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Abstract

Mitochondrial and endoplasmic reticulum (ER) networks are fundamental for the maintenance of
cellular homeostasis and for determination of cell fate under stress conditions. Recent structural and
functional studies revealed the interaction of these networks. These zones of close contact between
ER and mitochondria called MAM (mitochondria associated membranes) support communication
between the two organelles including bioenergetics and cell survival. The existence of
macromolecular complexes in these contact sites has also been revealed. In this contribution, we will
review: i) the ER and mitochondria structure and their dynamics, ii) the basic principles of ER
mitochondrial Ca2* transport, (iii) the physiological/pathological role of this crosstalk.
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ER and Mitochondria structural link

ER structure

The ER is an extensive network of cisternae and microtubules, which stretches from the nuclear
envelope to the cell surface in all eukaryotic cells. It’s the largest organelle, with
endomembrane accounting for more than 50% of all the cellular membranes, and occupies a
substantial part (> 10%) of the cell volume.

The ER plays several vital functions. Firstly, the ER is the site of protein synthesis in the rough
ER and correct post-translational “folding” of these proteins (Chevet et al., 2001). Secondly,
the ER serves as a common transport route by which numerous proteins are delivered to their
destination (Palade, 1975). Thirdly, the ER acts as an indispensable source for fast
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physiological signaling being a dynamic calcium ions (Ca2*) reservoir, which can be activated
by both electrical and chemical cell stimulation (Bootman et al., 2002, Verkhratsky and
Petersen, 2002).

The molecular profile of the ER reflects its signaling role and is strongly dominated by
components of the Ca?* signaling pathway. It contains the inositol-1,4,5-triphosphate (I1P3)
receptors (IP3Rs) and ryanodine receptors (RyRs) responsible for releasing Ca2* in response
to the input signals. Three types of RyRs and three types of IP3Rs are currently known. As
well as the RyR, the IP3R complex is very large: its pore is formed by a homotetramers of
~3000 aminoacids. IP3Rs are ligand-gated channels that function in releasing Ca?* from ER
Ca?* stores in response to inositol-1,4,5-phosphate (IP3) generation initiated by agonist binding
to cell-surface receptors (Mikoshiba, 2006, Patterson et al., 2004, Patel et al., 1999). The
ensuing Ca2* signal plays a fundamental role in modulating a diverse range of cellular
responses including muscle contraction, exocytosis, motility, fertilization, proliferation and
gene expression. Thus the physiological release of Ca2* through IP3Rs serves important
signaling and “housekeeping” roles in maintaining normal function during agonist-mediated
cell activation. However, in the presence of an apoptotic stimulus, the IP3R-mediated Ca2*
release can activate apoptotic pathways by inducing the release from mitochondria of a number
of pro-apoptotic factors including cytochrome ¢ (Joseph and Hajnoczky, 2007). In addition to
these release channels, there is also a leak pathway, some of which seems to occur through an
aqueous pore in the translocon that is responsible for threading newly synthesized proteins into
the ER. On the other side, RyRs are the most abundant Ca2*-releasing channels in muscle (even
if present in low amount in other cells), thus belonging to tissue-specific signaling pathways
leading to muscle contraction (Hamilton, 2005).

Both the regulated release and the leak of Ca?* are counteracted by the Sarco-Endoplasmic
Reticulum Ca%*-ATPase (SERCA\) that functions to maintain the internal store of Ca?*.
SERCA transfers Ca2* from the cytosol of the cell to the lumen of the ER at the expense of
ATP hydrolysis. The SERCA pump is encoded by a family of three genes, SERCAL, 2, and 3,
that are highly conserved and expressed at various levels in different cell types. These isoforms
exhibit both tissue and developmental specificity, suggesting that they contribute to unique
physiological properties of the tissue in which they are expressed (Clapham, 2007). The luminal
Ca?*-binding proteins (CaBPs) such as calnexin and calreticulin play an important role in
regulating the activity of the SERCA pump (John et al., 1998) and maintenance of a constant
luminal level of Ca2*. In addition to the release channels, pumps and buffers, there are anumber
of ancillary proteins (FK 506-binding proteins, sorcin, triadin, phosholamban) that contribute
to the ER Ca?* signaling system (MacKrill, 1999).

Mitochondrial structure

The view of mitochondria as isolated organelle has been profoundly challenged over recent
decades with the discovery that mitochondria function within a highly dynamic integrated
reticular network that is continually remodeled by both fusion and fission events (see below).
From a structural perspective, the mitochondrion is unusual since it contains two membranes
that separate four distinct compartments, the outer mitochondrial membrane (OMM), the
intermembrane space (IMS), the inner mitochondrial membrane (IMM) and the matrix.

The identification and characterization of the protein machinery that controls mitochondrial
membranes dynamics constitutes an important step towards a better understanding of
mitochondrial behavior. Mitochondria are an integrated component of the cell and their actions
are undoubtedly linked to cell signaling, inter-organelle communication cell proliferation and
cell death. In this sense we will focus on the structural and functional aspects of ER-
mitochondria interaction that are pivotal in the control of CaZ* signaling and of the processes
that depend on them.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 October 1.
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Ca®* crosses the OMM then enters the mitochondrial matrix via a molecularly undefined
“uniporter”, i.e. a channel located in the IMM, driven by a large electrochemical gradient
(Nicholls and Crompton, 1980, Kirichok et al., 2004).

Several mechanisms of Ca2* efflux from mitochondria have also been extensively discussed
in the literature. Energized mitochondria spend a significant amount of energy to transport
Ca?* against its electrochemical gradient from the matrix to the external space. Two separate
mechanisms have been found to mediate this outward transport: a Ca2*/Na* exchanger and a
Na*-independent efflux mechanism (Saris and Carafoli, 2005).

Accumulating evidence indicates another important mitochondrial actor that mediates the
transport of ions, nucleotides and Ca2* across the OMM: the voltage dependent anion channel
(VDAC) (Rostovtseva and Colombini, 1996). VDAC, also referred to as the mitochondrial
porin, is a 30-35 kDa protein that has been purified, cloned, sequenced and manipulated
utilizing molecular biology techniques. VDAC channel forms a large voltage-gated pore and
can exist in multiple conformational states with different selectivity and permeability. At zero
and low transmembrane potentials, VDAC exists in a highly conductive open state (pore
diameter about 2.5 nm) with a preferential selectivity against anionic compounds but it is
converted into a low-conducting state (with a smaller pore diameter of about 1.8 nm) at high
potentials (both positive and negative), with reduced conductivity and reversed selectivity
(Shoshan-Barmatz and Gincel, 2003, De Pinto et al., 2008, Peng et al., 1992, Song et al.,
1998).

Moreover, a number of reports show that numerous cytosolic components can significantly
modulate VDAC gating properties, including NADH (Lee et al., 1996), metabolic enzymes
(Pastorino and Hoek, 2008), chaperones (Schwarzer et al., 2002) and cytoskeletal elements
(Rostovtseva et al., 2008). However, the physiological relevance of the voltage gating
properties of VDAC is still matter of debates, not only because the existence of any membrane
potential across the OMM has never been directly demonstrated, but also because the
physiological significance of VDAC closure is still obscure. Indeed, some reports shows that
VDAC closure is a sort of anti-apoptotic signal, as demonstrate, for example, by the role of
hexokinases (Zaid et al., 2005) or gelsolin (Kusano et al., 2000); on the opposite side, VDAC
closure has been also shown to enhance cell death through apoptosis, given that Bcl-XL, an
anti-apoptotic Bcl-2 family member, triggers VDAC opening and, in parallel, some apoptotic
stimuli such as serum deprivation, reduces OMM permeability (VVander Heiden et al., 1999,
Vander Heiden et al., 2001). However, a recent work by Tan and Colombini demonstrates that,
at least in vitro, VDAC closure enhances Ca2* flux across the OMM. These data, together with
the exhaustive demonstration of the existence of Ruthenium Red-sensitive Ca2* binding sites
(Israelson et al., 2008), strongly suggests that VDAC closure induces a higher mitochondrial
Ca®* uptake and consequently increases the probability of a mitochondrial Ca%* overload
leading to permeability transition (Tan and Colombini, 2007). Finally, very recently the 3D-
structure of VDACL has been resolved by three groups in parallel. These data indicate that
VDACL1 is B-barrel membrane protein composed of 19 B-strands with an p-helix N-terminal
domain residing inside the pore: this segment most likely represents the voltage sensor since
itis ideally positioned to regulate the conductance of ions and metabolites passing through the
VDAC pore (Ujwal et al., 2008, Hiller et al., 2008, Bayrhuber et al., 2008). Although VDAC
was originally thought to be located exclusively in the OMM, recently, immuno-electron
microscopy and sub-cellular fractionation have revealed the presence of VDAC also in contact
sites between mitochondria and associated ER (Shoshan-Barmatz et al., 2004). To conclude,
VDAC is localized in a crucial position in the cell and, forming an important interface between
mitochondria and ER, is involved in intracellular communication, including Ca2* signal
delivery between the ER and mitochondria (Lawen et al., 2005).

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 October 1.
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ER and Mitochondria dynamics

Both ER and mitochondria are now widely considered as highly dynamic organelles, capable
of modifying their structure and function in response to changing environmental conditions.

ER forms a unique highly complex tubular network that is constantly remodeled through
process such as “tubule sliding”, “tubule branching” and “ring closure” (Borgese et al.,
2006). However, although it has been demonstrated that GTP hydrolysis is required for ER
fusion, the understanding of the molecular machinery mediating this process is still lacking.
The movement of ER tubules in higher eukaryotes requires the microtubule network (or actin
filaments in microtubule-poor regions) and involves kinesin protein family as molecular motors
(Waterman-Storer and Salmon, 1998). Moreover, ER can significantly increase in dimension

in response to diverse stimuli such as ER stress (see below).

Mitochondria show a very heterogeneous shape among different cell types and, in some cases,
even in the same cell in response to diverse stimuli. Indeed, they can form either short, rod-
like structure or a continuous, elongated, tubular, highly dynamic and interconnected network.
These differences in phenotype are the result of a complex equilibrium among organellar
motility, fusion and fission events (Chan, 2006a). Since mitochondrial biogenesis occurs
predominantly in the perinuclear region, eukaryotes had to evolve efficient systems to transport
these organelles where energy demands are higher or where their peculiar metabolic functions
are required. This is of critical relevance in cells with complex topology such as neurons, where
mitochondria are abundant in the synaptic region of the axon. This unique distribution most
likely reflects the high energy requirement of the synaptic transmission (ATP-driven release
and recycling of vesicles, ATP-dependent pumps that control ions homeostasis, etc.) as well
as the specific mitochondrial functions such as Ca2* signaling regulation (Chan, 2006b).
Similarly to ER, mitochondria exploit cytoskeletal elements as tracks for their directional
movements by using a specialized molecular machinery. In mammals, mitochondrial
movement is mainly a microtubules-driven process, with actin aiding in short-range
mitochondrial positioning in microtubule-poor regions (Anesti and Scorrano, 2006). ER and
mitochondria dynamics are not separately regulated but some cellular signals can effectively
syncronize the movements of these organelles, underlying how these two subcellular
compartments are closely interconnected. Indeed, ER and mitochondria movement is
influenced by second messengers such as Ca2*, and it actively participates in signaling
cascades: Ca2* mobilizing agonists can effectively produce a rapid, simultaneous and
reversible cessation of the movements of both organelles, which is strictly dependent on a rise
in cytosolic Ca2* concentration [Ca2*].. This inhibition in mitochondrial motility reflects an
increased mitochondrial Ca2* uptake and thus enhances the local Ca2* buffering capacities of
mitochondria, with important consequences in signal transduction (Brough et al., 2005, Yi et
al., 2004).

Apart from organelles movement along the cytoskeleton, mitochondria also continuously
remodel their shape. In the first 1990s, genetic screens in yeast identified the first proteins
involved in mitochondrial morphology and subsequent studies revealed that mitochondrial
shape is determined by two dynamically opposed processes, fusion and fission. Indeed, genetic
ablation of key regulators of the fusion machinery gives rise to cells with fragmented organelles
because of unopposed ongoing fission, while the knockout (KO) of genes that mediate fission
leads virtually to the formation of a single, deeply interconnected mitochondrion. Interestingly,
in yeast the coinciding ablation of both fusion and fission apparatus produces a wild-type
mitochondrial morphology but also shows a high frequency of mtDNA loss, suggesting an
essential role of fusion and fission in maintaining the mitochondrial genome (Chan, 2006b).
Considering the structural complexity of mitochondria, it should be immediately clear that the
molecular machinery mediating fusion and fission has to be a quite intricate mechanism,
requiring the independent but coordinated processing of both OMM and IMM. Proteins
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involved in mitochondrial dynamics have been originally identified in yeast but many of these
genes have orthologs in mammals, mainly belonging to the large GTPase protein family. The
molecular motors playing a pivotal role in OMM fusion are mitofusins (Mfn1 and Mfn2): they
are characterized by the presence of a highly conserved GTPase domain, two transmembrane
regions that enable the anchoring to OMM and two peculiar coiled coil structures, HR1 and
HR2 (heptad repeat domain 1 and 2). During organelle fusion, mitofusins mediate the tethering
of two adjacent mitochondria by forming trans homotypic (consisting of the same Mfn
isotypes) or heterotypic (consisting of Mfnl and Mfn2) complexes through the interaction of
their C-terminal HR2 domains. Whether these two isoforms are functionally different or simply
redundant remains to be clarified (Santel, 2006). After that, IMM fusion is achieved through
the activity of another protein, OPAL (Optic Atrophy 1). Surprisingly, this protein has been
recently shown to control also IMM ultrastructure: together with the rhomboid protease PARL
(presenilin-associated rhomboid like), OPA1 forms oligomers essential for the maintenance of
internal cristae structure, thereby controlling their remodeling during apoptotic cell death
(Cipolat et al., 2006, Frezza et al., 2006). On the other hand, the master gene regulating
mitochondrial fission is DRP1 (Dynamin-related protein 1). It shares high homology with
dynamin, a mechanoenzyme involved in the excision of clathrin-coated endocytic vesicles,
and is normally located in the bulk cytosol. Upon induction, DRP1 redistributes into punctuated
foci co-localizing with mitochondria where it mediates organelle fission. Conversely, the
deciphering of the molecular players mediating remains elusive both in mammals as well as
in yeast. It has been proposed that IMM processing could also be a simple mechanical
consequence of OMM constriction and cleavage induced by DRP1. In any case, mitochondrial
morphology regulation has profound consequences on apoptosis regulation. This fact is clearly
demonstrated by the observation that in the most part of cell lines, apoptosis induction
inevitably leads to the fragmentation of mitochondrial network. Indeed, DRP1 recruitment to
mitochondria and its co-localization with the pro-apoptotic protein Bax has been shown during
aopotosis induction (Karbowski et al., 2002, Tanaka and Youle, 2008). Thus, as a general rule,
every condition causing mitochondrial fragmentation enhance cell death, while an healthy,
widely interconnected mitochondrial network protects cells from apoptosis (Suen et al.,
2008). However, this simple rule has been questioned by recent works that demonstrate that
mitochondrial fragmentation, Bax/Bak translocation/oligomerization and release of caspases
cofactors from mitochondria (which are traditionally all considered as hallmarks of the intrinsic
apoptotic pathway) can be impaired and these events can occur independently one from the
other (Yuan et al., 2007, Parone et al., 2006). Moreover, mitochondrial fission has been shown
to protect cells from some apoptotic stimuli, such as Ca?* induced cell death mediated by the
lipid analog C2-ceramide (Szabadkai et al., 2004). These apparently conflicting data could be
reconciled by considering mitochondria as organelles able to receive several different stress
signals, and integrate them to commit the cell to the its appropriate fate. In this view,
mitochondrial cross talk with ER play an essential role in determining cell commitment to
apoptosis. Indeed, some recent works have clearly demonstrated that mitochondrial shape can
be controlled by an ER dependent signaling pathway (Germain et al., 2005, Alirol et al.,
2006).

ER and Mitochondria functional link

Hot spot

The transporter responsible for mitochondrial Ca2* uptake is the Ruthenium Red sensitive
Ca?* uniporter (Gunter and Pfeiffer, 1990), which has been found to be a highly selective
inward rectifying ion channel (Kirichok et al., 2004). The driving force of this transport is the
mitochondrial membrane potential (¥r,), showing a value of ~180 mV (inside negative). The
Ca?* affinity of the transporter is surprisingly low in the 106-10* M range. In view of this low
Ca?*-affinity the submicromolar cytosolic Ca2* signals, observed in most cell types stimulated
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with a Ca2*-mobilizing agonist, seem to be insufficient to induce net mitochondrial Ca2*
uptake. The general consensus thus became that the well established capacity of mitochondria
to accumulate Ca2* would be significant only in conditions of high-amplitude, prolonged
Ca®*]. increases, i.e. in the Ca2* overload that is observed in various pathological conditions
(e.g. excitotoxic glutamate stimulation of neurons), convinced the majority of specialists that
these organelles had little to do with physiological Ca2* handling.

This situation was completely reversed at the beginning of the last decade, by the observations
of Miyata et al. (Miyata et al., 1991) and the development by Rizzuto and coworkers of a
technique for monitoring mitochondrial Ca2* concentration in living cells (Rizzuto et al.,
1992). For this purpose, a modified Ca2*-sensitive photoprotein, aequorin, was targeted to the
mitochondrial matrix in cultured epithelial cells. Surprisingly, these experiments showed that
mitochondrial Ca2* signals are relatively rapid and transient (on a second time scale) and of a
larger magnitude than previously thought (Miyata et al., 1991). These studies showed that
mitochondria in situ are much more efficient at taking up Ca2* than predicted from their
apparently low Ca2* affinity, a notion that now is widely accepted. Similar conclusions was
reached later also with fluorescent indicators, such as the positively charged Ca2* indicator
Rhod-2 (that accumulates within the organelle) (Boitier et al., 1999, Drummond et al., 2000)
and the more recently developed green-fluorescent (GFP) protein-based fluorescent indicators
(Filippin et al., 2003).

The obvious discrepancy between the low affinity of mitochondrial Ca2* uptake mechanisms
(expected based on the properties of their Ca2* transporters established in vitro), the low
concentration of global Ca2* signals observed in cytoplasm (where Ca2* elevations rarely
exceed 2-3 uM), and the efficiency in intact cells of mitochondrial Ca2* uptake (mitochondrial
Ca?* concentration ([Ca2*]y,) rise, in a few seconds, to values above 10 M, and in some cell
types up to 500 uM) led to the formulation of the “hotspot hypothesis”. This hypothesis
proposes that mitochondria preferentially accumulate Ca?* at microdomains of high [Ca2*]
that largely exceed the values reported in the bulk cytosol and meet the low affinity of the
uniporter. In other word, a high- Ca2* microdomain is transiently formed between mitochondria
and the cytosolic mouth of the Ca2* channels, localized either in the apposing ER or in the
plasma membrane (Rizzuto et al., 1998). This “privileged,” local signaling is achieved through
a close interaction between the mitochondria and the ER and appeared to be the key to the
participation of this organelle in intracellular Ca2* homeostasis.

Close appositions between the ER (or sarcoplasmic reticulum, SR) and mitochondria have long
been known to exist and have been observed by electron microscopy (EM) in fixed samples
of several cell types. These regions have long been considered to represent the sites of
phospholipid exchange between the two organelles. Although such close appositions between
ER and mitochondria may, at least in part, represent fixation artifacts, an EM picture taken
from quickly frozen samples, which prevents most artifacts of chemical fixation, reveals that
such close appositions are not only visible, but are actually more frequent than in traditionally
fixed samples.

Experiments in living cells with the two organelles labeled by GFP (Rizzuto et al., 1998) and
electron micrograph images of quickly frozen samples (Mannella et al., 1998) have
demonstrated conclusively that such physical interactions between the two organelles indeed
exist. Recently, it has also been shown by electron tomography that ER and mitochondria are
adjoined by tethers (10 nm at the smooth ER and 25 nm at the rough ER) (Fig. 1) and that
coupling between these two organelles can be weakened (or strengthened) by rupture (or
enforcement) of this inter-organellar protein linkage (Csordas et al., 2006). Some evidence
supports the hypothesis that the movement of mitochondria might occur concomitantly and in
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synchrony with that of specific ER regions. The mechanism of this reciprocal organelle-
docking remains unresolved but it has been proposed that it depends on the expression on both
membranes of complementary proteins that link the two organelles together, possibly at
specific sites (Pizzo and Pozzan, 2007).

The close contacts through which ER communicates with mitochondria are referred as MAM
(Vance, 1990). These ER-contiguous membranes contain multiple phospholipid- and
glycosphingolipid-synthesizing enzymes, including long-chain fatty acid-CoA ligase type 4
(FACL4) and phosphatidylserine synthase-1 (PSS-1) (Fig. 1), and support direct transfer of
lipids between the ER and mitochondria (Piccini et al., 1998, Stone and Vance, 2000). In
addition to supporting lipid transfer, MAM also exchange Ca2* ions which regulate processes
ranging from ER chaperone-assisted folding of newly synthesized proteins to the regulation
of mitochondria-localized dehydrogenases involved in ATP-producing Krebs cycle reactions,
and the activation of Ca2*-dependent enzymes that execute cell death programs (Berridge,
2002). Recently, several mitochondria or ER bound proteins have been shown to be important
for maintaining the spatial relationship between ER and mitochondria (Lebiedzinska et al., in
press).

The interactions between the two organelles seem to be modulated by a family of

“mitochondria-shaping proteins” and by a family of chaperone proteins. In mammals, the best
characterized of the “mitochondria-shaping proteins” are DRP-1 (Smirnova et al., 2001) and
Mitofusin 1 and 2, that regulate mitochondria fission and fusion (Chen et al., 2003) (see above).

MAM are also enriched in key chaperones that may play a role in regulating Ca2* signaling
between ER and Mitochondria. Specifically, Hayashi et al. identified a new, yet novel ER
“ligand-operated” chaperone that specifically targets MAM: the Sig-1R (Sigma-1 receptor)
chaperone (Fig. 1). Moreover they noted that in physiological conditions Sig-1R is retained in
the MAM. Upon ER stress, redistribution of Sig-1Rs occurs, from MAM to the periphery of
the ER.

Interestingly, they also found that Sig-1Rs and isoform 3 of IP3R co-localize and associate
with each other at MAM, that Sig-1Rs form a Ca2*-sensitive chaperone machinery with
GRP78/BIP (78-kDa glucose-regulated protein GRP78, also referred to as the immunoglobulin
binding protein BiP) and prolong Ca?* signaling from the ER to mitochondria by stabilizing
IP3R-3 at MAM. (Hayashi and Su, 2007).

In addition, Simmen et al. demonstrated that PACS-2 (phosphofurin acidic cluster sorting
protein 2) is a multifunctional sorting protein that controls the ER-mitochondria axis and the
role of this axis in cellular homeostasis and apoptosis (Fig. 1). They showed that PACS-2 is
required for the intimate association of mitochondria with the ER: PACS-2 depletion induces
mitochondria fragmentation and uncouples this organelle from the ER raising the possibility
that, in addition to mediating MAM formation, PACS-2 might also influence ER folding and
Ca%* homeostasis.

The requirement of PACS-2 for the apposition of rod-like mitochondria to the ER suggests
that PACS-2 has an essential role in ER—mitochondria communication, and influences the
dynamic mitochondria fusion/fission events that are coupled with mitochondria homeostasis
and intermitochondria communication (Szabadkai et al., 2004).

In addition to mediating the ER-mitochondria axis, they found that PACS-2 has a profound
role on ER homeostasis. Indeed, both IP3Rs and RyRs possess potential PACS-2-binding sites
(Kottgen et al., 2005) and may be associated with MAM (Hajnoczky et al., 2000). Thus,
disruption of PACS-2 may cause mislocalization of IP3Rs, resulting in reduced Ca2* transfer
from the ER to mitochondria.

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 October 1.
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Finally, in a recent study, our group found that the mitochondrial chaperone grp75 (glucose-
regulated protein 75) regulates IP3R-mediated mitochondrial Ca%* signaling (Szabadkai et al.,
2006). In particular, we demonstrated that isoform 1 of VDAC is physically linked to the ER
Ca%*-release channel IP3R through grp75, highlighting chaperone-mediated conformational
coupling between the 1P3R and the mitochondrial Ca2* uptake machinery (Fig. 1).

These findings together support a new emerging picture whereby chaperone machineries at
both ER and mitochondrion orchestrate the regulation of Ca2* signaling between these two
organelles.

Endoplasmic reticulum stress

Several patho-physiological stimuli as well as a number of pharmacological treatments can
saturate the folding capacity of the ER, thus generating a condition called ER stress. In such a
circumstance the cell triggers an evolutionarily conserved ER-to-nucleus signaling pathway
known as unfolded protein response (UPR). This response decreases the whole global
translation but upregulates the selective synthesis of chaperones in order to improve ER folding
capacities and increases misfolded protein degradation through autophagy or the proteasome
system (Schroder, 2008). ER stress can be induced by several physiological or pathological
stimuli (such as cytokines inducing B cell differentiation and immunoglobulins synthesis and
secretion, insulin production in glucose stimulated pancreatic B-cells, expression of
aggregation prone proteins etc.) or by pharmacological treatments such as brefeldin A
(disruption of ER-Golgi trafficking), thapsigargin (depletion of ER Ca2* stores), tunicamycin
(inhibition of N-linked glycosylation) or dithiothreitol (inhibition of disulfide bond formation).
Moreover, given that the ER is an unique oxidizing folding-environment that favors the
formation of the disulfide bonds, any change in redox state of the cell can triggers UPR and
parallely antioxidants protects from ER stress (Malhotra et al., 2008).

In yeast, the signaling pathway mediating UPR relies on the transmembrane protein IRE1
(Inositol-requiring enzyme 1), which contains an ER luminal stress-sensing domain and a
endoribonuclease cytosolic domain. During ER stress, the luminal chaperone BiP binds to
unfolded proteins and detaches from IRE1 stress sensing domain, triggering its activation; thus,
IRE1 performs its enzymatic activity by splicing an intron out of the messenger coding for
Hacl (homologous to activating transcription factor ATF/CREB1). Once translated, this
trancription factor translocates to the nucleus and induces the expressions of genes involved
in protein folding and post-translational modification in the ER.

In mammalian cells, ER stress signaling pathways are much more complicated and involve at
least three different transduction systems operating in parallel: i) IRE1 which is similar to the
yeast ortholog, leading to the synthesis of XBP1 (X-box DNA binding protein 1) transcription
factor (ortholog to yeast Hacl); ii) protein kinase-like ER kinase (PERK) that mediates elF2a
(eukaryotic translation initiation factor 2a) phosphorylation thereby inhibit global mMRNA
translation; iii) ATF-6 (Activating transcription factor 6), a transcription factor that, upon BiP
detachment, transits to the Golgi where a cytosolic fragment is released though a proteolytic
cleavage (Zhang and Kaufman, 2006). The UPR is primarily a cytoprotective response, a
survival mechanism that helps to fix a dysregulation in protein folding and to restore
homeostatic condition. In parallel, in order to prevent ER-folding capacities poisoning, ER
stress increases the cellular proteolytic machinery, through two main mechanisms: i)
retrotranslocation of the unfolded polypeptide into the cytosol followed by ubiquitination and
proteasomal degradation (a process named ERAD, endoplasmic reticulum associated protein
degradation); ii) targeting of parts of ER to lysosomes through autophagy (Kincaid and Cooper,
2007) (Fig. 2). The requirement of autophagy during ER stress is demostrated by the fact that
autophagy-incompetent yeast cells cannot grow in tunicamycin-supplemented media.
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However, when a normal luminal environment cannot be restored, ER stress condition can
switch from survival to cell death by different mechanism (Hoyer-Hansen and Jaattela,
2007). ER stress indeed can trigger both apoptotic (type I) as well as non-apoptotic cell death
(type 11); the latter is often referred to as “autophagic cell death” since it occurs in the absence
of chromatin condensation but is generally associated with the massive presence of autophagic
vacuoles. Although the term *“autophagic cell death” could suggest that cell demise is
accomplished by autophagy, this notion is misleading, since there is no clear demonstration
that autophagy is per se a cell death mechanism (Kroemer and Levine, 2008, Giorgi et al.,
2008). In any case, ER stress has been proposed to activate the ER-localized initiator
caspase-12, at least in mice. Indeed, murine caspase-12 plays a crucial role in apoptosis induced
by a number of well defined ER stressors, such as tunicamicyn, tapsigargin, poly(Q) or amyloid
B proteins, and has been proposed to participate in IRE1 signaling. However, caspase-12 is
highly mutated in primates, and it is thus commonly inactive in human cells, where caspase-4
has been shown to be involved in ER stress to apoptosis signaling pathway. Moreover,
inhibition of caspase-12 or -4 only partially protects cells from apoptosis, raising serious doubt
about their requirement in the execution of cell death (Szegezdi et al., 2003). In line with this
hypothesis, numerous studies indicate that the induction of apoptosis by ER stress has a
mandatory mitochondrial component, further highlighting the intimate connection between
these two organelles (Deniaud et al., 2008). Indeed, Bax/Bak translocation and oligomerization
in OMM, cytochrome c release, loss of W, and caspase-9 activation are common hallmark of
ER stress induced apoptosis. Parallely, mitochondrial permeability transition pore inhibitors
and APAF1 or Bax/Bak genetic ablation strongly decrease cell death induced by many ER
stressors.

Finally, ER stress activates another second messenger deeply involved in ER-mitochondria
cross-talk, which is, again, Ca?*. Indeed, every stimulus inducing ER engulfment triggers
Ca?* release from the ER and the consequent [Ca2*] increase in the cytosol and in the
mitochondrial matrix. This second messenger has been proposed to have a dual role in
mediating ER stress induced cellular events. First, [Ca%*]. increase seems to be required for
triggering autophagy, through a mechanism depending on Ca?*/calmodulin-dependent kinase
kinase-p (Ca2*/calmodulin-dependent kinase kinase-B) and subsequent activation AMPK
(AMP-activated protein kinase) leading to inhibition of mMTOR (mammalian target of
rapamycin) signaling complex 1 (Hoyer-Hansen et al., 2007). Moreover, prolonged ER stress
conditions can cause a slow but sustained increase in mitochondrial matrix free [Ca%*], that
can reach a critical threshold that is one of the strongest inducers of the pro-apoptotic
mitochondrial membrane permeabilzation. However, the regulatory mechanisms, which
determine the cell status leading to cell survival or cell death in response to ER stress have not
been well elucidated. Not surprisingly, VDAC and IP3R has been proposed to be the main
actors of this signaling event, pointing to the functional implication of intimate ER/
mitochondria connection in the apoptotic cascade that leads ultimately to mitochondrial
membrane permeabilization (Deniaud et al., 2008).

The ER/mitochondrial coupling in apoptosis: calcium signal and IP3R the key

players

The function of the ER is intimately connected with that of the mitochondria. A major area of
functional interaction between the ER and mitochondria is the control of Ca2* signaling, that
is a topic of major interest in physiology and pathology. These two organelles form a highly
dynamic interconnected network within which they cooperate to generate Ca2* signals. The
mitochondria play an important role in shaping the Ca2* signal released from the ER. The
mitochondria assist in the recovery phase by rapidly sequestering Ca2* and then later returning
it to the ER. During normal signaling, therefore, there is a continuous flow of Ca2* between
these two organelles. The normal situation is for most of the Ca2* to reside within the lumen

Int J Biochem Cell Biol. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Giorgi et al.

Page 10

of the ER except during Ca2* signaling when a small bolus is periodically released to the
cytoplasm and is then re-sequestered with a proportion passing through the mitochondria (Fig.
2). At equilibrium, therefore, the bulk of internal Ca2* is in the ER where it not only functions
as a reservoir of signal Ca2* but it also plays an essential role in maintaining the activity of the
chaperones responsible for protein processing (Rizzuto and Pozzan, 2006). Alterations in the
operation of the ER/mitochondrial couple provide a pathway for activating apoptosis (Pinton
et al., 2008). The key process connecting apoptosis to ER-mitochondria interactions is an
alteration in Ca2* homeostatic mechanisms that results in massive and/or a prolonged
mitochondrial CaZ* overload. It is firmly established that Ca2* is an important regulator of
both cell proliferation and apoptosis. It has been argued that the switch from a life to a death
signal occur when its normal distribution between the ER and the mitochondria is distorted
leading to a breakdown of mitochondrial function. Impairment of ER functioning, including
depletion of ER Ca2* stores, induced by i) protein expression alteration or by chemical agents
(e.g9. H209, arachidonic acid), ii) block of the proteasome that is required to degrade unfolded
proteins (e.g. tunicamycin and brefeldin A), or iii) genetic mutations resulting in proteins that
cannot be properly folded, can induce apoptosis (Ferri and Kroemer, 2001,Kaufman, 2002)
(Fig. 2). Previous studies have established that the reduction in the Ca2* amount that can be
released from ER to mitochondria decreases the probability of Ca2*-dependent apoptosis. On
the other hand conditions that increase ER Ca2* storage have the opposite effect on Ca?*-
dependent apoptosis. Indeed, in this context Pinton at al. demonstrated that over-expression of
the anti-apoptotic proteins Bcl-2 can influence the distribution of Ca2* within the ER/
mitochondrial couple. In particular, compared to controls, Bcl-2 over-expressing cells showed
a ~30% reduction in the Ca2* levels within both the ER and the Golgi apparatus due to an
increased Ca2* leak from the lumen of the organelles (Foyouzi-Youssefi et al., 2000,Pinton et
al., 2000).

In good agreement with these observations, the green tea compound epigallocatechin gallate,
known to bind and inactivate Bcl-2, reduced Ca?* leakage from the ER and restored
[Ca?*]gRr of Bcl-2 overexpressing cells to values similar to those of control cells (Palmer et
al., 2004). As a consequence, the [Ca2*] increases elicited in these cells by stimuli coupled to
IP5 generation were reduced both in the cytoplasm and in the mitochondria (Pinton et al.,
2000). Manipulating the level of ER Ca2* was able to reproduce the effect of Bcl-2. C2-
ceramide-induced apoptosis in HeLa cells seems to depend on a release of Ca2* from the ER
and its accumulation in the mitochondria (Pinton et al., 2001). The ER can thus play an
important role in regulating apoptosis by adjusting the load of Ca* imposed upon the
mitochondrion. This concept was confirmed by the elegant work of the Korsmeyer’s group
that showed that the KO of the pro-apoptotic protein Bax and Bak, localized to the ER, reduced
the resting concentration of ER Ca?* ([Ca?*]gR) thus decreasing the uptake of Ca2* by
mitochondria after Ca2* release from the ER (Fig. 2). They demonstrated that expression of
SERCA corrects [Ca?*]gr and mitochondrial Ca?* uptake in Bax/Bak double KO cells (DKO),
restoring apoptotic death in response to agents that release Ca2* from intracellular store (such
as arachidonic acid and oxidative stress) (Scorrano et al., 2003). Finally, this year the effect of
the anti-apoptotic protein PKB or Akt on subcellular Ca?* homeostasis has been revealed.
Indeed, cells with the active form of Akt have a reduced ER Ca2* release, that in turn affected
cytosolic and mitochondria Ca2* response. Reduction of mitochondrial Ca2* accumulation by
activated Akt results in diminished cellular sensitivity to Ca?*-mediated apoptotic stimuli (such
as arachidonic acid and H,0,) (Marchi et al., 2008, Szado et al., 2008) (Fig. 2).

As mentioned above, the most important molecular component of Ca2* handling machinery
of the ER is represented by IP3Rs. Immunocytochemical studies show that regions of the ER
apposed to mitochondria are enriched in IP3Rs, identifying these zones as ‘hotspots’ of Ca?*
transfer from the ER to the mitochondria (Rizzuto et al., 1998).
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The release of CaZ* from ER stores by IP3Rs has been implicated in multiple models of
apoptosis as being directly responsible for mitochondrial Ca* overload.

The requirement of IP3Rs for Ca2*-dependent cell death is exemplified by the resistance to
apoptosis of cells with antisense KO or genetic deletion of IP3R gene (Blackshaw et al.,
2000) (Jayaraman and Marks, 1997, Khan et al., 1996, Sugawara et al., 1997). In this picture
the three isoforms of the IP3R, appear to play distinct roles (Assefa et al., 2004, Hirota et al.,
1999). Initial evidence suggested that Ca2*-dependent apoptotic death was mediated by the
type 3 IP3R (Khan et al., 1996), but subsequent studies have shown that the type 1 isoform can
also mediate apoptosis (Boehning et al., 2003). Interestingly, Korsmeyer’s group found that
Bcl-2 and IP3R-1 physically interact at the ER surface and proposed a model in which Bcl-2
family members regulate IP3R-1 phosphorylation to control the rate of ER Ca2* leak from
intracellular stores and as consequence, apoptosis. In support of this view, the [Ca?*]gr
reduction of Bax/Bak DKO was reversed by siRNA silencing of IP3R-1 (Oakes et al., 2005).

Additional mechanisms, however, have been proposed. Bcl-XL was shown to directly bind to
the IP3R and sensitize it to low agonist doses. Bax prevents the effect of Bcl-XL, both in terms
of its binding to the IP3R and of capacity of modifying the sensitivity to IP3 (White et al.,
2005).

Expression of Bcl-XL reduced [Ca2*]gg in type 3 but not type 1 or 2 IP3R-expressing cells. In
contrast, Bcl-XL enhanced spontaneous [CaZ*]. signaling in all three IP3R isoform-expressing
cell lines. These results suggest that modulation of [Ca2*]gR is not a specific requirement for
ER-dependent antiapoptotic effects of Bcl-XL. Rather, apoptosis protection is conferred by
enhanced spontaneous [Ca?*]. signaling by Bcl-XL interaction with all isoforms of the IP3R
(Li et al., 2007).

In this complex scenario, recent data showed that IP3R-3, localized in the MAM, plays a
selective role in the induction of apoptosis by preferentially transmitting apoptotic Ca2*signals
into mitochondria, whereas IP3R-1 predominantly mediates cytosolic Ca2* mobilization
(Mendes et al., 2005). Accordingly siRNA silencing of IP3R-3 blocked apoptosis, whereas
transfection of IP3R-1 antisense constructs was ineffective (Blackshaw et al., 2000).
Mitochondria appear to be the downstream effectors of this pathway, as KO of IP3R-3
significantly decreased agonist-induced mitochondrial Ca2* uptake (Hayashi and Su, 2007).

A final crucial aspect is that, in response to survival signals, Akt interacts with and
phosphorylates IP3Rs, significantly reducing their Ca%* release activity (Khan et al., 2006,
Szado et al., 2008). Moreover, phosphorylation of IP3Rs by Akt reduced cellular sensitivity to
apoptotic stimuli through a mechanism that involved diminished Ca2* flux from the ER to the
mitochondria. In particular Joseph et al. demonstrated that all three isoforms present a
consensus sequence for phosphorylation by Akt kinase and that IP3R-1 and IP3R-3 are substrate
for activated Akt in vivo, but IP3R-1 phosphorylation did not affect Ca2* homeostasis. IP3R-3
appears thus as a likely effector of the antiapoptic activity of Akt.

The elucidation of the role of IP3R-3 in Ca2* transfer from the ER to mitochondria, of its
molecular mechanism and of the regulatory effect of phosphorylation, may reveal a novel
unexplored pharmacological target in apoptosis.
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Ca?*

calcium ions
[Ca?]

Ca?* concentration
[Ca®*]c

cytosolic Ca%* concentration
[Ca®*]er

resting concentration of ER Ca2*
[Ca?*]m

mitochondrial Ca2* concentration
DKO

double knockout cells
EM

electron microscopy
ER

endoplasmic reticulum
ERAD

Endoplasmic reticulum associated protein degradation
GFP

Green-fluorescent protein
IMM

inner mitochondrial membrane
IMS

intramembrane space
IP3

Inositol-1,4,5-triphosphate
IP3Rs

Inositol-1,4,5-trisphosphate receptors
KO

knockout
MAMs

mitochondria associated membranes
OMM

outer mitochondrial membrane
SR

sarcoplasmic reticulum
UPR

Unfolded protein response
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VDAC
Voltage dependent anion channel
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ENDOPLASMIC RETICULUM

serine

MITOCHONDRIA

Figure 1.

A schematic representation of the organization of MAM including key players in lipid
metabolism, Ca2* signaling elements (IP3R, VDAC), chaperones (PACS-2, grp75, Sig-1R)
and peptidic tethers keeping mitochondria and ER in close contact.
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ER-mitochondria cross-talk modulates Ca2*-mediated cellular responses to different patho-
physiological stimuli: in normal conditions Ca2* released from the ER to mitochondria triggers
a boost in cellular metabolism and ATP production. However, mitochondrial Ca2* overload
induced by apoptotic stimuli or ER stressors sensitizes mitochondria to release caspases

cofactors; conversely, anti-apoptotic elements or cell survival signals prevent Ca2*

accumulation in mitochondrial matrix through emptying intracellular stores (such as in Bcl-2
overexpression) or through inhibition of Ca2* releasing channels (such as Akt activation).
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Summary of cited proteins involved in ER-Mitochondria structural link

SYMBOL

FULL NAME

DETAILS

CaBPs

IP;Rs

RyRs

SERCA

VDAC

DRP1

Mfnl and Mfn2

OPA1

PARL

ER and Mitochondria structure

Ca?*-binding proteins

Inositol-1,4,5-trisphosphate receptors

Ryanodine receptors

Sarco-Endoplasmic Reticulum Ca®*-
ATPase

Voltage dependent anion channel

Large family of eukaryotic proteins containing a specific helix-
loop-helix structure, referred to as the EF-hand motif; many of the
Ca“*-mediated processes are carried out through the cooperation
of CaBPs

Family of ligand-gated channels that function to release Ca?* from
intracellular Ca®* stores (ER and Golgi apparatus) in response to
agonist stimulation

Ca?* release channels located in the Sarcoplasmic Reticulum
membrane

Higbly conserved family of Ca?* pumps which actively transfer

Ca“" from the cytosol to the lumen ER/SR at the expense of ATP
hydrolysis

The VDAC family of proteins are the most abundant proteins of
the outer mitochondrial membrane and mediate the flow of ions
and metabolites between the cytosol and the mitochondrial
intermembrane space

ER and Mitochondria dynamics

Dynamin-related protein 1

Mitofusins 1 and 2

Optic Atrophy 1

Presenilin-associated rhomboid like

Main protein controlling mitochondrial fission in mammalian
cells. DRP-1 is located in the cytoplasm but during fission
translocates to mitochondria surface, where constriction of the
membranes takes place by direct or indirect interaction with hFis1,
its adaptor in the OMM

GTPases localized to the outer mitochondrial membrane, playing
a pivotal role in mitochondrial fusion

Profusion dynamin-related protein of the inner mitochondrial
membrane mutated in dominant optic atrophy; this protein has
been recently shown to participate in the biogenesis of the
mitochondrial cristae and regulate the cristae remodelling
pathway

Rhomboid protease of the inner mitochondrial membrane
(originally identified in a yeast two-hybrid screen as an interactor
of presenilin) required for the correct assembly of the OPA1-
containing structures that regulate the integrity of the
mitochondrial cristae junctions
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Table 2
Summary of cited proteins involved in ER-Mitochondria functional link

SYMBOL

FULL NAME DETAILS

FACL4

grp75

IP;Rs
GRP78/BiP

PACS-2

PSS-1

Sig-1R

VDAC

ER and Mitochondria functional link: MAM

Long-chain fatty acid-CoA ligase type 4 Key enzyme involved in the metabolism of arachidonic acid,
eicosapentaenoic acid, and docosahexaenoic acid, and thereby plays
a key role in lipid biosynthesis and fatty acid degradation. FACL4
preferentially utilizes arachidonate as substrate and selectively
esterifies it with coenzyme A, forming acyl-CoA, which can then be
incorporated into membrane phospholipid

glucose-regulated protein 75 Molecular chaperone which regulate the association between ER and
mitochondria: cytosolic grp75 links IP3Rs to VDAC at the OMM,
the resulting association presumably enhances the ca’*
accumulation in mitochondria by stabilizing conformations or the
coupling of the two receptors

Inositol-1,4,5-trisphosphate receptors See Table 1

78-kDa glucose-regulated protein GRP78, also Central regulator of ER functions due to its roles in protein folding

referred to as the immunoglobulin binding and assembly, targeting misfolded protein for degradation, ER

protein BiP Ca?*-binding and controlling the activation of trans-membrane ER
stress sensors

Phosphofurin acidic cluster sorting protein 2 Multifunctional sorting protein that integrates ER- m|tochondr|a
communication, ER homeostasis, homeostasis of ER Ca®* and
apoptosis. PACS-2 controls the apposition of mitochondria with the
ER and formation of ER lipid-synthesizing centers found on MAM,
and regulates the distribution and activity of calnexin

Phosphatidylserine synthase-1 Enzyme involved in phosphatidylserine biosynthesis in mammalian
cells: exchanges serine for choline of phosphatidylcholine; PSS-1 is
highly enriched in MAM and is largely excluded from the bulk of
the ER

Sigma-1 receptor Ca®*-sensitive and ligand-operated receptor chaperone that
specifically targets MAM. Sig-1Rs form a Ca®*-sensitive chaperone
machinery with BiP and prolong Ca?* signaling from ER into
mitochondria by stabilizing IP;R-3 at MAM; Sig-1Rs can translocate

under chronic ER stress

Voltage dependent anion channel See Table 1
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Summary of cited proteins involved in ER stress

SYMBOL

FULL NAME

DETAILS

AMPK

APAF1

ATF-6

CaMKKB

elF2a

GRP78/BiP

IRE1

mTOR

PERK

Sig-1R
XBP1

ER stress

AMP-activated protein kinase

apoptotic peptidase activating factor 1

Activating transcription factor 6

Caz"/calmodulin—dependent kinase kinase-f3

eukaryaotic translation initiation factor 2a

78-kDa glucose-regulated protein GRP78, also
referred to as the immunoglobulin binding protein
BiP

Inositol-requiring enzyme 1

mammalian target of rapamycin

Protein kinase-like ER kinase

Sigma-1 receptor

X-box DNA binding protein 1

Metabolite sensing serine/threonine kinase that has been termed
the master regulator of cellular energy metabolism due to its
numerous roles in the regulation of glucose, lipid, and protein
metabolism

Cytoplasmic protein that initiates apoptosis: if cytochrome c is
released into the cytosol, in the presence of ATP or dATP it
mediates the allosteric activation and hepta-oligomerization of
APAF1, generating the complex known as apoptosome. The
apoptosome recruits and processes caspase-9 to form a
holoenzyme complex, which in turn recruits and activates the
effector caspases, thus beginning the proteolytic cascade that
results in the morphological features of apoptosis

Endoplasmic Reticulum stress-regulated transmembrane
transcription factor required for activating many UPR target genes

CaMKKSB belongs to the Serine/Threonine protein kinase family,
and to the Ca?*/calmodulin-dependent protein kinase subfamily.
Ca?*-mediated autophagy depends on CaM KKp-dependent
activation of AMPK that ultimately leads to the inhibition of
mTORC signaling complex 1

Phosphorylated elF2a interferes with the formation of the 43S
translation initiation complex, leading to overall translational
repression in UPR-induced cells presumably to alleviate ER stress
by reducing the influx of the newly synthesized proteins into the
ER

see Table 2

ER-resident transmembrane protein kinase and endoribonuclease
that induces the non-conventional splicing of XBP1 mRNA and
so transmits an ER stress signal to the cytoplasm and mediates the
UPR

Serine/threonine kinase that controls many aspects of cellular
physiology, including transcription, translation, cell size,
cytoskeletal organization and autophagy. Recent advances in the
mTOR signaling field have found that mTOR exists in two
heteromeric complexes, MTORC1 and mTORC2. The activity of
mTORCL is regulated by the integration of many signals,
including growth factors, insulin, nutrients, energy availability
and cellular stressors such as hypoxia, osmotic stress, reactive
oxygen species, viral infection and ER stress

ER-transmembrane kinase that phosphorylates the a subunit of
elF2a thereby reducing cellular protein synthesis and with it the
load of proteins entering into the ER

see Table 2

XBP1 pre-mRNA is converted to spliced mRNA (by activated
IREL1) in response to UPR, leading to the production of an
activated/spliced XBP-1 (XBP-1s), a potent transcription factor
responsible for UPR
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Table 4
Summary of cited proteins involved in the ER/mitochondria coupling in apoptosis
SYMBOL FULL NAME DETAILS
apoptosis
Akt (PKB) v-akt murine thymoma viral oncogene homolog, Serine/threonine kinase, involved in the control of cellular
also known as protein kinase B (PKB) processes as diverse as glucose metabolism, cell proliferation,
apoptosis, transcription and cell migration. AKT has a key role
in promoting cell survival
Bak Bcl-2 antagonist/killer Pro-apoptotic Bcl-2 family members; Bax and Bak are required
for the initiation of mitochondrial dysfunction during apoptosis
and for maintaining the ER Ca?" stores necessary for Ca’*-
dependent cell death
Bax Bcl-2 associated X protein
Bcl-2 B-cell lymphoma/leukemia 2 Anti-apoptotic Bcl-2 family member; Bcl-2 has been shown to
decrease Ca”* concentration in the ER
Bcel-XL B-cell lymphoma/leukemia XL Anti-apoptotic Bcl-2 family members; Bcl-XL have been
reported to function at the ER by lowering its Ca* content only
in the type 3 IP;R- expressing cells
IP;Rs Inositol-1,4,5-trisphosphate receptors see Table 1
VDAC Voltage dependent anion channel see Table 1
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