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It has become apparent that our textbook illustration of singular isolated organelles
is obsolete. In reality, organelles form complex cooperative networks involving various
types of organelles. Light microscopic and ultrastructural studies have revealed that
mitochondria–endoplasmic reticulum (ER) contact sites (MERCSs) are abundant in
various tissues and cell types. Indeed, MERCSs have been proposed to play critical
roles in various biochemical and signaling functions such as Ca2+ homeostasis, lipid
transfer, and regulation of organelle dynamics. While numerous proteins involved in these
MERCS-dependent functions have been reported, how they coordinate and cooperate
with each other has not yet been elucidated. In this review, we summarize the functions
of mammalian proteins that localize at MERCSs and regulate their formation. We also
discuss potential roles of the MERCS proteins in regulating multiple organelle contacts.
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INTRODUCTION

Electron microscopy (EM) studies have revealed that a significant portion of membranes from a
variety of organelles are closely apposed but do not fuse. Among the membrane appositions within
the range of 10–30 nm, membrane contact sites (MCSs) have been defined by the presence of
proteins tethering two organelles (Scorrano et al., 2019). In recent years, it has become rapidly
apparent that MCSs serve as unique intracellular platforms regulating a wide range of biochemical
reactions. The mitochondria–endoplasmic reticulum (ER) contact sites (MERCSs) are the most
frequently observed MCSs in many cell types, and extensive studies have revealed that MERCSs
are hubs for the exchange of metabolites (Valm et al., 2017). For instance, the mitochondrial
calcium uniporter (MCU) protein is activated only when the MCU complex is exposed to a high
concentration of Ca2+ rarely reached in the cytoplasm of most cell types (1–5 µM depending
on the components of the MCU complex) (Csordás et al., 2013; Patron et al., 2014; Petrungaro
et al., 2015). These channel properties necessitate that the mitochondrial surface be very closely
apposed to the ER surface, where Ca2+ is released from either inositol 1,4,5-trisphosphate (IP3)
receptors (IP3Rs) and/or ryanodine receptors (RyRs) (Rizzuto et al., 1993; Cremer et al., 2020).
Furthermore, lipid exchange between the ER and mitochondria is required for the coordinated
synthesis of glycerophospholipids by lipid biosynthetic enzymes that localize at either the ER
membrane (ERM) or the mitochondrial matrix. In the absence of vesicular transport between
these organelles, transfer of intermediate lipid molecules relies on non-vesicular lipid transfer at
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contact sites (Vance, 1990; Petrungaro and Kornmann, 2019).
In addition, MERCSs have been suggested to define sites
of mitochondrial division and mitochondrial DNA (mtDNA)
replication (Friedman et al., 2011; Murley et al., 2013; Lewis
et al., 2016) as well as mitochondrial fusion (Guo et al.,
2018; Abrisch et al., 2020). They also provide a platform for
autophagosome biogenesis (Hailey et al., 2010; Hamasaki et al.,
2013; Garofalo et al., 2016; Böckler and Westermann, 2014; Wu
et al., 2016; Gomez-Suaga et al., 2017). In order to regulate this
wide variety of functions at MERCSs, various protein complexes
are specifically recruited and dynamically maintained at these
unique contact sites.

In yeast, a protein complex called the ER–mitochondria
encounter structure (ERMES) was identified as a molecular
zipper bridging the ER and mitochondria (Kornmann et al.,
2009). The ERMES complex consists of four core proteins:
an ER-anchored maintenance of mitochondrial morphology
1 (Mmm1), mitochondrial distribution and morphology 10
(Mdm10) localized to the outer membrane of mitochondria
(OMM), Mdm34 (Mmm2), and cytosolic Mdm12. The protein–
protein interactions among these core components generate the
tethering force between these two organelles. A few ERMES
complex binding proteins such as a Ca2+-binding GTPase Gem1
(Kornmann et al., 2011; Stroud et al., 2011; Nguyen et al., 2012)
and Mdm10 binding translocase of outer membrane 7 (Tom7)
(Meisinger et al., 2006; Yamano et al., 2010; Becker et al., 2011;
Ellenrieder et al., 2016) have been identified as the auxiliary
subunits of ERMES complex. Gem1 is required for MERCS
formation (Kornmann et al., 2011), whereas the function of Tom7
in regulating MERCSs is unclear.

Like Tom7, the sorting and assembly machinery (SAM)
complex, which is responsible for the membrane insertion of
mitochondrial outer membrane proteins, interacts with the β-
barrel structure of Mdm10 at the opposite side of Mdm12
binding site (Ellenrieder et al., 2016). Given the competition
between the ERMES and SAM complexes for Mdm10 binding,
it is possible that MERCS formation and mitochondrial protein
import are interrelated. Mmm1, Mdm12, and Mdm34 contain
synaptotagmin-like mitochondrial lipid-binding protein (SMP)
domains, which are homologous to the structurally well-
characterized tubular lipid binding protein (TULIP) domain
present in many lipid-binding proteins (I. Lee and Hong, 2006;
Kopec et al., 2010). Structural analyses have shown that the
SMP domain-containing proteins interact with a wide variety
of glycerophospholipids (Schauder et al., 2014; AhYoung et al.,
2015; Jeong et al., 2016, 2017). Thus, it has been hypothesized that
ERMES might be a candidate in non-vesicular transfer of lipids
between ER and mitochondria.

Likewise, characterizing the molecules responsible for MERCS
formation in other eukaryotic cell types including multicellular
organisms has been of great interest for a decade, which
leads to the identification of proteins regulating this contact
formation (Figure 1 and Table 1). The large variety of proteins
identified indicates that the regulation of MERCSs in mammals
is more complicated than in yeast. However, the coordination
and dynamics of these protein complexes remain unclear and
sometimes debated.

MITOCHONDRIA-ENDOPLASMIC
RETICULUM CONTACT SITE-RESIDENT
PROTEINS INVOLVED IN THE CONTACT
FORMATION

Yeast Endoplasmic
Reticulum–Mitochondria Encounter
Structure Complex and Functional
Mammalian Homologs
Several orthologs of the ERMES complex proteins have been
identified in metazoans, although until recently, only those of
regulatory subunits of the complex were known. In mammals,
mitochondria-localized GTPase family members Ras homolog
family member T1 (RHOT1, also known as Miro1) and
RHOT2 (Miro2) are identified as orthologs of Gem1. Confocal
microscopy analysis in mouse embryonic fibroblasts (MEFs)
showed that RHOT1 and RHOT2 double-knockout (DKO)
resulted in the reduction of Mander’s coefficient between ER-
and mitochondria-localized fluorescent proteins, as well as
a slight decrease in the number of MERCSs identified by
transmission EM (TEM) (Modi et al., 2019). Recruitment
of RHOT1 to MERCS is promoted by its phosphorylation.
Blocking the phosphorylation via a polo-like kinase 1 (PLK1)
inhibitor reduced the interaction between voltage-dependent
anion channel (VDAC) and IP3R, which tether the ER and
mitochondria (see below) (S. Lee et al., 2016). It seems that
the Tom7–SAM complex is conserved in mammals as a
mitochondrial protein transport machinery; however, it remains
unknown whether it is involved in MERCS formation.

Compared to the auxiliary subunits, orthologs of the core
ERMES complex proteins had not been identified in metazoans
because of low levels of conservation in the primary amino acid
sequences. However, we recently identified the SMP domain-
containing ER-resident protein called PDZ domain-containing
protein 8 (PDZD8) as a functional homolog of yeast Mmm1
(Hirabayashi et al., 2017).

Mammalian Regulators of
Mitochondria–Endoplasmic Reticulum
Contact Sites
The recent development of the automatic Serial Scanning
EM (SSEM) enabled us to visualize the three-dimensional
(3D) structures of MERCSs. This technique unequivocally
demonstrated that the aforementioned MMM1 homolog PDZD8
is required for MERCS formation in human HeLa cells without
any effects on the 3D architecture of ER and mitochondria.
Furthermore, dual-color Ca2+ imaging showed that ER–
mitochondria tethering mediated by PDZD8 is essential for Ca2+

flux from the ER to the mitochondria in NIH3T3 cells and in
mouse cortical pyramidal neurons (Hirabayashi et al., 2017).
A recent in vitro assay suggested that SMP and PDZ domains of
PDZD8 extract glycerophospholipids and ceramides, as well as
cholesterol, albeit with low efficiency (Shirane et al., 2020). Thus,
PDZD8 is potentially capable of transferring lipids in MCSs.
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FIGURE 1 | A schematic diagram of the proteins proposed to tether the ER and mitochondria. The size of each domain structure was either calculated from the
structures deposited on the Protein Data Bank or estimated using the Phyre2 protein structure prediction tool. Proteins shown to be necessary (green, pink) or
sufficient (yellow) for tethering the ER and mitochondria are depicted. Green indicates that tethering partners of the proteins remain to be determined. Light blue
indicates that roles of the proteins need to be determined. ER, endoplasmic reticulum; FKBP8, FK506-binding protein 8; IP3R, inositol 1,4,5-trisphosphate receptor;
Mfn2, mitofusin 2; PDZD8, PDZ domain-containing protein 8; RHOT1, Ras homolog family member T1; GRP75, glucose-regulated protein 75; RMDN3, regulator of
microtubule dynamics protein 3; RRBP1, ribosome-binding protein 1; SYNJ2BP, synaptojanin-2-binding protein; TMX1, thioredoxin-related transmembrane protein
1; VAPB, VAMP-associated protein B; VPS13A, vacuolar protein sorting-associated protein 13 A; VDAC, voltage-dependent anion channel.

Further studies are required to reveal the mitochondrial binding
partner of PDZD8.

Mitochondria fusion protein mitofusin 2 (Mfn2) is the most
intensively studied yet controversial ER–mitochondria tethering
protein. It has been proposed that ER-localized Mfn2 engages
in homotypic and heterotypic complexes with OMM localizing
Mfn2 or Mnf1, respectively (De Brito and Scorrano, 2008).
However, the role of Mfn2 complex in MERCS formation has
been under intense debate (Filadi et al., 2018). Indeed, a recent
study using split green fluorescent protein (GFP)-based contact
site sensors (SPLICSs) showed that Mfn2 depletion increased and
decreased the number of ER–mitochondria contact sites detected
by SPLICS having spacers corresponding to short (8–10 nm) and
long (40–50 nm) membrane distances, respectively (Cieri et al.,
2018). Considering that the loss of Mfn1/2 complex increased the
average distance between the two membranes at MERCSs only
to 18 nm (De Brito and Scorrano, 2008), it is possible that the
Mfn complex fine-tunes the membrane distance at MERCSs. It
remains to be elucidated in what context and how Mfn2 controls
MERCSs, as well as if it is related to its role in OMM fusion.

Consistent with the observation that mitochondrial fission
occurs at MERCSs, the mitochondrial fission protein 1 (Fis1) is
proposed to reside at MERCSs via the interaction with an ER-
resident protein B-cell receptor-associated protein 31 (BAP31)
(Iwasawa et al., 2011), although it remains uninvestigated
whether the complex impacts MERCS formation. Also, the
mitochondrial fission GTPase dynamin-related protein 1 (Drp1)
has been shown to functionally stabilize MERCSs through
mitochondrial E3 ubiquitin protein ligase 1 (Mul1, also known
as MAPL)-dependent SUMOylation (Prudent et al., 2015).

The OMM-localized protein Spire1C, one of the splicing
isoforms of Spire1, is yet another protein regulating
mitochondrial fission at MERCSs. Spire1C interacts with
the ER-localized isoform of Inverted formin 2 (INF2) via its

kinase non-catalytic C-lobe domain (KIND) (Manor et al.,
2015). The overexpression of KIND-deleted Spire1C decreased
the overlap between the ER and mitochondria as identified by
immunofluorescence imaging in light microscopy.

The yeast two-hybrid screening identified VDAC1–glucose-
regulated protein (GRP)75–IP3R complex as a linker between
the ER and mitochondria (Szabadkai et al., 2006). The OMM
channel VDAC1 mediates Ca2+ channeling from microdomains
with high Ca2+ concentration generated by the opening of the
ER-resident Ca2+-release channel IP3Rs to the intermembrane
space (Gincel et al., 2001; Rapizzi et al., 2002). IP3R2 is
reported to interact not only with VDAC but also with the
OMM-localized protein FUN14 domain-containing protein 1
(FUNDC1) at least in cardiac myocytes (S. Wu et al., 2017).
Grp75 is a cytosolic regulator of the IP3R–VDAC complex
that promotes the interaction between the channels to increase
the efficiency of mitochondrial Ca2+ uptake (Szabadkai et al.,
2006). The interaction between Grp75 and a MERCS-localized
protein transglutaminase type 2 (TG2) has also been suggested to
contribute to MERCS formation (D‘Eletto et al., 2018). Inferred
from the 3D structure of each protein, the size of VDAC1–
GRP75–IP3R complex is around 15 nm. Given that the triple-KO
(TKO) of IP3R isoforms decreased more specifically the tight
contact sites where the two membranes are less than 20 nm apart
(Bartok et al., 2019), it is likely that this complex brings the ER
and mitochondria in particularly close proximity. Tom70 was
also reported to interact with IP3R3 to recruit it to the proximity
of mitochondria, which results in promoting Ca2+ transfer from
the ER to mitochondria (Filadi et al., 2018).

Another protein complex identified by the yeast two-hybrid
screening is the VAMP-associated protein B (VAPB)–regulator of
microtubule dynamics protein 3 (RMDN3, also called PTPIP51)
complex (De vos et al., 2012). The quantification of the
single-plane TEM images revealed that depletion of either VAPB
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TABLE 1 | List of MERCS-Regulating Proteins.

Gene Name Localization How to assess the roles
in MERCS formation

Interactors Other Roles Evolutionary
conservation

References

ATAD3A Mitochondria (IMM, OMM) - Steroidogenesis,
Cholesterol homeostasis,
Cristae structure
maintenance

Baudier, 2018; Issop
et al., 2015

BAP31 ER Fis1 Proapoptotic Iwasawa et al., 2011

CISD2 Mitochondria
(OMM), ER

TEM,
Immunofluorescence,
Ca2+ transfer (in
WFS2-patient-derived
cells) (Rouzier et al., 2017)

GIMAP5 Wolfram syndrome type 2
(WFS2)-related gene

Wang et al., 2014;
Rouzier et al., 2017

CKAP4 ER TEM, Split-GFP, Ca2+

transfer
VDAC2 Harada et al., 2020

Drp1 Cytoplasm,
Mitochondria (OMM)

Immunofluorescence,
Ca2+ transfer (in
Mul1-deficient cells)
(Prudent et al., 2015)

Mitochondrial fission Prudent et al., 2015

EMC ER TEM (in yeast) SLC25A46? Transmembrane helix
insertase

Conserved from
yeast

Lahiri et al., 2014

EMD
(Emerin)

Nucleus, ER FATE1 Causal gene of
Emery–Dreifuss muscular
dystrophy

Doghman-Bouguerra
et al., 2016

FATE1 Mitochondria (OMM),
Mitochondria-associated
membrane (MAM)

TEM,
Immunofluorescence,
Ca2+ transfer

EMD/Emerin? Antiapoptotic Doghman-Bouguerra
et al., 2016

Fis1 Mitochondria (OMM) BAP31 Mitochondrial fission,
Proapoptotic

Iwasawa et al., 2011

FKBP8 Mitochondria (OMM), ER TEM, Ca2+ transfer Unknown Antiapoptotic, Mitophagy Kwak et al., 2020

FUNDC1 Mitochondria (OMM) TEM (Wu et al., 2017) IP3R2, Calnexin
(under hypoxia)

Mitophagy, Mitochondrial
fission, Ca2+ regulation

Wu et al., 2016;
Wu et al., 2017

GIMAP5 MAM, ER? CISD2 Wang et al., 2014

Gp78
(AMFR)

ER TEM, Immunofluorescence Mfn1/2 (ubiquitination) E3 ubiquitin ligase,
ER-associated protein
degradation

Wang et al., 2015

GRP75 Cytoplasm (MAM) Ca2+ transfer IP3R, VDAC1 Szabadkai et al., 2006

INF2 ER Immunofluorescence Spire1C Actin polymerization Manor et al., 2015

IP3R ER TEM (Bartok et al., 2019) Grp75 Ca2+ transport Szabadkai et al., 2006;
Bartok et al., 2019

Mfn1 Mitochondria (OMM) Mfn2 Mitochondrial fusion De Brito and Scorrano,
2008

Mfn2 Mitochondria (OMM), ER Ca2+ transfer (De Brito
and Scorrano, 2008)
TEM (Cosson et al., 2012;
Filadi et al., 2015; Naon
et al., 2016)

Mfn2, Mfn1 Mitochondrial fusion De Brito and Scorrano,
2008; Cosson et al.,
2012; Filadi et al., 2018

Miga2 Mitochondria (OMM) TEM (in fly) (Xu et al., 2020) VAPA, VAPB Mitochondrial fusion Freyre et al., 2019; Xu
et al., 2020

MITOL
(MARCH5)

MAM, Mitochondria Immunofluorescence,
In vitro ER-mitochondria
binding assay, Ca2+

transfer (Sugiura et al.,
2013)
SBF-SEM (Nagashima
et al., 2019)

Mfn2 (ubiquitination) E3 ubiquitin ligase Sugiura et al., 2013;
Nagashima et al., 2019

Mul1
(MAPL)

Mitochondria Immunofluorescence,
Ca2+ transfer (Prudent
et al., 2015)
TEM, Immunofluorescence
in stimulated emission
depletion microscopy
(STED) (Puri et al., 2019)

Mfn2 (ubiquitination),
Drp1 (SUMOlylation)

E3 ubiquitin ligase Prudent et al., 2015; Puri
et al., 2019

PDZD8 ER (partially MAM) Serial SEM, Ca2+ transfer, Unknown Resident in ER-late
endosome/lysosome
contacts

Potential
Ortholog

(Paralog) of
MMM1

Hirabayashi et al., 2017

PS2 ER Immunofluorescence,
Ca2+ transfer

Mfn2 Causally linked to familial
Alzheimer’s disease (FAD)

Filadi et al., 2016

Reep1 ER, Mitochondria Split-RLuc8 assay (in
Reep1-overexpressing
cells)

Unknown Hereditary spastic
paraplegias
(HSPs)-associated gene

Lim et al., 2015

(Continued)
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TABLE 1 | Continued

Gene Name Localization How to assess the
roles
in MERCS formation

Interactors Other Roles Evolutionary
conservation

References

RHOT1/2 (MIRO1/2) Mitochondria (OMM) TEM,
Immunofluorescence,
Ca2+ transfer (Modi
et al., 2019)

IP3R? Mitochondrial motility
(Microtubule binding)

GEM1 in yeast Kornmann et al., 2011;
S. Lee et al., 2016;
Modi et al., 2019;

RMDN3 (PTPIP51) Mitochondria (OMM) Ca2+ transfer (De vos
et al., 2012)
TEM,
Immunofluorescence
(Stoica et al., 2014)

VAPB De vos et al., 2012;
Stoica et al., 2014;
Gomez-Suaga et al.,
2017; Fecher et al.,
2019

RRBP1 ER TEM (Anastasia et al.,
2021)

SYNJ2BP Kinesin binding Hung et al., 2017;
Anastasia et al., 2021

SLC25A46 Mitochondria (OMM) EMC component? Phospholipid exchange Janer et al., 2016

Spire1C Mitochondria (OMM) Immunofluorescence INF2 Actin nucleation Manor et al., 2015

SYNJ2BP Mitochondria (OMM) TEM (in SYNJ2BP-
overexpressing
cells)

RRBP1 Negative regulator of
angiogenesis, tumor
growth and metastasis

Hung et al., 2017

Tom70 Mitochondria (OMM) SPLICS,
Immunofluorescence,
Ca2+ transfer

IP3R3 Translocase of OMM Filadi et al., 2018

VAPB ER Ca2+ transfer (De vos
et al., 2012)
TEM,
Immunofluorescence
(Stoica et al., 2014)

RMDN3 Resident in
ER–endosome contacts,
ER–golgi contacts and
ER–PM contacts

De vos et al., 2012;
Stoica et al., 2014;
Freyre et al., 2019; Xu
et al., 2020

VDAC1 Mitochondria (OMM) TEM (Bosc et al., 2020) GRP75 Ca2+ transport Szabadkai et al., 2006;
Bosc et al., 2020

VDAC2 Mitochondria (OMM) CKAP4 Ca2+ transport Harada et al., 2020

VPS13A MAM TEM (Muñoz-Braceras
et al., 2019)
Immunofluorescence
(Kumar et al., 2018)
SPLICS (Yeshaw et al.,
2019)

VAPA, VAPB Autophagy regulation,
Lipid droplet motility

Kumar et al., 2018;
Muñoz-Braceras et al.,
2019; Yeshaw et al.,
2019.

TMX1 ER, MAM (palmitoylated) TEM, Ca2+ transfer Unknown Raturi et al., 2016

TG2 Cytoplasm (MAM) TEM, Proximity ligation
assay,
Immunofluorescence

GRP75 Posttranslational
modification

D‘Eletto et al., 2018

ATAD3A, ATPase family AAA domain-containing protein 3A; BAP31, B-cell receptor-associated protein 31; CISD2, CDGSH iron-sulfur domain-containing protein 2;
CKAP4, cytoskeleton-associated protein 4; Drp1, dynamin-related protein 1; EMC, endoplasmic reticulum membrane protein complex; ER, endoplasmic reticulum;
FATE1, fetal and adult testis-expressed transcript protein; Fis1, fission protein 1; FKBP8, FK506-binding protein 8; FUNDC1, FUN14 domain-containing protein 1;
GIMAP5, GTPase immunity-associated protein family member 5; GRP75, glucose-regulated protein 75; IMM, inner mitochondrial membrane; INF2, Inverted formin 2;
IP3R, inositol 1,4,5-trisphosphate receptor; MAM, mitochondria-associated membrane; MERCS, mitochondria–endoplasmic reticulum contact site; Mfn2, mitofusin 2;
Miga2, mitoguardin 2; MITOL, Mitochondrial ubiquitin ligase; Mul1, mitochondrial ubiquitin protein ligase 1; Mul1, mitochondrial E3 ubiquitin protein ligase 1; OMM, outer
membrane of mitochondria; PDZD8, PDZ domain-containing protein 8; PM, plasma membrane; PS2, presenilin 2; Reep1, receptor expression-enhancing protein 1;
RHOT1, Ras homolog family member T1; RMDN3, regulator of microtubule dynamics protein 3; RRBP1, ribosome-binding protein 1; SLC25A46, solute carrier family 25
member 46; SPLICS, split GFP-based contact site sensors; SYNJ2BP, synaptojanin-2-binding protein; TEM, transmission electron microscopy; TG2, transglutaminase
type 2; TMX1, thioredoxin-related transmembrane protein 1; TMX1, transmembrane protein 1; Tom7, translocase of outer membrane 7; VAPB, VAMP-associated protein
B; VDAC, voltage-dependent anion channel; VPS13A, vacuolar protein sorting-associated protein 13 A.

or RMDN3 reduced MERCSs in human HEK293 cells (Stoica
et al., 2014). The role of RMDN3 in MERCS formation was also
shown in cerebellar Purkinje cells (Fecher et al., 2019). Knocking
down either VAPB or RMDN3 caused a significant delay but only
slight decrease in the mitochondrial Ca2+ uptake (De vos et al.,
2012) and stimulated the induction of autophagy flux (Gomez-
Suaga et al., 2017). Recently, the OMM protein mitoguardin 2
(Miga2) was also reported to interact with VAPA and VAPB
(Freyre et al., 2019) and proposed to increase MERCS formation
at least in flies (Xu et al., 2020). VAP-interacting protein vacuolar
protein sorting-associated protein 13 A (VPS13A) has also
been reported to localize to MERCSs and participate in their
stabilization (Kumar et al., 2018; Muñoz-Braceras et al., 2019;

Yeshaw et al., 2019). Interestingly, a recent study showed that
RMDN3 recruits the oxysterol-binding protein (OSBP)-related
proteins ORP5 and ORP8, which transfer phosphatidylinositol
(PI) and phosphatidylserine (PS) at ER–plasma membrane (PM)
contact sites (Chung et al., 2015; Moser von Filseck et al., 2015),
to MERCSs (Galmes et al., 2016). Consistent with that, ORP5
and ORP8 are proposed to mediate PS transport, likely via the
non-vesicular lipid transfer, at MERCSs (Rochin et al., 2019).

The OMM-localized fetal and adult testis-expressed transcript
protein (FATE1) known as an antiapoptotic protein may
also contribute to ER–mitochondria tethering. Overexpression
of FATE1 partly decreased MERCSs as identified by TEM
and confocal microscopy and also reduced Ca2+ uptake by
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mitochondria (Doghman-Bouguerra et al., 2016). EMD/Emerin
is a potential interactor of FATE1 in the ER; however, the role of
EMD in MERCS formation has not been investigated.

Posttranslational palmitoylation is found in several proteins
localizing at MERCSs. The heterozygous KO of the redox-
sensitive oxidoreductase thioredoxin-related transmembrane
protein 1 (TMX1) decreased the average length of MERCSs
as analyzed by TEM (Raturi et al., 2016). Importantly, the
recruitment of TMX1 to MERCSs requires palmitoylation at
the cytosolic domain (Roth et al., 2009; Lynes et al., 2012;
Figure 1). Recruitment of the ER chaperone calnexin to MERCSs
also requires palmitoylation (Lynes et al., 2012). While the
palmitoylation of TMX1 is required for proper Ca2+ uptake from
the ER to mitochondria, the ER-resident protein cytoskeleton-
associated protein 4 (CKAP4) requires palmitoylation for
sequestering VDAC2 from IP3R, which results in a decrease of
MERCSs (Harada et al., 2020).

A proteomic analysis of the intersection between OMM and
ERM-resident proteins obtained from ascorbate peroxidase
(APEX)-mediated proximity biotinylation and subsequent
mass spectrometry (MS) analysis identified the synaptojanin-
2-binding protein (SYNJ2BP)–ribosome-binding protein 1
(RRBP1) complex as a potential tether that specifically regulates
mitochondria–rough ER contact sites (Hung et al., 2017).
TEM analysis showed that SYNJ2BP overexpression increased
contacts between mitochondria and rough ER but not between
mitochondria and smooth ER. In line with this, a recent report
showed that RRBP1 is resident in mitochondria–rough ER
contacts in mouse liver and works as a regulator of these
contacts (Anastasia et al., 2021). The list of proteins identified
in the intersection confirmed the localization of known MERCS
proteins, even though many MERCS proteins, such as PDZD8,
VAPs, and IP3Rs, listed in both ERM and OMM proteins are
excluded from the intersection list because they also localized
outside of MERCSs.

Recently, two split-pair proximity labeling enzymes, Contact-
ID and Split-TurboID, were applied for the direct mapping of
proteins localizing at MERCSs (Cho et al., 2020; Kwak et al.,
2020). Although these methods are less sensitive than other
methods, proteins identified with these methods are reliably
localized to MERCS. Contact-ID identified FK506-binding
protein 8 (FKBP8) as a novel MERCS-localizing protein. Indeed,
knocking down FKBP8 reduces MERCSs in the TEM analysis and
also diminishes mitochondrial Ca2+ uptake (Kwak et al., 2020).

Disease Association of
Mitochondria–Endoplasmic Reticulum
Contact Site Proteins
Genome-wide association studies have identified numerous gene
mutations associated with neurological diseases. Among those,
a significant number of mutations are found in genes related
to MERCS formation, such as Mfn2, receptor expression-
enhancing protein 1 (Reep1), solute carrier family 25 member 46
(SLC25A46), ATPase family AAA domain-containing protein 3A
(ATAD3A), and CDGSH iron-sulfur domain-containing protein
2 (CISD2). Mutations in a genomic region coding an ER-resident
protein Reep1 is associated with hereditary spastic paraplegias

(HSPs) and distal hereditary motor neuropathy. A split-Renilla
Luciferase 8 (RLuc8) reassembly assay suggested that Reep1
facilitates MERCS formation (Lim et al., 2015). The disease-
associated Reep1 mutations impair REEP1’s ability to facilitate
MERCSs, implying the relationship between HSP pathology and
Reep1 function in MERCS formation (Lim et al., 2015).

A recent study using fibroblasts obtained from a patient
suffering from Leigh syndrome identified a homozygous
missense mutation in the genomic region coding for the
mitochondrial protein SLC25A46. The study also proposed that
SLC25A46 interacts with the conserved ER membrane protein
complex (EMC) at MERCSs (Janer et al., 2016). Interestingly,
EMC is suggested to be involved in MERCS formation in
yeast (Lahiri et al., 2014). Moreover, it was shown that loss
of SLC25A46 altered mitochondrial phospholipid composition,
implying that SLC25A46 also plays a role in promoting lipid
transfer at MERCSs (Janer et al., 2016). Further studies are still
required to elucidate the function of SLC25A46 and EMC in
MERCS formation in mammalian cells.

Another disease-associated gene, the inner mitochondrial
membrane (IMM)-localized protein ATAD3A, has also been
proposed to participate in MERCS formation (Issop et al., 2015;
Baudier, 2018). Although the exact structure of ATAD3A remains
unknown, a recent report proposed that the N-terminus of
ATAD3A may insert into the OMM and associate with the
ER (Issop et al., 2015). Thereby, ATAD3A may regulate the
interactions among the IMM, OMM, and ERM.

Finally, another disease-related gene coding for a MERCS-
regulating protein is CISD2, which is a causative gene associated
with Wolfram syndrome. A recent study showed that MERCS
formation and Ca2+ uptake in mitochondria are upregulated in
patient-derived fibroblasts (Rouzier et al., 2017). In mouse white
adipose tissues and fibroblasts, CISD2 is proposed to interact with
GTPase immunity-associated protein (IMAP) family member
5 (GIMAP5) at MERCSs and modulates mitochondrial Ca2+

uptake (C. H. Wang et al., 2014).

MITOCHONDRIA–ENDOPLASMIC
RETICULUM CONTACT SITE PROTEINS
AT OTHER ORGANELLE CONTACT
SITES

The recent development of high-speed super-resolution
microscopy revealed that the ER contacts various organelles
(Valm et al., 2017). Interestingly, some of the MERCSs regulating
ER-resident proteins are also found at other organelle contact
sites, which implies that those proteins mediate crosstalk among
multiple types of organelle contacts.

A major common function of the membrane contact sites
is non-vesicular lipid transfer. In this regard, VAPA and VAPB
play essential roles in diverse contact sites by transferring
phospholipids and ceramides. VAP proteins interact with
FFAT motifs of protein partners located on the opposing
membrane or the ERM (H. Wu et al., 2018). Besides RMDN3
(PTPIP51) at MERCSs, VAP proteins form complexes with
proteins such as Nir2, ceramide transferase 1 (CERT), and
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OSBP at the ER–Golgi contacts, and OSBP, StAR-related lipid
transfer protein 3 (STARD3), Protrudin, and ORP1L at the ER–
endolysosome contacts.

As mentioned above, ORP5 and ORP8, which promote the
exchange of PI and PS at EM–PM contacts, also localize to
MERCSs (Galmes et al., 2016). Further ORP5 is suggested to
localize to ER–lipid droplet contacts and regulates the exchange
of phosphatidylinositol-4-phosphate (PI4P) and PS at these
contacts (Du et al., 2020).

Another example of a lipid-binding MERCS protein found
in other organelle contact sites is PDZD8. Although it is
still controversial if PDZD8 localizes to lysosomal-associated
membrane protein 1 (LAMP1)-positive lysosomes, overexpressed
PDZD8 directly interacts with Protrudin and GTP-bound Rab7,
both of which localize to late endosomes (Guillén-Samander
et al., 2019; Elbaz-Alon et al., 2020; Shirane et al., 2020).
Interestingly, overexpressed PDZD8 and Rab7 colocalize at the
three-way junction of ER, endosomes, and mitochondria, thereby
inducing the association of the endosome and mitochondria.
Furthermore, a recent study indicates that PDZD8 participates
in the VAP complex (Cabukusta et al., 2020), which implies
PDZD8’s roles in multiple different organelle contact sites.
Since overexpression of MERCS proteins can disrupt their
localization and therefore their functions, future studies will
need to elucidate the location of endogenous PDZD8 among
those contact sites. This statement is true for most proteins
studied at MERCSs. The rapid development of clustered regularly
interspaced short palindromic repeats (CRISPR)-Cas9-mediated
knockin strategies (as used for PDZD8 in Hirabayashi et al., 2017)
in various cell types will be a key step in cell biology of MERCS
protein complexes.

VPS13A is yet another lipid-binding MERCS protein
that localizes to additional MCSs. Yeast Vps13 resides at
mitochondria–vacuole contacts (vacuole and mitochondria
patches; v-CLAMPs) and ER–vacuole contacts (nuclear–
vacuole junction; NVJ) and has a redundant role with the
ERMES complex. It has been hypothesized that Vps13
creates an alternative lipid transport route between the ER
and mitochondria through other organelles (Lang et al.,
2015; Petrungaro and Kornmann, 2019). Consistent with
this idea, the mammalian orthologs of Vps13, VPS13A, and
VPS13C, have been reported to possess the ability to transfer
glycerophospholipids between membranes in vitro (Kumar
et al., 2018). Furthermore, VPS13A has been reported to
localize at mitochondria–endosome/lysosome contacts and
ER–lipid droplet contacts as well as MERCSs, whereas VPS13C
is distributed to ER–endosome contacts and ER–lipid droplet
contacts, loss of which causes mitochondrial dysfunction
(Lesage et al., 2016; Kumar et al., 2018). These reports imply
the function of VPS13 family proteins in lipid transport at
multiple MCSs, although they also play distinct roles at each
contact site, such as MERCS formation, autophagy induction,
and regulation of lipid droplet motility (Muñoz-Braceras et al.,
2015, 2019; Kumar et al., 2018; Yeshaw et al., 2019). Since both
VPS13A and VPS13C are recruited to the ER via the FFAT
motif (Kumar et al., 2018; Yeshaw et al., 2019), it is plausible
that their localization at ER–other organelle contacts might
be regulated through the interaction with VAPs. It also has

been shown that VPS13A interacts with Rab7 (Muñoz-Braceras
et al., 2019), which may result in VPS13A’s recruitment to
mitochondria–endosome contacts.

Mitochondria also form contact sites with organelles other
than the ER. Several MERCS-localized mitochondrial proteins
have also been reported to reside at other organelle contact
sites. Mfn2 localizes at the contact sites between mitochondria
and the lysosome-related organelle of pigment cells melanosome
(Daniele et al., 2014). Considering that Fzo1, a yeast homolog
of Mfn, is suggested to reside at mitochondria–peroxisome
contacts (Shai et al., 2018), Mfns might participate in the
contact formation between mitochondria and other various
organelles. The mitochondria–lysosome contacts mark at the site
of mitochondrial fission. At this fission site, Fis1 recruits the
Rab7 GTPase-activating protein TBC1 domain family member 15
(TBC1D15), which results in untethering of the contacts (Wong
et al., 2018). This suggests that Fis1 localizes at the mitochondria–
lysosome contact sites, as well as at MERCSs.

CONCLUSION

In recent years, owing to advances in microscopy and the
development of new biochemical tools, the list of proteins
involved in the regulation of MERCSs has been dramatically
expanded. Given that PDZD8 remains the only identified
mammalian ortholog of the ERMES core subunits (Mmm1),
it is conceivable that the mammalian ER and mitochondria
tethering protein complexes have not directly evolved from
the yeast ERMES complex. Therefore, MERCSs might have
evolved various cell type-specific roles in mammals, which are
just beginning to be explored. Provided that the properties of
MERCS proteins, such as domain structure, size, and localization,
are quite diverse, it is plausible to assume that they work at
different subdomains of MERCSs, different steps of MERCS
formation, or in different cell types. This complex regulation of
MERCSs might be required for the precise control of biochemical
reactions in response to the various cellular demands unique to
each cell type. Since many MERCS proteins also reside at other
organelle contact sites, investigation of the dynamic localization
of endogenous, as opposed to overexpressed, proteins in a
variety of cellular contexts will improve our understanding of the
complex spatiotemporal regulation of MERCSs and pave the way
to reveal the physiological roles of these contact sites.
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