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Abstract
Endoplasmic reticulum-mitochondria contact sites regulate various biological processes, such as mitochondrial dynamics, cal-

cium homeostasis, autophagy and lipid metabolism. Notably, dysfunctions in these contact sites are closely related to neuro-

degenerative diseases, including Parkinson’s disease, Alzheimer’s disease and amyotrophic lateral sclerosis. However, details

about the role of endoplasmic reticulum-mitochondria contact sites in neurodegenerative diseases remain unknown. In

Parkinson’s disease, interactions between α-synuclein in the contact sites and components of tether complexes that connect

organelles can lead to various dysfunctions, especially with regards to calcium homeostasis. This review will summarize the

main tether complexes present in endoplasmic reticulum-mitochondria contact sites, and their roles in calcium homeostasis

and trafficking. We will discuss the impact of α-synuclein accumulation, its interaction with tethering complex components

and the implications in Parkinson’s disease pathology.
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Introduction
The mitochondria and endoplasmic reticulum (ER) are cellu-
lar organelles with pivotal roles in regulating many cellular
functions. For example, the ER regulates protein synthesis,
transport and folding, and lipid and steroid synthesis
(Schwarz and Blower, 2016). On the other hand, the mito-
chondria are the powerhouse of cells responsible for process-
ing the energetic metabolism, synthesizing adenosine
triphosphate (ATP) and regulating cell death signals
(Galluzzi et al., 2012). Additionally, the ER and mitochon-
dria are the major cellular organelles associated with
calcium (Ca2+) physiology and homeostasis, playing a
central role in Ca2+ release, buffering and storage
(Orrenius et al., 2003; Rossi et al., 2019; Vallese et al., 2020).

The proximity and physical interactions between mito-
chondria and ER facilitate signaling processes and the con-
tinuous exchange of signals between these cellular
compartments. Previous studies have shown that even
though the outer mitochondrial membrane (OMM) and the
ER membrane do not touch each other, they are closely posi-
tioned within 10 to 30 nm and form specific microdomains
termed mitochondria-ER contacts (MERCs) (Csordás et al.,
2006; Wu et al., 2018; Xu et al., 2020).

MERCs are dynamic contact sites between the ER and
OMM which can occupy 5–20% of the mitochondrial
network surface associated with the ER membrane (Gao
et al., 2020; Rizzuto et al., 1998). Consequently, MERCs
play a crucial role in Ca2+ homeostasis and lipid metabolism
and transport, as well as many other cellular processes – e.g.,
mitochondrial dynamics, apoptosis, and autophagy/mito-
phagy (Barazzuol et al., 2021). In fact, the Ca2+ flux from
ER play a central role in mitochondrial physiology regulating
several mitochondrial processes, including ATP synthesis
and mitochondrial Ca2+-sensitive dehydrogenases in the
Krebs cycle (oxoglutarate- and isocitrate-dehydrogenases)
and glycolysis (pyruvate-dehydrogenase) (Wilson and
Metzakopian, 2021).
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One of the first functions proposed to MERCs was lipid syn-
thesis and transport (Vance, 1990). Lipid synthesis takes place in
ER, but requires a cooperation of mitochondrial enzymes, ren-
dering MERCs a favorable region to lipid formation
(Barazzuol et al., 2021). Several enzymes involved in lipids bio-
synthesis are present in MERCs in both mitochondrial and ER
sides. Phosphatidylserine synthase-1 (PSS1) and phosphatidyl-
serine synthase-2 (PSS2) are located in ER membrane and
metabolize phosphatidylserine, which is then carried to mito-
chondria to be converted into phosphatidylethanolamine by the
action of phosphatidylserine decarboxylase-1 and phosphatidyl-
serine decarboxylase-2 (Barazzuol et al., 2021). Additionally,
fatty acid CoA ligase 4 (FACL4) is involved in triacylglycerol
synthesis and is considered a MERC marker protein (Lewin
et al., 2001). Increasing evidence connects MERCs to macroau-
tophagy (hereafter called autophagy), a catabolic process acti-
vated in response to nutrient deprivation or dysfunctional
cellular components destined to degradation. Autophagy is char-
acterized by the formation of a double-membrane structure
called autophagosome that engulfs and isolates the target sub-
strate, followed by its fusion with lysosome and degradation
by lysosomal hydrolases (Mizushima and Komatsu, 2011).
Studies suggest that autophagosome biogenesis is initiated in
MERCs and regulated by autophagy-related proteins (Atg),
such as Atg5 and Atg14L, which can be located in MERCs
under starvation (Hamasaki et al., 2013). Additionally, mito-
phagy, a selective process of degradation of dysfunctional mito-
chondria, is associated with MERCs, given that PTEN-induced
putative kinase 1 (PINK1), parkin and Beclin1were found in this
region after CCCP-induced mitochondrial depolarization
(Barazzuol et al., 2020; Gelmetti et al., 2017). Thus, PINK1
and parkin are well-characterized proteins involved in the mito-
phagy machinery (Narendra et al., 2008; Narendra et al., 2010;
Youle and Narendra, 2011). Indeed, evidence has implicated
MERC disruption in several pathologies, such as cancer
(Kerkhofs et al., 2018; Marchi et al., 2014) and neurodegenera-
tive diseases [e.g., Parkinson’s Disease (PD), Alzheimer Disease
(AD) and amyotrophic lateral sclerosis] (Xu et al., 2020).

Mitochondria plays an important role in the pathophysi-
ology of PD, as several works demonstrated mitochondrial
dysfunctions associated with this pathology. Early evidence
was first presented by Schapira et al. (1989), who observed
the impairment of mitochondrial respiratory chain complexes
in post mortem tissues from PD patients. Many studies
demonstrated numerous other mitochondrial dysfunctions
associated with MERCs in PD, such as deficiency in mito-
chondria degradation, ATP synthesis and Ca2+ homeostasis,
and mitochondrial fragmentation (reviewed by Borsche et al.,
2021). The description of genetic mutations in PARK genes
(which will be soon discussed), such as α-synuclein (α-syn)
and DJ-1, revealed that mutated PARK proteins resulted in
loss of MERC physiology and stability (Erustes et al.,
2021; Guardia-Laguarta et al., 2014; Liu et al., 2019;
Paillusson et al., 2017). Nonetheless, novel studies are
required on MERC functions and dysfunction mediated by

PARK proteins, as well as how this domain can participate
in PD physiopathology.

Considering the aforementioned framework, we will
briefly discuss the aspects of MERC structure, Ca2+ homeo-
stasis and the link to PD pathology.

MERC Tethering Complexes
As previously mentioned, ER and mitochondrial membranes
are adjacent in MERCs, but effective contact between mem-
branes does not occur. Likewise, van Vliet & Agostinis
(2018) highlight that MERCs should not be considered a
static structure that connects ER and mitochondria, but as a
flexible and adaptable region capable of adjusting contact
sites according to the cell necessities. In this regard, a core
of tethering complexes regulates the crosstalk and communi-
cation between organelles mediating MERC function. These
protein bridges are formed by proteins and channels located
in the OMM and ER membrane (Figure 1).

Components related to the mitochondrial dynamic
machinery are resident in MERCs and also can interact
with ER proteins. Mitofusin 1 and mitofusin 2 (Mfn1/2)
have an important role in mitochondrial fusion, because
they mediate fusion of OMM; while optic atrophy 1
(Opa1) mediates the fusion of the inner mitochondrial mem-
brane (IMM) (Dorn, 2020; Filadi et al., 2018). Additionally
to its function on mitochondrial dynamics, Mfn acts as a
tether in MERCs. Mfn2 located in the ER membrane forms
a complex with Mfn1/2 in the OMM forming homo- or het-
erodimer complexes (de Brito and Scorrano, 2008; Detmer
and Chan, 2007). The ablation of Mfn2 in fibroblasts and
HeLa cells causes a reduction in ER-mitochondria interaction
and decreases Ca2+ traffic between these organelles (Naon
et al., 2016). Conversely, other authors report that the loss
of Mfn2 increases contact site formation and increases Ca2+

transfer from the ER to the mitochondria (Filadi et al.,
2016; Leal et al., 2016). Thus, while Mfn2 influences
MERC function, the exact role of the Mfn2-Mfn2/1 tether
complex requires further investigation. Another tether
complex identified in ER-mitochondria contact sites contains
fission protein 1 homolog (Fis1) in the OMM. Fis1 partici-
pates in mitochondrial fission recruiting dynamin-related
protein 1 (DRP1) (Stojanovski et al., 2004). In fact, mito-
chondrial fission is associated with MERCs, as ER tubules
initiate the constriction of mitochondria to determine the div-
ision site (Tilokani et al., 2018), followed by the recruitment
of cytosolic DRP1 by adaptors proteins (Fis1, Mitochondrial
Fission Factor [Mff], mitochondrial dynamics proteins 49
and 51 [MiD49/51]) to OMM and its oligomerization
around the fission site (Ji et al., 2017; Tilokani et al.,
2018). Finally, Dynamin2 (Dnm2) is recruited to the con-
striction ring and finalizes the fission process (Lee et al.,
2016). Moreover, mitochondrial Fis1 interacts with the
ER-resident B-cell receptor-associated protein 31 (Bap31)
during apoptosis, recruiting and activating procaspase-8
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and transferring the apoptotic signal from the mitochondria to
the ER. Subsequent caspase-8 activation results in Ca2+

release from ER and consequent accumulation in mitochon-
dria (Chandra et al., 2004; Iwasawa et al., 2011), triggering
and amplifying the apoptotic signal and activating the mito-
chondrial machinery to release pro-apoptotic factors.

Another well-established tethering complex in MERCs is
formed by the association of the vesicle-associated membrane
protein B (VAPB) located in ER and the protein tyrosine
phosphatase-interacting protein-51 (PTPIP51) in the OMM
(Stoica et al., 2014). VAPB is an integral ER membrane
protein, with an N-terminal major sperm protein domain, a
central coiled-coil region and a C-terminal transmembrane
domain, with roles in membrane trafficking, lipid transfer and
metabolism, unfolded protein response and autophagy (Xu
et al., 2020). PTPI51 was described as a protein that regulates
cellular differentiation, proliferation and apoptosis (Brobeil
et al., 2017). Recent findings reported the function of PTPI51
as a phospholipid carrier in MERCs (Yeo et al., 2021). As
demonstrated by Stoica et al. (2014), the association of

VAPB-PTPI51 in MERCs increases the formation of contact
sites and facilitates Ca2+ traffic from the ER to the mitochon-
dria. The authors observed the opposite effect when silencing
VAPB or PTPI51, resulting in reduction of MERCs and impair-
ment of Ca2+ transfer between these organelles, highlighting the
role of VAPB-PTPI51 tethering complex in MERC structure
and function. Moreover, the VAPB-PTPI51 complex can also
regulate autophagy response, and this regulation involves
ER-mitochondria Ca2+ exchange (Gomez-Suaga et al., 2017).

Previous work has shown that Ca2+ flux in MERCs is
mediated by the interaction between inositol 1,4,5-triphosphate
receptor (IP3R), an ER Ca2+ channel, and the voltage-dependent
anion channel 1 (VDAC1) in the OMM (Morciano et al., 2018).
Additional to its role in Ca2+ signaling, IP3R also plays a role in
the maintenance of MERCs, because IP3R-deficient cells have
reduced ER-mitochondria contact regions (Bartok et al., 2019).
This interaction is regulated by the glucose-related protein 75
(GRP75), which increases the juxtaposition of organelles and
potentiates Ca2+ transfer between the ER and mitochondria
(Lv et al., 2018; Szabadkai et al., 2006). After Ca2+ levels

Figure 1. Molecular composition and tethering complexes in MERCs. ER and mitochondria communicate by proteins and channels

resident in both ER membrane or the OMM. Mfn2 located in ER membrane interacts with Mfn1/2 in the OMM, forming a homo- or

heterodimer complex. The ER resident-protein Bap31 interacts with Fis1 located in OMM during apoptosis, recruiting and activating

procaspase 8. The association of VAPB and PTPIP51 facilitates the Ca2+ traffic from ER to mitochondria. The IP3R in ER and VDAC1 in

OMM form a complex with two other regulatory proteins, GRP75 and DJ-1, to control the Ca2+ transfer from ER to mitochondria. Once in

the intermembrane space, Ca2+ is transported by MCU to the mitochondrial matrix. Regulatory proteins, such as Sig-1R, inserted in ER

membrane, bind to IP3R stabilizing and enhancing Ca2+; and the TG2 interacts with GRP75 and regulates Ca2+ flux and MERCs. IP3R can be

regulated in a redox-sensitive manner by ER-resident proteins, such as Ero1α and ERp44, inducing or inhibiting Ca2+ release from

IP3R. SERCA2b is a pump partially located in MERCs that acts transporting Ca2+ from cytosol to the ER lumen, and similarly to IP3R can be

regulated by ER chaperones in a redox-sensitive manner. SEPN1 and CNX enhances the SERCA2b activity, increasing the Ca2+ levels in ER

and reducing its flux to mitochondria. On the other hand, SERCA2b activity is inhibited by TMX1, an ER redox-sensitive reductase,

increasing ER-mitochondria contact sites and the Ca2+ flux; and by GPX8, which inhibits SERCA2b function and affect the ER- Ca2+ storage.

The illustration was produced using smart servier medical art vectors for publications and presentations licensed under the Creative

Commons 3.0 (CC BY 3.0).
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increase in the intermembrane space, the mitochondrial calcium
uniporter (MCU) transports this ion to the mitochondrial matrix
(Xu et al., 2020). The knockdown of GRP75 attenuates Ca2+

transfer in MERCs and disrupts mitochondrial homeostasis
(Yang et al., 2019).

DJ-1 is a multifunctional protein encoded by the PARK7
gene, involved in many processes, including apoptosis and
pro-survival signaling, autophagy, inflammatory response,
and protective role against oxidative stress (Mencke et al.,
2021). Mutations in the PARK7 and loss-of-function of
DJ-1 are associated with early onset autosomal recessive
PD (Mencke et al., 2021; Zhang et al., 2020). More recently,
DJ-1 was described as an IP3R-GRP75-VDAC1 complex
regulator, interacting with its components and modulating
its functions (Basso et al., 2020; Liu et al., 2019). Indeed,
Liu et al. (2019) demonstrated that DJ-1 ablation impairs
the juxtaposition of the ER-mitochondria membranes, dis-
rupts IP3R-GRP75-VDAC1 interactions, and alters MERC
Ca2+ homeostasis. The mechanism involved in the integrity
loss of IP3R-GRP75-VDAC1 complex after DJ-1 ablation
is still unknown. DJ-1 ablation leads to accumulation and
aggregation of IP3R3 (inositol 1,4,5-triphosphate receptor,
type 3) channel at MERCs, which affects the stability of
tethering structure and reduces the Ca2+ traffic (Liu et al.,
2019). On the other hand, DJ-1 overexpression promotes
the reestablishment of ER-mitochondria contact sites,
which was also impaired after p53 overexpression (Ottolini
et al., 2013).

Additionally, regulatory proteins have been shown to
interact with the tether complexes assisting in their functions.
Transglutaminase-2 (TG2) is a multifunctional enzyme
involved in many physiological functions, including cell
growth and differentiation, cell death, inflammation, fibrosis,
among others regulatory activities, and also might play an
essential role in mitochondrial homeostasis, autophagy and
mitophagy (Rossin et al., 2015; Tatsukawa and Hitomi,
2021). D’Eletto et al. (2018) demonstrated that TG2 may
interact with GRP75 in MERCs, based on the finding that
TG2-knockout cells demonstrated a reduction of contact
sites and an increase in the distance between ER and mito-
chondria, resulting in the reduction of Ca2+ flux. Another
protein with a physiological role in MERCs is the sigma-1
receptor (Sig-1R). Sig-1R can be found in MERCs, where
it might act remodeling the cholesterol-enriched microdo-
mains and the structure and composition of lipids in
ER-mitochondria contact sites (Zhemkov et al., 2021).
Additionally, sig-1R can regulate Ca2+ transfer from ER to
mitochondria, acting as a molecular chaperone promoting
the stabilization of IP3R and leading to prolonged Ca2+

release in MERCs (Hayashi and Su, 2007).

Ca2+ Homeostasis in MERCs
ER and mitochondria are the main cellular organelles respon-
sible for Ca2+ release and buffering, thus maintaining the

cellular Ca2+ homeostasis. Therefore, it is not surprising
that MERCs play a key role in the crosstalk and homeostasis
of Ca2+ signaling (Hayashi et al., 2009). Low cytosolic Ca2+

concentrations are achieved by pumping the ion into intracel-
lular stores, such as ER and mitochondria. The uptake of Ca2+

is mediated by the sarco/endoplasmic reticulum Ca2+

ATPase (SERCA), and its release is induced by inositol
1,4,5-triphosphate (IP3), a second messenger that function-
ally interacs with IP3R or ryanodine (RyR) receptors
(Rizzuto et al., 2009). IP3R occurs in three different isoforms,
IP3R1/2/3, with different functions and regulation mechan-
isms (Bartok et al., 2019). Many studies report IP3R3 as a
marker of MERCs and the main channel related to Ca2+

transfer from ER to mitochondria (Mendes et al., 2005),
however other studies demonstrate that both isoforms 1 and
2 are located in the ER-mitochondria contact sites
(Szabadkai et al., 2006; Wu et al., 2017). Bartok et al.
(2019) demonstrate that IP3R2 is more effective in the
release of Ca2+ in MERCs, followed by IP3R3, promoting
a large Ca2+ efflux from ER to mitochondria. The same
authors still mentioned that IP3R1 is more effective promot-
ing the Ca2+ flux through the plasma membrane. After the
Ca2+ flux through IP3R, it is captured by VDAC1 in the
OMM and transported to the intermembrane space, where
it is taken into the mitochondria matrix by MCU
(Belosludtsev et al., 2019; Xu et al., 2020).

Furthermore, two important components regulate and par-
ticipate in the Ca2+ transfer from the ER to the mitochondria:
the mitochondrial chaperone GRP75 and the DJ-1 protein.
Both of them physically interact with IP3R and VDAC1,
forming a tether complex between the ER and the mitochon-
dria, stabilizing the complex and facilitating Ca2+ transfer.
The downregulation of GRP75 abrogates the functional inter-
action between these receptors, altering the normal transfer of
Ca2+ to the mitochondria (Szabadkai et al., 2006). On the
other hand, mouse primary neurons overexpressing GRP75
displayed an increase in MERCs, resulting in the elevation
of Ca2+ traffic from ER to mitochondria and enhanced
ATP synthesis (Lee et al., 2019). Additionally, DJ-1 ablation
reduces MERCs, disrupting IP3R-GRP75-VDAC1 interac-
tions and influences Ca2+ homeostasis (Liu et al., 2019).

Sig-1R is another notable protein that participates in
MERC-mediated Ca2+ movement. This Ca2+-sensitive chap-
erone is inserted in the ER membrane complexed with
binding immunoglobulin protein (Bip) or glucose-related
regulated protein 78 (GRP78). In Ca2+ depleted ER,
Sig-1R dissociates from Bip and binds to IP3R, stabilizing
the receptor and enhancing Ca2+ flux into the mitochondria
(Fujimoto and Hayashi, 2011; Ryskamp et al., 2019).

Ca2+ exchange from the ER to the mitochondria is
crucial for maintaining mitochondrial function because
Ca2+ transferred from the ER regulates ATP production
in the mitochondria by activating several Ca2+-dependent
mitochondrial dehydrogenases involved in the Krebs cycle.
For example, pyruvate-, α-ketoglutarate- and isocitrate-
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dehydrogenases represent the rate-limiting Krebs cycle steps
associated with electron supply into the respiratory chain and
generation of proton gradient across the inner membrane
(Gellerich et al., 2010). Importantly, as a cofactor of mito-
chondrial dehydrogenases, Ca2+ uptake adjusts cellular
metabolism during the production of nicotinamide adenine
dinucleotide (NADH), and increased Ca2+ concentrations
in the matrix stimulate various components of the tricarb-
oxylic acid cycle (TCA), resulting in increased energy pro-
duction (Giorgi et al., 2018).

Many of metabolic functions of ER and mitochondria are
also linked to oxidative metabolism, as these organelles are
the major sources of reactive oxygen species (ROS)
(Barazzuol et al., 2021). Indeed, the physiological and signal-
ing functions of ROS are well stablished and required to
maintain cellular homeostasis; however, excessive ROS pro-
duction and accumulation lead to oxidative damage of pro-
teins, lipids and DNA (Luan et al., 2021). Excessive Ca2+

flux in MERCs is associated with increase of ROS produc-
tion in mitochondria (Luan et al., 2021). In this way,
MERCs are enriched with many regulators of redox state,
which interacts with proteins and channels involved in Ca2+

homeostasis interfering in its flux in MERCs accordingly to
the redox status of cell (Barazzuol et al., 2021). In fact,
oxidoreductin-1α (Ero1α) and ER resident protein 44
(ERp44) are enriched in MERCs (Anelli et al., 2012),
playing a potential role in Ca2+ release and traffic in
MERCs in a redox-sensitive manner, and, indirectly, indu-
cing mitochondrial ROS production. Ero1α induces the oxi-
dation of IP3R1, causing the dissociation of ERp44 from
IP3R1, enhancing the Ca2+ flux from ER to mitochondria
and increasing ROS production (Anelli et al., 2012; Li
et al., 2009). In basal conditions, ERp44 binds and inhibits
IP3R opening. Another important component that partici-
pates in Ca2+ flux in MERCs is SERCA. The SERCA
pumps have diverse isoforms, including SERCA1a and 1b
(found in skeletal muscle), and SERCA3 (which is less
expressed). The most studied and important isoform is
SERCA2b, which is the most ubiquitous pump with demon-
strated higher affinity for Ca2+ and with an essential role in
Ca2+ uptake (Marchi et al., 2018). This pump acts transport-
ing Ca2+ from cytosol to ER lumen and, similar to IP3R, it is
also regulated by a redox-state (Krols et al., 2016). The activ-
ity of SERCA2b is stimulated by the selenoprotein N
(SEPN1), which interacts with SERCA2b in a redox-
sensitive manner, leading to the increase of Ca2+ levels in
ER (Marino et al., 2015). Additionally, transmembrane chap-
erone calnexin (CNX) affects Ca2+ flux in MERCs regulating
the SERCA2b redox state and the ER Ca2+ content, reducing
the flux to mitochondria, as well as the ER-mitochondria
apposition (Gutiérrez et al., 2020). On the other hand, the
SERCA2b activity is inhibited by the thioredoxin-related
TMX1, an ER redox-sensitive reductase, causing the increase
of ER-mitochondria apposition and augmenting Ca2+ flux to
mitochondria (Raturi et al., 2016). Additionally, glutathione

peroxidase 8 (GPX8) also localizes in MERCs and regulates
the ER Ca2+ content. Briefly, GPX8 overexpression inhibits
SERCA, resulting in the decrease of Ca2+ in ER and, conse-
quently, reducing ER-mitochondria Ca2+ flux (Yoboue et al.,
2017). The role of these MERC-inserted redox components
highlights the function of contact sites in maintaining the
balance of mitochondrial redox state and cellular redox
homeostasis (Barazzuol et al., 2021).

Besides the essential role in cellular metabolism, mitochon-
dria are critically involved in the machinery of cell death, par-
ticularly in apoptosis, since they store many molecules that can
trigger this process (Kroemer et al., 2007). While oscillations in
mitochondrial Ca2+ are critical for maintaining mitochondrial
metabolism, excessive Ca2+ release from the ER causes mito-
chondrial Ca2+ overload, inducing the opening of the mito-
chondrial permeability transition pore (mPTP) (Bonora et al.,
2014; Bonora and Pinton, 2014; Giorgi et al., 2012).
Notably, it has been reported that mPTP opening induces mito-
chondrial swelling and OMM rupture, with the consequent
release of pro-apoptotic factors, such as second mitochondria-
derived activator of caspases/direct inhibitor of apoptosis
binding protein with low pI (SMAC/DIABLO), cytochrome
c and apoptosis-inducing factor (AIF) into the cytosol, ultim-
ately, triggering caspase-activating factors and initiating apop-
tosis (Danese et al., 2017; Kroemer et al., 2007).

MERCs and Parkinson’s Disease
Increasing evidence associates MERC dysfunctions with the
pathophysiology of different diseases, such as diabetes,
cancer and neurodegenerative disorders (PD, AD and amyo-
trophic lateral sclerosis) (Cheng et al., 2020; Danese et al.,
2020; Johri and Chandra, 2021; Madec et al., 2021;
Sassano et al., 2017). In this scenario, MERC physiology
and dysfunctions have been extensively investigated, espe-
cially in PD, since many familial PD-related proteins are
associated with or have secondary functions in MERCs,
such as DJ-1, PINK1, parkin and especially α-syn, the hall-
mark of PD pathology.

PD is a progressive neurodegenerative disorder characterized
by the accumulation of α-syn in the neurons, leading to disrup-
tion of cellular Ca2+ homeostasis, oxidative stress, mitochondrial
dysfunctions and neuronal death (Grünewald et al., 2019). Most
PD cases are sporadic, but familial cases have been linked to
genetic mutations in genes, referred as PARK genes, which
encodes α-syn (PARK1/4 or SNCA), parkin (PARK2), PINK1
(PARK6), DJ-1 (PARK7), leucine-rich-repeat kinase 2
(LRRK2, PARK8), ATP13A2 (PARK9) and other genes, such
as vacuolar protein sorting-associated protein 35 gene (VPS35;
PARK17) and vacuolar protein sorting-associated protein 13C
(VPS13C, PARK23) (Barazzuol et al., 2020; Liu et al., 2019).
Both sporadic and familial forms of PD comprise mitochondrial
defects, disruption of cellular Ca2+ homeostasis, and impairment
of the autophagic pathway, suggesting that autophagy/
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mitophagy defects are a focal feature of PD pathogenesis
(Krebiehl et al., 2010; Lonskaya et al., 2013; Papagiannakis
et al., 2019).

In fact, PINK1 (PARK7) is a mitochondrial damage sensor
upstream to parkin (PARK2), an adaptor of mitophagy.
Briefly, PINK1 is rapidly and constitutively degraded under
steady-state conditions in a mitochondrial membrane poten-
tial (ΔΨm)-dependent manner, but the loss of ΔΨm stabilizes
PINK1 accumulation in mitochondria. PINK1 accumulation
further recruits parkin from the cytoplasm to the mitochon-
dria with low ΔΨm (Matsuda et al., 2010; Narendra et al.,
2010). After recruitment, parkin mediates the engulfment
of mitochondria by autophagosomes and its selective elimin-
ation (Narendra et al., 2008). Importantly, Mfn1/2 and
VDAC1 located in MERCs act as targets for parkin-mediated
ubiquitylation, p62/SQSTM1 recruitment and PINK1/
parkin-mediated mitophagy (Geisler, Holmström, Skujat,
et al., 2010; Geisler, Holmström, Treis, et al., 2010; Gu
et al., 2020; Narendra et al., 2010). Overexpression of
parkin in HeLa cells promotes the increase of MERCs,
enhancing Ca2+ transfer and ATP production (Calì et al.,
2013). Parkin mutations lead to its loss-of-function, and are
associated to autosomal juvenile PD (Kitada et al., 1998),
while PINK1 mutations affect parkin function, impairing
its translocation to OMM, and, consequently, reducing mito-
phagy (Geisler, Holmström, Skujat, et al., 2010; Geisler,
Holmström, Treis, et al., 2010).

Defective mitophagy and MERCs are also associated with
LRRK2 (PARK8) mutations, but the specific effects of
certain mutations are not completely established.
Mitochondrial and ER dysfunction, as well as morphological
alterations, were reported in fibroblasts derived from PD
patients with the LRRK2 R1441G or G2019S mutation.
Namely, LRRK2 G2019S mutation results in increased
kinase activity and consequent overactivation of MEK/
ERK pathway, leading to sustained autophagy activation
and increased apoptotic hallmarks (Bravo-San Pedro et al.,
2013). Moreover, the expression of LRRK2 G2019S stimu-
lates mitochondria clearance and mitophagy via unc-51 like
autophagy activating kinase 1 (ULK1) and c-Jun
N-terminal kinase (JNK) dependent pathway (Zhu et al.,
2013). LRRK2 R1441G mutation, on the other hand, resulted
in increased lysosomal markers associated with induction of
macroautophagy, increased mitophagy and ER stress.
Evidence indicates the participation of cytosolic Ca2+ in
these processes, as these effects are partially reversed by
BAPTA-AM and potentiated by MPP+ insult to LRRK2
R1441G mutant cells (Yakhine-Diop et al., 2021).
Recently, Toyofuku et al. (2020), demonstrated that
LRRK2 has an effective role in MERCs formation and func-
tions, since LRRK2 deletion resulted in reduction of contact
sites and impairment of Ca2+ flux to mitochondria.
Interestingly, the LRRK2 G2019S mutant protein, a
common mutation of PARK8 gene, had similar effects in
MERC structure and functions.

As follows, the ATP13A2 gene (PARK9) encodes the
protein ATP13A2, a lysosomal type 5 P-type ATPase asso-
ciated with familial parkinsonism. ATP13A2 is localized in
lysosomes, though its mutation causes retention of the
protein in the ER leading to ER stress (Ugolino et al.,
2011). The analysis of fibroblasts from two patients with
the L3292 and L6025 ATP13A2 mutations showed impaired
lysosomal acidification, proteolytic capacity, and diminished
lysosomal-mediated clearance of autophagosomes (Dehay
et al., 2012), but their association with MERC dysfunction
is yet to be determined.

Likewise, associations of mutations in the VPS35 gene
(PARK17) with PD were first described in 2008 (Wider
et al., 2008), and a heterozygous missense mutation D620N
was further described to be pathogenic (Kumar et al.,
2018). VPS35 is part of the retromer cargo-recognition
complex in the intracellular retrograde transport from endo-
somes to the trans-Golgi networks (Hierro et al., 2007).
This mutation (D620N) results in mitochondrial fission and
fragmentation, and enhanced LRRK2 kinase activity, but
no motor impairments in mice (Mir et al., 2018). Thus,
VPS35 is hypothesized to control LRRK2 activity and poten-
tially causes PD through hyperactivation of LRRK2 kinase,
but its relation with MERC functionality and PINK1/
Parkin-mediated mitophagy is not yet elucidated.

VPS13C (PARK23), on the other hand, was first asso-
ciated with PD in 2016 (Schreglmann and Houlden, 2016).
The VPS13 gene family codifies a protein with a tubular
N-terminal portion capable of solubilizing and transporting
glycerolipids between membranes and has been hypothe-
sized to have a role in the lipid exchange and organelle tether-
ing among ER, mitochondria and other organelles (Kumar
et al., 2018). Current evidence implicates different functions
for VPS13 proteins in lipid transport at organelle sites. For
instance, VPS13C was first localized in the OMM and its
silencing resulted in lower ΔΨm, mitochondrial fragmenta-
tion, increased respiration rates, and exacerbated PINK1/
Parkin-dependent mitophagy (Lesage et al., 2016).
Additionally, VPS13C localizes to contacts of the ER with
the endolysosomal system, while VPS13A was localized at
ER–mitochondria contacts (Kumar et al., 2018; Park et al.,
2016). These findings point out to VPS13 participation in
lipid dynamics during autophagic processing together with
Atg proteins.

Finally, α-syn (PARK1/4 or SNCA) was the first and the
most important PD-associated gene described. Mutations in
SNCA gene lead the transcription of mutated forms of
α-syn. The first mutations described, and the most studied,
were the A53T and the A30P, both associated with familial
forms of PD (Krüger et al., 1998; Polymeropoulos et al.,
1997). These specific point mutations affect α-syn ability to
bind to membranes, making it prone to form aggregates in
cytoplasm when compared to wild-type (Krüger et al.,
1998; McDowall and Brown, 2016; Polymeropoulos et al.,
1997).
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The pathogenic importance of α-syn aggregates has been
extensively investigated since its accumulation is considered
a key step in PD pathophysiology. For instance, α-syn may
accumulate in the mitochondria and impair mitochondrial
respiratory chain and Ca2+ homeostasis through associations
with complex-I, resulting in decreased ΔΨm and increased
mitochondrial ROS levels (Grünewald et al., 2019; Park
et al., 2020). In this regard, a new role for α-syn in PD has
been debated because evidence demonstrates that apart
from its cytosolic localization, it is also present in MERCs
and may disrupt ER-mitochondria interaction.

In 2013, Poston et al. (2013) conducted a proteomic analysis
from isolated mouse brains and detected α-syn inMERCs. This
observation was corroborated by Guardia-Laguarta et al.
(2014), who observed α-syn in MERCs and proposed that
α-syn was specifically localized in MERCs and not in mito-
chondria, as previously proposed. While there is no consensus
about the α-syn-induced effects in MERCs, alterations in its
formation and function have been reported.

Experiments performed by Calì et al. (2012) demonstrated
that the presence of α-syn in MERCs increases the number of
contact sites. Moreover, α-syn increased Ca2+ transfer from
the ER to the mitochondria, an effect reversed by its silencing.

The same authors suggested that α-syn is essential to mitochon-
drial morphology since silenced cells displayed a fragmented
mitochondrial network. Conversely, other authors demon-
strated that α-syn overexpression reduced ER-mitochondria
juxtaposition and impaired Ca2+ flux between these orga-
nelles (Erustes et al., 2021; Guardia-Laguarta et al., 2014;
Paillusson et al., 2017). Additionally, experiments performed
by Paillusson et al. (2017) demonstrated that α-syn binds
to VAPB in the ER membrane, reducing VAPB-PTPIP51
interaction. Indeed, the interaction between VAPB and
α-syn promoted the uncoupling of ER-mitochondria con-
tacts, reducing the Ca2+ transfer and mitochondrial ATP
production.

Our group recently assessed the role of α-syn in MERCs
and explored its implications in PD pathophysiology. The
overexpression of wild type (WT) α-syn and its mutant
form A30P reduced the ΔΨm and led to the accumulation
of autophagy/mitophagy markers in the mitochondria
(Erustes et al., 2021). Previous studies reported that
α-syn-mediated ΔΨm disruption reduces electron transport
chain activity and ATP synthesis and increases mitochondrial
ROS (Erustes et al., 2018; Park et al., 2018; Wang et al.,
2019). Consequently, it is reasonable to assume that the

Figure 2. ER-mitochondria contact sites in α-syn overexpression. The overexpression of α-syn in cellular models leads to its accumulation

in MERCs, affecting the proximity of organelles, reducing the interaction of tether complexes and MERC physiology. After reaching MERCs,

α-syn interacts with VAPB in the ER membrane, disrupting the VAPB-PTPI51 interaction. α-syn overexpression also affects the interaction of

IP3R-GRP75-DJ-1-VDAC1 complex, which leads to the reduction of IP3R-GRP75 interaction, but no change in the GRP75-VDAC1

interaction. The role of DJ-1 and its interaction in the IP3R-GRP75-DJ-1-VDAC1 complex is not fully understood. α-syn in MERCs affects

the VAPB-PTPI51 and IP3R-GRP75-DJ-1-VDAC1 complexes, reducing ER-mitochondria interactions, increasing the gap between organelles,

and drastically decreasing Ca2+ traffic from the ER to mitochondria. The illustration was produced using smart servier medical art vectors

for publications and presentations licensed under the Creative Commons 3.0 (CC BY 3.0).
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perpetuation of mitochondrial imbalances culminate in the
activation of the mitochondrial cell death machinery.

Notably, the overexpression of α-synWT or the A30P and
A53T mutants in immortalized astrocytes enhanced the cellu-
lar accumulation of Bax and cell death signals (Erustes et al.,
2018). In another study, transgenic animal and cellular
models of α-syn overexpression revealed mitochondrial
effects and increased activation of cell death pathways
(Ganjam et al., 2019). Furthermore, Betzer et al. (2018)
reported that α-syn interacts with SERCA pump in the ER,
increasing cytosolic Ca2+ concentrations. Moreover, the
mutations A30P and A53T affect the ability of α-syn to
target MERCs, when compared to the WT α-syn
(Guardia-Laguarta et al., 2014). The mechanism might be
related to these mutations affecting the ability of α-syn to
bind to lipid membranes (reviewed by Auluck et al., 2010).

These observations led our group to investigate the effects
of α-syn overexpression in MERCs. In the experiments per-
formed by confocal microscopy, the presence of α-syn in
MERCs resulted in a reduced number of ER-mitochondria
contact sites. The same study assessed whether α-syn overex-
pression would impair GRP75 molecular interactions with
IP3R and VDAC1 via an immunoprecipitation assay. While
no alterations in the GRP75-VDAC1 interaction were
detected, IP3R-GRP75 interactions were drastically attenu-
ated (Erustes et al., 2021). It should be pointed out that
although the interaction between DJ-1 and the
IP3R-GRP75-VDAC1 complex was not evaluated in the
presence of α-syn, its expression levels were not affected
by α-syn overexpression. These results indicate that a disrup-
tion in the IP3R-GRP75-VDAC1 tethering complex reduces
Ca2+ trafficking from the ER to the mitochondria.
Moreover, our group did not detect interactions between
α-syn and IP3R-GRP75-VDAC1 complex components
(Figure 2). Other studies demonstrated that α-syn interacts
with VDAC1 in the OMM and is translocated through the
channel to the inner mitochondrial membrane, where it inter-
acts with mitochondrial respiratory complexes and affects
mitochondrial function (Rostovtseva et al., 2015; Rovini
et al., 2020).

Conclusions
ER-mitochondria contact sites are dynamic and complex
subcellular regions that can modulate cell metabolism
and cellular processes. The most studied and prominent
role of MERCs is related to Ca2+ signaling, promoting
its trafficking between the two major Ca2+-storing orga-
nelles. Additionally, MERCs play an important role in bio-
chemical processes, such as lipid synthesis, mitochondrial
shape and dynamics, autophagy/mitophagy, cellular bio-
energetics, cell death, and others.

In this sense, reduction of ER-mitochondria contact sites
would be expected to attenuate Ca2+ flux from the ER to
mitochondria, disrupting many biochemical functions,

especially bioenergetic and metabolic processes. Thus,
understanding the interactions between neurodegeneration-
related proteins and the proteins that tether these organelles
and maintain this complex and intricate system is essential.

Several pieces of evidence suggest that MERCs contribute
to the onset and/or progression of pathological conditions,
such as neurodegenerative diseases and cancer. In PD,
α-syn affects MERC physiology, disrupting tether complexes
and impairing Ca2+ homeostasis. Additionally, it was
demonstrated that α-syn accumulation and its interactions
with tether complex components reduce the number of
MERCs formed, as well as the Ca2+ traffic between ER
and mitochondria. On the other hand, evidence points to
opposite effects of α-syn overexpression in MERCs, as it
has an important role in mitochondrial morphology, and it
promotes the increase of ER-mitochondria juxtaposition
and Ca2+ flux (Calì et al., 2012). The discrepancies about
the role of α-syn in MERCs could be related to its levels of
expression, as proposed by Calì et al., (2019), because the
effect of α-syn is dose-dependent, and high levels lead to
loss of effects in MERCs. However, further studies are essen-
tial to better understand the α-syn-mediated effects in this
region.

Our description of several factors that regulate and coord-
inate the functions of ER-mitochondria contact sites, makes it
clear that the identification of other regulatory complexes
will be an important step to understanding of the nature
and function of MERCs. Future studies searching for mole-
cules that can modulate MERC functions could provide valu-
able insights into PD physiopathology and other pathologies
associated with impaired Ca2+ homeostasis in the ER and/or
mitochondria, as well as their contact sites.
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