassium chan-
nels form endoplasmic reticulum/plasma membrane junctions
via interaction with VAPA and VAPB. Proc Natl Acad Sci U S A
115:E7331-E7340. https://doi.org/10.1073/pnas.1805757115
Vierra NC, Kirmiz M, van der List D et al (2019) Kv2.1 mediates
spatial and functional coupling of L-type calcium channels and
ryanodine receptors in mammalian neurons. eLife 8:¢49953. http
s://doi.org/10.7554/eLife.49953

Kirmiz M, Gillies TE, Dickson EJ, Trimmer JS (2019) Neuronal ER-
plasma membrane junctions organized by Kv2-VAP pairing recruit
Nir proteins and affect phosphoinositide homeostasis. J Biol Chem
294:17735-17757. https://doi.org/10.1074/jbc. RA119.007635
Andersson DC, Betzenhauser MJ, Reiken S et al (2011) Ryano-
dine receptor oxidation causes intracellular calcium leak and
muscle weakness in aging. Cell Metab 14:196-207. https://doi.or
2/10.1016/j.cmet.2011.05.014

Vierra NC, Ribeiro-Silva L, Kirmiz M et al (2023) Neuronal ER-
plasma membrane junctions couple excitation to Ca2+-activated
PKA signaling. Nat Commun 14:5231. https://doi.org/10.1038/s4
1467-023-40930-6

Sahu G, Wazen R-M, Colarusso P et al (2019) Junctophilin pro-
teins tether a Cavl-RyR2-KCa3.1 tripartite complex to regulate
neuronal excitability. Cell Rep 28:2427-2442.¢6. https://doi.org/1
0.1016/j.celrep.2019.07.075

Perni S, Beam K (2022) Junctophilins 1, 2, and 3 all support volt-
age-induced Ca2+ release despite considerable divergence. J Gen
Physiol 154:¢202113024. https://doi.org/10.1085/jgp.202113024
Benedetti L, Fan R, Weigel AV et al (2024) Periodic ER-plasma
membrane junctions support long-range Ca2+ signal integration
in dendrites. Cell S0092-8674(24)01345-X. https://doi.org/10.10
16/j.cell.2024.11.029

Yang Y, Valencia LA, Lu C-H et al (2024) Plasma membrane cur-
vature regulates the formation of contacts with the endoplasmic
reticulum. Nat Cell Biol 26:1878—-1891. https://doi.org/10.1038/s
41556-024-01511-x

Gallo A, Danglot L, Giordano F et al (2020) Role of the Sec22b-
E-Syt complex in neurite growth and ramification. J Cell Sci
133:jcs247148. https://doi.org/10.1242/jcs.247148

Mao R, Tong C, Liu J-J (2023) E-Syt1 regulates neuronal activity-
dependent endoplasmic reticulum-plasma membrane junctions
and surface expression of AMPA receptors. Contact Thousand
Oaks Ventura Cty Calif 6:25152564231185012. https://doi.org/1
0.1177/25152564231185011

Sclip A, Bacaj T, Giam LR, Siidhof TC (2016) Extended syn-
aptotagmin (ESyt) triple knock-out mice are viable and fertile
without obvious endoplasmic reticulum dysfunction. PLoS One
11:e0158295. https://doi.org/10.1371/journal.pone.0158295
Nath VR, Mishra S, Basak B et al (2020) Extended synaptotag-
min regulates membrane contact site structure and lipid transfer
function in vivo. EMBO Rep 21:€50264. https://doi.org/10.1525
2/embr.202050264

Nath VR, Krishnan H, Mishra S, Raghu P (2025) Ca2+ binding
to Esyt modulates membrane contact site density in Drosophila
photoreceptors. J Cell Biol 224:¢202407190. https://doi.org/10.1
083/j¢b.202407190

Sun EW, Guillén-Samander A, Bian X et al (2019) Lipid trans-
porter TMEM24/C2CD2L is a Ca2+-regulated component of
ER-plasma membrane contacts in mammalian neurons. Proc Natl
Acad Sci U S A 116:5775-5784. https://doi.org/10.1073/pnas.18
20156116

@ Springer


https://doi.org/10.1073/pnas.2117135119
https://doi.org/10.1073/pnas.1805757115
https://doi.org/10.7554/eLife.49953
https://doi.org/10.7554/eLife.49953
https://doi.org/10.1074/jbc.RA119.007635
https://doi.org/10.1016/j.cmet.2011.05.014
https://doi.org/10.1016/j.cmet.2011.05.014
https://doi.org/10.1038/s41467-023-40930-6
https://doi.org/10.1038/s41467-023-40930-6
https://doi.org/10.1016/j.celrep.2019.07.075
https://doi.org/10.1016/j.celrep.2019.07.075
https://doi.org/10.1085/jgp.202113024
https://doi.org/10.1016/j.cell.2024.11.029
https://doi.org/10.1016/j.cell.2024.11.029
https://doi.org/10.1038/s41556-024-01511-x
https://doi.org/10.1038/s41556-024-01511-x
https://doi.org/10.1242/jcs.247148
https://doi.org/10.1177/25152564231185011
https://doi.org/10.1177/25152564231185011
https://doi.org/10.1371/journal.pone.0158295
https://doi.org/10.15252/embr.202050264
https://doi.org/10.15252/embr.202050264
https://doi.org/10.1083/jcb.202407190
https://doi.org/10.1083/jcb.202407190
https://doi.org/10.1073/pnas.1820156116
https://doi.org/10.1073/pnas.1820156116
https://doi.org/10.1083/jcb.149.4.793
https://doi.org/10.1083/jcb.149.4.793
https://doi.org/10.1016/j.ceca.2006.03.002
https://doi.org/10.1016/j.ceca.2019.02.005
https://doi.org/10.1126/scisignal.aaf1371
https://doi.org/10.1126/scisignal.aaf1371
https://doi.org/10.1007/s00109-018-1677-y
https://doi.org/10.1007/s00109-018-1677-y
https://doi.org/10.1042/BST20150256
https://doi.org/10.1042/BST20150256
https://doi.org/10.1007/BF01188427
https://doi.org/10.1007/BF01188427
https://doi.org/10.1083/jcb.122.5.1013
https://doi.org/10.1083/jcb.122.5.1013
https://doi.org/10.1002/(SICI)1097-4695(19970620)32:7%3c695::AID-NEU5%3e3.0.CO;2-%23
https://doi.org/10.1002/(SICI)1097-4695(19970620)32:7%3c695::AID-NEU5%3e3.0.CO;2-%23
https://doi.org/10.1085/jgp.69.3.261
https://doi.org/10.1085/jgp.69.3.261
https://doi.org/10.1007/s00018-018-2795-y
https://doi.org/10.1007/s00018-018-2795-y
https://doi.org/10.3389/fcell.2021.664788
https://doi.org/10.3389/fcell.2021.664788
https://doi.org/10.1126/science.aab1370
https://doi.org/10.1126/science.aab1370
https://doi.org/10.1007/s00018-020-03604-w
https://doi.org/10.1007/s00018-020-03604-w
https://doi.org/10.1016/j.devcel.2015.04.028
https://doi.org/10.1016/j.devcel.2015.04.028

301

Page 20 of 25

D. Azarnia Tehran, P. Pizzo

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Johnson B, Iuliano M, Lam TT et al (2024) A complex of the lipid
transport ER proteins TMEM24 and C2CD2 with band 4.1 at cell-
cell contacts. J Cell Biol 223:¢202311137. https://doi.org/10.1083
/jcb.202311137

Neuman SD, Levine TP, Bashirullah A (2022) A novel superfam-
ily of bridge-like lipid transfer proteins. Trends Cell Biol 32:962—
974. https://doi.org/10.1016/j.tcb.2022.03.011

Kumar N, Leonzino M, Hancock-Cerutti W et al (2018) VPS13A
and VPS13C are lipid transport proteins differentially localized at
ER contact sites. J Cell Biol 217:3625-3639. https://doi.org/10.1
083/jcb.201807019

Hanna MG, Suen PH, Wu Y et al (2022) SHIP164 is a chorein
motif lipid transfer protein that controls endosome-Golgi mem-
brane traffic. J Cell Biol 221:¢202111018. https://doi.org/10.1083
/jcb.202111018

Katona M, Bartok A, Nichtova Z et al (2022) Capture at the ER-
mitochondrial contacts licenses IP3 receptors to stimulate local
Ca2+ transfer and oxidative metabolism. Nat Commun 13:6779.
https://doi.org/10.1038/s41467-022-34365-8

Wang J, Zhu P, Li R et al (2020) Fundc1-dependent mitophagy is
obligatory to ischemic preconditioning-conferred renoprotection
in ischemic AKI via suppression of Drp1-mediated mitochondrial
fission. Redox Biol 30:101415. https://doi.org/10.1016/j.redox.2
019.101415

Gottschalk B, Koshenov Z, Bachkoenig OA et al (2022) MFN2
mediates ER-mitochondrial coupling during ER stress through
specialized stable contact sites. Front Cell Dev Biol 10:918691. h
ttps://doi.org/10.3389/fcell.2022.918691

Hamasaki M, Furuta N, Matsuda A et al (2013) Autophagosomes
form at ER-mitochondria contact sites. Nature 495:389-393. http
s://doi.org/10.1038/nature11910

Du J, Zhang X, Li B et al (2024) The hepatotoxicity of hexa-
fluoropropylene oxide trimer acid caused by apoptosis via endo-
plasmic reticulum-mitochondrial crosstalk. Sci Total Environ
922:171234. https://doi.org/10.1016/j.scitotenv.2024.171234
Sammeta SS, Banarase TA, Rahangdale SR et al (2023) Molecu-
lar understanding of ER-MT communication dysfunction during
neurodegeneration. Mitochondrion 72:59-71. https://doi.org/10.1
016/j.mit0.2023.07.005

Missiroli S, Patergnani S, Caroccia N et al (2018) Mitochondria-
associated membranes (MAMs) and inflammation. Cell Death
Dis 9:329. https://doi.org/10.1038/s41419-017-0027-2

Naia L, Pinho CM, Dentoni G et al (2021) Neuronal cell-based
high-throughput screen for enhancers of mitochondrial function
reveals luteolin as a modulator of mitochondria-endoplasmic
reticulum coupling. BMC Biol 19:57. https://doi.org/10.1186/s1
2915-021-00979-5

Bartok A, Weaver D, Golenar T et al (2019) IP3 receptor isoforms
differently regulate ER-mitochondrial contacts and local calcium
transfer. Nat Commun 10:3726. https://doi.org/10.1038/s41467-0
19-11646-3

Giacomello M, Drago I, Bortolozzi M et al (2010) Ca2+ hot spots
on the mitochondrial surface are generated by Ca2+ mobilization
from stores, but not by activation of store-operated Ca2+ channels.
Mol Cell 38:280-290. https://doi.org/10.1016/j.molcel.2010.04.003
Rossi A, Pizzo P, Filadi R (2019) Calcium, mitochondria and cell
metabolism: a functional triangle in bioenergetics. Biochim Bio-
phys Acta Mol Cell Res 1866:1068—1078. https://doi.org/10.101
6/j.bbamcr.2018.10.016

Filadi R, Leal NS, Schreiner B et al (2018) TOM70 sustains cell
bioenergetics by promoting IP3R3-mediated ER to mitochondria
Ca2+ transfer. Curr Biol CB 28:369-382.¢6. https://doi.org/10.10
16/j.cub.2017.12.047

Carreras-Sureda A, Jafa F, Urra H et al (2019) Non-canonical
function of IREla determines mitochondria-associated endo-
plasmic reticulum composition to control calcium transfer and

@ Springer

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

bioenergetics. Nat Cell Biol 21:755-767. https://doi.org/10.1038/
$41556-019-0329-y

Hayashi T, Su T-P (2007) Sigma-1 receptor chaperones at the ER-
mitochondrion interface regulate Ca(2+) signaling and cell sur-
vival. Cell 131:596-610. https://doi.org/10.1016/j.cell.2007.08.0
36

Thoudam T, Ha C-M, Leem J et al (2019) PDK4 augments ER-
mitochondria contact to dampen skeletal muscle insulin signaling
during obesity. Diabetes 68:571-586. https://doi.org/10.2337/db1
8-0363

Lee S, Wang W, Hwang J et al (2019) Increased ER-mitochondria
tethering promotes axon regeneration. Proc Natl Acad Sci U S A
116:16074-16079. https://doi.org/10.1073/pnas.1818830116
Trigo D, Goncalves MB, Corcoran JPT (2019) The regulation
of mitochondrial dynamics in neurite outgrowth by retinoic acid
receptor P signaling. FASEB J Off Publ Fed Am Soc Exp Biol
33:7225-7235. https://doi.org/10.1096/£7.201802097R

Erustes AG, D’Eletto M, Guarache GC et al (2021) Overex-
pression of a-synuclein inhibits mitochondrial Ca2+ trafficking
between the endoplasmic reticulum and mitochondria through
MAMs by altering the GRP75-IP3R interaction. J Neurosci Res
99:2932-2947. https://doi.org/10.1002/jnr.24952

Basso V, Marchesan E, Ziviani E (2020) A trio has turned into a
quartet: DJ-1 interacts with the IP3R-Grp75-VDAC complex to
control ER-mitochondria interaction. Cell Calcium 87:102186. h
ttps://doi.org/10.1016/j.ceca.2020.102186

Rossini M, Filadi R (2020) Sarcoplasmic reticulum-mitochondria
kissing in cardiomyocytes: Ca2+, ATP, and undisclosed secrets.
Front Cell Dev Biol 8:532. https://doi.org/10.3389/fcell.2020.00
532

Casellas-Diaz S, Larramona-Arcas R, Riqué-Pujol G et al (2021)
Min2 localization in the ER is necessary for its bioenergetic func-
tion and neuritic development. EMBO Rep 22:e51954. https://do
i.org/10.15252/embr.202051954

Zhao T, Huang X, Han L et al (2012) Central role of mitofusin
2 in autophagosome-lysosome fusion in cardiomyocytes. J Biol
Chem 287:23615-23625. https://doi.org/10.1074/jbc.M112.3791
64

Filadi R, Greotti E, Turacchio G et al (2015) Mitofusin 2 ablation
increases endoplasmic reticulum-mitochondria coupling. Proc
Natl Acad Sci U S A 112:E2174-2181. https://doi.org/10.1073/pn
as.1504880112

Cosson P, Marchetti A, Ravazzola M, Orci L (2012) Mitofusin-2
independent juxtaposition of endoplasmic reticulum and mito-
chondria: an ultrastructural study. PLoS One 7:¢46293. https://do
i.org/10.1371/journal.pone.0046293

Leal NS, Schreiner B, Pinho CM et al (2016) Mitofusin-2 knock-
down increases ER-mitochondria contact and decreases amyloid
B-peptide production. J Cell Mol Med 20:1686—1695. https://doi.
org/10.1111/jemm.12863

Wang PTC, Garcin PO, Fu M et al (2015) Distinct mechanisms
controlling rough and smooth endoplasmic reticulum contacts
with mitochondria. J Cell Sci 128:2759-2765. https://doi.org/10.
1242/jcs. 171132

Li L, Gao G, Shankar J et al (2015) p38 MAP kinase-dependent
phosphorylation of the Gp78 E3 ubiquitin ligase controls ER-
mitochondria association and mitochondria motility. Mol Biol
Cell 26:3828-3840. https://doi.org/10.1091/mbc.E15-02-0120
Han S, Zhao F, Hsia J et al (2021) The role of Mfn2 in the struc-
ture and function of endoplasmic reticulum-mitochondrial tether-
ing in vivo. J Cell Sci 134:jcs253443. https://doi.org/10.1242/jcs.
253443

Wang X, Su B, Lee H et al (2009) Impaired balance of mitochon-
drial fission and fusion in Alzheimer’s disease. J Neurosci Off J
Soc Neurosci 29:9090-9103. https://doi.org/10.1523/INEUROS
CI.1357-09.2009


https://doi.org/10.1038/s41556-019-0329-y
https://doi.org/10.1038/s41556-019-0329-y
https://doi.org/10.1016/j.cell.2007.08.036
https://doi.org/10.1016/j.cell.2007.08.036
https://doi.org/10.2337/db18-0363
https://doi.org/10.2337/db18-0363
https://doi.org/10.1073/pnas.1818830116
https://doi.org/10.1096/fj.201802097R
https://doi.org/10.1002/jnr.24952
https://doi.org/10.1016/j.ceca.2020.102186
https://doi.org/10.1016/j.ceca.2020.102186
https://doi.org/10.3389/fcell.2020.00532
https://doi.org/10.3389/fcell.2020.00532
https://doi.org/10.15252/embr.202051954
https://doi.org/10.15252/embr.202051954
https://doi.org/10.1074/jbc.M112.379164
https://doi.org/10.1074/jbc.M112.379164
https://doi.org/10.1073/pnas.1504880112
https://doi.org/10.1073/pnas.1504880112
https://doi.org/10.1371/journal.pone.0046293
https://doi.org/10.1371/journal.pone.0046293
https://doi.org/10.1111/jcmm.12863
https://doi.org/10.1111/jcmm.12863
https://doi.org/10.1242/jcs.171132
https://doi.org/10.1242/jcs.171132
https://doi.org/10.1091/mbc.E15-02-0120
https://doi.org/10.1242/jcs.253443
https://doi.org/10.1242/jcs.253443
https://doi.org/10.1523/JNEUROSCI.1357-09.2009
https://doi.org/10.1523/JNEUROSCI.1357-09.2009
https://doi.org/10.1083/jcb.202311137
https://doi.org/10.1083/jcb.202311137
https://doi.org/10.1016/j.tcb.2022.03.011
https://doi.org/10.1083/jcb.201807019
https://doi.org/10.1083/jcb.201807019
https://doi.org/10.1083/jcb.202111018
https://doi.org/10.1083/jcb.202111018
https://doi.org/10.1038/s41467-022-34365-8
https://doi.org/10.1038/s41467-022-34365-8
https://doi.org/10.1016/j.redox.2019.101415
https://doi.org/10.1016/j.redox.2019.101415
https://doi.org/10.3389/fcell.2022.918691
https://doi.org/10.3389/fcell.2022.918691
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature11910
https://doi.org/10.1016/j.scitotenv.2024.171234
https://doi.org/10.1016/j.mito.2023.07.005
https://doi.org/10.1016/j.mito.2023.07.005
https://doi.org/10.1038/s41419-017-0027-2
https://doi.org/10.1186/s12915-021-00979-5
https://doi.org/10.1186/s12915-021-00979-5
https://doi.org/10.1038/s41467-019-11646-3
https://doi.org/10.1038/s41467-019-11646-3
https://doi.org/10.1016/j.molcel.2010.04.003
https://doi.org/10.1016/j.bbamcr.2018.10.016
https://doi.org/10.1016/j.bbamcr.2018.10.016
https://doi.org/10.1016/j.cub.2017.12.047
https://doi.org/10.1016/j.cub.2017.12.047

The complex web of membrane contact sites in brain aging and neurodegeneration

Page 21 0of 25 301

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Bombelli F, Stojkovic T, Dubourg O et al (2014) Charcot-Marie-
Tooth disease type 2A: from typical to rare phenotypic and geno-
typic features. JAMA Neurol 71:1036—-1042. https://doi.org/10.1
001/jamaneurol.2014.629

Berenguer-Escuder C, Grossmann D, Massart F et al (2019)
Variants in Mirol cause alterations of ER-mitochondria contact
sites in fibroblasts from Parkinson’s disease patients. J Clin Med
8:2226. https://doi.org/10.3390/jcm8122226

McLelland G-L, Goiran T, Yi W et al (2018) Mfn2 ubiquitination
by PINK1/parkin gates the p97-dependent release of ER from
mitochondria to drive mitophagy. eLife 7:¢32866. https://doi.org/
10.7554/eLite.32866

Cali T, Ottolini D, Negro A, Brini M (2013) Enhanced parkin
levels favor ER-mitochondria crosstalk and guarantee Ca(2+)
transfer to sustain cell bioenergetics. Biochim Biophys Acta
1832:495-508. https://doi.org/10.1016/j.bbadis.2013.01.004
Franco A, Kitsis RN, Fleischer JA et al (2016) Correcting mito-
chondrial fusion by manipulating mitofusin conformations.
Nature 540:74-79. https://doi.org/10.1038/nature20156
Gomez-Suaga P, Paillusson S, Stoica R et al (2017) The ER-mito-
chondria tethering complex VAPB-PTPIP51 regulates autophagy.
Curr Biol CB 27:371-385. https://doi.org/10.1016/j.cub.2016.12.
038

Di Mattia T, Wilhelm LP, Ikhlef S et al (2018) Identification of
MOSPD?2, a novel scaffold for endoplasmic reticulum membrane
contact sites. EMBO Rep 19:e45453. https://doi.org/10.15252/e
mbr.201745453

Gomez-Suaga P, Pérez-Nievas BG, Glennon EB et al (2019) The
VAPB-PTPIP51 endoplasmic reticulum-mitochondria tethering
proteins are present in neuronal synapses and regulate synaptic
activity. Acta Neuropathol Commun 7:35. https://doi.org/10.1186
/s40478-019-0688-4

Lau DHW, Paillusson S, Hartopp N et al (2020) Disruption of
endoplasmic reticulum-mitochondria tethering proteins in post-
mortem Alzheimer’s disease brain. Neurobiol Dis 143:105020. h
ttps://doi.org/10.1016/j.nbd.2020.105020

Paillusson S, Gomez-Suaga P, Stoica R et al (2017) a-Synuclein
binds to the ER-mitochondria tethering protein VAPB to disrupt Ca2+
homeostasis and mitochondrial ATP production. Acta Neuropathol
(Berl) 134:129-149. https://doi.org/10.1007/s00401-017-1704-z
Stoica R, De Vos KJ, Paillusson S et al (2014) ER-mitochondria
associations are regulated by the VAPB-PTPIP51 interaction and
are disrupted by ALS/FTD-associated TDP-43. Nat Commun
5:3996. https://doi.org/10.1038/ncomms4996

Markovinovic A, Martin-Guerrero SM, Moérotz GM et al (2024)
Stimulating VAPB-PTPIP51 ER-mitochondria tethering corrects
FTD/ALS mutant TDP43 linked Ca2+ and synaptic defects. Acta
Neuropathol Commun 12:32. https://doi.org/10.1186/s40478-02
4-01742-x

Dietel E, Brobeil A, Delventhal L et al (2019) Crosstalks of the
PTPIPS51 interactome revealed in Her2 amplified breast cancer
cells by the novel small molecule LDC3/Dynarrestin. PLoS One
14:¢0216642. https://doi.org/10.1371/journal.pone.0216642
Hirabayashi Y, Kwon S-K, Paek H et al (2017) ER-mitochondria
tethering by PDZDS8 regulates Ca2+ dynamics in mammalian
neurons. Science 358:623-630. https://doi.org/10.1126/science.a
an6009

Guillén-Samander A, Leonzino M, Hanna MG et al (2021)
VPS13D bridges the ER to mitochondria and peroxisomes via
Miro. J Cell Biol 220:¢202010004. https://doi.org/10.1083/jcb.20
2010004

Nakamura K, Aoyama-Ishiwatari S, Nagao T et al (2024)
PDZDS-FKBPS8 tethering complex at ER-mitochondria contact
sites regulates mitochondrial complexity. BioRxiv Prepr Serv
Biol 2023.08.22.554218. https://doi.org/10.1101/2023.08.22.554
218

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Filadi R, Theurey P, Pizzo P (2017) The endoplasmic reticulum-
mitochondria coupling in health and disease: molecules, func-
tions and significance. Cell Calcium 62:1-15. https://doi.org/10
.1016/j.ceca.2017.01.003

Goedert M, Spillantini MG (2006) A century of Alzheimer’s dis-
ease. Science 314:777-781. https://doi.org/10.1126/science.1132
814

Cacabelos R (2022) What have we learnt from past failures in
Alzheimer’s disease drug discovery? Expert Opin Drug Discov
17:309-323. https://doi.org/10.1080/17460441.2022.2033724
Area-Gomez E, de Groof AJC, Boldogh I et al (2009) Presenil-
ins are enriched in endoplasmic reticulum membranes associated
with mitochondria. Am J Pathol 175:1810-1816. https://doi.org/1
0.2353/ajpath.2009.090219

Zampese E, Fasolato C, Kipanyula MJ et al (2011) Presenilin 2
modulates endoplasmic reticulum (ER)-mitochondria interac-
tions and Ca2+ cross-talk. Proc Natl Acad Sci U S A 108:2777—
2782. https://doi.org/10.1073/pnas. 1100735108

Hedskog L, Pinho CM, Filadi R et al (2013) Modulation of the
endoplasmic reticulum-mitochondria interface in Alzheimer’s
disease and related models. Proc Natl Acad Sci U S A 110:7916—
7921. https://doi.org/10.1073/pnas. 1300677110

Area-Gomez E, Del Carmen Lara Castillo M, Tambini MD et
al (2012) Upregulated function of mitochondria-associated ER
membranes in Alzheimer disease. EMBO J 31:4106—4123. https:
//doi.org/10.1038/emboj.2012.202

Calvo-Rodriguez M, Hou SS, Snyder AC et al (2020) Increased
mitochondrial calcium levels associated with neuronal death in a
mouse model of Alzheimer’s disease. Nat Commun 11:2146. http
s://doi.org/10.1038/s41467-020-16074-2

Cheng D, Lei Z-G, Chu K et al (2024) N, N-Dimethyltryptamine,
a natural hallucinogen, ameliorates Alzheimer’s disease by restor-
ing neuronal sigma-1 receptor-mediated endoplasmic reticulum-
mitochondria crosstalk. Alzheimers Res Ther 16:95. https://doi.o
rg/10.1186/s13195-024-01462-3

Calvo-Rodriguez M, Hernando-Perez E, Nuiiez L, Villalobos C
(2019) Amyloid B oligomers increase ER-mitochondria Ca2+
cross talk in young hippocampal neurons and exacerbate aging-
induced intracellular Ca2+ remodeling. Front Cell Neurosci
13:22. https://doi.org/10.3389/fncel.2019.00022

Cherubini M, Lopez-Molina L, Gines S (2020) Mitochondrial
fission in Huntington’s disease mouse striatum disrupts ER-
mitochondria contacts leading to disturbances in Ca2+ efflux
and reactive oxygen species (ROS) homeostasis. Neurobiol Dis
136:104741. https://doi.org/10.1016/j.nbd.2020.104741

Cheung K-H, Mei L, Mak D-OD et al (2010) Gain-of-function
enhancement of IP3 receptor modal gating by familial Alzheim-
er’s disease-linked presenilin mutants in human cells and mouse
neurons. Sci Signal 3:ra22. https://doi.org/10.1126/scisignal.200
0818

Kipanyula MJ, Contreras L, Zampese E et al (2012) Ca2+ dys-
regulation in neurons from transgenic mice expressing mutant
presenilin 2. Aging Cell 11:885-893. https://doi.org/10.1111/j.1
474-9726.2012.00858.x

Filadi R, Greotti E, Turacchio G et al (2016) Presenilin 2 modu-
lates endoplasmic reticulum-mitochondria coupling by tuning the
antagonistic effect of mitofusin 2. Cell Rep 15:2226-2238. https:
//doi.org/10.1016/j.celrep.2016.05.013

Rossini M, Garcia-Casas P, Filadi R, Pizzo P (2021) Loosening
ER-mitochondria coupling by the expression of the presenilin 2
loop domain. Cells 10:1968. https://doi.org/10.3390/cells100819
68

Rossi A, Rigotto G, Valente G et al (2020) Defective mitochon-
drial pyruvate flux affects cell bioenergetics in Alzheimer’s dis-
ease-related models. Cell Rep 30:2332-2348.¢10. https://doi.org/
10.1016/j.celrep.2020.01.060

@ Springer


https://doi.org/10.1016/j.ceca.2017.01.003
https://doi.org/10.1016/j.ceca.2017.01.003
https://doi.org/10.1126/science.1132814
https://doi.org/10.1126/science.1132814
https://doi.org/10.1080/17460441.2022.2033724
https://doi.org/10.2353/ajpath.2009.090219
https://doi.org/10.2353/ajpath.2009.090219
https://doi.org/10.1073/pnas.1100735108
https://doi.org/10.1073/pnas.1300677110
https://doi.org/10.1038/emboj.2012.202
https://doi.org/10.1038/emboj.2012.202
https://doi.org/10.1038/s41467-020-16074-2
https://doi.org/10.1038/s41467-020-16074-2
https://doi.org/10.1186/s13195-024-01462-3
https://doi.org/10.1186/s13195-024-01462-3
https://doi.org/10.3389/fncel.2019.00022
https://doi.org/10.1016/j.nbd.2020.104741
https://doi.org/10.1126/scisignal.2000818
https://doi.org/10.1126/scisignal.2000818
https://doi.org/10.1111/j.1474-9726.2012.00858.x
https://doi.org/10.1111/j.1474-9726.2012.00858.x
https://doi.org/10.1016/j.celrep.2016.05.013
https://doi.org/10.1016/j.celrep.2016.05.013
https://doi.org/10.3390/cells10081968
https://doi.org/10.3390/cells10081968
https://doi.org/10.1016/j.celrep.2020.01.060
https://doi.org/10.1016/j.celrep.2020.01.060
https://doi.org/10.1001/jamaneurol.2014.629
https://doi.org/10.1001/jamaneurol.2014.629
https://doi.org/10.3390/jcm8122226
https://doi.org/10.7554/eLife.32866
https://doi.org/10.7554/eLife.32866
https://doi.org/10.1016/j.bbadis.2013.01.004
https://doi.org/10.1038/nature20156
https://doi.org/10.1016/j.cub.2016.12.038
https://doi.org/10.1016/j.cub.2016.12.038
https://doi.org/10.15252/embr.201745453
https://doi.org/10.15252/embr.201745453
https://doi.org/10.1186/s40478-019-0688-4
https://doi.org/10.1186/s40478-019-0688-4
https://doi.org/10.1016/j.nbd.2020.105020
https://doi.org/10.1016/j.nbd.2020.105020
https://doi.org/10.1007/s00401-017-1704-z
https://doi.org/10.1038/ncomms4996
https://doi.org/10.1186/s40478-024-01742-x
https://doi.org/10.1186/s40478-024-01742-x
https://doi.org/10.1371/journal.pone.0216642
https://doi.org/10.1126/science.aan6009
https://doi.org/10.1126/science.aan6009
https://doi.org/10.1083/jcb.202010004
https://doi.org/10.1083/jcb.202010004
https://doi.org/10.1101/2023.08.22.554218
https://doi.org/10.1101/2023.08.22.554218

301

Page 22 of 25

D. Azarnia Tehran, P. Pizzo

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

Rossi A, Pizzo P (2021) Mitochondrial bioenergetics and neuro-
degeneration: a paso doble. Neural Regen Res 16:686—687. https
://doi.org/10.4103/1673-5374.295331

Fedeli C, Filadi R, Rossi A et al (2019) PSEN2 (presenilin 2)
mutants linked to familial Alzheimer disease impair autophagy
by altering Ca2+ homeostasis. Autophagy 15:2044-2062. https://
doi.org/10.1080/15548627.2019.1596489

Del Prete D, Suski JM, Oulés B et al (2017) Localization and
processing of the amyloid-p protein precursor in mitochondria-
associated membranes. J Alzheimers Dis JAD 55:1549-1570. htt
ps://doi.org/10.3233/JAD-160953

Pera M, Larrea D, Guardia-Laguarta C et al (2017) Increased
localization of APP-C99 in mitochondria-associated ER mem-
branes causes mitochondrial dysfunction in Alzheimer disease.
EMBO J 36:3356-3371. https://doi.org/10.15252/embj.2017967
97

Schreiner B, Hedskog L, Wichager B, Ankarcrona M (2015)
Amyloid- peptides are generated in mitochondria-associated
endoplasmic reticulum membranes. J Alzheimers Dis JAD
43:369-374. https://doi.org/10.3233/JAD-132543

Xu P, Chang JC, Zhou X et al (2021) GSAP regulates lipid homeo-
stasis and mitochondrial function associated with Alzheimer’s
disease. J Exp Med 218:€20202446. https://doi.org/10.1084/jem.
20202446

Choi GE, Park JY, Park MR et al (2023) Glucocorticoid enhances
presenilinl-dependent AP production at ER’s mitochondrial-
associated membrane by downregulating Rerl in neuronal cells.
Redox Biol 65:102821. https://doi.org/10.1016/j.redox.2023.102
821

Bhattacharyya R, Black SE, Lotlikar MS et al (2021) Axonal
generation of amyloid-f from palmitoylated APP in mitochon-
dria-associated endoplasmic reticulum membranes. Cell Rep
35:109134. https://doi.org/10.1016/j.celrep.2021.109134
Puebla-Huerta A, Huerta H, Quezada-Gutierez C et al (2025) Cal-
cium (Ca2+) fluxes at mitochondria-ER contact sites (MERCS)
are a new target of senolysis in therapy-induced senescence
(TIS). Npj Aging 11:11. https://doi.org/10.1038/s41514-025-001
97-1

Eddings CR, Arbez N, Akimov S et al (2019) Pridopidine protects
neurons from mutant-huntingtin toxicity via the sigma-1 receptor.
Neurobiol Dis 129:118-129. https://doi.org/10.1016/j.nbd.2019.0
5.009

Naia L, Ly P, Mota SI et al (2021) The sigma-1 receptor mediates
pridopidine rescue of mitochondrial function in huntington dis-
ease models. Neurother J Am Soc Exp Neurother 18:1017-1038.
https://doi.org/10.1007/s13311-021-01022-9

Ryskamp D, Wu L, Wu J et al (2019) Pridopidine stabilizes mush-
room spines in mouse models of Alzheimer’s disease by acting on
the sigma-1 receptor. Neurobiol Dis 124:489-504. https://doi.org/
10.1016/j.nbd.2018.12.022

Angebault C, Panel M, Lacote M et al (2020) Metformin reverses
the enhanced myocardial SR/ER-mitochondria interaction and
impaired complex I-driven respiration in dystrophin-deficient
mice. Front Cell Dev Biol 8:609493. https://doi.org/10.3389/fcell
.2020.609493

Tubbs E, Theurey P, Vial G et al (2014) Mitochondria-associated
endoplasmic reticulum membrane (MAM) integrity is required
for insulin signaling and is implicated in hepatic insulin resis-
tance. Diabetes 63:3279-3294. https://doi.org/10.2337/db13-175
1

Fernandes T, Domingues MR, Moreira PI, Pereira CF (2023) A
perspective on the link between mitochondria-associated mem-
branes (MAMs) and lipid droplets metabolism in neurodegenera-
tive diseases. Biology 12:414. https://doi.org/10.3390/biology12
030414

@ Springer

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Freyre CAC, Rauher PC, Ejsing CS, Klemm RW (2019) MIGA2
links mitochondria, the ER, and lipid droplets and promotes de
novo lipogenesis in adipocytes. Mol Cell 76:811-825.e14. https:/
/doi.org/10.1016/j.molcel.2019.09.011

Xu L, Wang X, Zhou J et al (2020) Miga-mediated endoplasmic
reticulum-mitochondria contact sites regulate neuronal homeo-
stasis. eLife 9:¢56584. https://doi.org/10.7554/eLife.56584

Di Mattia T, Martinet A, Ikhlef S et al (2020) FFAT motif phos-
phorylation controls formation and lipid transfer function of
inter-organelle contacts. EMBO J 39:¢104369. https://doi.org/10.
15252/embj.2019104369

Kim H, Lee S, Jun Y, Lee C (2022) Structural basis for mitoguar-
din-2 mediated lipid transport at ER-mitochondrial membrane
contact sites. Nat Commun 13:3702. https://doi.org/10.1038/s414
67-022-31462-6

Rusifiol AE, Cui Z, Chen MH, Vance JE (1994) A unique mitochon-
dria-associated membrane fraction from rat liver has a high capacity
for lipid synthesis and contains pre-Golgi secretory proteins includ-
ing nascent lipoproteins. J Biol Chem 269:27494-27502

Stone SJ, Levin MC, Zhou P et al (2009) The endoplasmic reticu-
lum enzyme DGAT?2 is found in mitochondria-associated mem-
branes and has a mitochondrial targeting signal that promotes its
association with mitochondria. J Biol Chem 284:5352-5361. http
s://doi.org/10.1074/jbc.M805768200

Wieckowski MR, Giorgi C, Lebiedzinska M et al (2009) Isolation
of mitochondria-associated membranes and mitochondria from
animal tissues and cells. Nat Protoc 4:1582—1590. https://doi.or
2/10.1038/nprot.2009.151

Gordaliza-Alaguero I, Cantd C, Zorzano A (2019) Metabolic
implications of organelle-mitochondria communication. EMBO
Rep 20:e47928. https://doi.org/10.15252/embr.201947928
Muallem S, Chung WY, Jha A, Ahuja M (2017) Lipids at mem-
brane contact sites: cell signaling and ion transport. EMBO Rep
18:1893—1904. https://doi.org/10.15252/embr.201744331

Dai L, Zou L, Meng L et al (2021) Cholesterol metabolism in
neurodegenerative diseases: molecular mechanisms and thera-
peutic targets. Mol Neurobiol 58:2183-2201. https://doi.org/10.
1007/s12035-020-02232-6

Harned TC, Stan RV, Cao Z et al (2023) Acute ACAT1/SOAT1
blockade increases MAM cholesterol and strengthens ER-mito-
chondria connectivity. Int J Mol Sci 24:5525. https://doi.org/10.3
390/ijms24065525

Fujimoto M, Hayashi T, Su T-P (2012) The role of cholesterol in
the association of endoplasmic reticulum membranes with mito-
chondria. Biochem Biophys Res Commun 417:635-639. https://d
oi.org/10.1016/j.bbrc.2011.12.022

Wu BX, Rajagopalan V, Roddy PL et al (2010) Identification
and characterization of murine mitochondria-associated neutral
sphingomyelinase (MA-nSMase), the mammalian sphingomyelin
phosphodiesterase 5. J Biol Chem 285:17993—18002. https://doi.
org/10.1074/jbc.M110.102988

Radhakrishnan A, Goldstein JL, McDonald JG, Brown MS
(2008) Switch-like control of SREBP-2 transport triggered by
small changes in ER cholesterol: a delicate balance. Cell Metab
8:512-521. https://doi.org/10.1016/j.cmet.2008.10.008
Browman DT, Resek ME, Zajchowski LD, Robbins SM (2006)
Erlin-1 and erlin-2 are novel members of the prohibitin family of
proteins that define lipid-raft-like domains of the ER. J Cell Sci
119:3149-3160. https://doi.org/10.1242/jcs.03060

Huber MD, Vesely PW, Datta K, Gerace L (2013) Erlins restrict
SREBP activation in the ER and regulate cellular cholesterol
homeostasis. J Cell Biol 203:427-436. https://doi.org/10.1083/j
¢b.201305076

Chen Y, Strickland MR, Soranno A, Holtzman DM (2021) Apo-
lipoprotein E: structural insights and links to Alzheimer disease


https://doi.org/10.1016/j.molcel.2019.09.011
https://doi.org/10.1016/j.molcel.2019.09.011
https://doi.org/10.7554/eLife.56584
https://doi.org/10.15252/embj.2019104369
https://doi.org/10.15252/embj.2019104369
https://doi.org/10.1038/s41467-022-31462-6
https://doi.org/10.1038/s41467-022-31462-6
https://doi.org/10.1074/jbc.M805768200
https://doi.org/10.1074/jbc.M805768200
https://doi.org/10.1038/nprot.2009.151
https://doi.org/10.1038/nprot.2009.151
https://doi.org/10.15252/embr.201947928
https://doi.org/10.15252/embr.201744331
https://doi.org/10.1007/s12035-020-02232-6
https://doi.org/10.1007/s12035-020-02232-6
https://doi.org/10.3390/ijms24065525
https://doi.org/10.3390/ijms24065525
https://doi.org/10.1016/j.bbrc.2011.12.022
https://doi.org/10.1016/j.bbrc.2011.12.022
https://doi.org/10.1074/jbc.M110.102988
https://doi.org/10.1074/jbc.M110.102988
https://doi.org/10.1016/j.cmet.2008.10.008
https://doi.org/10.1242/jcs.03060
https://doi.org/10.1083/jcb.201305076
https://doi.org/10.1083/jcb.201305076
https://doi.org/10.4103/1673-5374.295331
https://doi.org/10.4103/1673-5374.295331
https://doi.org/10.1080/15548627.2019.1596489
https://doi.org/10.1080/15548627.2019.1596489
https://doi.org/10.3233/JAD-160953
https://doi.org/10.3233/JAD-160953
https://doi.org/10.15252/embj.201796797
https://doi.org/10.15252/embj.201796797
https://doi.org/10.3233/JAD-132543
https://doi.org/10.1084/jem.20202446
https://doi.org/10.1084/jem.20202446
https://doi.org/10.1016/j.redox.2023.102821
https://doi.org/10.1016/j.redox.2023.102821
https://doi.org/10.1016/j.celrep.2021.109134
https://doi.org/10.1038/s41514-025-00197-1
https://doi.org/10.1038/s41514-025-00197-1
https://doi.org/10.1016/j.nbd.2019.05.009
https://doi.org/10.1016/j.nbd.2019.05.009
https://doi.org/10.1007/s13311-021-01022-9
https://doi.org/10.1007/s13311-021-01022-9
https://doi.org/10.1016/j.nbd.2018.12.022
https://doi.org/10.1016/j.nbd.2018.12.022
https://doi.org/10.3389/fcell.2020.609493
https://doi.org/10.3389/fcell.2020.609493
https://doi.org/10.2337/db13-1751
https://doi.org/10.2337/db13-1751
https://doi.org/10.3390/biology12030414
https://doi.org/10.3390/biology12030414

The complex web of membrane contact sites in brain aging and neurodegeneration

Page 23 of 25 301

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

pathogenesis. Neuron 109:205-221. https://doi.org/10.1016/j.neu
ron.2020.10.008

Beel AJ, Mobley CK, Kim HJ et al (2008) Structural studies of
the transmembrane C-terminal domain of the amyloid precursor
protein (APP): does APP function as a cholesterol sensor? Bio-
chemistry 47:9428-9446. https://doi.org/10.1021/bi800993¢c
Montesinos J, Pera M, Larrea D et al (2020) The Alzheimer’s
disease-associated C99 fragment of APP regulates cellular cho-
lesterol trafficking. EMBO J 39:e103791. https://doi.org/10.1525
2/embj.2019103791

Urano Y, Hayashi I, Isoo N et al (2005) Association of active
gamma-secretase complex with lipid rafts. J Lipid Res 46:904—
912. https://doi.org/10.1194/j1r.M400333-JLR200
Guardia-Laguarta C, Coma M, Pera M et al (2009) Mild cho-
lesterol depletion reduces amyloid-beta production by impairing
APP trafficking to the cell surface. ] Neurochem 110:220-230. ht
tps://doi.org/10.1111/.1471-4159.2009.06126.x

Bryleva EY, Rogers MA, Chang CCY et al (2010) ACAT1 gene
ablation increases 24(S)-hydroxycholesterol content in the brain
and ameliorates amyloid pathology in mice with AD. Proc Natl
Acad Sci U S A 107:3081-3086. https://doi.org/10.1073/pnas.09
13828107

Puglielli L, Konopka G, Pack-Chung E et al (2001) Acyl-coen-
zyme A: cholesterol acyltransferase modulates the generation of
the amyloid beta-peptide. Nat Cell Biol 3:905-912. https://doi.or
2/10.1038/ncb1001-905

Zhao Y, Hu D, Wang R et al (2022) ATAD3A oligomerization
promotes neuropathology and cognitive deficits in Alzheimer’s
disease models. Nat Commun 13:1121. https://doi.org/10.1038/s
41467-022-28769-9

Giacomello M, Pyakurel A, Glytsou C, Scorrano L (2020) The cell
biology of mitochondrial membrane dynamics. Nat Rev Mol Cell
Biol 21:204-224. https://doi.org/10.1038/s41580-020-0210-7
Abrisch RG, Gumbin SC, Wisniewski BT et al (2020) Fission
and fusion machineries converge at ER contact sites to regulate
mitochondrial morphology. J Cell Biol 219:€201911122. https://d
oi.org/10.1083/jcb.201911122

Manor U, Bartholomew S, Golani G et al (2015) A mitochondria-
anchored isoform of the actin-nucleating spire protein regulates
mitochondrial division. eLife 4:¢08828. https://doi.org/10.7554/
eLife.08828

Chakrabarti R, Ji W-K, Stan RV et al (2018) INF2-mediated
actin polymerization at the ER stimulates mitochondrial calcium
uptake, inner membrane constriction, and division. J Cell Biol
217:251-268. https://doi.org/10.1083/jcb.201709111

Ilamathi HS, Benhammouda S, Lounas A et al (2023) Contact
sites between endoplasmic reticulum sheets and mitochon-
dria regulate mitochondrial DNA replication and segregation.
iScience 26:107180. https://doi.org/10.1016/j.is¢i.2023.107180
Filadi R, Greotti E, Pizzo P (2018) Highlighting the endoplasmic
reticulum-mitochondria connection: focus on mitofusin 2. Phar-
macol Res 128:42-51. https://doi.org/10.1016/j.phrs.2018.01.003
Nguyen TT, Voeltz GK (2022) An ER phospholipid hydrolase
drives ER-associated mitochondrial constriction for fission and
fusion. eLife 11:e84279. https://doi.org/10.7554/eLife.84279
Ganji R, Paulo JA, Xi Y et al (2023) The p97-UBXD8 complex
regulates ER-mitochondria contact sites by altering membrane
lipid saturation and composition. Nat Commun 14:638. https://do
i.org/10.1038/s41467-023-36298-2

Planas-Serra L, Launay N, Goicoechea L et al (2023) Sphingo-
lipid desaturase DEGS1 is essential for mitochondria-associated
membrane integrity. J Clin Invest 133:€162957. https://doi.org/10
1172/JC1162957

Wu W, Lin C, Wu K et al (2016) FUNDCI1 regulates mito-
chondrial dynamics at the ER-mitochondrial contact site under

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

hypoxic conditions. EMBO J 35:1368-1384. https://doi.org/10.1
5252/embj.201593102

Wang L, Wang P, Dong H et al (2018) Ulkl/FUNDCI prevents
nerve cells from hypoxia-induced apoptosis by promoting cell
autophagy. Neurochem Res 43:1539-1548. https://doi.org/10.10
07/s11064-018-2568-x

Booth DM, Enyedi B, Geiszt M et al (2016) Redox nanodomains
are induced by and control calcium signaling at the ER-mitochon-
drial interface. Mol Cell 63:240-248. https://doi.org/10.1016/j.m
olcel.2016.05.040

Debattisti V, Gerencser AA, Saotome M et al (2017) ROS control
mitochondrial motility through p38 and the motor adaptor Miro/
Trak. Cell Rep 21:1667—1680. https://doi.org/10.1016/j.celrep.20
17.10.060

Giorgio M, Migliaccio E, Orsini F et al (2005) Electron trans-
fer between cytochrome c and p66Shc generates reactive oxygen
species that trigger mitochondrial apoptosis. Cell 122:221-233. h
ttps://doi.org/10.1016/j.cell.2005.05.011

Lebiedzinska M, Duszynski J, Rizzuto R et al (2009) Age-related
changes in levels of p66Shc and serine 36-phosphorylated p66Shc
in organs and mouse tissues. Arch Biochem Biophys 486:73—80.
https://doi.org/10.1016/j.abb.2009.03.007

Pandolfi S, Bonafe M, Di Tella L et al (2005) p66(shc) is highly
expressed in fibroblasts from centenarians. Mech Ageing Dev
126:839-844. https://doi.org/10.1016/j.mad.2005.03.004

Napoli C, Martin-Padura I, de Nigris F et al (2003) Deletion of
the p66Shce longevity gene reduces systemic and tissue oxidative
stress, vascular cell apoptosis, and early atherogenesis in mice fed
a high-fat diet. Proc Natl Acad Sci U S A 100:2112-2116. https://
doi.org/10.1073/pnas.0336359100

Rasola A, Bernardi P (2011) Mitochondrial permeability transi-
tion in Ca(2+)-dependent apoptosis and necrosis. Cell Calcium
50:222-233. https://doi.org/10.1016/j.ceca.2011.04.007

Wang T, Chen J, Hou Y et al (2019) BAP31 deficiency contrib-
utes to the formation of amyloid-f plaques in Alzheimer’s disease
by reducing the stability of RTN3. FASEB J Off Publ Fed Am Soc
Exp Biol 33:4936-4946. https://doi.org/10.1096/17.201801702R
Joshi AU, Saw NL, Shamloo M, Mochly-Rosen D (2018) Drp1/
Fisl interaction mediates mitochondrial dysfunction, bioener-
getic failure and cognitive decline in Alzheimer’s disease. Onco-
target 9:6128-6143. https://doi.org/10.18632/oncotarget.23640
Garrido-Maraver J, Loh SHY, Martins LM (2020) Forcing con-
tacts between mitochondria and the endoplasmic reticulum
extends lifespan in a Drosophila model of Alzheimer’s disease.
Biol Open 9:bio047530. https://doi.org/10.1242/bi0.047530
Arruda AP, Pers BM, Parlakgiil G et al (2014) Chronic enrich-
ment of hepatic endoplasmic reticulum-mitochondria contact
leads to mitochondrial dysfunction in obesity. Nat Med 20:1427—
1435. https://doi.org/10.1038/nm.3735

Madreiter-Sokolowski CT, Waldeck-Weiermair M, Bourguignon
M-P et al (2019) Enhanced inter-compartmental Ca2+ flux modu-
lates mitochondrial metabolism and apoptotic threshold during
aging. Redox Biol 20:458-466. https://doi.org/10.1016/j.redox.2
018.11.003

Calvo-Rodriguez M, Garcia-Durillo M, Villalobos C, Nuiiez L
(2016) In vitro aging promotes endoplasmic reticulum (ER)-
mitochondria Ca2+ cross talk and loss of store-operated Ca2+
entry (SOCE) in rat hippocampal neurons. Biochim Biophys Acta
1863:2637-2649. https://doi.org/10.1016/j.bbamcr.2016.08.001
Herker E, Vieyres G, Beller M et al (2021) Lipid droplet contact
sites in health and disease. Trends Cell Biol 31:345-358. https://d
0i.org/10.1016/j.tcb.2021.01.004

Schuldiner M, Bohnert M (2017) A different kind of love - lipid
droplet contact sites. Biochim Biophys Acta Mol Cell Biol Lipids
1862:1188-1196. https://doi.org/10.1016/j.bbalip.2017.06.005

@ Springer


https://doi.org/10.15252/embj.201593102
https://doi.org/10.15252/embj.201593102
https://doi.org/10.1007/s11064-018-2568-x
https://doi.org/10.1007/s11064-018-2568-x
https://doi.org/10.1016/j.molcel.2016.05.040
https://doi.org/10.1016/j.molcel.2016.05.040
https://doi.org/10.1016/j.celrep.2017.10.060
https://doi.org/10.1016/j.celrep.2017.10.060
https://doi.org/10.1016/j.cell.2005.05.011
https://doi.org/10.1016/j.cell.2005.05.011
https://doi.org/10.1016/j.abb.2009.03.007
https://doi.org/10.1016/j.abb.2009.03.007
https://doi.org/10.1016/j.mad.2005.03.004
https://doi.org/10.1073/pnas.0336359100
https://doi.org/10.1073/pnas.0336359100
https://doi.org/10.1016/j.ceca.2011.04.007
https://doi.org/10.1096/fj.201801702R
https://doi.org/10.18632/oncotarget.23640
https://doi.org/10.1242/bio.047530
https://doi.org/10.1038/nm.3735
https://doi.org/10.1016/j.redox.2018.11.003
https://doi.org/10.1016/j.redox.2018.11.003
https://doi.org/10.1016/j.bbamcr.2016.08.001
https://doi.org/10.1016/j.tcb.2021.01.004
https://doi.org/10.1016/j.tcb.2021.01.004
https://doi.org/10.1016/j.bbalip.2017.06.005
https://doi.org/10.1016/j.neuron.2020.10.008
https://doi.org/10.1016/j.neuron.2020.10.008
https://doi.org/10.1021/bi800993c
https://doi.org/10.15252/embj.2019103791
https://doi.org/10.15252/embj.2019103791
https://doi.org/10.1194/jlr.M400333-JLR200
https://doi.org/10.1111/j.1471-4159.2009.06126.x
https://doi.org/10.1111/j.1471-4159.2009.06126.x
https://doi.org/10.1073/pnas.0913828107
https://doi.org/10.1073/pnas.0913828107
https://doi.org/10.1038/ncb1001-905
https://doi.org/10.1038/ncb1001-905
https://doi.org/10.1038/s41467-022-28769-9
https://doi.org/10.1038/s41467-022-28769-9
https://doi.org/10.1038/s41580-020-0210-7
https://doi.org/10.1083/jcb.201911122
https://doi.org/10.1083/jcb.201911122
https://doi.org/10.7554/eLife.08828
https://doi.org/10.7554/eLife.08828
https://doi.org/10.1083/jcb.201709111
https://doi.org/10.1016/j.isci.2023.107180
https://doi.org/10.1016/j.phrs.2018.01.003
https://doi.org/10.7554/eLife.84279
https://doi.org/10.1038/s41467-023-36298-2
https://doi.org/10.1038/s41467-023-36298-2
https://doi.org/10.1172/JCI162957
https://doi.org/10.1172/JCI162957

301

Page 24 of 25

D. Azarnia Tehran, P. Pizzo

271.

272.

273.

274.

275.

276.

2717.

278.

279.

280.

281.

282.

283.

284.

285.

286.

Szymanski KM, Binns D, Bartz R et al (2007) The lipodystro-
phy protein seipin is found at endoplasmic reticulum lipid drop-
let junctions and is important for droplet morphology. Proc Natl
Acad Sci U S A 104:20890-20895. https://doi.org/10.1073/pnas.
0704154104

Chung J, Wu X, Lambert TJ et al (2019) LDAF1 and seipin form
a lipid droplet assembly complex. Dev Cell 51:551-563.¢7. https:
//doi.org/10.1016/j.devcel.2019.10.006

Wang H, Becuwe M, Housden BE et al (2016) Seipin is required
for converting nascent to mature lipid droplets. eLife 5:¢16582. h
ttps://doi.org/10.7554/eLife.16582

Magré J, Delépine M, Khallouf E et al (2001) Identification of
the gene altered in Berardinelli-Seip congenital lipodystrophy on
chromosome 11q13. Nat Genet 28:365-370. https://doi.org/10.10
38/ng585

Windpassinger C, Auer-Grumbach M, Irobi J et al (2004) Hetero-
zygous missense mutations in BSCL2 are associated with distal
hereditary motor neuropathy and Silver syndrome. Nat Genet
36:271-276. https://doi.org/10.1038/ng1313

Chang H, Di T, Wang Y et al (2019) Seipin deletion in mice
enhances phosphorylation and aggregation of tau protein through
reduced neuronal PPARy and insulin resistance. Neurobiol Dis
127:350-361. https://doi.org/10.1016/j.nbd.2019.03.023

Zhou L, Yin J, Wang C et al (2014) Lack of seipin in neurons
results in anxiety- and depression-like behaviors via down regula-
tion of PPARy. Hum Mol Genet 23:4094-4102. https://doi.org/10
.1093/hmg/ddul26

LiG, Zhou L, Zhu Y et al (2015) Seipin knockout in mice impairs
stem cell proliferation and progenitor cell differentiation in the
adult hippocampal dentate gyrus via reduced levels of PPARy.
Dis Model Mech 8:1615-1624. https://doi.org/10.1242/dmm.021
550

Zhou L, Chen T, Li G et al (2016) Activation of PPARy ame-
liorates spatial cognitive deficits through restoring expression of
AMPA receptors in seipin knock-out mice. J Neurosci Off J Soc
Neurosci 36:1242—1253. https://doi.org/10.1523/JNEUROSCI.3
280-15.2016

Wang L, Hong J, Wu Y et al (2018) Seipin deficiency in mice
causes loss of dopaminergic neurons via aggregation and phos-
phorylation of a-synuclein and neuroinflammation. Cell Death
Dis 9:440. https://doi.org/10.1038/s41419-018-0471-7

Qian Y, Yin J, Hong J et al (2016) Neuronal seipin knockout
facilitates AB-induced neuroinflammation and neurotoxicity via
reduction of PPARY in hippocampus of mouse. J Neuroinflamma-
tion 13:145. https://doi.org/10.1186/s12974-016-0598-3

Datta S, Liu Y, Hariri H et al (2019) Cerebellar ataxia disease-
associated Snx14 promotes lipid droplet growth at ER-droplet
contacts. J Cell Biol 218:1335—1351. https://doi.org/10.1083/jcb.
201808133

Xu N, Zhang SO, Cole RA et al (2012) The FATP1-DGAT2 com-
plex facilitates lipid droplet expansion at the ER-lipid droplet
interface. J Cell Biol 198:895-911. https://doi.org/10.1083/jcb.20
1201139

Hong YB, Kang J, Kim JH et al (2016) DGAT2 mutation in a
family with autosomal-dominant early-onset axonal Charcot-
Marie-Tooth disease. Hum Mutat 37:473—480. https://doi.org/10.
1002/humu.22959

Wu Q, Sun X, Yue W et al (2016) RABI18S, a protein associated
with Warburg Micro syndrome, controls neuronal migration in
the developing cerebral cortex. Mol Brain 9:19. https://doi.org/10
.1186/s13041-016-0198-2

Du X, Zhou L, Aw YC et al (2020) ORP5 localizes to ER-lipid
droplet contacts and regulates the level of PI(4)P on lipid drop-
lets. J Cell Biol 219:¢201905162. https://doi.org/10.1083/jcb.201
905162

@ Springer

287.

288.

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

Zouiouich M, Di Mattia T, Martinet A et al (2022) MOSPD2 is
an endoplasmic reticulum-lipid droplet tether functioning in LD
homeostasis. J Cell Biol 221:¢202110044. https://doi.org/10.108
3/jcb.202110044

Mattson MP, Arumugam TV (2018) Hallmarks of brain aging:
adaptive and pathological modification by metabolic states. Cell
Metab 27:1176—1199. https://doi.org/10.1016/j.cmet.2018.05.011
Partridge L, Deelen J, Slagboom PE (2018) Facing up to the
global challenges of ageing. Nature 561:45-56. https://doi.org/10
.1038/s41586-018-0457-8

Brunet A (2020) Old and new models for the study of human age-
ing. Nat Rev Mol Cell Biol 21:491-493. https://doi.org/10.1038/
s41580-020-0266-4

Vadodaria KC, Jones JR, Linker S, Gage FH (2020) Modeling brain
disorders using induced pluripotent stem cells. Cold Spring Harb Per-
spect Biol 12:2035659. https://doi.org/10.1101/cshperspect.a035659
Zhang W, Qu J, Liu G-H, Belmonte JCI (2020) The ageing epig-
enome and its rejuvenation. Nat Rev Mol Cell Biol 21:137-150.
https://doi.org/10.1038/s41580-019-0204-5

Mertens J, Reid D, Lau S et al (2018) Aging in a dish: iPSC-
derived and directly induced neurons for studying brain aging and
age-related neurodegenerative diseases. Annu Rev Genet 52:271—
293. https://doi.org/10.1146/annurev-genet-120417-031534
Mertens J, Marchetto MC, Bardy C, Gage FH (2016) Evaluating
cell reprogramming, differentiation and conversion technologies
in neuroscience. Nat Rev Neurosci 17:424-437. https://doi.org/1
0.1038/nrn.2016.46

Traxler L, Edenhofer F, Mertens J (2019) Next-generation disease
modeling with direct conversion: a new path to old neurons. FEBS
Lett 593:3316-3337. https://doi.org/10.1002/1873-3468.13678
Kim Y, Zheng X, Ansari Z et al (2018) Mitochondrial aging
defects emerge in directly reprogrammed human neurons due to
their metabolic profile. Cell Rep 23:2550-2558. https://doi.org/1
0.1016/j.celrep.2018.04.105

Luo C, Lee QY, Wapinski O et al (2019) Global DNA methylation
remodeling during direct reprogramming of fibroblasts to neu-
rons. eLife 8:e40197. https://doi.org/10.7554/eLife.40197
Mertens J, Paquola ACM, Ku M et al (2015) Directly repro-
grammed human neurons retain aging-associated transcriptomic
signatures and reveal age-related nucleocytoplasmic defects. Cell
Stem Cell 17:705-718. https://doi.org/10.1016/j.stem.2015.09.001
Traxler L, Herdy JR, Stefanoni D et al (2022) Warburg-like meta-
bolic transformation underlies neuronal degeneration in sporadic
Alzheimer’s disease. Cell Metab 34:1248-1263.¢6. https://doi.or
2/10.1016/j.cmet.2022.07.014

Mertens J, Herdy JR, Traxler L et al (2021) Age-dependent insta-
bility of mature neuronal fate in induced neurons from Alzheim-
er’s patients. Cell Stem Cell 28:1533-1548.¢6. https://doi.org/10.
1016/j.stem.2021.04.004

Herdy J, Schafer S, Kim Y et al (2019) Chemical modulation of
transcriptionally enriched signaling pathways to optimize the
conversion of fibroblasts into neurons. eLife 8:¢41356. https://do
i.org/10.7554/eLife.41356

Victor MB, Richner M, Olsen HE et al (2018) Striatal neurons
directly converted from Huntington’s disease patient fibroblasts
recapitulate age-associated disease phenotypes. Nat Neurosci
21:341-352. https://doi.org/10.1038/s41593-018-0075-7

Tang Y, Liu M-L, Zang T, Zhang C-L (2017) Direct reprogram-
ming rather than iPSC-based reprogramming maintains aging
hallmarks in human motor neurons. Front Mol Neurosci 10:359.
https://doi.org/10.3389/fnmol.2017.00359

Capano LS, Sato C, Ficulle E et al (2022) Recapitulation of
endogenous 4R tau expression and formation of insoluble tau in
directly reprogrammed human neurons. Cell Stem Cell 29:918-
932.e8. https://doi.org/10.1016/j.stem.2022.04.018


https://doi.org/10.1083/jcb.202110044
https://doi.org/10.1083/jcb.202110044
https://doi.org/10.1016/j.cmet.2018.05.011
https://doi.org/10.1038/s41586-018-0457-8
https://doi.org/10.1038/s41586-018-0457-8
https://doi.org/10.1038/s41580-020-0266-4
https://doi.org/10.1038/s41580-020-0266-4
https://doi.org/10.1101/cshperspect.a035659
https://doi.org/10.1038/s41580-019-0204-5
https://doi.org/10.1038/s41580-019-0204-5
https://doi.org/10.1146/annurev-genet-120417-031534
https://doi.org/10.1038/nrn.2016.46
https://doi.org/10.1038/nrn.2016.46
https://doi.org/10.1002/1873-3468.13678
https://doi.org/10.1016/j.celrep.2018.04.105
https://doi.org/10.1016/j.celrep.2018.04.105
https://doi.org/10.7554/eLife.40197
https://doi.org/10.1016/j.stem.2015.09.001
https://doi.org/10.1016/j.cmet.2022.07.014
https://doi.org/10.1016/j.cmet.2022.07.014
https://doi.org/10.1016/j.stem.2021.04.004
https://doi.org/10.1016/j.stem.2021.04.004
https://doi.org/10.7554/eLife.41356
https://doi.org/10.7554/eLife.41356
https://doi.org/10.1038/s41593-018-0075-7
https://doi.org/10.3389/fnmol.2017.00359
https://doi.org/10.3389/fnmol.2017.00359
https://doi.org/10.1016/j.stem.2022.04.018
https://doi.org/10.1073/pnas.0704154104
https://doi.org/10.1073/pnas.0704154104
https://doi.org/10.1016/j.devcel.2019.10.006
https://doi.org/10.1016/j.devcel.2019.10.006
https://doi.org/10.7554/eLife.16582
https://doi.org/10.7554/eLife.16582
https://doi.org/10.1038/ng585
https://doi.org/10.1038/ng585
https://doi.org/10.1038/ng1313
https://doi.org/10.1016/j.nbd.2019.03.023
https://doi.org/10.1093/hmg/ddu126
https://doi.org/10.1093/hmg/ddu126
https://doi.org/10.1242/dmm.021550
https://doi.org/10.1242/dmm.021550
https://doi.org/10.1523/JNEUROSCI.3280-15.2016
https://doi.org/10.1523/JNEUROSCI.3280-15.2016
https://doi.org/10.1038/s41419-018-0471-7
https://doi.org/10.1186/s12974-016-0598-3
https://doi.org/10.1083/jcb.201808133
https://doi.org/10.1083/jcb.201808133
https://doi.org/10.1083/jcb.201201139
https://doi.org/10.1083/jcb.201201139
https://doi.org/10.1002/humu.22959
https://doi.org/10.1002/humu.22959
https://doi.org/10.1186/s13041-016-0198-2
https://doi.org/10.1186/s13041-016-0198-2
https://doi.org/10.1083/jcb.201905162
https://doi.org/10.1083/jcb.201905162

The complex web of membrane contact sites in brain aging and neurodegeneration

Page 25 0f 25 301

30s.

306.

307.

308.

Chou C-C, Vest R, Prado MA et al (2025) Proteostasis and lyso-
somal repair deficits in transdifferentiated neurons of Alzheimer’s
disease. Nat Cell Biol. https://doi.org/10.1038/s41556-025-01623-y
Kwak C, Shin S, Park J-S et al (2020) Contact-ID, a tool for pro-
filing organelle contact sites, reveals regulatory proteins of mito-
chondrial-associated membrane formation. Proc Natl Acad Sci U
S A 117:12109-12120. https://doi.org/10.1073/pnas.1916584117
Bezawork-Geleta A, Devereux CJ, Keenan SN et al (2025) Prox-
imity proteomics reveals a mechanism of fatty acid transfer at lipid
droplet-mitochondria- endoplasmic reticulum contact sites. Nat
Commun 16:2135. https://doi.org/10.1038/s41467-025-57405-5
Zhou M, Kong B, Zhang X et al (2023) A proximity labeling
strategy enables proteomic analysis of inter-organelle membrane
contacts. iScience 26:107159. https://doi.org/10.1016/j.is¢1.2023.
107159

309.

310.

311.

Wheat A, Yu C, Wang X et al (2021) Protein interaction land-
scapes revealed by advanced in vivo cross-linking-mass spec-
trometry. Proc Natl Acad Sci U S A 118:¢2023360118. https://doi
.org/10.1073/pnas.2023360118

Chavez JD, Schweppe DK, Eng JK et al (2015) Quantitative
interactome analysis reveals a chemoresistant edgotype. Nat
Commun 6:7928. https://doi.org/10.1038/ncomms8928

Leung MR, Zenezini Chiozzi R, Roelofs MC et al (2021) In-cell
structures of conserved supramolecular protein arrays at the mito-
chondria-cytoskeleton interface in mammalian sperm. Proc Natl
Acad Sci U S A 118:¢2110996118. https://doi.org/10.1073/pnas.2
110996118

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1073/pnas.2023360118
https://doi.org/10.1073/pnas.2023360118
https://doi.org/10.1038/ncomms8928
https://doi.org/10.1073/pnas.2110996118
https://doi.org/10.1073/pnas.2110996118
https://doi.org/10.1038/s41556-025-01623-y
https://doi.org/10.1073/pnas.1916584117
https://doi.org/10.1038/s41467-025-57405-5
https://doi.org/10.1016/j.isci.2023.107159
https://doi.org/10.1016/j.isci.2023.107159

	﻿The complex web of membrane contact sites in brain aging and neurodegeneration
	﻿Abstract
	﻿Introduction
	﻿Definition and experimental approaches for studying membrane contact sites
	﻿Ca﻿2+﻿ and lipid exchange at ER-PM contact sites in neurons
	﻿ER-PM contact sites as gatekeepers of neuronal Ca﻿2+﻿ signalling
	﻿Lipid homeostasis at neuronal ER-PM contact sites

	﻿The multifaced roles of ER-mitochondria contact sites: functions and molecules
	﻿Molecular mechanisms of Ca﻿2+﻿ exchange at ER-mitochondria contact sites
	﻿ER-mitochondria coupling in Alzheimer’s disease and aging
	﻿Lipid regulation at ER-mitochondria contact sites
	﻿The role of MAMs in mitochondrial dynamics and quality control, ROS production and cell death

	﻿Lipid droplet contact sites in lipid storage and redistribution
	﻿Conclusion and future perspectives
	﻿References


