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The journey of Ca?* through the cell — pulsing through the network

of ER membrane contact sites

Tom Cremer, Jacques Neefjes and llana Berlin*

ABSTRACT

Calcium is the third most abundant metal on earth, and the fundaments of
its homeostasis date back to pre-eukaryotic life forms. In higher
organisms, Ca®* serves as a cofactor for a wide array of (enzymatic)
interactions in diverse cellular contexts and constitutes the most important
signaling entity in excitable cells. To enable responsive behavior,
cytosolic Ca?* concentrations are kept low through sequestration into
organellar stores, particularly the endoplasmic reticulum (ER), but also
mitochondria and lysosomes. Specific triggers are then used to instigate a
local release of Ca?* on demand. Here, communication between
organelles comes into play, which is accomplished through intimate yet
dynamic contacts, termed membrane contact sites (MCSs). The field of
MCS biology in relation to cellular Ca?* homeostasis has exploded in
recent years. Taking advantage of this new wealth of knowledge, in this
Review, we invite the reader on a journey of Ca?* flux through the ER and
its associated MCSs. New mechanistic insights and technological
advances inform the narrative on Ca?* acquisition and mobilization at
these sites of communication between organelles, and guide the
discussion of their consequences for cellular physiology.

KEY WORDS: Calcium, ER, Membrane contact sites, Mitochondria,
Endosome

Introduction

Owing to its distinct chemical properties, Ca>* crucially contributes
to cellular homeostasis, and responsiveness to its fluctuations forms
the basis of excitability in a variety of cell types (Carafoli and Krebs,
2016; Kuo and Ehrlich, 2015). To maintain a dynamic range of
influence over essential biological processes, intracellular Ca®" is
sequestered into organellar stores and released on demand,
establishing bursts of local concentration gradients (Filadi and
Pozzan, 2015). By far the largest Ca®* store in most cell types is the
endoplasmic reticulum (ER). Extending from the nuclear envelope
towards the outer edges of the cell, the ER forms a dynamic and agile
membranous network (Grigoriev et al., 2008; Guo et al., 2018;
Rodriguez-Garcia et al., 2020; Zhang et al., 2010). Sheet-like rough
ER (Nixon-Abell et al., 2016; Schroeder et al., 2019), home to
ribosomes and protein translocation machinery, concentrates in the
perinuclear region of the cell, while the tubular smooth ER, which
features functionally diverse nanodomains, reaches far into the cell
periphery and possesses a high degree of curvature (Gao et al., 2019;
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Goyal and Blackstone, 2013; Voeltz et al., 2006; Wang et al., 2016b),
well-suited for interactions with other organelles (Phillips and Voeltz,
2016; Westrate et al., 2015). These interactions are established and
regulated through specialized membrane contact sites (MCSs) and
localize to phase-separated domains within opposing organellar
membranes (King et al., 2020), where they serve as terminals for
influence and exchange (Prinz et al., 2020; Wu et al., 2018). In this
Review, we discuss how the interactive ER network funnels Ca?*
flow from the extracellular space towards other organelles (Fig. 1).
Focusing on pathways commonly used by a variety of cell types, we
provide perspectives on the Ca’’-dependent processes that are
engaged at ER MCSs, including mitochondrial energy production,
initiation of autophagy, and trafficking of endocytic cargoes.

The rite of passage - Ca2* entry at ER-PM MCSs

Uptake of Ca?* from extracellular space is managed by store-operated
Ca" entry (SOCE) at MCSs formed between the ER and plasma
membrane (PM) (Fig. 2). SOCE is induced when the membrane-
resident R-like ER kinase (PERK; also known as EIF2AK3) detects a
rise in cytosolic Ca®* (van Vliet et al., 2017). Activation of PERK
initiates cortical actin rearrangements and facilitates the ER
approaching the PM at sites designated by the tether Gram-domain
containing protein 2A (GRAMD2a) (Besprozvannaya et al., 2018;
van Vliet et al., 2017). At the same time, ER transmembrane stromal
interaction molecule 1 (STIM1) senses a drop in ER Ca?* levels and
responds by oligomerizing at the ER-PM interface to bind and
activate the PM channel Ca®>" release-activated Ca>" modulator 1
(Orail) (Gudlur et al., 2018; Liou et al., 2005; Prakriya and Lewis,
2015; Roos et al., 2005). Subsequently, extracellular Ca*" can enter
the ER through the sarco/endoplasmic reticulum Ca**-ATPase
(SERCA) pump (Manjarrés et al., 2010). Assembly of these
molecular players at ER-PM MCSs not only averts global
increases in cytosolic Ca®", but may also facilitate lipid exchange
through cooperative action of extended synaptotagmins (ESYTs) at
these locations (Saheki et al., 2016; Yu et al., 2016). ESYT proteins
anchor in the ER membrane and harbor multiple C2 domains that
bind the phosphoinositide phosphatidylinositol 4,5-bisphosphate
[PI(4,5)P2], which is enriched at the PM (van Meer and de Kroon,
2011). The same domains can also bind Ca?* (as shown in the case of
ESYT1) and thus could be involved in SOCE (Idevall-Hagren et al.,
2015; Yu et al., 2016). Indeed, ESYT]! has recently been shown to
organize and stabilize STIMI into ring-like structures at ER-PM
MCSs, thereby potentiating SOCE (Kang et al., 2019). In addition,
ESYTs contain a synaptotagmin-like mitochondrial-lipid-binding
(SMP) domain; this is thought to mediate the exchange of PM-
derived diacylglycerol (DAG) for PI(4,5)P2 coming from the ER
(Saheki et al., 2016; Saheki and De Camilli, 2017). Consequently,
ESYTs can reset the lipid composition of the PM in response to
phospholipase C (PLC)-mediated hydrolysis of P1(4,5)P2 into PI(4)P
and the second messenger inositol trisphosphate (IP3), which for
instance occurs upon activation of G-protein-coupled receptors by
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Fig. 1. The journey of Ca?* through the ER and its membrane contact
sites. Overview of intracellular Ca?* movement and its consequences for
organellar physiology with a focus on Ca?* dynamics at ER membrane contact
sites (MCSs; indicated with small squares). (1) Entry of Ca®* into the ER
through ER-PM MCSs; (2) Ca?* activities within the ER lumen while

being transported towards exit sites at MCSs; (3) Ca* exchange at MCSs —the
ER engages mitochondria to regulate cellular bioenergetics, mitochondrial
remodeling and autophagy initiation; and (4) Ca?*-dependent processes

such as fusion, refilling and intraluminal vesicle fomation at MCSs between
the ER and the endolysosomal system.

Ca?* or other ligands (Leybaert and Sanderson, 2012; Saheki et al.,
2016; Saheki and De Camilli, 2017). Although ESYT-dependent
contacts are not required for SOCE (Giordano et al., 2013), local Ca?*
influx at ER-PM contact sites increases ESYT function (Idevall-
Hagren et al., 2015) and thus creates an elegant feedback mechanism
to restore cellular homeostasis following IP3-driven Ca?* depletion
from the ER.

Ca?* homeostasis on the home front

While a well-functioning Ca" store can acquire sufficient Ca" to
accommodate global cellular demand, swift transport is needed to
deliver Ca" to its ER exit channels, as demonstrated in polarized
cells and neurons, as well as non-excitable cells (Petersen et al.,
2017). For example, in secretory pancreatic acinar cells, Ca>" has
been shown to travel over long distances in mere seconds (Park
et al., 2000); because ATP depletion hampers trafficking of ER
lumen constituents, such as chaperone-client protein complexes
(Barrow et al., 2008; Nehls et al., 2000), it stands to reason that flow
of Ca®" through the ER likely relies on an active process. Indeed,
using super-resolution imaging of photoconvertible fluorescent
proteins in various cell types, it was recently shown that localized,
asynchronous and ATP-dependent ER-tubule contraction events
drive luminal flow (Holeman et al., 2018). Interestingly, inhibition
of the SERCA-mediated Ca®" influx promotes these contractions

(Holcman et al., 2018), prompting the question of whether Ca?*
simply ‘surfs’ the ER network, or rather controls the waves. In this
context, the luminal spacer cytoskeleton-linking membrane protein
63 (CLIMP63; also known as CKAP4) was found to interact with
the Ca?"-binding protein calumenin and to cooperatively regulate
the width of the luminal ER (Shen et al., 2019) (Fig. 2). Calumenin
attains its functionally folded state through low-affinity Ca?*
binding via multiple EF-hand domains (Mazzorana et al., 2016;
Yabe et al., 1997). Effectively, calumenin is a high capacity Ca**
sensor; in response to small changes in local Ca®*, it might regulate
the interactions between CLIMP63 and microtubules (Shen et al.,
2019) that are needed to facilitate ER tubule contractions through an
as-yet-unclear mechanism. An appealing model would involve the
generation of flow through contraction of sections of ER tubules,
depending on the local intraluminal Ca®" concentration.

In addition to tubule contraction, Ca*" ‘wiring’ mediated by
polymeric forms of the Ca®*-buffering protein calsequestrin (which
has CASQ1 and CASQ2 forms) may offer an alternative mechanism
for fast Ca®>" mobility throughout the sarcoplasmic reticulum (SR)
of muscle cells by providing an intraluminal framework for the
diffusion of Ca®" in one dimension (MacLennan and Reithmeier,
1998; Park et al., 2003; Royer and Rios, 2009; Zhu et al., 2012)
(Fig. 2). Additionally, calsequestrin, interacts directly with the
ryanodine receptor (RyR) Ca®" channel in muscle cell triads
(Handhle et al., 2016). While calsequestrin is found predominantly
in muscle tissue, it is also expressed in many other tissue types
(Wang et al., 2015; Zhu et al., 2012) and could therefore similarly
influence Ca" trafficking in non-specialized cells. Interestingly,
calsequestrin can interact with and stabilize monomeric STIM1
(Wang et al., 2015), which binds to the microtubule plus-end
tracking protein end-binding 1 (EB1; also known as MAPRE1) that
helps extend the ER membrane along growing microtubules
(Grigoriev et al., 2008; Rodriguez-Garcia et al., 2020). This
suggests that polymeric calsequestrin ‘wires’ could reach into newly
formed EB1-positive ER tubules. Depletion of luminal ER Ca?*
negatively regulates ER tubule extension by partially uncoupling
STIM1 foci from growing EB1-positive microtubule plus-ends to
initiate SOCE (Chang et al., 2018; Grigoriev et al., 2008). In this
way, Ca?" release through ER exit sites may limit excessive ER
network protrusion into Ca”-demanding areas of the cell, hence
averting hyperdepletion of ER Ca®" stores (Grigoriev et al., 2008).
At the same time, a proportion of STIMI remains sequestered at
EB1 foci during ER Ca?" release and thus is unavailable to
facilitate new Ca”" entry into the ER via SOCE (Chang et al., 2018).
This and other feedback mechanisms aimed at avoiding Ca?*
‘overfilling’ of the ER lumen (Konno et al., 2012; Philippe et al.,
2017; Wang et al., 2015) highlight the importance of balancing
Ca?" availability with the dangers of oversupply, which have been
linked to apoptotic cell death and neurological disorders (Sammels
et al., 2010b).

As Ca?" travels through the extensive labyrinth of the ER lumen,
it is harnessed to manage a variety of luminal ER activities (Fig. 2).
Of all its functions, the ER is best known for the biogenesis of
secretory and membrane proteins, which is mediated by a wide array
of luminal chaperones (Ellgaard et al., 2016). The majority of these
chaperones, including calnexin, calreticulin and grp78 (also known
as BiP and HSPAS5) depend on Ca?*, and the folding of Ca?'-
binding proteins, such as integrins, is directly influenced by Ca**
levels in the ER (Philippe et al., 2017; Tiwari et al., 2011).
Moreover, correct (re)folding of disulfide-bond-containing proteins
relies on a fine-tuned glutathione redox balance that is governed by
the exchange of reduced glutathione (GSH) and Ca®>" with the
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A Store-operated Ca2* entry

B Ca2*-induced Ca?* release
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C Mechanisms of luminal Ca2* transport

D Ca?*-dependent protein folding
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Fig. 2. Store-operated Ca?* entry at ER-PM MCSs and Ca?* activities in the ER. (A) Store-operated Ca?* entry. IP3 signaling induces Ca?* release from ER-
embedded IP3Rs. The rise in cytoplasmic Ca?* in turn triggers activation of store-operated Ca?* entry (SOCE) at ER-PM MCSs, designated by GRAMD2a. SOCE
depends on the activity of the Orai1 and SERCA Ca?* channels, which are coordinated by the Ca?* sensor STIM1. Simultaneously, the Ca2* microenvironment at
ER-PM MCS enhances ESYT-mediated lipid exchange to reconstitute PM lipid composition after G-protein coupled receptor activation and PLC-mediated
hydrolysis of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] into diacylglycerol (DAG) and IP3. (B) Ca*-induced Ca?* release. IP3-primed IP3R clusters elicit
Ca?*-induced Ca?* release (CICR) to propagate Ca?* signals further into the cell. IP3Rs open at moderate Ca®* availability and close upon enhanced Ca?*
accumulation to generate Ca* ‘puffs’. (C) Mechanisms of luminal Ca?* transport. To meet changing cellular demands, the ER network is remodeled through
STIM1-mediated interactions with EB1 on growing microtubules. Ca?* flow throughout the ER is governed by ER tubule contractions that may involve Ca?* binding
by calumenin and CLIMP63. Polymeric calsequestrin fibers enhance the Ca?* diffusion rate in the SR of muscle cells and potentially in other cell types.
Polymeric forms of calsequestrin may interact with inactive STIM1 to extend into newly forming ER tubules. (D) Ca?*-dependent protein folding. ER-resident
processes, including chaperone-assisted protein folding and co-translational insertion of transmembrane helices, depend on Ca?* availability, either involving
direct Ca®* binding or association with a Ca?*-binding factor, such as calumin.

cytoplasm (Lizak et al., 2020). When extensive efforts of
chaperones are insufficient for a protein to attain its correctly
folded state, it can be targeted for degradation by the
proteasome through ER-associated degradation (ERAD) (Fregno
and Molinari, 2019). Here, Ca®"-binding calumin (also known as
CCDC47) interacts with several members of the ERAD
machinery (Yamamoto et al., 2014), and, recently, calumin and
transmembrane and coiled-coil domains 1 (TMCO1) were
identified as essential members of the PAT complex, which aids
in co-translational insertion of a wide variety of integral membrane
proteins into the ER membrane (Chitwood and Hegde, 2020;
McGilvray et al., 2020). These findings point to a major role for
Ca?" in protein folding and degradation from the ER. However,
enabling these ER-inherent processes is only the beginning, as Ca>*

exits the ER to stimulate dynamic series of molecular events
elsewhere. Interestingly, Ca?" exit sites often coincide with contacts
the ER makes with other organelles, such as mitochondria and
endosomes. Recent insights into the mechanisms of Ca>" release at
these MCSs and the consequences thereof are discussed in the
next section.

MCSs - an exit strategy

Ca?" exits the ER mainly through two types of release channels, the
aforementioned RyRs or inositol-1,4,5-phosphate receptors (IP3Rs)
(Prole and Taylor, 2019; Santulli et al., 2017); however, new Ca>"
exit channels continue to be discovered (Wang et al., 2016a). RyRs
and IP3Rs exhibit ~40% sequence identity and have likely evolved
from a common ancestor (Alzayady et al., 2015), yet, they display
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distinct physiological characteristics (Santulli et al., 2017).
Specifically, RyRs mainly evoke increases in Ca®" levels from the
SR of muscle tissue, which are required for excitation—contraction
coupling (Kuo and Ehrlich, 2015; Santulli et al., 2017). Since these
processes are highly specialized, and several excellent reviews have
been written on this topic, we will not delve into RyR biology here
(Eisner, 2014; Santulli et al., 2018). On the other hand, IP3Rs
function in a variety of tissues, although individual family members
differ in cell type expression, affinity for IP3 and capacity to sustain
Ca?" oscillations (Prole and Taylor, 2019). Additionally, other ER
Ca®" exit channels might work in conjunction with IP3Rs and RyRs
to amplify intracellular Ca?" signals, as has been shown for renal
cell-specific polycystin-2 in the context of autophagy induction
(Anyatonwu et al., 2007; Pefia-Oyarzun et al., 2020; Sammels et al.,
2010a). As IP3Rs have been reported at contacts between the ER
and other organelles, their organization and activation are discussed
in detail here.

IP3Rs form large tetrameric structures composed of 300 kDa
subunits embedded in the ER membrane, with each subunit
featuring six transmembrane regions. These receptors respond to
the archetypical second messenger IP3 (Leybaert and Sanderson,
2012), which has been suggested to prime, and thus cluster, IP3Rs at
a considerable distance from the PM (Dickinson et al., 2016; Taufiq
Uretal., 2009). IP3Rs are co-regulated by cytosolic Ca>* through a
principle known as Ca”’-induced Ca®' release (CICR) (Fig. 2)
(Prole and Taylor, 2019), whereby IP3Rs remain closed at low
cytosolic Ca®" levels, and are activated in response to increasing
Ca®>" to allow ER Ca®*" egress. However, once local Ca?*
accumulation surpasses a given threshold, IP3Rs become auto-
inhibited. The resulting waves of activation and inhibition generate
short Ca®" “puffs’, which may, through diffusion, activate nearby
clusters of ligand-primed IP3Rs (Vais et al., 2010). A proportion of
these clusters is immobilized at ER—PM MCSs; here, they initiate
oscillatory Ca”" signals, while also being optimally positioned to
stimulate the SOCE to immediately replenish the ER with fresh
Ca?* (Sampieri et al., 2018; Thillaiappan et al., 2017). In response to
their activation, a fraction of IP3R clusters is downregulated through
ubiquitylation and consequent proteasomal degradation that
protects cells from an excessive Ca?" mobilization (Wright and
Wojcikiewicz, 2016).

It is worth emphasizing, that once released into the cytosol, Ca**
is quickly buffered by a wide array of Ca®*-binding proteins, such as
calmodulin, so that only 1% of cytosolic Ca®" remains free
(Schwaller, 2010). In this regard, IP3Rs create a microenvironment
for Ca®" and Ca**-binding proteins to act as local messengers (Prole
and Taylor, 2019). In the next sections, we will discuss how such
microenvironments at ER MCSs influence the behavior of their
associated organelles, including mitochondria and endolysosomes.

Tuning cellular metabolism at ER-mitochondria MCSs

As far back as the early 1990s, co-fractionation experiments had
shown that mitochondria-associated membranes (MAMs) contain
ER components involved in lipid and Ca®" signaling (Vance, 1990).
It is now appreciated that 2—5% of the mitochondrial surface in the
cell is engaged in contacts with the ER (Friedman and Nunnari,
2014; Phillips and Voeltz, 2016). Tethers, such as the mitochondrial
protein tyrosine phosphatase (PTP) interacting protein 51
(PTPIPS1; also known as RMDN3) and ER-located vesicle-
associated membrane protein-associated protein B (VAPB) can
mediate opposition of their respective organelles (Gomez-Suaga
et al., 2017), and new tethers for these types of inter-organellar
contacts continue to be uncovered (Wu et al., 2018). Tethering of

ER to mitochondria promotes Ca®>" exchange into the
intermembrane space between the outer and inner mitochondrial
membranes (OMM and IMM, respectively) through the interactions
between IP3Rs and mitochondrial voltage-dependent-anion
channels (VDACs) (Gomez-Suaga et al., 2017) (Fig. 3). From
here, Ca®" is shuttled into the mitochondrial matrix, mainly via the
mitochondrial Ca>" uniporter (MCU) (De Stefani et al., 2016). In
the ER membrane, activation of IP3Rs is positively regulated by the
sigmal receptor (SigmalR) (Wu and Bowen, 2008), which is
responsive to choline, the product of phosphatidylcholine (PC)
cleavage mediated by the mitochondria-specific phospholipase D
family member (mitoPLD; also known as PLD6). In this way, the
choline signals can locally activate IP3Rs for Ca’" release at the
ER-mitochondria MCS (Brailoiu et al., 2019; Gao and Frohman,
2012; Vance, 1990). Recently, gain-of-function mutations in IP3R
have been shown to extend C. elegans lifespan (Burkewitz et al.,
2020), highlighting the impact of regulated mitochondrial Ca®*
homeostasis on cellular and organismal wellbeing.

Once shuttled from the ER-mitochondria MCS into the
mitochondrial matrix, Ca>* takes on cofactor functions for a wide
range of enzymatic reactions involved in ATP production (De
Stefani et al,, 2011; Glancy and Balaban, 2012) (Fig. 3). In
exchange, mitochondria replenish the cytoplasm and ER with ATP
(Cardenas et al., 2010; Yong et al., 2019), which can then also be
used for Ca?* re-influx via SERCA. This interplay responds to
changes in cellular energy demand, such as the stress induced by
protein misfolding in the ER (Bravo et al., 2011). Acute ER stress
increases the number of perinuclear ER—mitochondria MCSs,
boosting the Ca?" and ATP exchange (Bravo et al., 2011; Yong
et al., 2019). By contrast, a global rise in ATP demand results in an
expansion of ER—mitochondria contacts throughout the cell (Bravo-
Sagua et al., 2016), pointing to a spatial coordination of ER—
mitochondria MCS formation in accordance with the type of
cellular demand. While mitochondria are adept at a needs-based
energy supply, a balanced Ca®" influx into these organelles is
desired to avert negative consequences of mitochondrial
overstimulation. For instance, excessive Ca?" exchange at ER—
mitochondria MCSs, due to the accumulation of reactive oxygen
species (ROS) or certain chemotherapy treatments, can induce a
pro-apoptotic mitochondrial signature (De Stefani et al., 2012;
Doghman-Bouguerra et al., 2016; Verfaillie et al., 2012). Moreover,
upregulated MCU transporter levels in colorectal cancer (CRC)
cells have been associated with poor prognosis of CRC patients (Liu
et al., 2020). To maintain a healthy Ca’>" homeostasis in
mitochondria, Ca?" can be exported from the mitochondrial
matrix by the mitochondrial Na*/Ca®" exchanger (NCLX; also
known as SLC8BI), generating intra-organellar oscillations that
mimic those of cytoplasmic Ca®" (Samanta et al., 2018).

Mitochondrial form follows function (Favaro et al., 2019; Silva
Ramos et al., 2016), and both are supported by dynamic processes
of fusion and fission of these organelles, wherein Ca®" is a key
participant (Fig. 3). Mitochondrial fusion and fission are controlled
by ER-associated proteins and may occur sequentially to mix
mitochondrial matrix constituents and repolarize metabolically
inactive mitochondria (Abrisch et al.,, 2020). Although its
mechanism remains incompletely resolved, mitochondrial fusion
is mediated by either homo- or hetero-typic interactions between the
mitofusin 1 and mitofusin 2 proteins on mitochondria and the ER,
which are coupled to tethering of mitochondria to the ER membrane
(Filadi et al., 2015; Legros et al., 2002; Mattiec et al., 2018;
Santel and Fuller, 2001). In contrast, mitochondrial fission
involves coordination by the ER as well as the presence of late
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Fig. 3. Ca* exchange at ER-mitochondria MCSs regulates cellular bioenergetics, mitochondrial remodeling and autophagy biogenesis. (A) Cellular
bioenergetics. Membrane tethers formed by mitochondrial PTPIP51 and VAPB govern ER-mitochondrial coupling for Ca?* exchange through IP3R,

VDACs and MCU channels in the ER, or the outer and inner mitochondrial membrane (OMM, IMM), respectively. Choline signaling may enhance IP3R activation
through the sigma receptor. In the mitochondrial matrix, Ca?* activates multiple enzymes that stimulate ATP production. However, increased Ca?* exchange may
result in a pro-apoptotic mitochondrial signature. Appropriate Ca®* levels are maintained by reflux out of the mitochondrial matrix by a Na*-Ca?* exchanger
(NCLX). (B) Mitochondrial remodeling. Repolarization of mitochondria depends on the fission and fusion machinery that localizes to ER—mitochondria MCSs.
Fusion depends on homo-and hetero-typic interactions between mitofusins (Mfns), whereas fission relies on Ca®*-mediated oligomerization of Drp1 on its
receptor inverted furin 1 (INF1) and dynein-2, together with OPA1 present in the mitochondrial matrix. (C) Autophagosome biogenesis. Upon starvation,
interactions of calmodulin (CaM) with the P1(3)P-producing kinase VPS34 drive ULK1-mediated autophagosome biogenesis, for which mitochondria may provide
lipids. During its extension, the isolation membrane (IM) is dynamically tethered to the ER by VAPB, FIP200 and WIPI2. Phagophore closure is completed

upon VMP1-SERCA-mediated Ca?* efflux from ER—IM MCSs.

endosomes/lysosomes and their GTPase Rab7a (Friedman et al.,
2011; Wong et al., 2018). With regard to fission, the dynamin
family member dynamin-related protein 1 (Drpl; also known as
DNMIL) is thought to oligomerize on Ca’'-activated inverted
formin 2 (INF2) receptors located at the ER membrane prior to
arriving at mitochondria (Ji et al., 2017, 2015), presumably via ER—
mitochondria MCSs. Drpl initializes constriction of OMM,
whereupon fission is completed by the dynamin-2 GTPase
(Lee et al., 2016). In contrast to Drp1, dynamin-2 activity appears
to be inhibited by Ca®" (Cousin and Robinson, 2000), suggesting
that Ca" release from the ER at ER-mitochondria MCSs influences
distinct stages of mitochondrial fission in different ways. In this
context, IMM constriction follows INF2-induced Ca®" import and
relies on the coordinated activation of another dynamin family
member, optic atrophy 1 (OPA1) (Chakrabarti et al., 2017; Ge et al.,
2020; Song et al., 2007). Here, at least three known mitochondrial
proteases, responsive to different environmental stimuli, process
OPAL into fragments that cooperatively function in the final stages
of IMM fusion (Ge et al., 2020). Collectively, these findings support
a possible coupling between OMM fission and IMM constriction
that is achieved through timely Ca®" signals.

By way of multiple interactions taking place at the ER-
mitochondria MCS, Ca?" controls energy production and

mitochondrial morphology, both in times of nutrient abundance
and during periods of starvation (Fig. 3). Mitochondrial energy
production is also intimately linked with the ability of the cell to
digest its components through autophagy (Cardenas et al., 2010).
For instance, sustained Ca?" import into mitochondria through
IP3Rs inhibits autophagy, whereas loss of IP3Rs stimulates it
(Cardenas et al., 2010), implying that ER-mitochondrial
uncoupling is involved. Indeed, loss of tethering mediated by
PTPIP51 and VAPB inhibits basal autophagy, which, in turn, can be
rescued with the introduction of artificial tethers (Gomez-Suaga
et al.,, 2017). During autophagy, ER—mitochondria MCSs may
concurrently function as sites of autophagosome formation (Hailey
et al., 2010; Hamasaki et al., 2013; Li et al., 2017). In the early
stages of cargo sequestration, the growing isolation membrane (IM)
of the phagophore remains dynamically juxtaposed to the ER with
the help of VAPB and WD repeat domain phosphoinositide-
interacting protein 2 (WIPI2)-focal adhesion kinase family
interacting protein of 200 kD (FIP200; also known as RBICC1)
tethers, the Unc-51 like autophagy activating kinase 1 (ULK1)
complex, SERCA pump and PI(3)P, which is produced by the
kinase vacuolar protein sorting-associated protein 34 (VPS34; also
known as PIK3C3) (Engedal et al., 2013; Hayashi-Nishino et al.,
2009; Yl-Anttila et al., 2009; Zhao et al., 2017, 2018). Interestingly,
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VPS34 activity is regulated by its interaction with a Ca®>*-binding
protein calmodulin in a Ca?*-dependent manner, and clearance of
PI(3)P from the IM coincides with its closure into a mature
autophagosome, allowing subsequent fusion with endolysosomes to
occur (Gulati et al., 2008; Zhao et al., 2017). Furthermore, increased
Ca?* levels upon inhibition of SERCA or its activator vacuole
membrane protein 1 (VMP1) have been shown to stabilize ER-IM
contacts and inhibit autophagosome closure (Zhao et al., 2017). This
suggests that a dynamic interplay between IP3Rs and SERCA activity
is involved in the spatiotemporal control of autophagosome formation
at ER—mitochondria MCSs. In addition, a recent study has implicated
Ca?* release mediated by the late endosomal/lysosomal channel
transient receptor potential mucolipin 1 (TRPML1; also known as
MCOLN1) in IM formation through the PI(3)P-dependent
mechanism described above (Scotto Rosato et al., 2019). Taken
together, these findings point to a complex involvement of Ca?>* and
MCSs in autophagy initiation, which is likely to be expanded further
in the future.

Ca?* back and forth at ER-endolysosome MCSs

The endolysosomal system maintains its own unique relationships
with the ER (Lee and Blackstone, 2020; Raiborg et al., 2015), and,
akin to mitochondria, it stores a substantial amount of ER-derived
Ca?" (Garrity et al., 2016; Kilpatrick et al., 2013). It is therefore not
surprising that Ca?* efflux into the ER—endosome MCSs, or the
peri-endolysosomal space, is important for endosome biology
(Burgoyne et al., 2015; van der Kant and Neefjes, 2014). As
endosomes progressively acquire late characteristics (i.e. become
mature), they engage in more extensive interactions with the ER,
and some can even sustain permanent contacts (Friedman et al.,
2013). At the same time, as measured in pancreatic cells, in contrast
to early endosomes, late endosomes and lysosomes harbor high
levels of Ca®" (Albrecht et al., 2015; Yang et al., 2019). The exact
mode(s) of Ca?>" delivery to maturing endosomes is a matter of
debate that has predominantly centered around the role of the
endosomal pH (Yang et al., 2019). While it has recently been shown
that the ER can siphon Ca?" into lysosomes irrespective of their
acidity (Garrity et al., 2016), the molecular factors mediating
lysosomal Ca®* (re)uptake remain unknown. Lysosomes have been
observed to dwell around IP3R clusters at the ER membrane, and all
three subtypes of IP3R channels were found capable of Ca**
delivery to these organelles (Atakpa et al., 2018; Garrity et al.,
2016). This suggests that IP3Rs can create a local Ca?"
microenvironment at ER—endosome MCSs, analogous to that at
the ER—mitochondria interface. Considering the high availability of
Ca" in the vicinity of lysosomes following IP3R activation, any
low-affinity Ca?" transporter or rectifying channel could be
responsible for lysosomal Ca?" influx (Yang et al., 2019).

Once deposited into endolysosomes, Ca>" can also be released
from these organelles by various channels that respond to different
stimuli (see Box 1). Lysosomal Ca" release, evoked experimentally
through osmotic permeabilization, initiates prolonged Ca** signals,
underpinning the so-called ‘trigger hypothesis’ — small Ca** spikes
produced by lysosomal Ca’" channels, such as the two-pore
channels (TPCs) or TRPMLI, are postulated to trigger Ca®" release
of greater amplitude from the ER, resulting in the establishment of
both local Ca*" microenvironments and global Ca®" oscillations
(Kilpatrick et al., 2013, 2016). Indeed, silencing of TPC1 or TPC2
reduces the extent of MCSs formed between the ER and either
endosomes or lysosomes, respectively (Kilpatrick et al., 2017). In
line with these findings, inhibition of Ca?" reuptake into the ER
through the SERCA pump increases the amount and physical extent

Box 1. The endolysosomal system as a Ca3* reservoir
Endosomes and lysosomes contain numerous Ca®*-release channels
(Feng and Yang, 2016), which can be engaged by a variety of stimuli.
Among these, transient potential receptor mucolipins (TRPMLs)
constitute the principal family of Ca?*-release channels residing in
endolysosomal membranes. Whereas TRPML2 and TRPML3 are found
in early and recycling compartments (Lelouvier and Puertollano, 2011),
TRPML1 predominantly localizes to lysosomes and responds to
PI(3,5)P2, a phosphoinositide enriched on late compartments
(Wallroth and Haucke, 2018). By binding to a polybasic domain in the
N-terminus of TRPML1, PI(3,5)P2 may influence lysosomal Ca?* levels
(Dong etal., 2010). TRPML isoforms have been shown to form functional
homo- and hetero-multimers in cells (Curcio-Morelli et al., 2010),
suggesting that they may act together (under different physiological
conditions). Another channel family, the two-pore channels (TPCs), is
activated in the presence of the Ca?*-mobilizing messenger nicotinic
acid adenine dinucleotide phosphate (NAADP) (Brailoiu et al., 2009;
Galione, 2019). Although TPCs are best known for transporting
monovalent cations (Na*, H* and K*), their activity is modulated by
cytosolic Ca?* levels, as well as by PI(3,5)P2 and endolysosomal pH
(Guo et al., 2017; Lagostena et al., 2017; Wang et al., 2012).
Interestingly, TPC1 is enriched at ER-endosome MCSs (Kilpatrick
et al., 2017), suggesting that it may regulate Ca®* exchange between
these organelles. As TPC2 localizes predominantly on lysosomal
membranes, it may perform a similar function there (Calcraft et al.,
2009). Last, but not least, P2X4 channels are gated by ATP, which is
highly abundant in lysosomes (Cao et al., 2015). Curiously, Ca®* release
from these channels appears to be inhibited by a high luminal pH (Huang
et al., 2014). These channels could therefore be involved in homotypic
lysosomal fusion in order to maintain a healthy proteolytic compartment.
Considering that the pH of the lysosome is linked to its spatial positioning
in the cell (Johnson et al., 2016), these channels could also allow Ca?*
influx in the more pH-neutral, peripherally located lysosomes.

of these contacts (Zhao et al., 2017) Thus, the initial Ca>* spike from
lysosomes could create conditions that induce MCS formation
and/or enhance tether strength by stabilizing existing interactions on
opposing membranes (Yang et al., 2019). In line with this, Ca>*
release near lysosomes was found to activate a K* channel that
reverses the lysosomal membrane potential, facilitating refilling of
the lysosome with Ca®" (Wang et al., 2017). Additionally, a role for
Ca*" in ER—endosome MCS formation suggests the presence of
Ca?"-binding tethers at contact sites where IP3Rs reside. For
example, annexin Al and its binding partner S100 Ca®*-binding
protein A11 (S100A11) can both bind Ca®* and have been shown to
cooperate in order to bridge membranes in vitro. Together, these
proteins form a tether for an ER—endosome MCS that controls
epidermal growth factor (EGF) signaling (Fig. 4) (Eden et al., 2016,
2010; Gerke and Moss, 2002).

It is worth keeping in mind that MCSs constitute dynamic contacts
between autonomous organelles that, once formed, can disengage
(Fig. 4). This is exemplified by cholesterol sensors, such as Nieman—
Pick intracellular cholesterol transporter 1 (NPC1), StAR related lipid
transfer domain containing 3 (STARD3), or oxysterol-binding
protein-related protein 1L (ORPIL; also known as OSBPLI1A),
which act as MCS tethers during transport of dietary cholesterol
(LDL) from late endosomes to the ER for esterification (Alpy et al.,
2013; Di Mattia et al., 2018; Hoglinger et al., 2019; Rocha et al.,
2009) (Fig. 4). Intriguingly, cholesterol has been suggested to
modulate detergent-resistant ER domains that house IP3Rs and their
activator SigmalR (Hayashi and Su, 2010; Weerth et al., 2007).
Cholesterol-dependent membrane domains have also been
implicated in proteasome-mediated degradation of activated IP3R
clusters by a protein complex that includes RNF170 and
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A Positioning/trafficking

Endosome

D Fusion

‘ Microtubule

| B RTK downregulation

A2

Dynein

Cytosol

C Lysosomal refilling

Key

@ Tether protein @ Ca?*-binding protein @ Ca?* channel < CaZ+ Cholesterol

Fig. 4. Ca?* at the ER—-endolysosome MCSs regulates cargo trafficking, endosomal fusion and lysosomal refilling. (A) Positioning and trafficking. In the
course of their maturation, endosomes travel into the cell interior (towards the minus-end of microtubules); this requires active transport that is mediated

by the cholesterol-sensitive RILP—dynein complex, or the Ca?*-responsive ALG2—dynein complex. Once in the perinuclear region, endosomes can interact with
the positioning complex, comprising the ER-membrane-resident RNF26 protein and its substrate SQSTM1. (B) RTK downregulation. At these contact sites,
cholesterol exchange occurs via the ORP1L-STARD3 and/or the NPC1-GRAMD1 axes. Under conditions of ligand stimulation, contact sites are formed between
the ER and endosomes that carry activated receptor tyrosine kinases (RTKs), such as phosphorylated epidermal growth factor receptor (p-EGFR) to support
efficient receptor downregulation. These MCSs rely on the Ca?*-dependent annexin A1 (ANXA1) tether that works in conjunction with its ligand S100A11 and
provide a platform for the ER-associated PTP1B to dephosphorylate and thus inactivate its substrate EGFR. PTP1B and ALG2 also stimulate the ESCRT
machinery towards cholesterol-dependent ILV formation, terminating RTK degradation. (C) Lysosomal refilling. Lysosomal Ca?* release through two-pore
channels (TPCs) or mucolipin transient receptor potential (TRPML) channels evokes Ca?* efflux from the ER by activating the IP3R—SigmaR1 complex, which is
negatively regulated through ubiquitin-mediated degradation induced by RNF170 and associated proteins that localize to cholesterol-rich ER subdomains.
The resulting local Ca?* microenvironment influences the formation of the ER—endosome/lysosome MCSs. Transporter(s) needed for lysosomal Ca?* filling have
not yet been established. (D) Fusion. Peri-endosomal Ca?* released through ATP- and pH-dependent P2X4 channels may regulate fusion between different
types of endosomes that is mediated by calmodulin (CaM), Munc13-4 (M13-4) and the endosomal soluble NSF attachment receptor (SNARE) proteins
syntaxin 7 (STX7) and VAMP8.

Erlin1-Erlin2 (Browman et al., 2006; Pearce et al., 2009). Therefore,
cholesterol sensing in late endosomes and/or the ER membrane may
set the stage for both activation and degradation of IP3Rs, thus
regulating Ca®" release into the MCS and (un)tethering of the
participating organelles. In addition to cholesterol-associated
formation of ER-endosomes MCSs, ubiquitin-mediated events,
such as those regulated by the ER-embedded ubiquitin ligase ring
finger-containing protein 26 (RNF26), ubiquitin-conjugating

enzymes E2 J1 (UBE2J1) and sequestosome 1 (SQSTMI; also
known as p62) complex (Cremer et al., 2020 preprint; Jongsma et al.,
2016) can also support reversible connections between these
organelles. Interestingly, recent proteomic findings suggest that
RNF26 resides in a complex with various members of the ER Ca?"
efflux machinery, including IP3R1 and SigmaR1 (Fenech et al.,
2020). The observed dynamics of lysosomes at IP3R clusters parallel
those of endolysosomes that reversibly associate with the ER via
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RNF26 (Atakpa et al., 2018; Jongsma et al., 2016). It is therefore
possible that Ca®>' release channels are coregulated with the
recruitment of endosomes to Ca?*-rich signaling hubs at the ER
membrane. Although much remains to be uncovered with regard to
the influence of Ca?" signaling on ER—endosome MCS formation, a
wealth of knowledge on how Ca" contributes to the physiology of
the endolysosomal system has been gained in recent years, as
discussed below.

Ca?* in the regulation of endosome biology

The Ca®" microenvironment in the endosome provides the basis for
key processes regulating the function of these organelles, as evident
from the documented connections between lysosomal Ca>* storage
defects and neurodegenerative diseases (reviewed in Feng and
Yang, 2016). How Ca®" modulates dynamic events that are pivotal
for endosome biology, including acquisition of multivesicular body
(MVB) architecture along the endosomal maturation route, is
discussed in the following sections and summarized in Fig. 4.

At multiple stages of endocytosis, vesicles of the endosomal
system fuse to mix their constituents (Balderhaar and Ungermann,
2013). For instance, early endosomal antigen 1 (EEA1) is recruited
to Rab5-positive endosomes in a Ca*'/calmodulin-dependent
manner, where it mediates apposition with the target membrane
(Lawe et al., 2003; Murray et al., 2016). As endosomes continue on
their maturation route, they become MVBs (Scott et al., 2014), and
Ca?" signaling facilitates this process in a number of ways. For
instance, loss of late endosomal Ca>" has been linked to lysosomal
storage diseases, including the Niemann—Pick type 1 disease
(Lloyd-Evans et al., 2008). Additionally, Ca®* influences ligand-
mediated sorting of receptor tyrosine kinases (RTKs), such as the
EGF receptor (EGFR) for their lysosomal degradation. The
signaling of phosphorylated EGFR can be terminated by the ER-
localized phosphatase PTP1B, which encounters these endocytosed
receptors at ER-endosome MCSs that are tethered by Ca®'-
responsive annexin Al (Eden et al., 2012, 2016). The same
dephosphorylation event then facilitates the commitment of EGFR
for degradation. It has been suggested that Ca>* release through
NAADP-activated TPC1 channels promotes the formation of ER—
endosome contacts, thus enhancing the accessibility of the receptor
substrate to PTP1B (Kilpatrick et al., 2017). Subsequently, Ca*"
comes into play once again through the Ca?'-binding protein
asparagine-linked glycosylation protein 2 (ALG2), which controls
cholesterol-, Alix (PDCDG6IP)- and endosomal sorting complexes
required for transport (ESCRT)-mediated membrane deformation
during the incorporation of cargo into intralumenal vesicles (ILVs)
(Maki et al., 2016; Missotten et al., 1999; Scheffer et al., 2014; Sun
et al., 2015). Illustrating their respective significance, inhibition of
PTP1B, annexin Al, TPCI and Alix has been shown to prolong
potentially hazardous EGFR signaling (Eden et al., 2016, 2010;
Kilpatrick et al., 2017; Sun et al., 2015). Similarly, vascular
endothelial growth factor (VEGF) signaling is prolonged as a
consequence of either NAADP or TCP2 inhibition, suggesting that
Ca®' is a general regulator of RTK signaling termination (Favia
et al., 2014).

To enhance fusion of endosomal cargo carriers with the
proteolytic compartment, the bulk of incoming traffic is targeted
to the perinuclear vesicle cloud (Jongsma et al., 2016). Transport to
the perinuclear area is regulated by several routes (reviewed in
Cabukusta and Neefjes, 2018), including the one controlled by the
GTPase Rab7, Rab-interacting lysosomal protein (RILP) and the
dynein motor (Wijdeven et al., 2016). An alternate minus-end-
directed route involves the PI(3,5)P2-activated Ca®' channel

TRPMLI and Ca?"-responsive endosomal dynein adaptor protein
ALG2 (Li et al., 2016; Vergarajauregui et al., 2009). Subsequently,
the fusion of endosomes with lysosomes is mediated by the
homotypic fusion and protein sorting (HOPS) complex and the
Ca?"-dependent interaction of Munc13-4 (also known as UNC13D)
with syntaxin 7 and vesicle-associated membrane protein 8
(VAMPS), which are present on opposing membranes (He et al.,
2016). In the presence of ATP, lysosomal P2X4 (also known as
P2RX4) channels release Ca®>" and facilitates calmodulin-
dependent activation of Munc13-4, which in turn connects
syntaxin 7 and VAMP8 (Cao et al., 2015; Herbst et al., 2014).
Munc13-4 is additionally known to mediate homotypic fusion and
secretion of lysosome-like granules in immune cells, emphasizing a
role for Ca®" in vesicle fusion (Ramadass and Catz, 2016). While
important contributions of Ca®" to endosomal transport and fusion
have been elucidated, the relevance of ER—endosome MCSs in this
context remains to be investigated.

Most endocytic (as well as autophagic) cargoes ultimately find
their way into the lumen of the lysosome, where their degradation
takes place. To ensure the fitness of lysosomes in subsequent rounds
of proteolysis, these organelles are continuously remodeled through
regulated fission and fusion events, which involve the interplay
between two lysosomal Ca?" channels, P2X4 and TRPMLI.
Localized lumen alkalization has been suggested to activate P2X4
channels (see Box 1) and drive calmodulin-mediated homotypic
fusion in a Ca®"-dependent manner (Cao et al., 2015; Huang et al.,
2014). Furthermore, P4X2 overexpression induces enlargement of
the lysosome, which could be suppressed by overexpressing the
other Ca®* channel, TRPML1, but not TPC2; intriguingly, this also
depends on Ca?" binding by calmodulin (Cao et al., 2017). Based on
these findings, the Cao et al. proposed that TRPMLI1 controls
lysosomal size through fission (Cao et al., 2017). In contrast to
P2X4, TRPMLI is inhibited by alkaline pH (Dong et al., 2008).
Thus, calmodulin may recruit different effectors, depending on the
lysosomal context, to regulate membrane dynamics of these
organelles. Taken together, the observations discussed above
showcase the diversity of contributions made by Ca?" to the
integrity and function of the endolysosomal system and open new
avenues for future research.

Conclusions and future directions

In conclusion, as a widely conserved and ancient signaling entity,
Ca?" harbors enormous influence over the biochemical and
physiological aspects of cellular life. For these very reasons, Ca**
is held inside organellar stores, allowing spatially and temporally
regulated release. As discussed in this Review, accomplishing this
feat requires the concerted action of multiple organelles. At the
interface between the ER and PM, Ca®" enters the cell, where it
engages powerful feedback mechanisms tasked with ensuring Ca?*
homeostasis. Once in the ER, Ca®" facilitates a variety of basic
cellular needs, including protein folding and degradation, and, as it
flows through the ER lumen and out into various MCSs, Ca®"
instigates dynamic responses from the participating organelles
with wide-ranging implications for cellular metabolism and
responsiveness to external stimuli. Through negative feedback on
its own release, progressive signaling into the center of the cell, fast
Ca?" buffering in the cytoplasm and re-uptake into the ER, cells
show a highly dynamic and tightly regulated Ca*' signaling
cadence. The resulting ebb and flow of Ca** produces a broad range
of oscillations that can be regarded as the beat to which the
organelles of the cell dance. While substantial progress in
uncovering the choreography of the influence of Ca?* over the
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behavior and function of cellular organelles has been made, many
questions remain open. These include the nature of molecular
mechanisms controlling ER flow (and the involvement of Ca®*
therein), as well as components responsible for Ca®" entry into
vesicles of the endolysosomal system. With the development of
novel tools, such as pH-resistant Ca®" sensors, increasingly more
powerful (live) imaging tools and high-throughput genetic
screening options, these and other questions may soon find their
answers.

Acknowledgements
We thank Julia Simon (Princess Maxima Center Utrecht) and Ruud Wijdeven
(LUMC) for their input.

Competing interests
The authors declare no competing or financial interests.

Funding
Our work in this areas is supported by a European Research Council (ERC)
advanced grant to J.N.

References

Abrisch, R. G., Gumbin, S. C., Wisniewski, B. T., Lackner, L. L. and Voeltz, G. K.
(2020). Fission and fusion machineries converge at ER contact sites to regulate
mitochondrial morphology. J. Cell Biol. 219, €201911122. doi:10.1083/jcb.
201911122

Albrecht, T., Zhao, Y., Nguyen, T. H., Campbell, R. E. and Johnson, J. D. (2015).
Fluorescent biosensors illuminate calcium levels within defined beta-cell
endosome subpopulations. Cell Calcium 57, 263-274. doi:10.1016/j.ceca.2015.
01.008

Alpy, F., Rousseau, A., Schwab, Y., Legueux, F., Stoll, I, Wendling, C.,
Spiegelhalter, C., Kessler, P., Mathelin, C., Rio, M. C. et al. (2013). STARD3 or
STARD3NL and VAP form a novel molecular tether between late endosomes and
the ER. J. Cell Sci. 126, 5500-5512. doi:10.1242/jcs.139295

Alzayady, K. J., Sebé-Pedros, A., Chandrasekhar, R., Wang, L., Ruiz-Trillo, 1.
and Yule, D. I. (2015). Tracing the evolutionary history of inositol, 1, 4, 5-
trisphosphate receptor: insights from analyses of capsaspora owczarzaki Ca®*
release channel orthologs. Mol. Biol. Evol. 32, 2236-2253. doi:10.1093/molbev/
msv098

Anyatonwu, G. l., Estrada, M., Tian, X., Somlo, S. and Ehrlich, B. E. (2007).
Regulation of ryanodine receptor-dependent calcium signaling by polycystin-2.
Proc. Natl. Acad. Sci. USA 104, 6454-6459. doi:10.1073/pnas.0610324104

Atakpa, P., Thillaiappan, N. B., Mataragka, S., Prole, D. L. and Taylor, C. W.
(2018). IP3 receptors preferentially associate with ER-lysosome contact sites and
selectively deliver Ca?* to lysosomes. Cell Rep. 25, 3180-3193.e7. doi:10.1016/j.
celrep.2018.11.064

Balderhaar, H. J. and Ungermann, C. (2013). CORVET and HOPS tethering
complexes - coordinators of endosome and lysosome fusion. J. Cell Sci. 126,
1307-1316. doi:10.1242/jcs.107805

Barrow, S. L., Voronina, S. G., Da Silva Xavier, G., Chvanov, M. A, Longbottom,
R. E., Gerasimenko, O. V., Petersen, O. H., Rutter, G. A. and Tepikin, A. V.
(2008). ATP depletion inhibits Ca?* release, influx and extrusion in pancreatic
acinar cells but not pathological Ca2+ responses induced by bile. Pflugers Arch.
455, 1025-1039. doi:10.1007/s00424-007-0360-x

Besprozvannaya, M., Dickson, E., Li, H., Ginburg, K. S., Bers, D. M., Auwerx, J.
and Nunnari, J. (2018). GRAM domain proteins specialize functionally distinct
ER-PM contact sites in human cells. Elife 7, €31019. doi:10.7554/eLife.31019

Brailoiu, E., Churamani, D., Cai, X., Schrlau, M. G., Brailoiu, G. C., Gao, X.,
Hooper, R., Boulware, M. J., Dun, N. J., Marchant, J. S. et al. (2009). Essential
requirement for two-pore channel 1in NAADP-mediated calcium signaling. J. Cell
Biol. 186, 201-209. doi:10.1083/jcb.200904073

Brailoiu, E., Chakraborty, S., Brailoiu, G. C., Zhao, P., Barr, J. L, llies, M. A.,
Unterwald, E. M., Abood, M. E. and Taylor, C. W. (2019). Choline is an
intracellular messenger linking extracellular stimuli to IP3-evoked Ca?* signals
through sigma-1 receptors. Cell Rep 26, 330-337.e4. doi:10.1016/j.celrep.2018.
12.051

Bravo-Sagua, R., Lopez-Crisosto, C., Parra, V., Rodriguez-Pena, M., Rothermel,
B. A., Quest, A. F. and Lavandero, S. (2016). mTORC1 inhibitor rapamycin and
ER stressor tunicamycin induce differential patterns of ER-mitochondria coupling.
Sci. Rep. 6, 36394. doi:10.1038/srep36394

Bravo, R., Vicencio, J. M., Parra, V., Troncoso, R., Munoz, J. B., Lavandero, S.,
Quiroga, C., Rodriguez, A. E., Verdejo, H. E., Ferreira, J. et al. (2011).
Increased ER-mitochondrial coupling promotos mitochondrial respiration and
bioenergetics during early phases of ER stress. J. Cell Sci. 124, 2143-2152.
doi:10.1242/jcs.080762

Browman, D. T., Resek, M. E., Zajchowski, L. D. and Robbins, S. M. (2006). Erlin-
1 and erlin-2 are novel members of the prohibitin family of proteins that define lipid-
raft-like domains of the ER. J. Cell Sci. 119, 3149-3160. doi:10.1242/jcs.03060

Burgoyne, T., Patel, S. and Eden, E. R. (2015). Calcium signaling at ER membrane
contact sites. Biochim. Biophys. Acta 1853, 2012-2017. doi:10.1016/j.bbamcr.
2015.01.022

Burkewitz, K., Feng, G., Dutta, S., Kelley, C. A., Steinbaugh, M., Cram, E. J. and
Mair, W. B. (2020). Atf-6 regulates lifespan through ER-mitochondrial calcium
homeostasis. Cell Rep 32, 108125. doi:10.1016/j.celrep.2020.108125

Cabukusta, B. and Neefjes, J. (2018). Mechanisms of lysosomal positioning and
movement. Traffic 19, 761-769. doi:10.1111/tra.12587

Calcraft, P. J., Ruas, M., Pan, Z., Cheng, X., Arredouani, A., Hao, X., Tang, J.,
Rietdorf, K., Teboul, L., Chuang, K. T. et al. (2009). NAADP mobilizes calcium
from acidic organelles through two-pore channels. Nature 459, 596-600. doi:10.
1038/nature08030

Cao, Q., Zhong, X. Z., Zou, Y., Murrell-Lagnado, R., Zhu, M. X. and Dong, X. P.
(2015). Calcium release through P2X4 activates calmodulin to promote
endolysosomal membrane fusion. J. Cell Biol. 209, 879-894. doi:10.1083/jcb.
201409071

Cao, Q., Yang, Y., Zhong, X. Z. and Dong, X.-P. (2017). The lysosomal Ca?*
release channel TRPML1 regulates lysosome size by activating calmodulin.
J. Biol. Chem. 292, 8424-8435. doi:10.1074/jbc.M116.772160

Carafoli, E. and Krebs, J. (2016). Why calcium? how calcium became the best
communicator. J. Biol. Chem. 291, 20849-20857. doi:10.1074/jbc.R116.735894

Cardenas, C., Miller, R. A., Smith, I., Bui, T., Molgo, J., Muller, M., Vais, H.,
Cheung, K. H., Yang, J., Parker, I. et al. (2010). Essential regulation of cell
bioenergetics by constitutive InsP3 receptor Ca?* transfer to mitochondria. Cell
142, 270-283. doi:10.1016/j.cell.2010.06.007

Chakrabarti, K. S., Li, J., Das, R. and Byrd, R. A. (2017). Conformational dynamics
and allostery in E2:E3 interactions drive ubiquitination: gp78 and Ube2g2.
Structure 25, 794-805.e5. doi:10.1016/j.str.2017.03.016

Chang, C. L., Chen, Y. J., Quintanilla, C. G., Hsieh, T. S. and Liou, J. (2018). EB1
binding restricts STIM1 translocation to ER-PM junctions and regulates store-
operated Ca?* entry. J. Cell Biol. 217, 2047-2058. doi:10.1083/jcb.201711151

Chitwood, P. J., and Hegde, R. S. (2020). An intramembrane chaperone complex
facilitates membrane protein biogenesis. Nature 584, 630-634. doi:10.1038/
s$41586-020-2624-y

Cremer, T., Jongsma, M. L. M., Trulsson, F., Vertegaal, A. C. O., Neefjes, J. J.C.,
and Berlin, . (2020). ER-embedded UBE2J1/RNF26 ubiquitylation complex in
spatiotemporal control of the endolysosomal pathway. bioRxiv, 2020.2010.
2002.323576. doi:10.1101/2020.10.02.323576

Cousin, M. A. and Robinson, P. J. (2000). Ca?* influx inhibits dynamin and arrests
synaptic vesicle endocytosis at the active zone. J. Neurosci. 20, 949-957. doi:10.
1523/JNEUROSCI.20-03-00949.2000

Curcio-Morelli, C., Zhang, P., Venugopal, B., Charles, F. A., Browning, M. F.,
Cantiello, H. F. and Slaugenhaupt, S. A. (2010). Functional multimerization of
mucolipin channel proteins. J. Cell. Physiol. 222, 328-335. doi:10.1002/jcp.21956

De Stefani, D., Raffaello, A., Teardo, E., Szabo, I. and Rizzuto, R. (2011). A forty-
kilodalton protein of the inner membrane is the mitochondrial calcium uniporter.
Nature 476, 336-340. doi:10.1038/nature 10230

De Stefani, D., Bononi, A., Romagnoli, A., Messina, A., De Pinto, V., Pinton, P.
and Rizzuto, R. (2012). VDAC1 selectively transfers apoptotic Ca2+ signals to
mitochondria. Cell Death Differ. 19, 267-273. doi:10.1038/cdd.2011.92

De Stefani, D., Rizzuto, R. and Pozzan, T. (2016). Enjoy the trip: calcium in
mitochondria back and forth. Annu. Rev. Biochem. 85, 161-192. doi:10.1146/
annurev-biochem-060614-034216

Dickinson, G. D., Ellefsen, K. L., Dawson, S. P., Pearson, J. E. and Parker, I.
(2016). Hindered cytoplasmic diffusion of inositol trisphosphate restricts its
cellular range of action. Sci. Signal. 9, ra108. doi:10.1126/scisignal.aag1625

Di Mattia, T., Wilhelm, L. P., Ikhlef, S., Wendling, C., Spehner, D., Nomine, Y.,
Giordano, F., Mathelin, C., Drin, G., Tomasetto, C. et al. (2018). Identification of
MOSPD2, a novel scaffold for endoplasmic reticulum membrane contact sites.
EMBO Rep. 19, e45453. doi:10.15252/embr.201745453

Doghman-Bouguerra, M., Granatiero, V., Sbiera, S., Sbiera, I., Lacas-Gervais,
S., Brau, F., Fassnacht, M., Rizzuto, R. and Lalli, E. (2016). FATE1 antagonizes
calcium- and drug-induced apoptosis by uncoupling ER and mitochondria. EMBO
Rep. 17, 1264-1280. doi:10.15252/embr.201541504

Dong, X. P., Cheng, X., Mills, E., Delling, M., Wang, F., Kurz, T. and Xu, H. (2008).
The type IV mucolipidosis-associated protein TRPML1 is an endolysosomal iron
release channel. Nature 455, 992-996. doi:10.1038/nature07311

Dong, X. P., Shen, D., Wang, X., Dawson, T., Li, X., Zhang, Q., Cheng, X., Zhang,
Y., Weisman, L. S., Delling, M. et al. (2010). PI(3,5)P(2) controls membrane
trafficking by direct activation of mucolipin Ca®* release channels in the
endolysosome. Nat. Commun. 1, 38. doi:10.1038/ncomms1037

Eden, E. R., White, I. J., Tsapara, A. and Futter, C. E. (2010). Membrane contacts
between endosomes and ER provide sites for PTP1B-epidermal growth factor
receptor interaction. Nat. Cell Biol. 12, 267-272. doi:10.1038/ncb2026

Eden, E. R., Burgoyne, T., Edgar, J. R., Sorkin, A. and Futter, C. E. (2012). The
relationship between ER-multivesicular body membrane contacts and the ESCRT
machinery. Biochem. Soc. Trans. 40, 464-468. doi:10.1042/BST20110774

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1083/jcb.201911122
https://doi.org/10.1083/jcb.201911122
https://doi.org/10.1083/jcb.201911122
https://doi.org/10.1083/jcb.201911122
https://doi.org/10.1016/j.ceca.2015.01.008
https://doi.org/10.1016/j.ceca.2015.01.008
https://doi.org/10.1016/j.ceca.2015.01.008
https://doi.org/10.1016/j.ceca.2015.01.008
https://doi.org/10.1242/jcs.139295
https://doi.org/10.1242/jcs.139295
https://doi.org/10.1242/jcs.139295
https://doi.org/10.1242/jcs.139295
https://doi.org/10.1093/molbev/msv098
https://doi.org/10.1093/molbev/msv098
https://doi.org/10.1093/molbev/msv098
https://doi.org/10.1093/molbev/msv098
https://doi.org/10.1093/molbev/msv098
https://doi.org/10.1073/pnas.0610324104
https://doi.org/10.1073/pnas.0610324104
https://doi.org/10.1073/pnas.0610324104
https://doi.org/10.1016/j.celrep.2018.11.064
https://doi.org/10.1016/j.celrep.2018.11.064
https://doi.org/10.1016/j.celrep.2018.11.064
https://doi.org/10.1016/j.celrep.2018.11.064
https://doi.org/10.1016/j.celrep.2018.11.064
https://doi.org/10.1242/jcs.107805
https://doi.org/10.1242/jcs.107805
https://doi.org/10.1242/jcs.107805
https://doi.org/10.1007/s00424-007-0360-x
https://doi.org/10.1007/s00424-007-0360-x
https://doi.org/10.1007/s00424-007-0360-x
https://doi.org/10.1007/s00424-007-0360-x
https://doi.org/10.1007/s00424-007-0360-x
https://doi.org/10.1007/s00424-007-0360-x
https://doi.org/10.7554/eLife.31019
https://doi.org/10.7554/eLife.31019
https://doi.org/10.7554/eLife.31019
https://doi.org/10.1083/jcb.200904073
https://doi.org/10.1083/jcb.200904073
https://doi.org/10.1083/jcb.200904073
https://doi.org/10.1083/jcb.200904073
https://doi.org/10.1016/j.celrep.2018.12.051
https://doi.org/10.1016/j.celrep.2018.12.051
https://doi.org/10.1016/j.celrep.2018.12.051
https://doi.org/10.1016/j.celrep.2018.12.051
https://doi.org/10.1016/j.celrep.2018.12.051
https://doi.org/10.1016/j.celrep.2018.12.051
https://doi.org/10.1038/srep36394
https://doi.org/10.1038/srep36394
https://doi.org/10.1038/srep36394
https://doi.org/10.1038/srep36394
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.080762
https://doi.org/10.1242/jcs.03060
https://doi.org/10.1242/jcs.03060
https://doi.org/10.1242/jcs.03060
https://doi.org/10.1016/j.bbamcr.2015.01.022
https://doi.org/10.1016/j.bbamcr.2015.01.022
https://doi.org/10.1016/j.bbamcr.2015.01.022
https://doi.org/10.1016/j.celrep.2020.108125
https://doi.org/10.1016/j.celrep.2020.108125
https://doi.org/10.1016/j.celrep.2020.108125
https://doi.org/10.1111/tra.12587
https://doi.org/10.1111/tra.12587
https://doi.org/10.1038/nature08030
https://doi.org/10.1038/nature08030
https://doi.org/10.1038/nature08030
https://doi.org/10.1038/nature08030
https://doi.org/10.1083/jcb.201409071
https://doi.org/10.1083/jcb.201409071
https://doi.org/10.1083/jcb.201409071
https://doi.org/10.1083/jcb.201409071
https://doi.org/10.1074/jbc.M116.772160
https://doi.org/10.1074/jbc.M116.772160
https://doi.org/10.1074/jbc.M116.772160
https://doi.org/10.1074/jbc.R116.735894
https://doi.org/10.1074/jbc.R116.735894
https://doi.org/10.1016/j.cell.2010.06.007
https://doi.org/10.1016/j.cell.2010.06.007
https://doi.org/10.1016/j.cell.2010.06.007
https://doi.org/10.1016/j.cell.2010.06.007
https://doi.org/10.1016/j.cell.2010.06.007
https://doi.org/10.1016/j.str.2017.03.016
https://doi.org/10.1016/j.str.2017.03.016
https://doi.org/10.1016/j.str.2017.03.016
https://doi.org/10.1083/jcb.201711151
https://doi.org/10.1083/jcb.201711151
https://doi.org/10.1083/jcb.201711151
https://doi.org/10.1083/jcb.201711151
https://doi.org/10.1038/s41586-020-2624-y
https://doi.org/10.1038/s41586-020-2624-y
https://doi.org/10.1038/s41586-020-2624-y
https://doi.org/10.1101/2020.10.02.323576
https://doi.org/10.1101/2020.10.02.323576
https://doi.org/10.1101/2020.10.02.323576
https://doi.org/10.1101/2020.10.02.323576
https://doi.org/10.1523/JNEUROSCI.20-03-00949.2000
https://doi.org/10.1523/JNEUROSCI.20-03-00949.2000
https://doi.org/10.1523/JNEUROSCI.20-03-00949.2000
https://doi.org/10.1523/JNEUROSCI.20-03-00949.2000
https://doi.org/10.1002/jcp.21956
https://doi.org/10.1002/jcp.21956
https://doi.org/10.1002/jcp.21956
https://doi.org/10.1038/nature10230
https://doi.org/10.1038/nature10230
https://doi.org/10.1038/nature10230
https://doi.org/10.1038/cdd.2011.92
https://doi.org/10.1038/cdd.2011.92
https://doi.org/10.1038/cdd.2011.92
https://doi.org/10.1146/annurev-biochem-060614-034216
https://doi.org/10.1146/annurev-biochem-060614-034216
https://doi.org/10.1146/annurev-biochem-060614-034216
https://doi.org/10.1126/scisignal.aag1625
https://doi.org/10.1126/scisignal.aag1625
https://doi.org/10.1126/scisignal.aag1625
https://doi.org/10.15252/embr.201745453
https://doi.org/10.15252/embr.201745453
https://doi.org/10.15252/embr.201745453
https://doi.org/10.15252/embr.201745453
https://doi.org/10.15252/embr.201541504
https://doi.org/10.15252/embr.201541504
https://doi.org/10.15252/embr.201541504
https://doi.org/10.15252/embr.201541504
https://doi.org/10.1038/nature07311
https://doi.org/10.1038/nature07311
https://doi.org/10.1038/nature07311
https://doi.org/10.1038/ncomms1037
https://doi.org/10.1038/ncomms1037
https://doi.org/10.1038/ncomms1037
https://doi.org/10.1038/ncomms1037
https://doi.org/10.1038/ncomms1037
https://doi.org/10.1038/ncb2026
https://doi.org/10.1038/ncb2026
https://doi.org/10.1038/ncb2026
https://doi.org/10.1042/BST20110774
https://doi.org/10.1042/BST20110774
https://doi.org/10.1042/BST20110774

REVIEW

Journal of Cell Science (2020) 133, jcs249136. doi:10.1242/jcs.249136

Eden, E.R., Sanchez-Heras, E., Tsapara, A., Sobota, A., Levine, T. P. and Futter,
C. E. (2016). Annexin A1 tethers membrane contact sites that mediate ER to
endosome cholesterol transport. Dev. Cell 37, 473-483. doi:10.1016/j.devcel.
2016.05.005

Eisner, D. (2014). Calcium in the heart: from physiology to disease. Exp. Physiol.
99, 1273-1282. doi:10.1113/expphysiol.2013.077305

Ellgaard, L., Mccaul, N., Chatsisvili, A. and Braakman, I. (2016). Co- and post-
translational protein folding in the ER. Traffic 17, 615-638. doi:10.1111/tra.12392

Engedal, N., Torgersen, M. L., Guldvik, I. J., Barfeld, S. J., Bakula, D., Saetre, F.,
Hagen, L. K., Patterson, J. B., Proikas-Cezanne, T., Seglen, P. O. et al. (2013).
Modulation of intracellular calcium homeostasis blocks autophagosome
formation. Autophagy 9, 1475-1490. doi:10.4161/auto.25900

Favaro, G., Romanello, V., Varanita, T., Andrea Desbats, M., Morbidoni, V.,
Tezze, C., Albiero, M., Canato, M., Gherardi, G., De Stefani, D. et al. (2019).
DRP1-mediated mitochondrial shape controls calcium homeostasis and muscle
mass. Nat. Commun. 10, 2576. doi:10.1038/s41467-019-10226-9

Favia, A., Desideri, M., Gambara, G., D’alessio, A., Ruas, M., Esposito, B., Del
Bufalo, D., Parrington, J., Ziparo, E., Palombi, F. et al. (2014). VEGF-induced
neoangiogenesis is mediated by NAADP and two-pore channel-2-dependent
Ca?* signaling. Proc. Natl. Acad. Sci. USA 111, E4706-E4715. doi:10.1073/pnas.
1406029111

Fenech, E. J., Lari, F., Charles, P. D., Fischer, R., Laétitia-Thézénas, M., Bagola,
K., Paton, A. W,, Paton, J. C., Gyrd-Hansen, M., Kessler, B. M. et al. (2020).
Interaction mapping of endoplasmic reticulum ubiquitin ligases identifies
modulators of innate immune signalling. Elife 9, 2020.03.18.993998. doi:10.
7554/eLife.57306

Feng, X. and Yang, J. (2016). Lysosomal calcium in neurodegeneration.
Messenger (Los Angel) 5, 56-66. doi:10.1166/msr.2016.1055

Filadi, R. and Pozzan, T. (2015). Generation and functions of second messengers
microdomains. Cell Calcium 58, 405-414. doi:10.1016/j.ceca.2015.03.007

Filadi, R., Greotti, E., Turacchio, G., Luini, A., Pozzan, T. and Pizzo, P. (2015).
Mitofusin 2 ablation increases endoplasmic reticulum-mitochondria coupling.
Proc. Natl. Acad. Sci. USA 112, E2174-E2181. doi:10.1073/pnas.1504880112

Fregno, I. and Molinari, M. (2019). Proteasomal and lysosomal clearance of faulty
secretory proteins: ER-associated degradation (ERAD) and ER-to-lysosome-
associated degradation (ERLAD) pathways. Crit. Rev. Biochem. Mol. Biol. 54,
153-163. doi:10.1080/10409238.2019.1610351

Friedman, J. R. and Nunnari, J. (2014). Mitochondrial form and function. Nature
505, 335-343. doi:10.1038/nature 12985

Friedman, J. R., Lackner, L. L., West, M., Dibenedetto, J. R., Nunnari, J. and
Voeltz, G. K. (2011). ER tubules mark sites of mitochondrial division. Science
334, 358-362. doi:10.1126/science.1207385

Friedman, J. R., Dibenedetto, J. R., West, M., Rowland, A. A. and Voeltz, G. K.
(2013). Endoplasmic reticulum-endosome contact increases as endosomes
traffic and mature. Mol. Biol. Cell 24, 1030-1040. doi:10.1091/mbc.e12-10-0733

Galione, A. (2019). NAADP receptors. Cold Spring Harb. Perspect Biol. 11,
a035071. doi:10.1101/cshperspect.a035071

Gao, Q. and Frohman, M. A. (2012). Roles for the lipid-signaling enzyme MitoPLD
in mitochondrial dynamics, piRNA biogenesis, and spermatogenesis. BMB Rep.
45, 7-13. doi:10.5483/BMBRep.2012.45.1.7

Gao, G., Zhu, C., Liu, E. and Nabi, I. R. (2019). Reticulon and CLIMP-63 regulate
nanodomain organization of peripheral ER tubules. PLoS Biol. 17, e3000355.
doi:10.1371/journal.pbio.3000355

Garrity, A. G., Wang, W., Collier, C. M., Levey, S. A, Gao, Q. and Xu, H. (2016).
The endoplasmic reticulum, not the pH gradient, drives calcium refilling of
lysosomes. Elife 5, €15887. doi:10.7554/eL ife. 15887

Ge, Y., Shi, X., Boopathy, S., Mcdonald, J., Smith, A. W. and Chao, L. H. (2020).
Two forms of Opa1 cooperate to complete fusion of the mitochondrial inner-
membrane. Elife 9, e50973. doi:10.7554/eLife.50973

Gerke, V. and Moss, S. E. (2002). Annexins: from structure to function. Physiol.
Rev. 82, 331-371. doi:10.1152/physrev.00030.2001

Giordano, F., Saheki, Y., Idevall-Hagren, O., Colombo, S. F., Pirruccello, M.,
Milosevic, I., Gracheva, E. O., Bagriantsev, S. N., Borgese, N. and De Camilli,
P. (2013). PI(4,5)P(2)-dependent and Ca®*-regulated ER-PM interactions
mediated by the extended synaptotagmins. Cell 153, 1494-1509. doi:10.1016/j.
cell.2013.05.026

Glancy, B. and Balaban, R. S. (2012). Role of mitochondrial Ca?* in the regulation
of cellular energetics. Biochemistry 51, 2959-2973. doi:10.1021/bi2018909

Gomez-Suaga, P., Paillusson, S., Stoica, R., Noble, W., Hanger, D. P. and Miller,
C. C. J. (2017). The ER-mitochondria tethering complex VAPB-PTPIP51
regulates autophagy. Curr. Biol. 27, 371-385. doi:10.1016/j.cub.2016.12.038

Goyal, U. and Blackstone, C. (2013). Untangling the web: mechanisms underlying
ER network formation. Biochim. Biophys. Acta 1833, 2492-2498. doi:10.1016/].
bbamcr.2013.04.009

Grigoriev, l., Gouveia, S. M., Van Der Vaart, B., Demmers, J., Smyth, J. T,
Honnappa, S., Splinter, D., Steinmetz, M. O., Putney, J. W., Jr., Hoogenraad,
C. C. et al. (2008). STIM1 is a MT-plus-end-tracking protein involved in
remodeling of the ER. Curr. Biol. 18, 177-182. doi:10.1016/j.cub.2007.12.050

Gudlur, A,, Zeraik, A. E., Hirve, N., Rajanikanth, V., Bobkov, A. A., Ma, G,,
Zheng, S., Wang, Y., Zhou, Y., Komives, E. A. et al. (2018). Calcium sensing by

the STIM1 ER-luminal domain. Nat. Commun. 9, 4536. doi:10.1038/s41467-018-
06816-8

Gulati, P., Gaspers, L. D., Dann, S. G., Joaquin, M., Nobukuni, T., Natt, F.,
Kozma, S. C., Thomas, A. P. and Thomas, G. (2008). Amino acids activate
mTOR complex 1 via Ca2+/CaM signaling to hVps34. Cell Metab. 7, 456-465.
doi:10.1016/j.cmet.2008.03.002

Guo, J., Zeng, W. and Jiang, Y. (2017). Tuning the ion selectivity of two-pore
channels. Proc. Natl. Acad. Sci. USA 114, 1009-1014. doi:10.1073/pnas.
1616191114

Guo, Y., Li, D., Zhang, S., Yang, Y., Liu, J. J., Wang, X., Liu, C., Milkie, D. E.,
Moore, R. P., Tulu, U. S. et al. (2018). Visualizing intracellular organelle and
cytoskeletal interactions at nanoscale resolution on millisecond timescales. Cell
175, 1430-1442.e17. doi:10.1016/j.cell.2018.09.057

Hailey, D. W., Rambold, A. S., Satpute-Krishnan, P., Mitra, K., Sougrat, R., Kim,
P. K. and Lippincott-Schwartz, J. (2010). Mitochondria supply membranes for
autophagosome biogenesis during starvation. Cell 141, 656-667. doi:10.1016/j.
cell.2010.04.009

Hamasaki, M., Furuta, N., Matsuda, A., Nezu, A., Yamamoto, A., Fujita, N.,
Oomori, H., Noda, T., Haraguchi, T., Hiraoka, Y. et al. (2013). Autophagosomes
form at ER-mitochondria contact sites. Nature 495, 389-393. doi:10.1038/
nature11910

Handhle, A., Ormonde, C. E., Thomas, N. L., Bralesford, C., Williams, A. J., Lai,
F. A. and Zissimopoulos, S. (2016). Calsequestrin interacts directly with the
cardiac ryanodine receptor luminal domain. J. Cell Sci. 129, 3983-3988. doi:10.
1242/jcs. 191643

Hayashi, T. and Su, T. P. (2010). Cholesterol at the endoplasmic reticulum: roles of
the sigma-1 receptor chaperone and implications thereof in human diseases.
Subcell. Biochem. 51, 381-398. doi:10.1007/978-90-481-8622-8_13

Hayashi-Nishino, M., Fujita, N., Noda, T., Yamaguchi, A., Yoshimori, T. and
Yamamoto, A. (2009). A subdomain of the endoplasmic reticulum forms a cradle
for autophagosome formation. Nat. Cell Biol. 11, 1433-1437. doi:10.1038/
ncb1991

He, J., Johnson, J. L., Monfregola, J., Ramadass, M., Pestonjamasp, K.,
Napolitano, G., Zhang, J. and Catz, S. D. (2016). Munc13-4 interacts with
syntaxin 7 and regulates late endosomal maturation, endosomal signaling, and
TLRO-initiated cellular responses. Mol. Biol. Cell 27, 572-587. doi:10.1091/mbc.
e15-05-0283

Herbst, S., Lipstein, N., Jahn, O. and Sinz, A. (2014). Structural insights into
calmodulin/Munc13 interaction. Biol. Chem. 395, 763-768. doi:10.1515/hsz-
2014-0134

Hoglinger, D., Burgoyne, T., Sanchez-Heras, E., Hartwig, P., Colaco, A.,
Newton, J., Futter, C. E., Spiegel, S., Platt, F. M. and Eden, E. R. (2019). NPC1
regulates ER contacts with endocytic organelles to mediate cholesterol egress.
Nat. Commun. 10, 4276. doi:10.1038/s41467-019-12152-2

Holcman, D., Parutto, P., Chambers, J. E., Fantham, M., Young, L. J., Marciniak,
S. J., Kaminski, C. F., Ron, D. and Avezov, E. (2018). Single particle trajectories
reveal active endoplasmic reticulum luminal flow. Nat. Cell Biol. 20, 1118-1125.
doi:10.1038/s41556-018-0192-2

Huang, P., Zou, Y., Zhong, X. Z., Cao, Q., Zhao, K., Zhu, M. X., Murrell-Lagnado,
R. and Dong, X. P. (2014). P2X4 forms functional ATP-activated cation channels
on lysosomal membranes regulated by luminal pH. J. Biol. Chem. 289,
17658-17667. doi:10.1074/jbc.M114.552158

Idevall-Hagren, O., Lu, A., Xie, B. and De Camilli, P. (2015). Triggered Ca2+ influx
is required for extended synaptotagmin 1-induced ER-plasma membrane
tethering. EMBO J. 34, 2291-2305. doi:10.15252/embj.201591565

Ji, W. K., Chakrabarti, R., Fan, X., Schoenfeld, L., Strack, S. and Higgs, H. N.
(2017). Receptor-mediated Drp1 oligomerization on endoplasmic reticulum.
J. Cell Biol. 216, 4123-4139. doi:10.1083/jcb.201610057

Ji, W. K., Hatch, A. L., Merrill, R. A., Strack, S. and Higgs, H. N. (2015). Actin
filaments target the oligomeric maturation of the dynamin GTPase Drp1 to
mitochondrial fission sites. Elife 4, e11553. doi:10.7554/eLife. 11553

Johnson, D. E., Ostrowski, P., Jaumouillé, V. and Grinstein, S. (2016). The
position of lysosomes within the cell determines their luminal pH. J. Cell Biol. 212,
677-692. doi:10.1083/jcb.201507112

Jongsma, M. L., Berlin, ., Wijdeven, R. H., Janssen, L., Janssen, G. M., Garstka,
M. A., Janssen, H., Mensink, M., Van Veelen, P. A., Spaapen, R. M. et al.
(2016). An ER-associated pathway defines endosomal architecture for controlled
cargo transport. Cell 166, 152-166. doi:10.1016/j.cell.2016.05.078

Kang, F., Zhou, M., Huang, X., Fan, J., Wei, L., Boulanger, J., Liu, Z., Salamero,
J., Liu, Y. and Chen, L. (2019). E-syt1 Re-arranges STIM1 clusters to stabilize
ring-shaped ER-PM contact sites and accelerate Ca?* store replenishment. Sci.
Rep. 9, 3975. doi:10.1038/s41598-019-40331-0

Kilpatrick, B. S., Eden, E. R., Hockey, L. N., Yates, E., Futter, C. E. and Patel, S.
(2017). An endosomal NAADP-sensitive two-pore Ca?* channel regulates ER-
endosome membrane contact sites to control growth factor signaling. Cell Rep.
18, 1636-1645. doi:10.1016/j.celrep.2017.01.052

Kilpatrick, B. S., Eden, E. R., Schapira, A. H., Futter, C. E. and Patel, S. (2013).
Direct mobilisation of lysosomal Ca?* triggers complex Ca?* signals. J. Cell Sci.
126, 60-66. doi:10.1242/jcs. 118836

10

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1016/j.devcel.2016.05.005
https://doi.org/10.1016/j.devcel.2016.05.005
https://doi.org/10.1016/j.devcel.2016.05.005
https://doi.org/10.1016/j.devcel.2016.05.005
https://doi.org/10.1113/expphysiol.2013.077305
https://doi.org/10.1113/expphysiol.2013.077305
https://doi.org/10.1111/tra.12392
https://doi.org/10.1111/tra.12392
https://doi.org/10.4161/auto.25900
https://doi.org/10.4161/auto.25900
https://doi.org/10.4161/auto.25900
https://doi.org/10.4161/auto.25900
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1038/s41467-019-10226-9
https://doi.org/10.1073/pnas.1406029111
https://doi.org/10.1073/pnas.1406029111
https://doi.org/10.1073/pnas.1406029111
https://doi.org/10.1073/pnas.1406029111
https://doi.org/10.1073/pnas.1406029111
https://doi.org/10.1073/pnas.1406029111
https://doi.org/10.7554/eLife.57306
https://doi.org/10.7554/eLife.57306
https://doi.org/10.7554/eLife.57306
https://doi.org/10.7554/eLife.57306
https://doi.org/10.7554/eLife.57306
https://doi.org/10.1166/msr.2016.1055
https://doi.org/10.1166/msr.2016.1055
https://doi.org/10.1016/j.ceca.2015.03.007
https://doi.org/10.1016/j.ceca.2015.03.007
https://doi.org/10.1073/pnas.1504880112
https://doi.org/10.1073/pnas.1504880112
https://doi.org/10.1073/pnas.1504880112
https://doi.org/10.1080/10409238.2019.1610351
https://doi.org/10.1080/10409238.2019.1610351
https://doi.org/10.1080/10409238.2019.1610351
https://doi.org/10.1080/10409238.2019.1610351
https://doi.org/10.1038/nature12985
https://doi.org/10.1038/nature12985
https://doi.org/10.1126/science.1207385
https://doi.org/10.1126/science.1207385
https://doi.org/10.1126/science.1207385
https://doi.org/10.1091/mbc.e12-10-0733
https://doi.org/10.1091/mbc.e12-10-0733
https://doi.org/10.1091/mbc.e12-10-0733
https://doi.org/10.1101/cshperspect.a035071
https://doi.org/10.1101/cshperspect.a035071
https://doi.org/10.5483/BMBRep.2012.45.1.7
https://doi.org/10.5483/BMBRep.2012.45.1.7
https://doi.org/10.5483/BMBRep.2012.45.1.7
https://doi.org/10.1371/journal.pbio.3000355
https://doi.org/10.1371/journal.pbio.3000355
https://doi.org/10.1371/journal.pbio.3000355
https://doi.org/10.7554/eLife.15887
https://doi.org/10.7554/eLife.15887
https://doi.org/10.7554/eLife.15887
https://doi.org/10.7554/eLife.50973
https://doi.org/10.7554/eLife.50973
https://doi.org/10.7554/eLife.50973
https://doi.org/10.1152/physrev.00030.2001
https://doi.org/10.1152/physrev.00030.2001
https://doi.org/10.1016/j.cell.2013.05.026
https://doi.org/10.1016/j.cell.2013.05.026
https://doi.org/10.1016/j.cell.2013.05.026
https://doi.org/10.1016/j.cell.2013.05.026
https://doi.org/10.1016/j.cell.2013.05.026
https://doi.org/10.1016/j.cell.2013.05.026
https://doi.org/10.1021/bi2018909
https://doi.org/10.1021/bi2018909
https://doi.org/10.1021/bi2018909
https://doi.org/10.1016/j.cub.2016.12.038
https://doi.org/10.1016/j.cub.2016.12.038
https://doi.org/10.1016/j.cub.2016.12.038
https://doi.org/10.1016/j.bbamcr.2013.04.009
https://doi.org/10.1016/j.bbamcr.2013.04.009
https://doi.org/10.1016/j.bbamcr.2013.04.009
https://doi.org/10.1016/j.cub.2007.12.050
https://doi.org/10.1016/j.cub.2007.12.050
https://doi.org/10.1016/j.cub.2007.12.050
https://doi.org/10.1016/j.cub.2007.12.050
https://doi.org/10.1038/s41467-018-06816-8
https://doi.org/10.1038/s41467-018-06816-8
https://doi.org/10.1038/s41467-018-06816-8
https://doi.org/10.1038/s41467-018-06816-8
https://doi.org/10.1016/j.cmet.2008.03.002
https://doi.org/10.1016/j.cmet.2008.03.002
https://doi.org/10.1016/j.cmet.2008.03.002
https://doi.org/10.1016/j.cmet.2008.03.002
https://doi.org/10.1073/pnas.1616191114
https://doi.org/10.1073/pnas.1616191114
https://doi.org/10.1073/pnas.1616191114
https://doi.org/10.1016/j.cell.2018.09.057
https://doi.org/10.1016/j.cell.2018.09.057
https://doi.org/10.1016/j.cell.2018.09.057
https://doi.org/10.1016/j.cell.2018.09.057
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1016/j.cell.2010.04.009
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature11910
https://doi.org/10.1038/nature11910
https://doi.org/10.1242/jcs.191643
https://doi.org/10.1242/jcs.191643
https://doi.org/10.1242/jcs.191643
https://doi.org/10.1242/jcs.191643
https://doi.org/10.1007/978-90-481-8622-8_13
https://doi.org/10.1007/978-90-481-8622-8_13
https://doi.org/10.1007/978-90-481-8622-8_13
https://doi.org/10.1038/ncb1991
https://doi.org/10.1038/ncb1991
https://doi.org/10.1038/ncb1991
https://doi.org/10.1038/ncb1991
https://doi.org/10.1091/mbc.e15-05-0283
https://doi.org/10.1091/mbc.e15-05-0283
https://doi.org/10.1091/mbc.e15-05-0283
https://doi.org/10.1091/mbc.e15-05-0283
https://doi.org/10.1091/mbc.e15-05-0283
https://doi.org/10.1515/hsz-2014-0134
https://doi.org/10.1515/hsz-2014-0134
https://doi.org/10.1515/hsz-2014-0134
https://doi.org/10.1038/s41467-019-12152-2
https://doi.org/10.1038/s41467-019-12152-2
https://doi.org/10.1038/s41467-019-12152-2
https://doi.org/10.1038/s41467-019-12152-2
https://doi.org/10.1038/s41556-018-0192-2
https://doi.org/10.1038/s41556-018-0192-2
https://doi.org/10.1038/s41556-018-0192-2
https://doi.org/10.1038/s41556-018-0192-2
https://doi.org/10.1074/jbc.M114.552158
https://doi.org/10.1074/jbc.M114.552158
https://doi.org/10.1074/jbc.M114.552158
https://doi.org/10.1074/jbc.M114.552158
https://doi.org/10.15252/embj.201591565
https://doi.org/10.15252/embj.201591565
https://doi.org/10.15252/embj.201591565
https://doi.org/10.1083/jcb.201610057
https://doi.org/10.1083/jcb.201610057
https://doi.org/10.1083/jcb.201610057
https://doi.org/10.7554/eLife.11553
https://doi.org/10.7554/eLife.11553
https://doi.org/10.7554/eLife.11553
https://doi.org/10.1083/jcb.201507112
https://doi.org/10.1083/jcb.201507112
https://doi.org/10.1083/jcb.201507112
https://doi.org/10.1016/j.cell.2016.05.078
https://doi.org/10.1016/j.cell.2016.05.078
https://doi.org/10.1016/j.cell.2016.05.078
https://doi.org/10.1016/j.cell.2016.05.078
https://doi.org/10.1038/s41598-019-40331-0
https://doi.org/10.1038/s41598-019-40331-0
https://doi.org/10.1038/s41598-019-40331-0
https://doi.org/10.1038/s41598-019-40331-0
https://doi.org/10.1038/s41598-019-40331-0
https://doi.org/10.1016/j.celrep.2017.01.052
https://doi.org/10.1016/j.celrep.2017.01.052
https://doi.org/10.1016/j.celrep.2017.01.052
https://doi.org/10.1016/j.celrep.2017.01.052
https://doi.org/10.1016/j.celrep.2017.01.052
https://doi.org/10.1242/jcs.118836
https://doi.org/10.1242/jcs.118836
https://doi.org/10.1242/jcs.118836
https://doi.org/10.1242/jcs.118836
https://doi.org/10.1242/jcs.118836

REVIEW

Journal of Cell Science (2020) 133, jcs249136. doi:10.1242/jcs.249136

Kilpatrick, B. S., Yates, E., Grimm, C., Schapira, A. H. and Patel, S. (2016). Endo-
lysosomal TRP mucolipin-1 channels trigger global ER Ca®* release and Ca®*
influx. J. Cell Sci. 129, 3859-3867. doi:10.1242/jcs.190322

King, C., Sengupta, P., Seo, A. Y. and Lippincott-Schwartz, J. (2020). ER
membranes exhibit phase behavior at sites of organelle contact. Proc. Natl. Acad.
Sci. USA 117, 7225-7235. doi:10.1073/pnas.1910854117

Konno, M., Shirakawa, H., Miyake, T., Sakimoto, S., Nakagawa, T. and Kaneko,
S. (2012). Calumin, a Ca?*-binding protein on the endoplasmic reticulum, alters
the ion permeability of Ca?* release-activated Ca?* (CRAC) channels. Biochem.
Biophys. Res. Commun. 417, 784-789. doi:10.1016/j.bbrc.2011.12.035

Kuo, I. Y. and Ehrlich, B. E. (2015). Signaling in muscle contraction. Cold Spring
Harb. Perspect Biol. 7, a006023.

Lagostena, L., Festa, M., Pusch, M. and Carpaneto, A. (2017). The human two-
pore channel 1 is modulated by cytosolic and luminal calcium. Sci. Rep. 7, 43900.
doi:10.1038/srep43900

Lawe, D. C., Sitouah, N., Hayes, S., Chawla, A., Virbasius, J. V., Tuft, R., Fogarty,
K., Lifshitz, L., Lambright, D. and Corvera, S. (2003). Essential role of Ca?*/
calmodulin in early endosome antigen-1 localization. Mol. Biol. Cell 14,
2935-2945. doi:10.1091/mbc.e02-09-0591

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

Lee, J. E., Westrate, L. M., Wu, H., Page, C. and Voeltz, G. K. (2016). Multiple
dynamin family members collaborate to drive mitochondrial division. Nature 540,
139-143. doi:10.1038/nature20555

Legros, F., Lombes, A., Frachon, P. and Rojo, M. (2002). Mitochondrial fusion in
human cells is efficient, requires the inner membrane potential, and is mediated by
mitofusins. Mol. Biol. Cell 13, 4343-4354. doi:10.1091/mbc.e02-06-0330

Lelouvier, B. and Puertollano, R. (2011). Mucolipin-3 regulates luminal calcium,
acidification, and membrane fusion in the endosomal pathway. J. Biol. Chem. 286,
9826-9832. doi:10.1074/jbc.M110.169185

Leybaert, L. and Sanderson, M. J. (2012). Intercellular Ca?* waves: mechanisms
and function. Physiol. Rev. 92, 1359-1392. doi:10.1152/physrev.00029.2011

Li, X., Rydzewski, N., Hider, A., Zhang, X., Yang, J., Wang, W., Gao, Q., Cheng, X.
and Xu, H. (2016). A molecular mechanism to regulate lysosome motility for lysosome
positioning and tubulation. Nat. Cell Biol. 18, 404-417. doi:10.1038/ncb3324

Li, X., Wu, X. Q., Deng, R,, Li, D. D., Tang, J., Chen, W. D., Chen, J. H., Ji, J., Jiao,
L., Jiang, S. et al. (2017). CaMKII-mediated Beclin 1 phosphorylation regulates
autophagy that promotes degradation of Id and neuroblastoma cell differentiation.
Nat. Commun. 8, 1159. doi:10.1038/s41467-017-01272-2

Liou, J., Kim, M. L., Heo, W. D., Jones, J. T., Myers, J. W,, Ferrell, J. E., Jr. and
Meyer, T. (2005). STIM is a Ca?* sensor essential for Ca?*-store-depletion-
triggered Ca?* influx. Curr. Biol. 15, 1235-1241. doi:10.1016/j.cub.2005.05.055

Liu, Y., Jin, M., Wang, Y., Zhu, J., Tan, R., Zhao, J., Ji, X., Jin, C., Jia, Y., Ren, T.
et al. (2020). MCU-induced mitochondrial calcium uptake promotes mitochondrial
biogenesis and colorectal cancer growth. Signal Transduct Target Ther. 5, 59.
doi:10.1038/s41392-020-0155-5

Lizak, B., Birk, J., Zana, M., Kosztyi, G., Kratschmar, D. V., Odermatt, A.,
Zimmermann, R., Geiszt, M., Appenzeller-Herzog, C. and Banhegyi, G.
(2020). Ca?* mobilization-dependent reduction of the endoplasmic reticulum
lumen is due to influx of cytosolic glutathione. BMC Biol. 18, 19. doi:10.1186/
$12915-020-0749-y

Lloyd-Evans, E., Morgan, A. J., He, X., Smith, D. A, Elliot-Smith, E., Sillence,
D. J., Churchill, G. C., Schuchman, E. H., Galione, A. and Platt, F. M. (2008).
Niemann-Pick disease type C1 is a sphingosine storage disease that causes
deregulation of lysosomal calcium. Nat. Med. 14, 1247-1255. doi:10.1038/nm.1876

Maclennan, D. H. and Reithmeier, R. A. (1998). lon tamers. Nat. Struct. Biol. 5,
409-411. doi:10.1038/nsb0698-409

Maki, M., Takahara, T. and Shibata, H. (2016). Multifaceted roles of ALG-2 in Ca?*-
regulated membrane trafficking. Int. J. Mol. Sci. 17, 1401. doi:10.3390/
ijms17091401

Manjarrés, I. M., Rodriguez-Garcia, A., Alonso, M. T. and Garcia-Sancho, J.
(2010). The sarco/endoplasmic reticulum Ca?* ATPase (SERCA) is the third
element in capacitative calcium entry. Cell Calcium 47, 412-418. doi:10.1016/j.
ceca.2010.03.001

Mattie, S., Riemer, J., Wideman, J. G. and Mcbride, H. M. (2018). A new mitofusin
topology places the redox-regulated C terminus in the mitochondrial
intermembrane space. J. Cell Biol. 217, 507-515. doi:10.1083/jcb.201611194

Mazzorana, M., Hussain, R. and Sorensen, T. (2016). Ca-dependent folding of
human calumenin. PLoS ONE 11, e0151547. doi:10.1371/journal.pone.0151547

McGilvray, P.T., Anghel, S.A., Sundaram, A., Zhong, F., Trnka, M.J., Fuller, J.R.,
Hu, H., Burlingame, A.L., and Keenan, R.J. (2020). An ER translocon for multi-
pass membrane protein biogenesis. eLife 9, €56889. doi:10.7554/eLife.56889

Missotten, M., Nichols, A., Rieger, K. and Sadoul, R. (1999). Alix, a novel mouse
protein undergoing calcium-dependent interactionwith the apoptosis-linked-gene
2 (ALG-2) protein. Cell Death Differ. 6, 124-129. doi:10.1038/sj.cdd.4400456

Murray, D. H., Jahnel, M., Lauer, J., Avellaneda, M. J., Brouilly, N., Cezanne, A.,
Morales-Navarrete, H., Perini, E. D., Ferguson, C., Lupas, A. N. et al. (2016).
An endosomal tether undergoes an entropic collapse to bring vesicles together.
Nature 537, 107-111. doi:10.1038/nature 19326

Nehls, S., Snapp, E. L., Cole, N. B., Zaal, K. J., Kenworthy, A. K., Roberts, T. H.,
Ellenberg, J., Presley, J. F., Siggia, E. and Lippincott-Schwartz, J. (2000).
Dynamics and retention of misfolded proteins in native ER membranes. Nat. Cell
Biol. 2, 288-295. doi:10.1038/35010558

Nixon-Abell, J., Obara, C. J., Weigel, A. V., Li, D., Legant, W. R., Xu, C. S.,
Pasolli, H. A., Harvey, K., Hess, H. F., Betzig, E. et al. (2016). Increased
spatiotemporal resolution reveals highly dynamic dense tubular matrices in the
peripheral ER. Science 354, aaf3928. doi:10.1126/science.aaf3928

Park, M. K., Petersen, O. H. and Tepikin, A. V. (2000). The endoplasmic reticulum
as one continuous Ca?* pool: visualization of rapid Ca?* movements and
equilibration. EMBO J. 19, 5729-5739. doi:10.1093/emboj/19.21.5729

Park, H., Wu, S., Dunker, A. K. and Kang, C. (2003). Polymerization of
calsequestrin. Implications for Ca?* regulation. J. Biol. Chem. 278,
16176-16182. doi:10.1074/jbc.M300120200

Pearce, M. M., Wormer, D. B., Wilkens, S. and Wojcikiewicz, R. J. (2009). An
endoplasmic reticulum (ER) membrane complex composed of SPFH1 and
SPFH2 mediates the ER-associated degradation of inositol 1,4,5-trisphosphate
receptors. J. Biol. Chem. 284, 10433-10445. doi:10.1074/jbc.M809801200

Pefia-Oyarzun, D., Rodriguez-Peiia, M., Burgos-Bravo, F., Vergara, A.,
Kretschmar, C., Sotomayor-Flores, C., Ramirez-Sarmiento, C. A., De
Smedt, H., Reyes, M., Perez, W. et al. (2020). PKD2/polycystin-2 induces
autophagy by forming a complex with BECN1. Autophagy. doi:10.1080/
15548627.2020.1782035

Petersen, O. H., Courjaret, R. and Machaca, K. (2017). Ca?* tunnelling through the
ER lumen as a mechanism for delivering Ca?* entering via store-operated Ca?*
channels to specific target sites. J. Physiol. 595, 2999-3014. doi:10.1113/JP272772

Philippe, R., Antigny, F., Buscaglia, P., Norez, C., Huguet, F., Castelbou, C.,
Trouve, P., Becq, F., Frieden, M., Ferec, C. et al. (2017). Calumenin contributes
to ER-Ca?* homeostasis in bronchial epithelial cells expressing WT and F508del
mutated CFTR and to F508del-CFTR retention. Cell Calcium 62, 47-59. doi:10.
1016/j.ceca.2017.01.011

Phillips, M. J. and Voeltz, G. K. (2016). Structure and function of ER membrane
contact sites with other organelles. Nat. Rev. Mol. Cell Biol. 17, 69-82. doi:10.
1038/nrm.2015.8

Prakriya, M. and Lewis, R. S. (2015). Store-operated calcium channels. Physiol.
Rev. 95, 1383-1436. doi:10.1152/physrev.00020.2014

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

Prole, D. L. and Taylor, C. W. (2019). Structure and function of IP3 receptors. Cold
Spring Harb. Perspect Biol. 11, a035063. doi:10.1101/cshperspect.a035063

Raiborg, C., Wenzel, E. M. and Stenmark, H. (2015). ER-endosome contact sites:
molecular compositions and functions. EMBO J. 34, 1848-1858. doi:10.15252/
embj.201591481

Ramadass, M. and Catz, S. D. (2016). Molecular mechanisms regulating secretory
organelles and endosomes in neutrophils and their implications for inflammation.
Immunol. Rev. 273, 249-265. doi:10.1111/imr.12452

Rocha, N., Kuijl, C., van der Kant, R., Janssen, L., Houben, D., Janssen, H.,
Zwart, W. and Neefjes, J. (2009). Cholesterol sensor ORP1L contacts the ER
protein VAP to control Rab7-RILP-p150 Glued and late endosome positioning.
J. Cell Biol. 185, 1209-1225. doi:10.1083/jcb.200811005

Rodriguez-Garcia, R., Volkov, V. A,, Chen, C. Y., Katrukha, E. A., Olieric, N., Aher,
A., Grigoriev, l., Lopez, M. P., Steinmetz, M. O., Kapitein, L. C. et al. (2020).
Mechanisms of motor-independent membrane remodeling driven by dynamic
microtubules. Curr. Biol. 30, 972-987.e12. doi:10.1016/j.cub.2020.01.036

Roos, J., Digregorio, P. J., Yeromin, A. V., Ohlsen, K., Lioudyno, M., Zhang, S.,
Safrina, O., Kozak, J. A., Wagner, S. L., Cahalan, M. D. et al. (2005). STIM1, an
essential and conserved component of store-operated Ca?* channel function.
J. Cell Biol. 169, 435-445. doi:10.1083/jcb.200502019

Royer, L. and Rios, E. (2009). Deconstructing calsequestrin. Complex buffering in
the calcium store of skeletal muscle. J. Physiol. 587, 3101-3111. doi:10.1113/
jphysiol.2009.171934

Saheki, Y. and De Camilli, P. (2017). The extended-synaptotagmins. Biochim.
Biophys Acta Mol. Cell Res. 1864, 1490-1493. doi:10.1016/j.bbamcr.2017.03.013

Saheki, Y., Bian, X., Schauder, C. M., Sawaki, Y., Surma, M. A., Klose, C., Pincet,
F., Reinisch, K. M. and De Camilli, P. (2016). Control of plasma membrane lipid
homeostasis by the extended synaptotagmins. Nat. Cell Biol. 18, 504-515. doi:10.
1038/ncb3339

Samanta, K., Mirams, G. R. and Parekh, A. B. (2018). Sequential forward and
reverse transport of the Na+ Ca2+ exchanger generates Ca2+ oscillations within
mitochondria. Nat. Commun. 9, 156. doi:10.1038/s41467-017-02638-2

Sammels, E., Devogelaere, B., Mekahli, D., Bultynck, G., Missiaen, L., Parys,
J. B, Cai, Y., Somlo, S. and De Smedt, H. (2010a). Polycystin-2 activation by
inositol 1,4,5-trisphosphate-induced Ca2+ release requires its direct association
with the inositol 1,4,5-trisphosphate receptor in a signaling microdomain. J. Biol.
Chem. 285, 18794-18805. doi:10.1074/jbc.M109.090662

Sammels, E., Parys, J. B., Missiaen, L., De Smedt, H. and Bultynck, G. (2010b).
Intracellular Ca2+ storage in health and disease: A dynamic equilibrium. Cell
Calcium 47, 297-314. doi:10.1016/j.ceca.2010.02.001

11

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1242/jcs.190322
https://doi.org/10.1242/jcs.190322
https://doi.org/10.1242/jcs.190322
https://doi.org/10.1242/jcs.190322
https://doi.org/10.1073/pnas.1910854117
https://doi.org/10.1073/pnas.1910854117
https://doi.org/10.1073/pnas.1910854117
https://doi.org/10.1016/j.bbrc.2011.12.035
https://doi.org/10.1016/j.bbrc.2011.12.035
https://doi.org/10.1016/j.bbrc.2011.12.035
https://doi.org/10.1016/j.bbrc.2011.12.035
https://doi.org/10.1016/j.bbrc.2011.12.035
https://doi.org/10.1016/j.bbrc.2011.12.035
https://doi.org/10.1016/j.bbrc.2011.12.035
https://doi.org/10.1038/srep43900
https://doi.org/10.1038/srep43900
https://doi.org/10.1038/srep43900
https://doi.org/10.1091/mbc.e02-09-0591
https://doi.org/10.1091/mbc.e02-09-0591
https://doi.org/10.1091/mbc.e02-09-0591
https://doi.org/10.1091/mbc.e02-09-0591
https://doi.org/10.1091/mbc.e02-09-0591
https://doi.org/10.1016/j.bbalip.2019.158544
https://doi.org/10.1016/j.bbalip.2019.158544
https://doi.org/10.1016/j.bbalip.2019.158544
https://doi.org/10.1038/nature20555
https://doi.org/10.1038/nature20555
https://doi.org/10.1038/nature20555
https://doi.org/10.1091/mbc.e02-06-0330
https://doi.org/10.1091/mbc.e02-06-0330
https://doi.org/10.1091/mbc.e02-06-0330
https://doi.org/10.1074/jbc.M110.169185
https://doi.org/10.1074/jbc.M110.169185
https://doi.org/10.1074/jbc.M110.169185
https://doi.org/10.1152/physrev.00029.2011
https://doi.org/10.1152/physrev.00029.2011
https://doi.org/10.1152/physrev.00029.2011
https://doi.org/10.1038/ncb3324
https://doi.org/10.1038/ncb3324
https://doi.org/10.1038/ncb3324
https://doi.org/10.1038/s41467-017-01272-2
https://doi.org/10.1038/s41467-017-01272-2
https://doi.org/10.1038/s41467-017-01272-2
https://doi.org/10.1038/s41467-017-01272-2
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1016/j.cub.2005.05.055
https://doi.org/10.1038/s41392-020-0155-5
https://doi.org/10.1038/s41392-020-0155-5
https://doi.org/10.1038/s41392-020-0155-5
https://doi.org/10.1038/s41392-020-0155-5
https://doi.org/10.1186/s12915-020-0749-y
https://doi.org/10.1186/s12915-020-0749-y
https://doi.org/10.1186/s12915-020-0749-y
https://doi.org/10.1186/s12915-020-0749-y
https://doi.org/10.1186/s12915-020-0749-y
https://doi.org/10.1186/s12915-020-0749-y
https://doi.org/10.1038/nm.1876
https://doi.org/10.1038/nm.1876
https://doi.org/10.1038/nm.1876
https://doi.org/10.1038/nm.1876
https://doi.org/10.1038/nsb0698-409
https://doi.org/10.1038/nsb0698-409
https://doi.org/10.3390/ijms17091401
https://doi.org/10.3390/ijms17091401
https://doi.org/10.3390/ijms17091401
https://doi.org/10.3390/ijms17091401
https://doi.org/10.1016/j.ceca.2010.03.001
https://doi.org/10.1016/j.ceca.2010.03.001
https://doi.org/10.1016/j.ceca.2010.03.001
https://doi.org/10.1016/j.ceca.2010.03.001
https://doi.org/10.1016/j.ceca.2010.03.001
https://doi.org/10.1083/jcb.201611194
https://doi.org/10.1083/jcb.201611194
https://doi.org/10.1083/jcb.201611194
https://doi.org/10.1371/journal.pone.0151547
https://doi.org/10.1371/journal.pone.0151547
https://doi.org/10.7554/eLife.56889
https://doi.org/10.7554/eLife.56889
https://doi.org/10.7554/eLife.56889
https://doi.org/10.1038/sj.cdd.4400456
https://doi.org/10.1038/sj.cdd.4400456
https://doi.org/10.1038/sj.cdd.4400456
https://doi.org/10.1038/nature19326
https://doi.org/10.1038/nature19326
https://doi.org/10.1038/nature19326
https://doi.org/10.1038/nature19326
https://doi.org/10.1038/35010558
https://doi.org/10.1038/35010558
https://doi.org/10.1038/35010558
https://doi.org/10.1038/35010558
https://doi.org/10.1126/science.aaf3928
https://doi.org/10.1126/science.aaf3928
https://doi.org/10.1126/science.aaf3928
https://doi.org/10.1126/science.aaf3928
https://doi.org/10.1093/emboj/19.21.5729
https://doi.org/10.1093/emboj/19.21.5729
https://doi.org/10.1093/emboj/19.21.5729
https://doi.org/10.1093/emboj/19.21.5729
https://doi.org/10.1093/emboj/19.21.5729
https://doi.org/10.1074/jbc.M300120200
https://doi.org/10.1074/jbc.M300120200
https://doi.org/10.1074/jbc.M300120200
https://doi.org/10.1074/jbc.M300120200
https://doi.org/10.1074/jbc.M809801200
https://doi.org/10.1074/jbc.M809801200
https://doi.org/10.1074/jbc.M809801200
https://doi.org/10.1074/jbc.M809801200
https://doi.org/10.1080/15548627.2020.1782035
https://doi.org/10.1080/15548627.2020.1782035
https://doi.org/10.1080/15548627.2020.1782035
https://doi.org/10.1080/15548627.2020.1782035
https://doi.org/10.1080/15548627.2020.1782035
https://doi.org/10.1113/JP272772
https://doi.org/10.1113/JP272772
https://doi.org/10.1113/JP272772
https://doi.org/10.1113/JP272772
https://doi.org/10.1113/JP272772
https://doi.org/10.1016/j.ceca.2017.01.011
https://doi.org/10.1016/j.ceca.2017.01.011
https://doi.org/10.1016/j.ceca.2017.01.011
https://doi.org/10.1016/j.ceca.2017.01.011
https://doi.org/10.1016/j.ceca.2017.01.011
https://doi.org/10.1016/j.ceca.2017.01.011
https://doi.org/10.1038/nrm.2015.8
https://doi.org/10.1038/nrm.2015.8
https://doi.org/10.1038/nrm.2015.8
https://doi.org/10.1152/physrev.00020.2014
https://doi.org/10.1152/physrev.00020.2014
https://doi.org/10.1038/s41580-019-0180-9
https://doi.org/10.1038/s41580-019-0180-9
https://doi.org/10.1038/s41580-019-0180-9
https://doi.org/10.1101/cshperspect.a035063
https://doi.org/10.1101/cshperspect.a035063
https://doi.org/10.15252/embj.201591481
https://doi.org/10.15252/embj.201591481
https://doi.org/10.15252/embj.201591481
https://doi.org/10.1111/imr.12452
https://doi.org/10.1111/imr.12452
https://doi.org/10.1111/imr.12452
https://doi.org/10.1083/jcb.200811005
https://doi.org/10.1083/jcb.200811005
https://doi.org/10.1083/jcb.200811005
https://doi.org/10.1083/jcb.200811005
https://doi.org/10.1016/j.cub.2020.01.036
https://doi.org/10.1016/j.cub.2020.01.036
https://doi.org/10.1016/j.cub.2020.01.036
https://doi.org/10.1016/j.cub.2020.01.036
https://doi.org/10.1083/jcb.200502019
https://doi.org/10.1083/jcb.200502019
https://doi.org/10.1083/jcb.200502019
https://doi.org/10.1083/jcb.200502019
https://doi.org/10.1083/jcb.200502019
https://doi.org/10.1113/jphysiol.2009.171934
https://doi.org/10.1113/jphysiol.2009.171934
https://doi.org/10.1113/jphysiol.2009.171934
https://doi.org/10.1016/j.bbamcr.2017.03.013
https://doi.org/10.1016/j.bbamcr.2017.03.013
https://doi.org/10.1038/ncb3339
https://doi.org/10.1038/ncb3339
https://doi.org/10.1038/ncb3339
https://doi.org/10.1038/ncb3339
https://doi.org/10.1038/s41467-017-02638-2
https://doi.org/10.1038/s41467-017-02638-2
https://doi.org/10.1038/s41467-017-02638-2
https://doi.org/10.1074/jbc.M109.090662
https://doi.org/10.1074/jbc.M109.090662
https://doi.org/10.1074/jbc.M109.090662
https://doi.org/10.1074/jbc.M109.090662
https://doi.org/10.1074/jbc.M109.090662
https://doi.org/10.1016/j.ceca.2010.02.001
https://doi.org/10.1016/j.ceca.2010.02.001
https://doi.org/10.1016/j.ceca.2010.02.001

REVIEW

Journal of Cell Science (2020) 133, jcs249136. doi:10.1242/jcs.249136

Sampieri, A., Santoyo, K., Asanov, A. and Vaca, L. (2018). Association of the
IP3R to STIM1 provides a reduced intraluminal calcium microenvironment,
resulting in enhanced store-operated calcium entry. Sci. Rep. 8, 13252. doi:10.
1038/s41598-018-31621-0

Santel, A. and Fuller, M. T. (2001). Control of mitochondrial morphology by a
human mitofusin. J. Cell Sci. 114, 867-874.

Santulli, G., Nakashima, R., Yuan, Q. and Marks, A. R. (2017). Intracellular
calcium release channels: an update. J. Physiol. 595, 3041-3051. doi:10.1113/
JP272781

Santulli, G., Lewis, D., des Georges, A., Marks, A. R. and Frank, J. (2018).
Ryanodine receptor structure and function in health and disease. Subcell.
Biochem. 87, 329-352. doi:10.1007/978-981-10-7757-9_11

Scheffer, L. L., Sreetama, S. C., Sharma, N., Medikayala, S., Brown, K. J.,
Defour, A. and Jaiswal, J. K. (2014). Mechanism of Ca?*-triggered ESCRT
assembly and regulation of cell membrane repair. Nat. Commun. 5, 5646. doi:10.
1038/ncomms6646

Schroeder, L. K., Barentine, A. E. S., Merta, H., Schweighofer, S., Zhang, Y.,
Baddeley, D., Bewersdorf, J. and Bahmanyar, S. (2019). Dynamic nanoscale
morphology of the ER surveyed by STED microscopy. J. Cell Biol. 218, 83-96.
doi:10.1083/jcb.201809107

Schwaller, B. (2010). Cytosolic Ca?* buffers. Cold Spring Harb. Perspect Biol. 2,
a004051. doi:10.1101/cshperspect.a004051

Scott, C. C., Vacca, F. and Gruenberg, J. (2014). Endosome maturation, transport
and functions. Semin. Cell Dev. Biol. 31, 2-10. doi:10.1016/j.semcdb.2014.03.034

Scotto Rosato, A., Montefusco, S., Soldati, C., Di Paola, S., Capuozzo, A.,
Monfregola, J., Polishchuk, E., Amabile, A., Grimm, C., Lombardo, A. et al.
(2019). TRPML1 links lysosomal calcium to autophagosome biogenesis through
the activation of the CaMKKbeta/VPS34 pathway. Nat. Commun. 10, 5630.
doi:10.1038/s41467-019-13572-w

Shen, B., Zheng, P., Qian, N., Chen, Q., Zhou, X., Hu, J., Chen, J. and Teng, J.
(2019). Calumenin-1 interacts with Climp63 to cooperatively determine the
luminal width and distribution of endoplasmic reticulum sheets. iScience 22,
70-80. doi:10.1016/j.is¢i.2019.10.067

Silva Ramos, E., Larsson, N. G. and Mourier, A. (2016). Bioenergetic roles of
mitochondrial fusion. Biochim. Biophys. Acta 1857, 1277-1283. doi:10.1016/j.
bbabio.2016.04.002

Song, Z., Chen, H., Fiket, M., Alexander, C. and Chan, D. C. (2007). OPA1
processing controls mitochondrial fusion and is regulated by mRNA splicing,
membrane potential, and Yme1L. J. Cell Biol. 178, 749-755. doi:10.1083/jcb.
200704110

Sun, S., Zhou, X,, Corvera, J., Gallick, G. E., Lin, S. H. and Kuang, J. (2015).
ALG-2 activates the MVB sorting function of ALIX through relieving its
intramolecular interaction. Cell Discov. 1, 15018. doi:10.1038/celldisc.2015.18

Taufiq Ur, R., Skupin, A, Falcke, M. and Taylor, C. W. (2009). Clustering of InsP3
receptors by InsP3 retunes their regulation by InsP3 and Ca2+. Nature 458,
655-659. doi:10.1038/nature07763

Thillaiappan, N. B., Chavda, A. P., Tovey, S. C., Prole, D. L. and Taylor, C. W.
(2017). Ca®* signals initiate at immobile IP3 receptors adjacent to ER-plasma
membrane junctions. Nat. Commun. 8, 1505. doi:10.1038/s41467-017-01644-8

Tiwari, S., Askari, J. A., Humphries, M. J. and Bulleid, N. J. (2011). Divalent
cations regulate the folding and activation status of integrins during their
intracellular trafficking. J. Cell Sci. 124, 1672-1680. doi:10.1242/jcs.084483

Vais, H., Foskett, J. K. and Mak, D. O. (2010). Unitary Ca* current through
recombinant type 3 InsP(3) receptor channels under physiological ionic
conditions. J. Gen. Physiol. 136, 687-700. doi:10.1085/jgp.201010513

Van Der Kant, R. and Neefjes, J. (2014). Small regulators, major consequences -
Ca?* and cholesterol at the endosome-ER interface. J. Cell Sci. 127, 929-938.
doi:10.1242/jcs. 137539

Van Meer, G. and De Kroon, A. I. (2011). Lipid map of the mammalian cell. J. Cell
Sci. 124, 5-8. doi:10.1242/jcs.071233

Van Vliet, A. R, Giordano, F., Gerlo, S., Segura, |., Van Eygen, S., Molenberghs,
G., Rocha, S., Houcine, A., Derua, R., Verfaillie, T. et al. (2017). The ER stress
sensor PERK coordinates ER-plasma membrane contact site formation through
interaction with filamin-A and F-actin remodeling. Mol. Cell 65, 885-899.€6. doi:10.
1016/j.molcel.2017.01.020

Vance, J. E. (1990). Phospholipid synthesis in a membrane fraction associated with
mitochondria. J. Biol. Chem. 265, 7248-7256.

Verfaillie, T., Rubio, N., Garg, A. D., Bultynck, G., Rizzuto, R., Decuypere, J. P.,
Piette, J., Linehan, C., Gupta, S., Samali, A. et al. (2012). PERK is required at
the ER-mitochondrial contact sites to convey apoptosis after ROS-based ER
stress. Cell Death Differ. 19, 1880-1891. doi:10.1038/cdd.2012.74

Vergarajauregui, S., Martina, J. A. and Puertollano, R. (2009). Identification of the
penta-EF-hand protein ALG-2 as a Ca?*-dependent interactor of mucolipin-1.
J. Biol. Chem. 284, 36357-36366. doi:10.1074/jbc.M109.047241

Voeltz, G. K., Prinz, W. A., Shibata, Y., Rist, J. M. and Rapoport, T. A. (2006). A
class of membrane proteins shaping the tubular endoplasmic reticulum. Cell 124,
573-586. doi:10.1016/j.cell.2005.11.047

Wallroth, A. and Haucke, V. (2018). Phosphoinositide conversion in endocytosis
and the endolysosomal system. J. Biol. Chem. 293, 1526-1535. doi:10.1074/jbc.
R117.000629

Wang, X., Zhang, X., Dong, X. P., Samie, M., Li, X., Cheng, X., Goschka, A.,
Shen, D., Zhou, Y., Harlow, J. et al. (2012). TPC proteins are phosphoinositide-
activated sodium-selective ion channels in endosomes and lysosomes. Cell 151,
372-383. doi:10.1016/j.cell.2012.08.036

Wang, L., Zhang, L., Li, S., Zheng, Y., Yan, X., Chen, M., Wang, H., Putney, J. W.
and Luo, D. (2015). Retrograde regulation of STIM1-Orai1 interaction and store-
operated Ca2+ entry by calsequestrin. Sci. Rep. 5, 11349. doi:10.1038/srep11349

Wang, Q.-C., Zheng, Q., Tan, H., Zhang, B, Li, X., Yang, Y., Yu, J., Liu, Y., Chai,
H., Wang, X. et al. (2016a). TMCO1 Is an ER Ca?* Load-Activated Ca?* Channel.
Cell 165, 1454-1466. doi:10.1016/j.cell.2016.04.051

Wang, S., Tukachinsky, H., Romano, F. B. and Rapoport, T. A. (2016b).
Cooperation of the ER-shaping proteins atlastin, lunapark, and reticulons to
generate a tubular membrane network. Elife 5, e18605. doi:10.7554/eLife.18605

Wang, W., Zhang, X., Gao, Q., Lawas, M., Yu, L., Cheng, X., Gu, M., Sahoo, N., Li,
X., Li, P. etal. (2017). Avoltage-dependent K* channel in the lysosome is required
for refilling lysosomal Ca?* stores. J. Cell Biol. 216, 1715-1730. doi:10.1083/jcb.
201612123

Weerth, S. H., Holtzclaw, L. A. and Russell, J. T. (2007). Signaling proteins in raft-
like microdomains are essential for Ca2+ wave propagation in glial cells. Cell
Calcium 41, 155-167. doi:10.1016/j.ceca.2006.06.006

Westrate, L. M., Lee, J. E., Prinz, W. A. and Voeltz, G. K. (2015). Form follows
function: the importance of endoplasmic reticulum shape. Annu. Rev. Biochem.
84, 791-811. doi:10.1146/annurev-biochem-072711-163501

Wijdeven, R. H., Janssen, H., Nahidiazar, L., Janssen, L., Jalink, K., Berlin, I.
and Neefjes, J. (2016). Cholesterol and ORP1L-mediated ER contact sites
control autophagosome transport and fusion with the endocytic pathway. Nat.
Commun. 7, 11808. doi:10.1038/ncomms 11808

Wong, Y. C., Ysselstein, D. and Krainc, D. (2018). Mitochondria-lysosome
contacts regulate mitochondrial fission via RAB7 GTP hydrolysis. Nature 554,
382-386. doi:10.1038/nature25486

Wright, F. A. and Wojcikiewicz, R. J. (2016). Chapter 4 - inositol 1,4,5-
trisphosphate receptor ubiquitination. Prog. Mol. Biol. Transl. Sci. 141, 141-159.
doi:10.1016/bs.pmbts.2016.02.004

Wu, Z. and Bowen, W. D. (2008). Role of sigma-1 receptor C-terminal segment in
inositol 1,4,5-trisphosphate receptor activation: constitutive enhancement of
calcium signaling in MCF-7 tumor cells. J. Biol. Chem. 283, 28198-28215. doi:10.
1074/jbc.M802099200

Wu, H., Carvalho, P. and Voeltz, G. K. (2018). Here, there, and everywhere: the
importance of ER membrane contact sites. Science 361, eaan5835. doi:10.1126/
science.aan5835

Yabe, D., Nakamura, T., Kanazawa, N., Tashiro, K. and Honjo, T. (1997).
Calumenin, a Ca2+-binding protein retained in the endoplasmic reticulum with a
novel carboxyl-terminal sequence, HDEF. J. Biol. Chem. 272, 18232-18239.
doi:10.1074/jbc.272.29.18232

Yamamoto, S., Yamazaki, T., Komazaki, S., Yamashita, T., Osaki, M.,
Matsubayashi, M., Kidoya, H., Takakura, N., Yamazaki, D. and Kakizawa, S.
(2014). Contribution of calumin to embryogenesis through participation in the
endoplasmic reticulum-associated degradation activity. Dev. Biol. 393, 33-43.
doi:10.1016/j.ydbio.2014.06.024

Yang, J., Zhao, Z., Gu, M., Feng, X. and Xu, H. (2019). Release and uptake
mechanisms of vesicular Ca?* stores. Protein Cell 10, 8-19. doi:10.1007/s13238-
018-0523-x

Yla-Anttila, P., Vihinen, H., Jokitalo, E. and Eskelinen, E. L. (2009). 3D
tomography reveals connections between the phagophore and endoplasmic
reticulum. Autophagy 5, 1180-1185. doi:10.4161/auto.5.8.10274

Yong, J., Bischof, H., Burgstaller, S., Siirin, M., Murphy, A., Malli, R. and
Kaufman, R. J. (2019). Mitochondria supply ATP to the ER through a mechanism
antagonized by cytosolic Ca(2). Elife 8, e49682. doi:10.7554/eL.ife.49682.030

Yu, H., Liu, Y., Gulbranson, D. R., Paine, A., Rathore, S. S. and Shen, J. (2016).
Extended synaptotagmins are Ca®*-dependent lipid transfer proteins at
membrane contact sites. Proc. Natl. Acad. Sci. USA 113, 4362-4367. doi:10.
1073/pnas.1517259113

Zhang, X., Tee, Y. H., Heng, J. K., Zhu, Y., Hu, X., Margadant, F., Ballestrem, C.,
Bershadsky, A., Griffiths, G. and Yu, H. (2010). Kinectin-mediated endoplasmic
reticulum dynamics supports focal adhesion growth in the cellular lamella. J. Cell
Sci. 123, 3901-3912. doi:10.1242/jcs.069153

Zhao, Y. G, Chen, Y., Miao, G., Zhao, H., Qu, W,, Li, D., Wang, Z., Liu, N., Li, L.,
Chen, S. et al. (2017). The ER-localized transmembrane protein EPG-3/VMP1
regulates SERCA activity to control ER-isolation membrane contacts for
autophagosome formation. Mol. Cell 67, 974-989.e6. doi:10.1016/j.molcel.2017.
08.005

Zhao, Y. G,, Liu, N., Miao, G., Chen, Y., Zhao, H. and Zhang, H. (2018). The ER
contact proteins VAPA/B interact with multiple autophagy proteins to modulate
autophagosome biogenesis. Curr. Biol. 28, 1234-1245.e4. doi:10.1016/j.cub.
2018.03.002

Zhu, Z., Zhou, H., Yu, X., Chen, L., Zhang, H., Ren, S., Wu, Y. and Luo, D. (2012).
Potential regulatory role of calsequestrin in platelet Ca(2+) homeostasis and its
association with platelet hyperactivity in diabetes mellitus. J. Thromb. Haemost.
10, 116-124. doi:10.1111/j.1538-7836.2011.04550.x

12

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1038/s41598-018-31621-0
https://doi.org/10.1038/s41598-018-31621-0
https://doi.org/10.1038/s41598-018-31621-0
https://doi.org/10.1038/s41598-018-31621-0
https://doi.org/10.1113/JP272781
https://doi.org/10.1113/JP272781
https://doi.org/10.1113/JP272781
https://doi.org/10.1007/978-981-10-7757-9_11
https://doi.org/10.1007/978-981-10-7757-9_11
https://doi.org/10.1007/978-981-10-7757-9_11
https://doi.org/10.1038/ncomms6646
https://doi.org/10.1038/ncomms6646
https://doi.org/10.1038/ncomms6646
https://doi.org/10.1038/ncomms6646
https://doi.org/10.1038/ncomms6646
https://doi.org/10.1083/jcb.201809107
https://doi.org/10.1083/jcb.201809107
https://doi.org/10.1083/jcb.201809107
https://doi.org/10.1083/jcb.201809107
https://doi.org/10.1101/cshperspect.a004051
https://doi.org/10.1101/cshperspect.a004051
https://doi.org/10.1101/cshperspect.a004051
https://doi.org/10.1016/j.semcdb.2014.03.034
https://doi.org/10.1016/j.semcdb.2014.03.034
https://doi.org/10.1038/s41467-019-13572-w
https://doi.org/10.1038/s41467-019-13572-w
https://doi.org/10.1038/s41467-019-13572-w
https://doi.org/10.1038/s41467-019-13572-w
https://doi.org/10.1038/s41467-019-13572-w
https://doi.org/10.1016/j.isci.2019.10.067
https://doi.org/10.1016/j.isci.2019.10.067
https://doi.org/10.1016/j.isci.2019.10.067
https://doi.org/10.1016/j.isci.2019.10.067
https://doi.org/10.1016/j.bbabio.2016.04.002
https://doi.org/10.1016/j.bbabio.2016.04.002
https://doi.org/10.1016/j.bbabio.2016.04.002
https://doi.org/10.1083/jcb.200704110
https://doi.org/10.1083/jcb.200704110
https://doi.org/10.1083/jcb.200704110
https://doi.org/10.1083/jcb.200704110
https://doi.org/10.1038/celldisc.2015.18
https://doi.org/10.1038/celldisc.2015.18
https://doi.org/10.1038/celldisc.2015.18
https://doi.org/10.1038/nature07763
https://doi.org/10.1038/nature07763
https://doi.org/10.1038/nature07763
https://doi.org/10.1038/s41467-017-01644-8
https://doi.org/10.1038/s41467-017-01644-8
https://doi.org/10.1038/s41467-017-01644-8
https://doi.org/10.1038/s41467-017-01644-8
https://doi.org/10.1242/jcs.084483
https://doi.org/10.1242/jcs.084483
https://doi.org/10.1242/jcs.084483
https://doi.org/10.1085/jgp.201010513
https://doi.org/10.1085/jgp.201010513
https://doi.org/10.1085/jgp.201010513
https://doi.org/10.1085/jgp.201010513
https://doi.org/10.1242/jcs.137539
https://doi.org/10.1242/jcs.137539
https://doi.org/10.1242/jcs.137539
https://doi.org/10.1242/jcs.137539
https://doi.org/10.1242/jcs.071233
https://doi.org/10.1242/jcs.071233
https://doi.org/10.1016/j.molcel.2017.01.020
https://doi.org/10.1016/j.molcel.2017.01.020
https://doi.org/10.1016/j.molcel.2017.01.020
https://doi.org/10.1016/j.molcel.2017.01.020
https://doi.org/10.1016/j.molcel.2017.01.020
https://doi.org/10.1038/cdd.2012.74
https://doi.org/10.1038/cdd.2012.74
https://doi.org/10.1038/cdd.2012.74
https://doi.org/10.1038/cdd.2012.74
https://doi.org/10.1074/jbc.M109.047241
https://doi.org/10.1074/jbc.M109.047241
https://doi.org/10.1074/jbc.M109.047241
https://doi.org/10.1074/jbc.M109.047241
https://doi.org/10.1016/j.cell.2005.11.047
https://doi.org/10.1016/j.cell.2005.11.047
https://doi.org/10.1016/j.cell.2005.11.047
https://doi.org/10.1074/jbc.R117.000629
https://doi.org/10.1074/jbc.R117.000629
https://doi.org/10.1074/jbc.R117.000629
https://doi.org/10.1016/j.cell.2012.08.036
https://doi.org/10.1016/j.cell.2012.08.036
https://doi.org/10.1016/j.cell.2012.08.036
https://doi.org/10.1016/j.cell.2012.08.036
https://doi.org/10.1038/srep11349
https://doi.org/10.1038/srep11349
https://doi.org/10.1038/srep11349
https://doi.org/10.1016/j.cell.2016.04.051
https://doi.org/10.1016/j.cell.2016.04.051
https://doi.org/10.1016/j.cell.2016.04.051
https://doi.org/10.1016/j.cell.2016.04.051
https://doi.org/10.1016/j.cell.2016.04.051
https://doi.org/10.7554/eLife.18605
https://doi.org/10.7554/eLife.18605
https://doi.org/10.7554/eLife.18605
https://doi.org/10.1083/jcb.201612123
https://doi.org/10.1083/jcb.201612123
https://doi.org/10.1083/jcb.201612123
https://doi.org/10.1083/jcb.201612123
https://doi.org/10.1083/jcb.201612123
https://doi.org/10.1083/jcb.201612123
https://doi.org/10.1016/j.ceca.2006.06.006
https://doi.org/10.1016/j.ceca.2006.06.006
https://doi.org/10.1016/j.ceca.2006.06.006
https://doi.org/10.1146/annurev-biochem-072711-163501
https://doi.org/10.1146/annurev-biochem-072711-163501
https://doi.org/10.1146/annurev-biochem-072711-163501
https://doi.org/10.1038/ncomms11808
https://doi.org/10.1038/ncomms11808
https://doi.org/10.1038/ncomms11808
https://doi.org/10.1038/ncomms11808
https://doi.org/10.1038/nature25486
https://doi.org/10.1038/nature25486
https://doi.org/10.1038/nature25486
https://doi.org/10.1016/bs.pmbts.2016.02.004
https://doi.org/10.1016/bs.pmbts.2016.02.004
https://doi.org/10.1016/bs.pmbts.2016.02.004
https://doi.org/10.1074/jbc.M802099200
https://doi.org/10.1074/jbc.M802099200
https://doi.org/10.1074/jbc.M802099200
https://doi.org/10.1074/jbc.M802099200
https://doi.org/10.1126/science.aan5835
https://doi.org/10.1126/science.aan5835
https://doi.org/10.1126/science.aan5835
https://doi.org/10.1074/jbc.272.29.18232
https://doi.org/10.1074/jbc.272.29.18232
https://doi.org/10.1074/jbc.272.29.18232
https://doi.org/10.1074/jbc.272.29.18232
https://doi.org/10.1016/j.ydbio.2014.06.024
https://doi.org/10.1016/j.ydbio.2014.06.024
https://doi.org/10.1016/j.ydbio.2014.06.024
https://doi.org/10.1016/j.ydbio.2014.06.024
https://doi.org/10.1016/j.ydbio.2014.06.024
https://doi.org/10.1007/s13238-018-0523-x
https://doi.org/10.1007/s13238-018-0523-x
https://doi.org/10.1007/s13238-018-0523-x
https://doi.org/10.1007/s13238-018-0523-x
https://doi.org/10.4161/auto.5.8.10274
https://doi.org/10.4161/auto.5.8.10274
https://doi.org/10.4161/auto.5.8.10274
https://doi.org/10.7554/eLife.49682.030
https://doi.org/10.7554/eLife.49682.030
https://doi.org/10.7554/eLife.49682.030
https://doi.org/10.1073/pnas.1517259113
https://doi.org/10.1073/pnas.1517259113
https://doi.org/10.1073/pnas.1517259113
https://doi.org/10.1073/pnas.1517259113
https://doi.org/10.1073/pnas.1517259113
https://doi.org/10.1242/jcs.069153
https://doi.org/10.1242/jcs.069153
https://doi.org/10.1242/jcs.069153
https://doi.org/10.1242/jcs.069153
https://doi.org/10.1016/j.molcel.2017.08.005
https://doi.org/10.1016/j.molcel.2017.08.005
https://doi.org/10.1016/j.molcel.2017.08.005
https://doi.org/10.1016/j.molcel.2017.08.005
https://doi.org/10.1016/j.molcel.2017.08.005
https://doi.org/10.1016/j.cub.2018.03.002
https://doi.org/10.1016/j.cub.2018.03.002
https://doi.org/10.1016/j.cub.2018.03.002
https://doi.org/10.1016/j.cub.2018.03.002
https://doi.org/10.1111/j.1538-7836.2011.04550.x
https://doi.org/10.1111/j.1538-7836.2011.04550.x
https://doi.org/10.1111/j.1538-7836.2011.04550.x
https://doi.org/10.1111/j.1538-7836.2011.04550.x

