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Lay summary

You probably heard of the neurological disease ALS, perhaps you even know someone who has this
disease. ALS stands for amyotrophic lateral sclerosis and causes dysfunction of nerve cells in the
brain and spinal cord that control muscle movement. The result is that ALS patients are not able to
control voluntary muscle activity. Voluntary muscle movements enable you to speak, walk and chew.
It all starts in the brain, with a type of nerve cells called motor neurons. These motor neurons extend
from the brain to the spinal cord and to the muscles all throughout the body. Motor neurons will
degenerate (die) over time and will stop sending information to muscle cells, which will weaken over
time and start to twitch. Eventually, the brain is not able to control these muscles anymore and the
voluntary movement thereof. ALS is a progressive disease, which means the symptoms get worse,
until eventually the patient will die within a few years after diagnosis. At the moment, there is no
cure for ALS and treatments are not very effective in a way that they do not arrest disease
progression. In order to find a cure, we need to understand what is happening inside the cells of ALS
patients. Every cell possesses organelles, the little organs that regulate all the functions a cell needs
to exert. So does the nucleus, for example, enclose the DNA with all the genomic information. In this
review, | focussed on the organelles endoplasmic reticulum (ER) and mitochondria. The ER is a very
large organelle and is mostly responsible for the important task of protein synthesis, folding,
modification and transport. Proteins perform almost all functions in cells and in the body, regulating
essential processes. Mitochondria are the so-called “powerhouses” of the cell, providing energy for
other organelles and proteins to exert their functions. The ER and mitochondria can come into very
close proximity and make contact. Various proteins regulate these ER-mitochondria contact sites
(ERMCSs), these proteins are called “tethers”. In various research studies, it came to light that
ERMCSs are sometimes disrupted in ALS patients. This does not come as a surprise, as ERMCSs
regulate important cellular processes that are disrupted in ALS. Some of these functions include the
regulation of calcium concentrations in the cell, lipid (fat-like molecules) metabolism, cellular stress
responses, the breakdown of damaged proteins or organelles (autophagy) and transport of various
compounds throughout neurons. Over the past decades, more and more information about the
important roles of ERMCSs in neurons, and more specifically in ALS patient neurons, has been
brought to light. In this review | will discuss the functions of ERMCSs and how their disruption is
contributing to ALS.



Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by
degeneration of both upper and lower motor neurons in several parts of the central nervous system.
Degeneration of the motor neurons eventually results in patient death within a few years of
prognosis. Currently, there is no treatment that cures ALS. Finding new therapeutics is challenging, as
many cellular processes are disrupted in ALS including Ca®* homeostasis, lipid metabolism, the
unfolded protein response (UPR), autophagy and axonal transport. It was shown that communication
between the endoplasmic reticulum (ER) and other organelles plays an important role herein. More
specifically, disrupted communication at the interface between the ER and mitochondria has been
linked to ALS pathology. These so-called ER-mitochondria contact sites (ERMCSs) are maintained by
tether proteins or complexes. Over the past years, mutations in tethers have been extensively linked
to several neurodegenerative diseases. Thus, conserving the ERMCSs and its tethers is essential for
proper cellular functioning. This review will focus on the architecture of ERMCSs, the molecular
processes executed at these sites, and how ALS-related mutations that disrupt the contact site can
lead to ALS pathology.

Introduction

ALS is a fatal neurodegenerative disease that affects both upper and lower motor neurons in the
cerebral cortex, brain stem and spinal cord. Loss of motor neurons leads to muscle atrophy and
muscle weakness, including respiratory muscles. This leads to death within a few years of disease
onset. ALS has a middle to late age onset and is the most common adult motor neuron disease. Only
about 10% of ALS cases is found to be familial, and although ALS is believed to have a large genetic
component, many gene variants causing the disease remain unknown. The vast majority of ALS cases
is therefor categorized as sporadic. ALS is a complex disease, indicated to play a role in many cellular
processes and with a large heterogeneity between patients. Making matters even more complex;
there is no cure for the disease at the moment. Current treatment options exist solely of symptom
management (1, 2).

Many cellular processes are disrupted in ALS, such as Ca** homeostasis, lipid metabolism, the UPR,
autophagy and axonal transport (3). Communication between the ER and other organelles was found
to play an important role in these processes. At specific membrane contact sites (MCSs), processes
such as lipid and ion transfer and homeostasis, signalling and organelle division and localization are
maintained, as has been described previously in other reviews (4-7). Specifically disrupted
communication between the ER and the mitochondria has been linked to the pathogenesis of ALS
previously (8). These ERMCSs are typically spaced at 10-30 nm and maintained by tether proteins or
complexes (9). A common, well described family of tethering proteins are the vehicle-associated
membrane protein (VAMP-) associated proteins (VAPs). In the past two decades an increased
interest has been taken in VAPs, because they have been associated with several neurodegenerative
diseases including ALS, Charcot-Marie-Tooth (CMT), frontotemporal dementia (FD), Alzheimer’s
disease (AD) and Parkinson’s disease (PD) (10).

Many reviews have been written on VAPs and their role in neurodegenerative diseases (10, 11), on
ER contact sites with other organelles (6, 12), on the ERMCS and its role in ALS (13, 14), and on
targeting the ERMCS as a new drug target in ALS (15). However, the influence of ALS-associated
mutations on the ERMCSs in patient samples was yet to be described. Recently published articles led
to new insights in the importance of the ERMCS in patient-derived ALS samples (16-18).



In this review | will first shortly discuss the ER and mitochondria as organelles, after which | will move
on to the molecular composition of ERMCSs. This section includes some recently uncovered
molecular mechanisms maintaining the ERMCSs, that were proved to be essential for proper
mitochondrial functioning. Moreover, | will discuss the cellular functions of the tethers maintaining
the ERMCSs, going into detail on the importance of these tethers in neurons afterwards. There, | will
discuss how these contact sites are crucial for some neuronal functionalities and can result in ALS.
Finally, ALS-associated mutations and their effect on, and interaction with, the ERMCS are discussed.
Moreover, in this final section | will briefly touch upon the subject of how recently developed human
ALS models can accelerate our understanding of disrupted ERMCSs and how this links to ALS
pathology in humans.

The ER and Mitochondria are essential organelles

The ER is the largest membrane-bound organelle in eukaryotic cells. The ER consists of an extensive
network of cisternae and tubules, extending throughout the whole cell. As a major site of protein
synthesis, -transport, -folding, calcium storage and lipid synthesis and transportation, the ER is a
multi-functional organelle (19-22). In neuronal axons, the ER is largely made up of smooth tubular ER
and shares many functions with this organelle in non-neuronal cells, but is specifically important for
release of Ca®* ions leading to an action potential or release of neurotransmitters (23, 24).

Mitochondria are special organelles, in the sense that they have two membranes; an inner- and outer
mitochondrial membrane (OMM). They are constantly dividing and fusing organelles and are well-
known for their role in energy metabolism. However, many studies have now confirmed that
mitochondria also play essential roles in cell-cycle progression, signalling in the apoptotic cascade,
development of certain tissues and production of reactive oxygen species (25-28). As described in
several reviews, neurons critically depend on mitochondria. The central nervous system has an
exceptionally high metabolic rate, and metabolites produced by mitochondria are essential to form
and maintain neural connections. Also, the correct localization, maintenance of the right amount and
the health of the mitochondria are essential for proper neural operation. On the other hand,
mitochondrial dysfunction can lead to abnormal neural functioning as seen in aging and in metabolic-
and neurodegenerative diseases, and overall decreases neuronal survival rates (29, 30).
Mitochondrial dysfunction is one of the earliest pathophysiological events in ALS (31). Structurally
altered and aggregated mitochondria were one of the first changes observed in ALS patient motor
neurons (32). Likewise, ER stress has been demonstrated to play a key role in early pathogenesis of
ALS, leading to activation of the UPR and ultimately to cell death (33-36).

The ER makes functional contact sites with numerous organelles

The ER can interact with other organelles through vesicular and non-vesicular transport. The main
route of protein and lipid transfer is to enclose or integrate the macromolecules into a vesicle and
fuse with the acceptor membrane (37). However, it was shown that non-vesicular transport is for
example crucial for intracellular lipid trafficking (38). Non-vesicular transport between two opposed
membranes can take place through direct communication between organelles at MCSs. Especially
the ER is known to form extensive contacts with many organelles. A characterizing feature of ER-
MCSs is that they lack ribosomes (12). Besides mitochondria, the extensive ER tubular network
makes contact with other membrane bound organelles such as the Golgi apparatus, plasma
membrane, peroxisomes, endosomes, lipid droplets but also with membraneless organelles like
processing bodies (PBs) and stress granules (6, 39).



ER contact sites can both be durable and transient. ER-endosome contacts for example are
maintained during trafficking of the organelles (6, 40). ER-mitochondria contact sites must also be
maintained for a substantial amount of time, because the ER regulates mitochondrial positioning for
fission (molecular mechanism reviewed by Wu et al (6)). PBs make both transient and stable
interactions with the ER. PB fission is mediated by contact sites with the ER, and ER-tubule
abundance leads to an increased number of PBs (39). Altogether, MCSs are known to regulate several
essential cellular processes, such as organelle division and localization, but also lipid and ion transfer
and homeostasis and signalling, as has been described previously in other reviews (4-7).

The ER contact site tethers

In order to coordinate these cellular processes, the ER and the opposed organelle have to come into
close contact with one another. Electron Microscopy (EM) has shown that MCSs are typically spaced
at 10-30 nm (9). The organelles at the MCSs are not fused together, but rather tethered to one
another by a dedicated protein or protein complex. One of these tethers is the VAP tether. Mammals
have two closely related VAP genes that generally share a 63% sequence identity; VAPA and VAPB
(10, 41). VAPs are integral membrane proteins and found across all eukaryotic organisms (10). They
are mainly present in the ER, but have also been found in the Golgi, the ER-Golgi intermediate
compartment, the plasma membrane, recycling endosomes and tight and neuromuscular junctions
(10, 42-46). The VAPB tether is strongly associated with ALS and mediates the communication
between the ER and the protein tyrosine phosphatase interacting protein-51 (PTPIP51) in the OMM,
forming an ERMCS (47). VAP is an important tether, partly because it has been associated with
several neurodegenerative diseases, among which ALS (as reviewed by Dudas et al (10)). The most
well-known ALS-related VAP mutation is the VAPB P56S missense mutation, but at least four other
VAPB mutations were linked to ALS (11, 48). Beside the VAPs, other tethering proteins like Mfn2,
IPsR, Bap31, FATP1, junctophilins, STIM1, E-Syt1-3, PTP1B and PDZD8 have been confirmed as ER-
localized mammalian tethers (49-57).

The ERMCS tethers and their functions
VAPB-PTPIP51

Cell fractionation studies in the late seventies and early eighties of the previous century showed that
components of the ER copurified with mitochondria, suggesting a physical link between them (58,
59). Later, EM tomography reconstruction in situ suggested that contact between mitochondria and
the ER plays an important role in maintaining cellular Ca?* levels (60). Over the past decades, several
tethering proteins at the ERMCS have been identified, including tethers that are involved in calcium
transport between the ER and mitochondria. A well-known tether pair that is involved in Ca?*
signalling and lipid transfer is the VAPB-PTPIP51 tether (61, 62). Depletion of either VAPB or PTPIP51
results in delayed Ca?* uptake by the mitochondria. Moreover, EM and confocal microscopy show
that a modification in PTPIP51 or VAPB results in decreased ER contact with mitochondria (47). VAPs
play an important role in the UPR, autophagy, membrane trafficking, and lipid transfer and
metabolism (10, 63, 64). The VAPB-PTPIP51 tether complex mediate the ERMCSs and therefor the
health of the mitochondria. VAPs are tail-anchored proteins and insert into the ER membrane post-
translationally. VAPs contain an N-terminal major sperm protein (MSP) domain, a central
amphipathic coiled-coil region, and a C-terminal hydrophobic transmembrane domain. The MSP
domain has an immunoglobulin fold and the coiled-coil motif is often found in proteins involved in
vesicular transport, like VAMP and SNARE proteins (65). The C-terminal transmembrane domain
contains a GxxxG motif that could be responsible for the homo- and heterodimerization of the VAP
protein (66).



VAPs interact with two protein groups in general: SNARE and FFAT motif-containing proteins. VAPA
binds mainly to different proteins in the SNARE family (43). The FFAT motif is a short linear motif
which comprises the consensus sequence EFFDAXE, used by proteins to target the ER membrane,
although some FFAT motifs contain a serine or threonine at position 4, instead of an aspartic acid
(67, 68). The PTPIP51 protein also contains a FFAT motif. It is often proposed that the FFAT motif
interacts with the MSP domain of the VAP protein, forming a tether at the ERMCS (62, 68). Di Mattia
et al proposes that phosphorylation of the serine or threonine residue at position 4 of the FFAT motif
can act as a reversible switch that mediates the interaction with VAPs. They show that when the
residue is not phosphorylated, the FFAT motif is not recognized by its binding partner on the ER. The
phosphorylation of the FFAT motif could act as a molecular switch to form ERMCSs. Nonetheless, the
kinases and phosphatases regulating this process are still unknown, and the functional
characterization of this motif was performed on STARD3, a protein that mediated the contact
between the ER and endosomes (68). Moreover, often performed are in vitro binding experiments
that only use short PTPIP51 fragments containing the FFAT motif, not the other domains of the
protein. Also, the FFAT motif sequence is unconventional as many known VAP interactors contain
only one or no phenylalanine at all in the FFAT motif (69). However, it was still surprising when it was
shown that this long-thought FFAT motif in PTPIP51 is not essential for VAPB binding. Using EM and
full-length PTPIP51 protein Morotz et al showed that not the FFAT motif, but rather the coiled-coil
domain is essential for PTPIP51 ERMCS signalling functions, at least in vitro. Deletion of the FFAT
domain showed little effect on the PTPIP51-VAPB binding, but the deletion and mutation of the
coiled-coil domain affected this binding (70). Still, this study was only performed with PTPIP51 and
should be repeated with other known VAPB binding partners to confirm that the coiled-coil domain is
essential in the formation of ERMCS with VAPB.

A study by Obara et al performed in COS7 cells, using 3D EM with high-speed molecular tracking of
VAPB, established that subdomains of the ER at the contact site dramatically deform and match local
mitochondrial curvature. An understanding of the nanoscale structure and regulation of ERMCSs was
still missing, because ERMCSs are highly sensitive to experimental disruption. Moreover, live cell
experiments demonstrated VAPB tethers to be highly dynamic; the tethers can make and leave the
ERMCS within seconds. The dynamic subdomains are increased during nutrient stress, suggesting
that ERMCSs can be altered under physiological conditions. This study proposes that the dynamic
landscape of VAPB is a crucial component of ERMCSs homeostasis. Obara et al also studied the ALS-
related VAPB P56S mutation and its impact at the ERMCS. Normally, VAPB tethers are highly
dynamic, but VAPB P56S proteins were mainly immobile. The ERMCS had restricted pools of VAPB
P56S molecules that, unlike wild-type (WT) VAPB, did not reach the edges of the contact sites. The
restricted pools showed low diffusion rates with the ER and surrounding, possibly resulting in a more
stable ERMCS, impacting contact site functionality (71).

Mfn2-Mfn2/Mfni

Mitofusin 2 (Mfn2) is primarily an OMM protein, known for its role in mitochondrial fusion (72).
However, Mfn2 also localizes to the membrane of the ER and can hetero- or homodimerize with
Mfn1 or Mfn2 in the OMM respectively. In 2008, De Brito & Scorrano suggested that Mfn2 tethers
the ER to mitochondria and that this tether is required for efficient Ca?* uptake by the mitochondria
(73). Using Mfn2”-mouse embryonic fibroblasts (MEFs) and fluorescence microscopy, they found
that the ER and mitochondria did not colocalize together. However, the confocal resolution power
was around 270 nm, a lot bigger than the average tether distance (10-30 nm). But using electron
tomography, the researchers confirmed that in Mfn2”- MEFs did not come into close enough contact
to form a tether, whereas the ER and mitochondria in WT MEFs were able to come into close



proximity. This observation was confirmed by the significant lower and slower Ca?* uptake by Mfn2”"
mitochondria, after an equal amount of Ca* release, than by WT mitochondria. Again, eight years
later in 2016, the Scorrano group validated this result using EM and proximity experiments between
the ER and mitochondria based on GFP fluorescent probes (49). More studies confirm the idea that
Mfn2 acts as a physical tether between the ER and mitochondria, by identifying cofactors of Mfn2 in
Hela cells, MEFs, HEK293 cells and mouse melanocytes (74-76). However, there has been an intense
debate on the function of Mfn2 after several other groups showed that the knockdown of Mfn2
increased ERMCS formation and Ca?* trafficking from the ER to mitochondria in HEK293 cells and
MEFs (77-79). These results suggest Mfn2 does not act as a physical, essential and/or critical tether at
the ERMCS, but rather a spacer. Interestingly, both Scorrano et al as well as Cosson- and Filadi et al
make use of Mfn2 knockouts in MEFs.

A recent study in Hela cells describes that Mfn2 is also involved in the formation and longevity of
mitochondrial-associated ER membranes (MAMs) during ER stress, besides its role in Ca** uptake.
Notably, the findings of Gottschalk et al suggest both a spacer and tethering role for Mfn2, and
hypothesize that ATP transport into the ER lumen as well as ER Ca** transport to the mitochondria is
mediated through specialized MAMs, which are dependent on Mfn2 expression. For example, ER
stress and the activation of the UPR cost ATP, which is supplied by mitochondria via these Mfn2-
dependent MAMs (80). Altogether, more research should be performed to clarify the role of Mfn2 at
the ERMCS, preferably in human neuronal cells, where ERMCSs have been proved to play an
important role.

IP3R-VDAC

Ca®"is released from the ER through the tetrameric inositol 1,4,5-triphosphate receptor (IP3R)
channel and taken up by the mitochondria via the voltage-dependent anion-selective channel (VDAC)
in the OMM (81-83). The interaction between IP3R and VDAC is regulated by glucose-related protein
75 (GRP75) and deglycase (DJ-1) (83, 84). Szabadkai et al showed that GRP75, a molecular chaperone,
tethers the ligand-binding domain of the IP3 receptor to VDAC. Together, the tetramer complex IP3R-
VDAC-GRP75-DJ-1 regulates the Ca** transfer from the ER to mitochondria. Interestingly, Wilson &
Metzakopian (14) claim in their review that complete loss of IP3R does not result in a physically
different ERMCS, whereas Bartok et al (85) found that loss of IP3R alters the structure of the ERMCS.
More research needs to be conducted on the exact function of the IP3R-VDAC tether; does it act as
functional or physical tether?

Bap31-Fis1/Tom40

B-cell receptor-associated protein-31 (Bap-31) resides in the ER, and is a membrane chaperone that
is able to interact with the mitochondrial fission protein-1 (Fis-1). Together, Bap-31 and Fis-1 act as a
recruiter and activator of procaspase 8 and the transmittance of pro-apoptotic signals from the
mitochondria to the ER. However, Bap-31 and Fis-1 also form an interaction in non-apoptotic cells,
suggesting a physical tethering role as well as apoptotic signalling role for the Bap-31-Fis-1 complex
(51, 86). An important co-factor of the Bap-31-Fis-1 tether is the multifunctional sorting protein
phosphofurin acidic cluster sorting protein-2 (PACS-2). PACS-2 assures mitochondrial coupling to the
ER. In the absence of PACS-2, Bap-31 is cleaved, mitochondria detach from the ER, caspase-3 is
activated and eventually the cell undergoes apoptosis (87). Nevertheless, questions on the exact
mechanism of action of PACS-2 remain to be resolved. The function of PACS-2 is very variable,
depending on the cell type and type of co-factors used in the experiment (88). Bap-31 has also been
reported to mediate autophagy, mitochondrial oxygen consumption and -homeostasis through
interaction with translocase of the outer mitochondrial membrane 40 (Tom40) (89). Altogether,



these data suggest that Bap-31 can act as an ERMCS tether, transferring apoptotic signals between
the ER and mitochondria.

PDZD8-?

After sequence and structure prediction, the PDZD8 protein was identified as possible ERMCS
localizing protein. Expression of PDZD8 in Saccharomyces cerevisiae showed that PDZD8 localized to
the ER. Super-resolution imaging in the Neuro2a (N2a) cell line showed that PDZD8 localized in the
ER and at ERMCSs. That PDZD8 was present in the ER, ERMCSs, but not in the mitochondrial fraction
was confirmed by subcellular fractionation of the N2a cells. The suggestion that PDZDS8 is indeed
necessary to make ER-mitochondrial contacts was raised after an experiment in Hela cells. In control
cells, 16.5% of the ER was in contact with mitochondria, but in PDZD8 knockout cells, only 2.1% of
the ER was still in contact with mitochondria. Moreover, in NIH3T3 cells upon knockdown of PDZD8
Ca?*import into mitochondria is impaired, which was almost completely rescued by expressing a
synthetic ERMCS tether, proposing that PDZDS is needed for Ca®* transfer from the ER into
mitochondria (90). Supporting these findings, a recent study by Hewitt et al in Drosophila
melanogaster adult brains has found that PDZD8 also plays an essential role in the regulation of
mitochondrial quality control. Reduction of PDZD8-tethered ERMCSs leads to increased rates of
mitophagy and less excess mitochondrial calcium storage, which could be a mechanism to protect
aging neurons. Partial knockdown of PDZD8 was namely enough to rescue age-associated decline in
locomotion (91). Interestingly, Elbaz-Alon et al identified Rab7-GTP, a late endosome protein, and
Protrudin, an ER transmembrane protein, as PDZD8 interaction partners. These proteins localize to
an ER-late endosome contact site, where mitochondria are also recruited to form a three-way
contact (57). However, the role of PDZD8 in mitophagy requires more investigation and the
mitochondrial binding partner of PDZD8 should be identified.

ESYT1-SYNJ2BP

A very recent study by Janer et al combined proximity labelling, confocal microscopy and subcellular
fractionation in human fibroblast cells and found that the ER-residing protein ESYT1 forms a tether
complex with the OMM protein Synaptojanin 2 binding protein (SYNJ2BP). Knockout of either ESYT1
or SYNJ2BP resulted in a reduction of ERMCSs, impaired the Ca?* transfer from ER to mitochondria
and altered the mitochondrial membrane lipid composition. Expression of WT ESYT1, SYNJ2BP or a
synthetic tether rescued these deficiencies. Altogether, an essential tethering role for ESYT1-SYNJ2BP
was revealed, having an influence on cellular homeostasis. However, the molecular mechanisms
regulating the functions of the ESYT1-SYNJ2BP tether are yet to be discovered (92).

The discussed tethers are present only between the ER and mitochondria. As reviewed by Kornmann,
the proteins at the ERMCS are not conserved and can vary in molecular composition (92). But a
guestion that arises is why so many tethers are present at a contact site, some of which even have
the same functions, like Ca?* transfer for example. Numerous tether complexes are already known,
however there is still controversy in the results of experiments on these complexes. More research
should be conducted on ERMCSs, or contact sites in general, to get a better understanding of their
functions. An issue here is that many protein complexes at the ERMCSs have multiple roles, for
example tethering and Ca?* transfer, so it is difficult to assign specific functions to a tether.
Moreover, the techniques used to study MCSs require optimization for accurate readout of the
nanoscale and complex contact sites (techniques to study MCSs are reviewed by Wilson &
Metzakopian (14)).



ERMCSs functioning in neurons

In neurons, ERMCSs and tether complexes can play very neuron-specific roles. Loss of synaptic
function is one of the key aspects of PD, frontotemporal dementia (FTD) and ALS. Gémez-Suaga et al
shows that the VAPB-PTPIP51 tether is one of the regulators of synaptic functioning. The localization
of VAPB and PTPIP51 in rat hippocampal neurons was studied with super resolution structured
illumination microscopy (SIM). The researchers found that VAPB and PTPIP51 are present in both the
presynaptic axon and postsynaptic dendrite. Moreover, performing a proximity ligation assay (PLA)
revealed that VAPB and PTPIP51 are closely associated with each other in the synaptic region. Upon
electrical field stimulation (neuronal activity stimulation), the amount of ERMCSs are increased as
well as the amount of VAPB-PTPIP51 interactions. This indicated that VAPB-PTPIP51 plays a role in
synaptic functioning. Indeed, upon knockdown of either VAPB or PTPIP51, the active dendritic spine
numbers were decreased, and synaptic activity as a whole was reduced after electrical field
stimulation. Altogether, this study revealed a new role for VAPB-PTPIP51 tethers at ERMCSs in
neurons as regulator of synaptic activity. Mutations to VAPB-PTIP51 affecting the ERMCSs can lead to
synaptic dysfunction, which could play a role in ALS pathology (93).

In 2021, the importance of the Mfn2 tether in neuronal outgrowth was shown by Casellas-Diaz et al.
In order to facilitate neuronal outgrowth, an increased amount of energy is needed. During the
period of neurite outgrowth, there is an increase in ER-mitochondria colocalization, mitochondrial
mass and Mfn2 expression. Knockout of Mfn2 resulted in less ER-mitochondria colocalization.
Mitochondrial-Mfn2 expression had no effect on the length of the neurons, whereas expression of
ER-Mfn2 partially rescued the growth defect upon Mfn2 knockout. This study suggests that ER-
targeted Mfn2-dependent ERMCS formation is necessary for neuronal maturation (94). Whether
Mfn2 is a ERMCS tether, a spacer or both, Mfn2 is an important regulator of the ERMCS.

The PDZDS tether is proposed to be involved in the regulation of dendritic Ca®* transport in neurons.
Dendritic Ca** dynamics play essential functions including processing synaptic inputs and synaptic
plasticity. A PDZD8 knockdown in dendrites of mouse cortical pyramidal neurons did not alter the
structure and localization of dendritic ER and mitochondria. After a synaptic stimulation, Ca* release
from the ER was coupled to mitochondrial Ca?* import in control neurons. In PDZD8 knockdown
neurons on the other hand, mitochondrial Ca** import was reduced. As PDZD8 knockdown does not
alter either ER or mitochondrial localization, Hirabayashi et al proposes that the reduced Ca*" import
by mitochondria is due to the loss of the contact site between the ER and mitochondria mediated by
the PDZDS8 tether (90). A study with Drosophila melanogaster adult neurons confirms this idea;
PDZD8 knockdown resulted in less ERMCSs and, interestingly, increased mitophagy. Together, this
caused a decline in age-associated impaired locomotor activity and an increased lifespan. On the
contrary, increasing ERMCSs with a synthetic tether led to disruption of axonal mitochondrial
transport and synapse formation, stimulated age-related decline in locomotion and reduced lifespan.
A PDZD8 knockdown was even able to rescue locomotor defects in a fly model of Alzheimer’s disease
expressing Amyloid 42 (AB42). Hewitt et al proposes an important role for the PDZDS8 tether in
neurons as a regulator of mitochondrial quality control and turnover, and more generally in neuronal
homeostasis (91).

ERMCSs are also involved in trafficking of the ER and mitochondria in neurons. Mitochondria are
particularly important in the brain, because the brain is one of the most energy-demanding tissues of
the human body, and the mitochondria are the main source of energy in the cell (95). Miro is
responsible for proper transportation and distribution of mitochondria into the axons and dendrites.
In Drosophila neurons with a mutation in Miro, mitochondria are not being transported into axons
and dendrites, causing a lack in presynaptic mitochondria. Neurotransmitter release and acute Ca%*



buffering were eventually impaired (96). The mechanism by which Miro enables mitochondrial
transport, is by facilitating the attachment of kinesin 1 to mitochondria, and kinesin 1 on its turn
transports mitochondria towards the synapse. Taken together the facts that Miro localizes to the
ERMCS, that Miro is a Ca* sensor and that the ER was shown to be co-transported with
mitochondria, supports the idea that Miro may sense Ca?* exchange at the ERMCS to regulate
transport of both organelles in response to physiological stimulation (3, 97, 98).

Also neuronal fitness is regulated by ERMCSs. As described in the previous chapter, PACS-2 is an
important co-factor for proper functioning of the Bap-31-Fis-1 tether. Knockdown of PACS-2 in
mouse primary hippocampal neurons resulted in neuronal degeneration 16 hours after knockdown.
The activation of Caspase-3 was detected in these neurons, indicating that the apoptosis pathway
was activated. This proved that proper functioning of ERMCSs is critical for neuronal fitness (99).

Altogether, maintaining the ERMCSs plays an important role in maintaining cellular health. Ca%*
exchange between the organelles to generate ATP, phospholipid exchange and synthesis,
intracellular trafficking of the mitochondria and ER, facilitation of stress responses and the UPR,
autophagy, mitochondrial biogenesis, and the formation of the inflammasome are all processes the
ERMCS is involved in (3). Strikingly, all of these functions regulated by ERMCSs are affected in AD, PD,
FTD and ALS. This is not a coincidence, as recent studies have shown now that ERMCSs are disrupted
in such diseases (3, 100). But in order to maintain the ERMCSs, the tethers must function properly.

ALS-associated mutations and the impact on ERMCSs
C9orf72

A hexanucleotide (GGGGCC) expansion in the first intron of the C9orf72 gene causes around 40% of
the cases of familial ALS, and up to 7% of sporadic cases (101, 102). Altered Ca** homeostasis has
been linked to induction of the UPR and autophagy, which are both hallmarks of ALS. Dafinca et al
wanted to explore whether there is a link between C9orf72-related ALS and disrupted Ca?*
homeostasis and ER stress. They generated human motor- and cortical neurons from induced
pluripotent stem cells (iPSC), derived from skin fibroblasts of ALS patients carrying C9orf72
hexanucleotide expansions. In this study, they showed that loss of Ca?* homeostasis is associated
with an increase in ER stress and cell death. A marker for ER stress is the poly-A-binding protein
(PABP), which was found in increased levels in stress granules within the motor- and cortical neurons
of C9orf72 patients. Elevated levels of PABP-positive stress granules suggest altered autophagy and
proteasomal degradation, possibly explaining neuronal degeneration in C9orf72 patients. The
neuronal cells of these patients also showed increased levels of aggregates containing SQST1/p62, a
marker of the UPR and autophagy. Altogether, Dafinca et al revealed a pathogenic link between ER
Ca?* dysregulation, ER stress leading to the release of apoptotic factors, the formation of stress
granules, and loss of proteostasis, all contributing to the ALS pathogenesis. Interestingly, they found
that C9orf71 patients with over 1000 hexanucleotide expansions had a more drastic phenotype.
Nevertheless, more research linking the number of repeats with the severity of phenotypes is
required (103).

Recently, Gdmez-Suaga et al also performed a study in iPSCs from ALS patients carrying an expansion
in the C9orf72 gene. Bidirectional translation of the hexanucleotide repeat generates dipeptide
repeat proteins (DPRs), some of which are neurotoxic. Previously, the targets for the DPRs were
unknown, but Gémez-Suaga et al revealed that the VAPB-PTPIP51 tether is disrupted in C9orf72
patients by the DPRs. Using PLA to quantify the VAPB-PTPIP51- and IP3-VDAC interactions in iPSC
cortical neurons showed that both VAPB-PTPIP51 and IP3-VDAC numbers were reduced in C9orf72



patient neurons. PLA revealed that toxic DPRs disrupt VAPB-PTPIP51- and IP3-VDAC complexes, and
SIM confirmed that ERMCSs were reduced. Monitoring mitochondrial Ca?* levels in SH-SY5Y cells
revealed that ER-mitochondria Ca?* exchange was disturbed because VAPB-PTPIP51 tethers were
disrupted by mutant C9orf72-derived DPRs. Moreover, immunoblotting experiments proved
activation of glycogen synthase kinase-3p (GSK-3pB), a known VAPB-PTPIP51- and ER-mitochondria
interaction inhibitor, in mutant C9orf72-derived DPR-transfected SH-SY5Y cells. In conclusion, mutant
C9orf72-derived DPRs disrupt the IP3 receptor-mediated Ca?* delivery from the ER to mitochondria,
disrupt the ERMCSs, and this disruption may involve the activation of GSK-38, a negative regulator of
the VAPB-PTPIP51 tether. The proper delivery of Ca?* at the ERMCSs is involved in key neuronal
functions that are damaged in ALS (16).

VAPB-PTPIP51 tether complex

That the ERMCSs play a large role in ALS pathogenesis is becoming more and more obvious.
However, many studies looking into the role of ERMCSs in ALS are performed in cell- and transgenic
ALS models. But these cell- and transgenic mouse models do not always mimic human disease
pathology, for example in a C9orf72 transgenic mouse model the mice didn’t show motor neuron
loss, but hippocampal loss (104). Studies in human ALS models are not performed often, thus
evidence that ER-mitochondrial signalling is truly altered in humans is currently lacking. To overcome
this knowledge gap, Hartopp et al studied the VAPB-PTPIP51 tether in post-mortem ALS spinal cords
and compared them to control spinal cords. Comparing protein expression levels of control and
patient spinal cord tissues on immunoblots showed that VAPB protein expression levels, but not
PTPIP51 expression levels, are reduced in patient spinal cords. To examine whether this would affect
the VAPB-PTPIP51 interaction, PLAs were used to quantify this interaction. PLAs revealed that VAPB-
PTPIP51 interactions were significantly reduced in ALS spinal cord motor neurons compared to
healthy controls. Hartopp et al proposes that reduced VAPB levels contribute to the reduced VAPB-
PTPIP51 interaction in ALS patients. Yet, the mechanisms leading to the disruption of the VAPB-
PTPIP51 tether remain largely unknown. Perhaps does GSK-3p activation play an important role
herein. Despite this unknown mechanism, Hartopp et al presented the first evidence that the VAPB-
PTPIP51 tether is perturbed in human ALS patients, proposing a possible therapeutic target (17).
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Figure 1.1: ALS-associated genes and their impact on the ERMCS. Left: The situation at the ERMCS

in a healthy individual is shown. Right: In individuals with ALS caused by C9orf72, FUS or TDP-43,
GSK-38 is activated, leading to a reduced amount of VABP-PTPIP51 complexes. This reduction has a
\_negative effect on the IP3R-mediated Ca** influx into mitochondria. )
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SYNJ2BP

The complex in which the OMM protein SYNJ2BP plays a role as a tether was very recently
discovered (92). Shortly before identifying the complex and SYNJ2BP’s role in maintaining the
ERMCS, increased expression levels of SYNJ2BP were detected by RT-PCR and Western blot analysis
in iPSC-derived motor neurons of spinal and bulbar muscular atrophy (SBMA) patients. SBMA is a
lower motor neuron disease. Moreover, H,0,-induced mitochondrial stress resulted in elevated
SYNJ2BP expression levels in these iPSC-derived motor neurons. Within two hours, elevated levels of
SYNJ2BP were detectable, which is enough time to cause oxidative- and mitochondrial damage.
These experiments suggest that as a result of mitochondrial stress, SYNJ2BP protein expression levels
are increased. Mitochondrial stress has been suggested as a key factor in ALS pathogenesis (105,
106). In ALS4-patient post mortem spinal cord cells, SYNJ2BP protein expression levels were, but
mRNA levels were not significantly upregulated compared to healthy individuals. The regulatory
mechanism by which protein expression of SYNJ2BP is upregulated while transcription levels remain
the same is yet to be discovered. Mass spectrometry analysis of the proteome could perhaps aid in
finding the answer to this question. Transmission EM (TEM) was used to visualize ERMCSs during
SYNJ2BP overexpression in iPSC-derived motor neurons. Analysis of the data showed that SYNJ2BP
overexpression increased the amount of ERMCSs, which was confirmed with PLA. Increased amounts
of ERMCSs lead to more Ca?* import into the mitochondria which can trigger mitochondrial swelling,
increased production of reactive oxygen species (ROS), and eventually cell death (107). Knockdown
of SYNJ2BP in SBMA motor neurons revealed that reduced SYNJ2BP levels diminish the amount of
contact sites between the ER and mitochondria and partly make up for mitochondrial functional
impairment. In short, Pourshafie et al showed with this study that SYNJ2BP overexpression is
associated with neuronal degeneration, specifically in diseases with abnormal mitochondrial
functioning. There could be a positive feedback mechanism, where mitochondrial stress increases
SYNJ2BP levels, leading to increased ERMCSs, inducing Ca®* influx into mitochondria, increasing
mitochondrial stress even more, eventually leading to cell death and thus neuronal degeneration.
Altogether, SYNJ2BP is an important regulator of the ERMCSs in both healthy individuals and ALS
patients (18).
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Figure 1.2: ALS-associated genes and their impact on the ERMCS. Left: The situation at the ERMCS
in a healthy individual is shown. Right: Mitochondrial stress increases the amount of SYNJ2NP-
RRBP1 tether complexes at the ERMCS, leading to an increase in Ca?*influx into mitochondria. This
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TDP-43

Many ALS-associated mutations are known to disrupt the ERMCS. Another example is the TAR DNA
binding protein-43 (TDP-43), a major component of the insoluble aggregates in the brains of ALS
patients (108). Notably, around 97% of the ALS cases concerns TDP-43 aggregation (109). In 2014,
(part of) the mechanism by which both WT and mutant TDP-43 were involved in several
neurodegenerative diseases was revealed by Stoica et al. Their study showed that overexpression of
WT and mutant TDP-43 led to a reduction in ERMCSs, and that this reduction was linked to a
reduction in VAPB-PTPIP51 tether complexes. Supporting these results, cytosolic Ca®* levels were
increased, and mitochondrial Ca%*levels were reduced upon TDP-43 overexpression. The mechanism
by which TDP-43 overexpression leads to reduced VAPB-PTPIP51 complexes could be through GSK-3f3
activation, a kinase which was strongly associated with ALS before (110). GSK-3B overexpression in
this study decreased VAPB-PTPIP51 tether complex formation, confirming this hypothesis. The exact
molecular mechanism by which GSK-3f affects the binding of VAPB to PTPIP51 is still unknown, but it
is suggested that VAPB or PTPIP51 is phosphorylated by GSK-3B to inhibit their binding, or perhaps
GSK-3B activates downstream effectors that act on the binding of VAPB to PTPIP51 (61).

Sigma-1 Receptor

In 2011, a missense mutation (E102Q) in the Sigma-1 receptor (S1R) was linked to juvenile cases of
ALS (111). The S1R is an ER transmembrane protein, functions as a molecular chaperone and mainly
localizes to the ERMCS. In vitro studies with primary embryonic motor neurons showed that motor
neurons were degenerated upon S1R knockout. Moreover, in mice spinal cords, knockout of S1R
reduced the amount of ERMCSs from 30% to 17%. As a result of decreased ERMCSs, calcium transfer
at the ERMCS is also dysregulated (112). The S1R modulates the IP3R and thus Ca?* transfer between
the ER and mitochondria. This shows the importance of S1R and its role in maintaining motor neuron
integrity. In 2019, Couly et al confirmed that protein expression of SIRF%2?2 at similar levels as WT S1R
in control Drosophila, led to abnormal locomotor activity and abnormal eye morphology and -
development. The mitochondria of S1RF%%%-expressing flies were examined with TEM. Both the
mitochondrial surface area and ATP levels were decreased in these flies. Overexpression of one of
the most important interactors of S1R, IP3R, reduced the abnormal phenotype of the S1RF1%%%fljes.
Since S1R is known to regulate mitochondrial ATP production, and TDP-43 mutants are known to
reduce ATP production, Couly et al investigated whether WT S1R had favourable effects on TDP-43
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induced toxicity. Overexpression of WT S1R rescued 26% ATP levels that were decreased by 27% in
flies expressing WT TDP-43. Altogether, Couly et al were the first to provide evidence that mutant
S1R induces ALS pathology in vivo, and that WT S1R can (at least partly) rescue TDP-43 induced
pathology (113). A reason why a mutation in the S1R could drive ALS pathology, is that particularly
high levels of the receptor are present in motor neurons of the brainstem and spinal cord, compared
other tissues (114). So mutations in S1R will mainly affect the motor neurons more than other cells.

FUS

Mutations in the fused in sarcoma (FUS) gene also contribute to a subset of familial ALS cases (115,
116). Again, both WT and mutant FUS were shown to disrupt ERMCSs. Overexpression decreases
ERMCSs in both NSC34 motor neurons, which are often used as a valid model for ALS research, and in
transgenic mice. Just like TDP-43, FUS overexpression decreases mitochondrial Ca®* levels and ATP
production and reduced the binding of VAPB to PTPIP51. Stoica et al also tried to examine whether
FUS would bind to either VAPB or PTPIP51, however they did not detect binding of FUS to either of
the proteins, suggesting that FUS is not a major binding partner of the tether complex and thus
involves another regulatory protein (117). FUS was indeed found to be involved in the activation of
GSK-3B, which could be the regulatory protein involved in disrupting the VAPB-PTPIP51 tether (117).

Autophagy

Autophagy is a recurring theme in ALS (118). Gomez-Suaga et al showed that the ERMCS also plays a
role in autophagy. Loss of either VAPB or PTPIP51 causes autophagy, whereas overexpression of
VAPB or PTPIP51 increases contacts and hinders autophagy. Moreover, this study is in line with other
studies that show that disruption of Ca?* transfer from the ER to mitochondria stimulates autophagy:
they show that the inhibition of autophagy is entirely abolished by blocking IP3-receptor-mediated
Ca?* delivery to the mitochondria. Altogether, the VAPB-PTPIP51 tethering complex plays a role in
autophagy that involves regulation of ER-mitochondria Ca®* exchange at the ERMCS (119).

Conclusions

One of the difficulties in understanding the ALS disease mechanism, is the large interpatient variety.
Every patient is unique and possesses different genomic mutations eventually leading to disease.
However, patients share some similarities in physiological processes that are disrupted. Some of
these processes can be linked to disrupted ER-mitochondria contacts. More and more research is
focused on unravelling the molecular composition, functioning and how loss of the ERMCSs is linked
to disease pathology. From disease models such as Hela- or HEK293 cells, Drosophila or transduced
mice we gained understanding of the role of ERMCSs in ALS. It was shown that the ERMCS maintains
some essential cellular functions, like mitochondrial ATP production, Ca** homeostasis, autophagy,
ER stress and the UPR. In neurons, ERMCSs also regulate more specialized functions, like
mitochondrial axonal transport, neuronal maturation, indirect processing of synaptic inputs, synaptic
plasticity, synapse formation, synaptic functioning, mitochondrial quality control and overall
neuronal fitness. Over the past years, at least six well-known genes linked to ALS have been shown to
damage the ERMCS, including C90orf72, VAPB, SYNJ2BP, TDP-43, S1R and FUS. This suggests that
disruption of ERMCSs is considerably a common feature of ALS. But only in the last decade, a cellular
model system that allows direct observation of ALS pathogenesis has been developed: fibroblast
obtained iPSC-derived motor neurons possessing the patient’s genome. Together with studies in
post-mortem human ALS samples, this model system allowed us to get a more detailed
understanding of (basic) disease mechanisms. It is essential that we understand the disease
progression in humans, because if disturbed components of the ERMCS, for example, are proven to
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be valid therapeutic targets for ALS, it is crucial we know whether these components are actually
disrupted in humans.

Although the development of better model systems, more accurate biochemical assays and a more
complete understanding of the contribution of ERMCSs to ALS, many questions remain to be
answered. Why are there so many tether complexes at the ERMCS that regulate the same biological
function? Do these complexes respond to different stimuli? Are some tethers more prevalent in
specific tissues over others? More research should be performed in order to find more tethers, to
fully understand their functions and the molecular mechanisms enabling these functions. The fact
that FUS, C90orf72 and TDP-43 all lead to the activation of GSK-383, a negative regulator of the VAPB-
PTPIP51 tether complex, suggests that GSK-3 activation could play a very important regulatory role
in ERMCS reduction. Future research is needed to uncover the molecular mechanisms behind GSK-
3B-mediated VAPB-PTPIP51 interruption and its role in ALS pathology. The communication between
organelles at contact sites adds another level of complexity to our understanding of the cell. Only
when we understand the basic principles of cellular functioning, we can understand and reason what
happens during the progression of complex diseases such as ALS.
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