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Abstract: Contact sites, areas where two organelles are
held in close proximity through the action of molecular
tethers, enable non-vesicular communication between
compartments. Mitochondria have been center stage in the
contact site field since the discovery of the first contact
between mitochondria and the endoplasmic reticulum (ER)
over 60 years ago. However, only now, in the last decade,
has there been a burst of discoveries regarding contact site
biology in general and mitochondrial contacts specifically.
The number and types of characterized contacts increased
dramatically, new molecular mechanisms enabling con-
tact formation were discovered, additional unexpected
functions for contacts were shown, and their roles in
cellular and organismal physiology were emphasized.
Here, we focus on mitochondria as we highlight the most
recent developments, future goals and unresolved ques-
tions in the field.
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Introduction

The central role of organelles as insulators of biochemical
reactions also gives rise to their two biggest functional
complexities — first, the need to communicate and collab-
orate with other organelles to coordinate cellular function.
Second the requirement to transfer metabolites and signals
through a membrane. This necessity has caused the evo-
lution of multiple ways of organelle communication and
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material transfer that are faster and more regulated than
simple diffusion. One such way is by vesicular traffic that
targets large amounts of cargo and membranes to specific
organelles. However, vesicular traffic is not enabled for all
organelles, gives pulsatile input and requires machinery
and lipid recycling. An additional mode of communication
is by creation of areas of close proximity between organ-
elles named contact sites.

Contact sites (in short contacts), are specialized zones
where one organelle is positioned in close proximity
(sometimes as close as 10 nm) to another organelle without
membrane fusion occurring. Contacts are mediated by
molecular tethering forces created through protein-protein
or protein-lipid interactions. Most contacts described to
date have more than one tether hence depletion of a single
tether does not always result in alteration of the contact
between two organelles. Besides tethering molecules,
contacts also harbor functional resident proteins and are
dependent on regulators that can influence the contact
function, duration and abundance in response to internal
or external stimuli (Eisenberg-Bord et al. 2016). Recently it
is also becoming appreciated that between the same two
organelles, different types of contacts may occur that are
geographically distinct, have unique regulation and a
specific set of resident proteins.

In the 1950s, the first contact site was described be-
tween mitochondria and the endoplasmic reticulum (ER)
(Bernhard et al. 1952; Bernhard and Rouiller 1956). It then
took approximately 40 years until the first of the functions
of this contact were elucidated (Rizzuto et al. 1998; Vance
1990) marking a change in the field with the realization that
contacts have cellular implications. As the contact site field
started to grow, it was believed that the central player is the
ER, with multiple contact sites relying on it. In contrast,
mitochondria were believed to only have the one contact,
with the ER (Elbaz and Schuldiner 2011). Recently it is
becoming clear that this original view was inaccurate and
that mitochondria, just like the ER, form contact sites with
almost all other organelles (Kakimoto et al. 2018; Shai et al.
2018; Valm et al. 2017). This puts mitochondria center stage
again in the contact site field. This may be no surprise since
mitochondria are not part of the main vesicle traffic routes
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of the secretory pathway, making contact sites the central
means for them to communicate and exchange molecules.

For the past decade the development of new tech-
niques has helped overcome many of the experimental
challenges in the field, opening the way to the identifica-
tion of new mitochondrial contacts, tethers, functions and
regulators and leading to exponential growth of the field
(Jing et al. 2019; Scorrano et al. 2019; Shai et al. 2018; Valm
et al. 2017). Indeed, to date, contacts have already been
shown to influence multiple aspects of mitochondrial
function and structure (Eisenberg-Bord and Schuldiner
2017a; Gatta and Levine 2017; Lackner 2019; Prinz et al.
2020). Moreover, due to their central role, disturbed mito-
chondrial contact sites are emerging as important players
in a spectrum of human diseases (Lopez-Crisosto et al.
2015; Liu and Zhu 2017; Paillusson et al. 2016).

In this review we will focus on recent studies in
mammalian cells and in the yeast Saccharomyces cer-
evisiae (from here on referred to as yeast) that left a mark in
this decade of new concepts. By summarizing new in-
novations, we can appreciate the depth of knowledge
already gained since the first studies of ER-mitochondria
contact sites and the long road ahead to fully comprehend
the functions of mitochondrial contacts and their interplay
in the cell.

Newly discovered cellular functions
for mitochondrial contact sites

Thirty years ago the first function of a contact site was
discovered. It was shown that synthesis of phospholipids
occurs on specialized ER subdomains that form contacts
with mitochondria (termed Mitochondrial Associated
Membranes or MAMs) and that this is important for lipid
transfer between the two organelles (Vance 1990). Less
than a decade later, direct calcium transfer was also shown
to occur at the same contact site (Rizzuto et al. 1998). Since
then, these two central functions of the ER-mitochondria
contact have been studied in great detail (reviewed in
Cockcroft and Raghu 2018; Marchi et al. 2014; Muallem
et al. 2017; Lee and Min 2018). Since multiple reviews
discuss these two functions we will not cover these topics.

Excitingly, in the last decade multiple new functions of
contacts have been described emphasizing the fact that
contacts have more widespread roles than previously
thought. The role of ER-mitochondria contacts in regu-
lating mitochondrial fission, for example, is an exciting
new role that has also been recently extensively reviewed
and hence we will not expand on it (Wu et al. 2018). Here,

DE GRUYTER

we will try to touch on some more recent studies that are
adding to the diverse repertoire of mitochondrial contact
site functions.

Transfer of acetyl-CoA derivatives

An interesting metabolic shuttle was recently demon-
strated for the peroxisome-mitochondria (PerMit) contact
in yeast. Using a split Venus contact site reporter, two
tethering proteins — Fzol and Pex34 (for all acronyms of
proteins spelled out please see Table 1), were discovered.
Pex34 was shown to extend the PerMit when overex-
pressed, and play a role in the transfer of acetyl-CoA de-
rivatives (citrate and acetyl-carnitine) to mitochondria
during B-oxidation of fatty acids. The human homolog of
Pex34, a Pex11 family member (PEX11p), was suggested to
also play a role in the human PerMit contact (Kustatscher
et al. 2019).

In contrast, Fzo1, which was shown to localize not only
to the mitochondrial outer membrane (MOM), but also to
peroxisomes (Shai et al. 2018) could also extend the PerMit
when overexpressed but did not affect the transfer of
acetyl-CoA derivatives. Interestingly, the human homolog,
MFN2, has also been described as a tether in contact sites of
mitochondria with the ER, lipid droplets (LD) and mela-
nosomes (Boutant et al. 2017; Daniele et al. 2014; Naon
et al. 2016).

Transfer of Coenzyme Q precursors

Coenzyme Q (CoQ) is an essential lipid for electron transfer
in the mitochondrial respiratory chain. The enzymes that
synthesize CoQ are located in the matrix side of the inner
mitochondrial membrane (Awad et al. 2018), and most
form a large complex known as the CoQ synthome (Tran
and Clarke 2007). However, the major precursors of CoQ
begin their synthesis in the ER thus requiring transfer be-
tween the two organelles.

The CoQ synthome is positioned in proximity to the ER-
mitochondria contact site, both in yeast (Eisenberg-Bord
et al. 2019; Subramanian et al. 2019) and in human cells
(Subramanian et al. 2019) potentially to optimize such
substrate flux.

In support of a role for the contact in CoQ biosynthesis,
in yeast loss of the main tethering complex forming a con-
tact between mitochondria and the ER (the ERMES complex
(ER Mitochondria Encounter Structure)) composed of four
subunits (Mmm1, Mdm12, Mdm10, Mdm34) (Kornmann
et al. 2009), caused a disruption of the CoQ synthome
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Table 1: Full names (ordered alphabetically) for all abbreviations of
proteins mentioned in the article.

Protein abbrevia-
tion

Full name/gene name

ATG2A/2B/9A/
11/36
ATL3
BAP31
BCL2
BCL2L10
BECN1
CLCC1
CNX
Dnm1
DRP1
Emc1-6
EMD
Ergé
FATE1
FIS1
FUNDC1
Fzo1
Gem1
GRAMD1a/c
GRP75
Hac1
HSP70
IFN-Y
INF2
IP3 /IP3R

IRBIT

Irel
IRE1la
Lamé

MARCH5 (MITOL)
Mcp1/2
Mcr1
Mdm 1/34/12/
10/36
MFN 1/2
Mgm1
MIGA2
MIRO
Mmm1
Mmr1
MOSPD2
NFAT1
Nrp3
Num1
ORP5/8
PACS2
PANX2
PDK4
PDZD8
PEX11pB

Autophagy related 2A/2B/9A/11/36

Atlastin 3

B-cell receptor-associated protein 31

B-cell lymphoma 2

B-cell lymphoma 2-like 10

Beclin 1

Chloride channel CLIC-like protein 1

Calnexin

Dynamin-related 1

Dynamin related protein 1

ER membrane protein complex 1-6

Emerin

Ergosterol biosynthesis 6

Fetal and adult testis expressed 1

Mitochondrial fission 1

FUN14 domain-containing protein 1

Fuzzy onions homolog 1

GTPase EF-hand protein of mitochondria 1

GRAM domain-containing protein 1 a/c

Glucose-regulated protein 75

Homologous to Atf/Creb1

70 kDa heat shock protein

Interferon Y

Inverted formin 2

Inositol trisphosphate /Inositol trisphosphate
receptor

IP3R binding protein released with inositol
1,4,5-trisphosphate

Inositol requiring 1

Inositol-requiring enzyme 1a

Lipid transfer protein anchored at membrane
contact sites 6

Membrane-associated ring finger (C3HC4) 5

Mdm10 complementing protein 1/2

Mitochondrial NADH-cytochrome b5 reductase 1

Mitochondrial distribution and morphology 1/
34/12/10/36

Mitofusin 1/2

Mitochondrial genome maintenance 1

Mitoguardin 2

Mitochondrial Rho

Maintenance of mitochondrial morphology 1

Mitochondrial myo2p receptor-relate 1

Motile sperm domain containing 2

Nuclear factor of activated T-cell 1

Nitrogen permease regulator 3

Nuclear migration 1

Oxysterol-binding protein related-proteins 5/8

Phosphofurin acidic cluster sorting protein 2

Pannexin 2

Pyruvate dehydrogenase kinase isozyme 4

PDZ domain containing 8

Peroxisomal membrane protein 118
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Table 1: (continued)
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Protein abbrevia-
tion

Full name/gene name

Pex34/11 Peroxin 34/11

PIGBOS PIGB opposite strand 1

PINK1 PTEN-induced kinase 1

Ptc1 Phosphatase type two C1

PTPIP51 Protein tyrosine phosphatase interacting pro-
tein 51

RAB7 Ras-related protein rab 7

REEP1 Receptor expression-enhancing protein 1

RRBP1 Ribosome-binding protein 1

Sarl Secretion-associated, ras-related 1

SPIREC1C Protein spire homolog 1C

SYNJ2BP (OMP25)  Synaptojanin-2-binding protein (outer mem-
brane protein 25 kDa)

TBC1D15 TBC1 domain family member 15

TG2 Transglutaminase type 2

TOM40/70/71/5  Translocase of the outer mitochondrial mem-
brane 40/70/71/5 kDa

TSPO Translocator protein

VAP A/B Vesicle-associated membrane protein-associ-
ated protein A/B

VDAC1 Voltage-dependent anion-selective channel
protein 1

Vps13/1/39 Vacuolar protein sorting 13/1/39

VPS13A/C Vacuolar protein sorting-associated protein
13A/C

Ypt7 Yeast protein two 7

(Eisenberg-Bord et al. 2019; Subramanian et al. 2019).
ERMES disruption also lead to a decrease in both the pro-
duction and the steady state levels of CoQg (the final de-
rivative of the CoQ synthome in yeast) and its intermediates
in isolated mitochondria (Eisenberg-Bord et al. 2019; Sub-
ramanian et al. 2019).

How is this coordination achieved? It was suggested
that the protein Coq10 is in charge of positioning the CoQ
synthome near ERMES since Coql0 is co-expressed with
the ERMES subunit Mdm12 (Cherry et al. 2012). Addition-
ally, deletion of the COQI0 gene reduced the co-localiza-
tion of the CoQ synthome and the ERMES complex
(Eisenberg-Bord et al. 2019).

Regardless of the exact molecular details, the new role
of the ER-mitochondria contact site in CoQ biosynthesis
may explain why loss of ERMES results in reduced respi-
ratory capacity (Kornmann et al. 2009).

Inheritance

In yeast, a role for the mitochondria-ER-plasma membrane
(PM) contact site (termed mitochondrial-ER cortex anchor
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(MECA)) in mitochondrial inheritance was shown. This role
involves the Num1 protein (Klecker et al. 2013; Lackner
et al. 2013). Numl1 has a coiled coil domain that is able to
directly bind mitochondria, promoting the formation of
Numl clusters. Numl can also bind dynein, the main
microtubule motor protein that positions the spindle be-
tween mother and bud. The function of the MECA is
therefore to couple disruption in mitochondrial inheritance
with a delay in dynein-mediated spindle positioning. This
is suggested to safeguard mitosis of cells lacking properly
inherited mitochondria (Kraft and Lackner 2017).

Precursor targeting

BAP31 is an ER membrane protein that is involved in
several cellular pathways such as apoptosis, autophagy
and signaling (Iwasawa et al. 2011; Namba 2019; Rosati
et al. 2010). In human U20S cells it was shown that BAP31
interacts with the central subunit of the TOM complex,
TOM40 (Namba 2019). The complex of BAP31 together with
TOM40 docks a precursor of the respiratory chain complex
I (pre-NDUFS4). Interestingly, it was suggested that BAP31
supports the translocation of pre-NDUFS4 through TOM40
(De Rasmo et al. 2008; Namba 2019; Papa et al. 2012).

In yeast, the ER has also been shown to play a role in
the translocation of inner mitochondrial membrane pro-
teins through ER-SURF, a process that retrieves mito-
chondrial proteins from the ER surface and reroutes them
to mitochondria (Hansen et al. 2018). ER-SURF was also
suggested to occur through contact sites.

Apoptosis

Multiple manuscripts have uncovered a role for the ER-
mitochondria contact site in apoptosis:

(1) BAP31, mentioned above for its role in precursor tar-
geting, has also been suggested to play a role in
apoptosis (Namba 2019). Interestingly, the ER stress
response inducer tunicamycin changes BAP31location
from the whole ER to the rough ER only. There, instead
of TOM40, BAP31 interacts with the anti-apoptosis
protein BCL2 which stimulates mitochondria-depen-
dent apoptosis (Namba 2019). This suggests a mecha-
nism to couple ER-mitochondria contact sites with
apoptosis.

Another ER-mitochondria contact site protein that
might play a role in apoptosis is the mammalian
membrane channel protein PANX2 (Sosinsky et al.
2011). At endogenous levels, PANX2 is located in
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discrete patches in the contact. Functionally, over-
expression of PANX2 displays a two-fold increase in
the speed of Caspase3 activation and DNA fragmen-
tation during apoptosis, when compared to control,
suggesting that PANX2 might play a role in this pro-
cess. The hypothesis is that PANX2 channels promote
apoptosis by creating Ca* channels from the ER to
mitochondria (Le Vasseur et al. 2019).

The mammalian protein, IRBIT, binds to the IP3 re-
ceptor (IP3R) (that also acts as a tether) and promotes
ER-mitochondria contact sites, facilitating Ca* transfer
and thus regulating apoptosis. IRBIT does so through
interaction with the antiapoptotic protein BCL2L10, a
BCL2homolog (Bonneau et al. 2016). BCL2L10 interacts
with IP3R via its BH4 domain. Both IRBIT and BCL2L10
interact within the contact to strengthen each other’s
interaction with IP3R and form one complex with IP3R-
VDAC1. Moreover, knockout (KO) of IRBIT reduced
both the number and extent of ER-mitochondria con-
tacts compared to control cells, suggesting that IRBIT
participates in the formation or stabilization of these
contacts. In normal conditions, the interaction be-
tween IRBIT and BCL2L10 functionally balances the
amount of Ca* released through IP3R, probably by
interference of IP3 binding to its receptor. However,
under stress conditions that promote apoptosis,
induced by staurosporine or tunicamycin, IRBIT is
dephosphorylated and inhibits the interaction of
BCL2L10 with IP3R thus preventing rescue from cell
death. KO of IRBIT under these conditions greatly
attenuated the release of Ca* from the ER indicating its
important role in apoptosis (Bonneau et al. 2016).

A negative regulator of apoptosis in ER-mitochondria
contacts is FATE1, a cancer-testis antigen. FATE1 reg-
ulates Ca*— and drug-dependent apoptosis in cancer
cells by modulating organelle distance (Doghman-
Bouguerra et al. 2016). FATE1 expression in adreno-
cortical carcinoma (ACC) cells decreases ER-mito-
chondria contact and mitochondrial Ca* uptake, while
its knockdown (KD) has an opposite effect. FATE1 also
decreases sensitivity to mitochondrial Ca* —dependent
proapoptotic stimuli and to the chemotherapeutic drug
mitotane which is the current medical therapy in
advanced ACC. Therefore, ER-mitochondria uncou-
pling activity of FATE1 is harnessed by cancer cells to
escape apoptotic death and resist the action of
chemotherapeutic drugs (Doghman-Bouguerra et al.
2016).

A contact site protein with both negative and positive
roles in cell death is GRP75, an HSP70 molecular
chaperone (Wadhwa et al. 1993) that is localized to ER-
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mitochondria contacts. In cancer cells and astrocytes,
overexpression of GRP75 after exposure to cellular
stress prevents cell death (Guo et al. 2012; Voloboueva
et al. 2008). In contrast, overexpression of GRP75 in
HT22 neuronal cells made them more susceptible to
cell death resulting from oxidative glutamate toxicity.
In the neuronal cells, higher amounts of GRP75 caused
increased ER-mitochondria contact whereas, KO, KD or
inhibition reduced contact formation. This reduction
in contacts preserved mitochondrial function during
glutamate oxidative stress by rescuing mitochondrial
membrane potential, preserving mitochondrial
morphology, attenuating the production of reactive
oxygen species and maintaining mitochondrial respi-
ratory capacity. Although KO or KD of GRP75 in
HT22 cells made them less sensitive to glutamate
oxidative stress, it failed to protect them from cell
death induced by the ER stressors thapsigargin or
brefeldin A or by rotenone that inhibits mitochondrial
complex I. This suggest that ER-mitochondria contact
sites, and GRP75 in particular, are important for cell
death pathways and not directly affected by mito-
chondrial damage or ER stress. Altogether, GRP75 is an
example of a tether protein that is located and func-
tions at contacts, but can present the opposite behav-
iors to mitochondrial stress induction depending on
cell type and cellular state (Honrath et al. 2017).

Heme homeostasis

Heme is an iron-containing cofactor and signaling mole-
cule that facilitates multiple processes by regulating pro-
teins in nearly every organelle in the cell. It is synthesized
via eight highly conserved enzymes that reside partly in
mitochondria and partly in the cytosol. Mature heme is
formed inside the mitochondrial matrix and must be
transported to the various organelles (Hanna et al. 2017;
Piel et al. 2019). Originally it was thought that heme
transporters export heme to the cytosol first, and from there
it is shuttled to other organelles (Chiabrando et al. 2012).
However, a fluorescent heme sensor (HS1) in live yeast
cells, demonstrated that the traffic of heme from mito-
chondria to the nucleus is 25% higher than the trafficking
of heme to the cytosol. This suggest a direct transfer of
heme between the two organelles (Martinez-Guzman et al.
2019; see also below).

Gem1, a MOM GTPase, is known to negatively regulate
the ERMES complex (Kornmann et al. 2011). Increase in
ERMES expression as a result of deletion of GEMI signifi-
cantly elevated heme trafficking rate from mitochondria to
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the nucleus. However, in strains with deletion of proteins
that are part of the ERMES complex, heme trafficking rates
were unaffected. Moreover, deletion of MGMI, encoding a
GTPase that promotes inner mitochondrial membrane
fusion, did not change heme synthesis rate but decreased
its nuclear transport (Westermann 2008). The alteration
was restored after several hours, likely as a result of a
compensatory mechanism that sensed the heme reduction
in the nucleus (Martinez-Guzman et al. 2019).

Iron homeostasis

Iron-sulfur clusters (ISC) are heme precursors and essential
co-factors produced in mitochondria. ISC biosynthesis is
the essential function of mitochondria and hence it is
highly regulated. Reduction in ISC biosynthesis results in
increased cellular iron uptake (Stehling and Lill 2013).
Similarly, in yeast, loss of ERMES also increases iron up-
take and iron concentrations in the cell (3-4-fold compared
to control) (Xue et al. 2017). A strong suppressor of ERMES
loss is a point mutation in VPS13 (Lang et al. 2015). Indeed,
this mutation also suppresses iron overload in the cell and
attenuates the iron deficiency response (Xue et al. 2017).
Like many other known ERMES functions, it is unclear if
the complex participates directly in iron homeostasis or if
this is a secondary effect to the disruption in mitochondrial
morphology or respiration.

How does iron reach mitochondria? Iron uptake occurs
in multiple cell types through endocytosis of the iron
binding transferrin (Tf) molecule following binding to its
receptor on the cell surface (Aisen et al. 2001). Iron is then
released from Tf to the endosomal lumen due to the
increased acidity (Dautry-Varsat et al. 1983). From the early
endosome, iron is transferred to the mitochondrial matrix
(Ponka 1997). It seems that in this aspect too contacts play a
central role. Several Tf-containing endosomes located in
the cell periphery were found in close proximity with
mitochondria in epithelial cells. It was shown that indeed
iron is transferred directly from the early Tf-endosome to
mitochondria through a contact site that reduces endo-
some motility, but iron release was not required for the
interaction itself (Das et al. 2016).

Regulation of the unfolded protein
response (UPR)

Mitochondria were shown to play an important role in
regulating ER stress (Malhotra and Kaufman 2011). During
ER stress, iron uptake is increased and heme production is
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upregulated as heme is required for ER membrane proteins
to synthesize more sterols and unsaturated lipids. In the
absence of efficient heme biosynthesis, ER stress cannot be
properly resolved (Cohen et al. 2017). In yeast upon ER
stress induction, ERMES foci increase to double the num-
ber of ER-mitochondria contact sites (Kojima et al. 2019).
Surprisingly, the abundance of ERMES foci was indepen-
dent of the ER stress transducers, Irel or Hacl. This
expansion in number seems to be an important aspect of
regulating ER stress since deletion of ERMES subunits
blocked the stress-dependent ER membrane expansion
and increased susceptibility to stress. This suggests that
there is a direct involvement of ER-mitochondria contact
sites in modulating ER stress.

Recently, the human microprotein PIGBOS was shown
to be a MOM resident protein, which interacts specifically
with the ER protein CLCC1 and by this regulates the UPR
(Chu et al. 2019). Thus, the PIGBOS-CLCC1 interaction has
the potential to be a new tether in the ER-mitochondria
contact site and a direct modulator of the above response.
However, KO or overexpression of PIGBOS does not show a
clear phenotype on the extent of the contact or the distance
between the organelles. Since multiple independent teth-
ering machineries act at the ER-mitochondria contact site,
it may still be that loss of this specific tethering pair can be
compensated by others and that the effect of the over-
expression was limited by the levels of free CLCC1.

Another angle of mitochondrial involvement in ER
stress comes from the finding that a mitochondrial protein
can regulate IREa. IRE1is a conserved ER sensor protein that
recognizes unfolded proteins in the ER lumen and activates
a transcriptional program to restore homeostasis (Walter
and Ron 2011). In mammals, IREla functions can also pro-
mote apoptosis when ER stress is not resolved (Ghosh et al.
2014) and hence its levels must be tightly regulated. IREla
was found to be a substrate of MITOL (MARCH5), a mito-
chondrial ubiquitin ligase (Takeda et al. 2019). The C-ter-
minus of IREla can directly bind to the N-terminus of MITOL.
In the absence of MITOL, IREla is not ubiquitinated, leading
to reduced cell survival rates and high levels of cleaved
Caspase3. Moreover, MITOL depletion increased IREla
oligomerization suggesting that MITOL prevents apoptosis
by capping IREla oligomerization. Both IREla and MITOL
are enriched in MAMs. Silencing of PACS2 or MFN2, a tether
of the ER-mitochondria contact, reduces IREla ubig-
uitylation, while overexpression of MITOL enhances ubig-
uitylation. Thus, the ubiquitylation of IREla may occur at
contacts. This suggests that the ER-mitochondria contact
regulates apoptosis not only through Ca™ transfer but also
through controlling IREla oligomerization by MITOL ubig-
uitylation (Takeda et al. 2019).
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Bulk autophagy

VAPB is an integral ER protein that plays important roles in
several ER contact sites from yeast to humans (Lev et al.
2008). Mammalian VAPB is also enriched in MAMs. VAPB
tethers the ER to mitochondria by binding to the outer
mitochondrial protein PTPIP51 (De Vos et al. 2012).
Downregulation of VAPB or PTPIP51 stimulates autophagic
flux, which can be compensated by an artificial tether that
increases the ER-mitochondria contacts (Gomez-Suaga
et al. 2017). From these results it seems like autophagy is
not specifically regulated by the VAPB-PTPIP51 interaction
but rather by the degree of association between the two
organelles. It remains to be determined by which mecha-
nism the degree of tethering between the organelles is
sensed by the cell and regulated. One clue is that over-
expression of VAPB-PTPIP51 resulted in an increase of
IP3R-VDACI interactions and concomitant uptake of Ca™
by mitochondria. Since chemical inhibition of Ca* uptake
reversed the effects of the overexpression, it hints that Ca*
flux is linked to the sensing or signaling (Gomez-Suaga
et al. 2017).

Another key player in bulk autophagy is mammalian
ATG2A/B that is required for lipid transfer during the
phagophore expansion step. During autophagy, ATG2A
translocates to the phagophore at the ER-mitochondria
contact by binding TOM40 through a C-terminal domain.
Additionally, ATG2A recruitment to the contact is depen-
dent on TOM70. Once at the contact, ATG2A recruits ATG9A
promoting phagophore growth by coupling vesicular and
non-vesicular lipid transport into the expanding phag-
ophore (Tang et al. 2019).

Another protein that inhibits autophagosome forma-
tion at ER-mitochondria contacts is the tumor suppressor,
promyelocytic leukemia (PML). This role could explain
why mutations in this protein provide an advantage to
tumor cells that use autophagy as a cell survival strategy
under stress conditions (Missiroli et al. 2016).

Pexophagy

Loss of the ERMES complex in yeast results in multiple
phenotypes of peroxisomes including changes in peroxi-
somal number and size (Cohen et al. 2014; Esposito et al.
2019). One way by which the number of peroxisomes is
regulated is by selective autophagy called pexophagy.
Pexophagy acts to remove excessive or dysfunctional
peroxisomes thus protecting cells from increased gener-
ation of harmful reactive oxygen species (Till et al. 2012).
When pexophagy was induced by a combination of
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nitrogen starvation and use of oleic acid as a sole carbon
source, the number of proximities between peroxisomes
and ERMES foci increased to more than 50% of peroxi-
somes relative to only 20% on rich medium. Moreover,
disruption of the ERMES tether reduced pexophagy. A
similar effect was seen in a Apex1I background (Liu et al.
2018). Pex11 was suggested to be part of the PerMit teth-
ering machinery by binding the subunit Mdm34 in ERMES
(Mattiazzi USaj et al. 2015). In addition, the peroxisome
fission proteins, Dnm1 and Vpsl that are required for
progression of pexophagy (Mao et al. 2014) were recruited
by Atg11 and Atg36 to ER-mitochondria contacts (Liu et al.
2018). This supports the notion that establishment of a
three-way peroxisome-ER-mitochondria contact is
required for efficient pexophagy.

Mitophagy

Much like pexophagy, mitophagy is essential for removal
of damaged or excessive mitochondria, even under
nutrient-rich conditions (in comparison to autophagy that
is activated in response to starvation or stress) (Ding and
Yin 2012). It is clear that multiple players take part in
orchestrating mitophagy and that many of them reside in
ER-mitochondria contacts.

In mammals, mitophagy can be mediated through
PINK1, a mitochondrial kinase. Upon mitochondrial de-
polarization, PINK1 levels increase at the damaged mito-
chondrial surface, where it recruits Parkin, which then
induces mitophagy (Choubey et al. 2014; Koyano et al.
2014; Michiorri et al. 2010; Scarffe et al. 2014). BECN1, a pro-
autophagic protein that can interact with PINK1, is also
known to recruit Parkin (Choubey et al. 2014). However,
this recruitment seems to be cell type specific. In a neuronal
cell line (SH-SY5Y), while endogenous PINK1 and BECN1
are both localized in the ER-mitochondria contact, Parkin
recruitment to damaged mitochondria occurs in a BECN1
independent manner (Gelmetti et al. 2017). Nevertheless, in
all cell lines tested, both Parkin and BECN1 require PINK1
for recruitment. Moreover, downregulation of BECN1 and
PINK1 reduces the normal increase in ER-mitochondria
contact site formation upon treatment with the mitochon-
drial uncoupler, CCCP, which is also known to stimulate
mitophagy (Gelmetti et al. 2017).

Another protein that modulates mitophagy in
mammalian cells is the mitochondrial protein FUNDCI.
FUNDC1 accumulates at ER-mitochondria contact sites
during hypoxia by associating with the ER membrane
protein calnexin (CNX) (Wu et al. 2016). As mitophagy
continues, FUNDC1/CNX interaction decreases and the
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exposed cytosolic loop of FUNDC1 binds DRP1 instead,
promoting fission. Moreover, downregulation of FUNDCI1,
DRP1, or CNX prevents mitophagy in hypoxic conditions
(Wu et al. 2016).

It may be that in different types of stress or in different
cell types various modulators exist. For example, PACS2
accumulates at ER-mitochondria contact sites following an
oxidized low-density lipoprotein (LDL) stimulation in hu-
man vascular smooth muscle cells and this accumulation
increases contact extent. In the absence of PACS2, under
similar stimulation, contacts do not expand, mitophagy is
impaired, and apoptosis ensues (Moulis et al. 2019).

In summary, induction of mitophagy is clearly linked
to ER-mitochondria contacts and the understanding that
this platform is essential during normal cellular functions
and stress may promote a better understanding of disease
states where mitophagy is reduced.

Regulation of mitochondrial
contact site extent and number

As new functions are added to the repertoire of mito-
chondrial contacts, it is also becoming clear that regulating
them is essential. Indeed, the list of identified regulators is
also growing. Contact regulators have tremendous influ-
ence on multiple aspects of contacts such as their forma-
tion, ablation, number, duration, stability and functions.

One of the first regulators discovered was the highly
conserved yeast tail anchor protein Lamé6 (GRAMD1a and
GRAMDIc are the homologs in mammalian cells). Lamé
resides in several mitochondrial contact sites in yeast such
as ER-mitochondria and vacuole-mitochondria (VaCuoLe
and Mitochondria Patch; vCLAMP) (Elbaz-Alon et al. 2015;
Gatta et al. 2015; Murley et al. 2015). Lamé6 is embedded in
the ER membrane through its transmembrane domain and
binds opposing organelles through protein-protein in-
teractions (Eisenberg-Bord et al. 2016; Elbaz-Alon et al.
2015; Gatta et al. 2015; Murley et al. 2015). Since it is found
in more than one contact, it enables the cross-talk between
contact sites and can regulate their expansions in physio-
logical conditions.

Another example of a versatile tether in yeast, whose
relative abundance at different contact sites can regulate
their extent, is Vps13 (Bean et al. 2018). Vps13 was first
connected to contact sites since a single point mutation
was found to compensate for loss of ERMES complex
functions (Lang et al. 2015). More recently, it was found to
be a resident of several contact sites such as the vCLAMP,
mitochondria—endosome and nucleus-vacuole junction
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(NV]) (Lang et al. 2015, Park et al. 2016). Two additional
proteins that enable the functional rescue of ERMES mu-
tants when overexpressed are Mcpl and Mcp2, which are
both located on the MOM (Tan et al. 2013, Lang et al. 2015).
Overexpression of Mcpl1 re-localizes Vps13 to mitochondria
suggesting that these two proteins work together. The N-
terminus of Mcpl is both necessary and sufficient for
binding Vps13 and recruiting it to mitochondria. However,
while a truncated version of Mcp1 succeeded in localizing
Vps13 to mitochondria, it did not compensate for ERMES
function, demonstrating an additional role of Mcp1 beyond
recruitment of Vps13 (John Peter et al. 2017). Interestingly,
expression of the vVCLAMP tether Vps39 is essential for the
Mcpl-Vps13 mediated rescue of ERMES (John Peter et al.
2017). It is not clear if Vps13-Mcpl interaction creates a
tether or is merely a physiological effector. Vps13 is highly
conserved to humans where multiple family members have
been shown to act in contacts and mutations in them cause
genetic disorders (see below) (Kumar et al. 2018).

The yeast vCLAMP is also regulated. Phosphorylation
of the vCLAMP protein Vps39 affects tethering under
different carbon sources (Honscher et al. 2014). Another
regulator of vCLAMP in yeast is the evolutionary conserved
multiprotein SEA complex (GATOR in mammals (Bar-Peled
et al. 2013)) that regulates the TOR Complex 1 (Evans et al.
2011). Although the SEA complex is located at the vacuole
membrane, it partially co-localizes with mitochondria (Ma
et al. 2019). Moreover, about 20% of the proteins that
interact with the SEA complex are mitochondrial. The
deletion of any protein from the SEACIT sub-complex of the
SEA complex (Algret et al. 2014) reduces vCLAMP forma-
tion in Vps39 overexpressed strains that normally induce
and enlarge the contacts (Gonzalez Montoro et al. 2018). In
addition, a double deletion mutant of MDM34 (an ERMES
component) and NRP3 (a SEACIT complex protein) has
reduced fitness compared to single mutant strains (Ma et al.
2019).

In mammalian cells, a newly discovered contact
regulator is TG2, a Ca*-dependent post-translational
modification enzyme that creates intra or inter molecular
crosslinks between lysine and glutamine residues (Fesus
and Piacentini 2002). TG2 interacts with proteins that are
located in the ER and mitochondria, such as the above
mentioned GRP75, in murine embryonic fibroblasts. Like
GRP75, TG2 is enriched specifically in MAMs. Although the
absence of TG2 increased the interaction between IP3R and
GRP75, it decreased the number of contact sites observed
between the ER and mitochondria, and elevated the dis-
tance between these organelles (D’Eletto et al. 2018). The
ablation of TG2 also caused downregulation of several
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contact site proteins, among them the known tether MFN2,
suggesting that the increase in IP3R-GRP75 interaction
compensates for the disruption of ER-mitochondria contact
sites. Another protein downregulated upon ablation of TG2
is TSPO, a MOM protein found also in the ER-mitochondria
contact site. TSPO translocates cholesterol from the outer
to the inner mitochondrial membrane (Batarseh and
Papadopoulos 2010). Functionally, overexpression of TG2
increases Ca™ trafficking between the ER and mitochondria
(D’Eletto et al. 2018).

To date, most mitochondria contact site regulators
were identified for ER-mitochondria contacts as this con-
tact has attracted the most research. More research is
required to uncover new regulators for other mitochondrial
contact sites and tethers.

Newly-discovered mitochondrial
contacts

For many years it was believed that all contacts formed in
the cell involve the ER (Elbaz and Schuldiner 2011). The
discovery of a mitochondrial contact site that does not
contain the ER - the vCLAMP (Elbaz-Alon et al. 2014,
Honscher et al. 2014) opened the door for the possibility
that more ER-independent contacts exist. Since then, more
and more contacts are being discovered and characterized
using multiple new tools and techniques that emerged and
are improved over time. Currently it seems that all organ-
elles, including mitochondria, can communicate through
contact sites with almost all other organelles. A summary
of all mitochondrial contact sites characterized to date in
both yeast and mammalian cells and their identified
tethers is shown in Figure 1. Below we will discuss the most
recently uncovered mitochondrial contacts:

Mitochondria-nucleus contact in
mammalian cells

A contact site between mitochondria and the nucleus was
found in cell lines derived from breast cancer using elec-
tron microscopy. The contact, named Nucleus-Associated
Mitochondria (NAM) (Desai et al. 2019), formed in response
to staurosporine (STS), a drug that induces the mitochon-
drial retrograde stress response (Eisenberg-Bord and
Schuldiner 2017b). TSPO, which was mentioned above as a
resident protein of the ER-mitochondria contact, regulates
the NAM as well. It is yet unclear if TSPO is a resident of
both contacts or else that NAMs represent specialized cases
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Figure 1: Schematic representation of the known mitochondrial contact sites and their resident tethers in yeast (top) or in mammals (bottom), as
well as their functions. Tethers are shown in pale blue, regulators are shown in dark blue and the green arrows represent the function of the tether
they pass through. The brown area in the mammalian cell contains the tethers and regulators responsible for autophagosome formation or
inhibition. Proteins with a question mark are yet to be identified or fully proven. For more regulators in ER-mitochondria contacts see (Csordas et al.
2018). Full names of the depicted proteins can be seen in Table 1.
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of ER-mitochondria contacts on the outer nuclear mem-
brane that is continuous with the ER.

In mouse embryonic fibroblasts, downregulation of
TSPO increases the distance between the two organelles
while its overexpression shows higher proximity of the MOM
and the nuclear envelope. Overexpression of TSPO in these
cells causes significant resistance to STS induced apoptosis
and this is dependent on the ability of TSPO to bind
cholesterol. After STS treatment, cholesterol is localized
around the nucleus similarly to when TSPO is overexpressed
(Desai et al. 2019). TSPO might be a NAM tether as many
tethering molecules have lipid transfer capacity. More
studies should be undertaken to further characterize this
contact, its function and additional tethers and regulators.

Mitochondria-lysosome contact in
mammalian cells

While it was shown already several years ago that mito-
chondria create a contact with the vacuole (the yeast
lysosome), only recently the contact site between mito-
chondria and lysosomes was characterized in HeLa and
HCT116 cells using electron microscopy (Wong et al.
2018). In live cells, mitochondria create a stable contact
with several diverse sized vesicles simultaneously (Wong
et al. 2018). The contact is regulated by TBCID15, a
GTPase-activating protein for RAB7. TBC1D15 is recruited
to mitochondria by FIS1, stimulates RAB7 GTP hydrolysis
and this untethers the mitochondria-lysosome contact.
Expression of the constitutively active GTP-bound RAB7
mutant increases both contact formation and duration. A
FIS1 mutation that prevents recruitment of TBC1D15 to
mitochondria displayes the same phenotype (Wong et al.
2018).

In summary, contact sites of mitochondria with all or-
ganelles in both yeast and humans have now been described
with the exception of a Golgi contact site, which will surely
soon be found as well. An additional new avenue in contact
site research is the capacity of membrane bound organelles
to form contacts with membrane-less organelles (Gomes and
Shorter 2019). Recently such contacts have been described
for the ER (Ma and Mayr 2018, Lee et al. 2020) and LDs
(Moldavski et al. 2015). It will be interesting to find if mito-
chondria can also have these kinds of contacts.

Three-way contacts

One of the most interesting recent discoveries in contact
site biology is that contact sites can also mediate the
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physical interaction between more than two organelles.
The phenomenon of contact formed between three or-
ganelles simultaneously or “three-way contacts” is
changing our view that junctions between organelle
membranes can be created only between two opposing
membranes. For example, the ER protein Mdm1 interacts
simultaneously with LDs and vacuoles to create a three-
way contact in yeast (Hariri et al. 2019). Additional three-
way contacts have been found in yeast between LDs,
vacuoles and the nuclear membrane (Eisenberg-Bord
et al. 2018) and between LDs, peroxisomes and the ER
(Joshi et al. 2018).

Mitochondrial contact sites are central to cellular
physiology and mediate multiple processes; hence it is no
surprise that mitochondria too form three-way contacts.
Indeed, mitochondria have been shown to form three-way
contacts with peroxisomes and the ER in yeast (Cohen et al.
2014). In plant cells, mitochondria, peroxisomes and
chloroplasts have been shown to form three-way contacts
as well (Oikawa et al. 2019). A few examples of the mo-
lecular players involved in these types of contacts can be
found below:

Mitochondria, ER, LDs

A three-way contact between LDs, mitochondria and the ER
was identified in differentiating adipocytes (Freyre et al.
2019). In this contact, MIGA2, a MOM protein, acts as a
physical tether by binding the LD surface through its
amphipathic helix located at the C-terminus. In addition,
MIGA2 contains a FFAT (double phenylalanine in an Acidic
Tract) motif that is responsible for interacting with the ER
proteins VAPA and VAPB. Removal of any one of these
sequences causes dispersal of the three organelles in the
cell. In differentiating adipocytes this tethering has been
shown to be crucial for synthesis of triacylglycerols from
non-lipid precursors such as glucose during de novo lipo-
genesis (Freyre et al. 2019).

Mitochondria, ER, PM

The MECA represents a contact between mitochondria, ER
and the PM in yeast (Lackner et al. 2013, Klecker et al. 2013).
Two important proteins for MECA establishment are
Mdm36 on the MOM and Numil. Multidomain Numl is a
unique tether that interacts with membranes on both of its
ends — the coiled coil domain at its N-terminus binds car-
diolipin and phosphatidic acid on the mitochondrial
membrane while the pleckstrin homology (PH) domain on
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Figure 2: Schematic description of diseases (divided by the affected organs) that are associated with alterations in mitochondrial contact

sites.

its C-terminus specifically binds phosphatidylinositol 4,5-
bisphosphate PI(, 5)P2 on the PM (Ping et al. 2016).

These findings support the notion that maintaining
cellular homeostasis often requires signals and pathways
to go through more than two organelles and that this can be
facilitated by three-way contacts. Three-way contacts with
mitochondria demonstrate a greater degree of organization
in cellular space. This creates the potential to transfer
metabolites even more efficiently, in complex pathways
without being exposed to the cytosol where they may be
consumed, degraded or modified. This may be important
especially during differentiation or stress responses when
the cell must react rapidly to changes. It will also be
interesting to study how these three-way contacts are
regulated and if they are dynamic.

Different contact sites between the
same two organelles

While several tethering molecules and functions can be
present, interspersed, in the same contact site, a newly
emerging theme is the presence of spatially distinct contact
sites forming between the same two organelles. Such con-
tacts, although they connect the same two organelles, are in
different places along the organelle membranes, perform
non-overlapping functions and contain distinct tethers.

A recent example is the discovery of distinct domains
of the ER-PM contact site in human cells, which are sepa-
rated spatially and mediated by specialized tethers with
different functions (Besprozvannaya et al. 2018).
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The concept of spatially distinct contact sites with
mitochondria is also starting to emerge. For example, in
mammalian cells, a contact site of mitochondria specifically
with the rough ER that differs from the contact with the
smooth ER was shown (Giacomello and Pellegrini 2016).
Proteomic mapping in human HEK293 cells revealed that the
mitochondrial tail anchored protein SYNJ2BP (also known as
OMP25) is a contact site protein (Hung et al. 2017). However,
its overexpression in Cos7 cells increased the proximity
specifically between the rough ER and mitochondria. The
binding partner of SYNJ2BP on the ER membrane is the
single-pass transmembrane protein RRBP1, which contains a
PDZ-binding domain that may bind the PDZ domain of
SYNJ2BP. Overexpression of SYNJ2BP in RRBP1 KO cells
failed to increase the contact extent. Moreover, treatment
with the translation inhibitor puromycin, which disassem-
bles polysomes, reduced the extent of the overexpressed
SYNJ2BP connection with endogenous RRBP1, without
changing the abundance of either protein. Puromycin treat-
ment also disrupted selectively the rough ER-mitochondria
contacts (Hung et al. 2017). Hence, mitochondrial contacts
with rough ER or smooth ER create distinct sub-domains with
unique specialized functions and different tethering ma-
chinery (Hung et al. 2017, Giacomello and Pellegrini 2016).

Another recent example for different contact sites be-
tween the same organelles is the yeast vacuole-mitochon-
dria contact. One contact is the vCLAMP whose tether is
Vps39 that binds to the vacuole via the Rab7-like GTPase,
Ypt7 and to mitochondria via Tom40 (Gonzalez Montoro
et al. 2018). Several mutations in the region necessary for
Vps39 tethering to mitochondria resulted in reduction of
Tom40 binding and association of the two organelles
(Gonzalez Montoro et al. 2018). The reduced tethering of
Vps39 to Tom40 uncovered a second vacuole-mitochondria
tethering pair — Vps13-Mcpl (John Peter et al. 2017). In depth
characterization of the localization and function of the
Vps13-Mcpl contact suggests that it is proximal to, but not
overlapping with, that of the Ypt7-Vps39-Tom40 vCLAMP
contact (Gonzalez Montoro et al. 2018).

Hence, it is important that the field starts referring to
contacts not only by the two organelles participating in
them, but provide the exact tethers or functions studied or
provide distinctive nomenclature.

Involvement of mitochondrial
contact sites in disease

It is now clear that mitochondrial functions and homeo-
stasis are dependent on formation of contact sites with
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other organelles. As mitochondria play a crucial role in
many pathways, it is probably no wonder that damaging
their capacity to communicate with other organelles plays
a central role in diverse human diseases (Lopez-Crisosto
et al. 2015, Liu and Zhu 2017, Paillusson et al. 2016; for a
summary see Figure 2).

For many years, the molecules forming and regulating
mitochondrial contact sites were unknown, making it
impossible to find genetic diseases associated with their
loss. In addition, since the phenotypes of mitochondrial
contact site loss were unclear, the identification of the first
diseases took time. In 2014 the first connection between a
damaged mitochondrial contact site and a disease was
made as the ER-mitochondria contact was implicated in
Alzheimer’s disease progression (Area-Gomez et al. 2012).

Since most research in the contact site field has been
focused on the ER-mitochondrial contact site, the majority
of diseases displaying alterations in contact sites described
to date are related to that between ER and mitochondria.
However, the first examples for the involvement of other
mitochondrial contact sites in diseases are starting to
emerge. For example, Parkinson’s disease was found to be
associated with a defect of the mitochondria-endosome
contact (Lesage et al. 2016), and a connection between
breast cancer and the mitochondria-nucleus contact site
has been described (Desai et al. 2019).

With the rapid accumulation of knowledge on addi-
tional mitochondrial contact sites, we expect many more
disease connections to emerge in the coming years.

It is of interest why defects in a fundamental and
evolutionary conserved cellular process such as mito-
chondrial tethering to other organelles, ubiquitously pre-
sent in most cell types, has cell-specific phenotypes. The
most probable explanation is that the presence of multiple
redundant tethering machineries ensures robustness in the
face of mutations. In addition, it is possible that alternative
contact sites can compensate for dysfunctional ones. The
dependence of each tissue on specific tethers, the presence
of back-up contacts and the requirement for mitochondrial
function in each cell type and tissue may underlie the tis-
sue-specificity of the diseases.

Perspective

Albert Einstein once said “As our circle of knowledge ex-
pands, so does the circumference of darkness surrounding
it.” Similarly, as more and more groups flux into the
emerging field of mitochondrial contact sites and new
discoveries in the field are now a weekly phenomenon, so
do new concepts requiring investigation arise.
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Clearly the big challenge ahead is the realization that
the various functions of mitochondrial contact sites and
their regulation are cell type and condition dependent.
Studies today focus mainly on one kind of cell line and
establish their discoveries based on the organization of a
specific cell network. This will have to be taken more into
consideration as examples of various regulators, such as
GRP75 or BECN1, that work in opposite ways in different
cell lines, arise. Hence, to truly understand the complexity
of mitochondrial contacts we must explore them in multi-
ple environments, cell types and model systems. It will be
interesting to explore which of the mechanisms described
to date are universal and which are unique for specific
conditions or cell types.

As we continue investigating the diverse mitochon-
drial contact sites, their functions and machineries, we
understand more about the complexity of the cell network.
The field has greatly relied on technological advances that
enable new tools for visualizing contact sites and for
analyzing their molecular composition. As these develop
we will surely find new concepts in mitochondrial contact
site research.
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