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Cellular Ca** homeostasis is maintained through the integrated and coordinated function of Ca®"
transport molecules, Ca** buffers and sensors. These molecules are associated with the plasma mem-
brane and different cellular compartments, such as the cytoplasm, nucleus, mitochondria, and cellular
reticular network, including the endoplasmic reticulum (ER) to control free and bound Ca?* levels in all
parts of the cell. Loss of nutrients/energy leads to the loss of cellular homeostasis and disruption of Ca>*
signaling in both the reticular network and cytoplasmic compartments. As an integral part of cellular
physiology and pathology, this leads to activation of ER stress coping responses, such as the unfolded
protein response (UPR), and mobilization of pathways to regain ER homeostasis.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Homeostasis is a mechanism to keep cells at balance, regulating
themselves to maintain constant conditions. Ca>* homeostasis is of
pivotal interest for the cell, reflecting the central importance of
Ca®* as a second messenger, regulating a variety of cellular pro-
cesses such as metabolism, protein phosphorylation and dephos-
phorylation, cell proliferation, division and differentiation, gene
transcription, cell motility, muscle excitation-contraction and
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stimulus-secretion coupling, programmed cell death and neuro-
transmission [1]. To maintain Ca®>* homeostasis, the flow of Ca’*
into and out of cells and organelles has to be precisely regulated to
be in balance, which is essential for cellular functions. High con-
centrations of cellular Ca®* over a longer period of time can lead to
cell death [2], therefore, a network of Ca®* transport and buffering
systems evolved in order to precisely control within the cell, the
temporal and spatial fluxes and concentration of Ca®* in the
nanomolar range. The maintenance of Ca>* homeostasis is a highly
integrated process consisting of a number of hormonally controlled
feedback loops and an elaborate system of Ca**-transporters,
-channels, -exchangers, -binding/buffering proteins and -pumps.
These include the Na*/Ca®*-exchanger of the plasma membrane
(NCX) [3], a system of high capacity, but low affinity for Ca®*; the
plasma membrane Ca?>* pump (PMCA or ATP2B) [4] or the Ca®*
pump of the sarco/endoplasmic reticulum (SERCA or ATP1B) [5],
which both have a high affinity, but low capacity for Ca%*, pumping
Ca?* either out of the cell (PMCA) or into the endoplasmic reticu-
lum (ER) and related reticular network (SERCA), respectively. They
use ATP as energy source to pump Ca>" against a steep ion gradient
across the membrane. In cases of intracellular Ca?* overflow, the
mitochondrial Ca>* uniporter (MCU) [6,7] or the NCX [8] can sup-
port regulation of the Ca®* level, due to their high capacity. In this
review, we will focus on the interplay between these Ca®* regu-
lating systems and their involvement in ER stress coping responses.
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Many excellent reviews have been published in the last few years
focusing on many aspects of ER stress coping responses and the
unfolded protein response (UPR) [9—12]. Here we focus on selected
aspects of ER Ca®* homeostasis, and its potential impact on ER
stress and activation of ER stress coping responses.

2. Ca’t buffers and Ca* sensors

Ca®* signaling can be derived either through the uptake of
extracellular Ca®*, or the release of Ca>* from intracellular stores,
which results in changes in the free Ca®* concentration. In the
lumen of the intracellular stores, large amounts of Ca®* are buffered
by Ca®* binding proteins such as calsequestrin or calreticulin,
which are distinct from cytosolic Ca**-binding proteins such as
parvalbumin, calbindin or the group of so-called S100 proteins [13].
The major difference between these two groups of Ca**-binding
proteins is determined by their Ca*" binding properties: the
organellar Ca®* buffers are considered low affinity but high ca-
pacity Ca?*-binding proteins, in contrast to the cytosolic Ca®*
buffers, which have high affinity but low capacity Ca?* binding
properties. The latter group is also characterized as EF-hand
domain containing proteins, originally characterized by Kret-
singer, and based on the crystal structure of parvalbumin [14].
Although EF-hand containing proteins are predominantly found in
the cytoplasmic compartment, several EF-hand containing proteins
have also been identified in the lumen of the cellular reticular
network (STIM1, ERC-55, FKBP65, calumenin, regulcalcin, CALNUC,
and Cab45 to name a few) [15—20], but also associated with the
mitochondria membrane [21]. The EF-hand motif is characterized
as a helix-loop-helix structure and it is highly conserved [22]. EF-
hands are not only typical for the cytosolic Ca>* buffers, but they
are also found in the so-called Ca?* sensors such as calmodulin,
troponinC or the neuronal Ca** sensor (NCS) family, which upon
binding of Ca** undergo conformational changes enabling them to
interact with targets. This differentiation between Ca** buffer and
Ca®* sensor proteins may however change, since newer results
seem to indicate that some Ca®* buffer proteins can also provide
sensor functions, as well as calmodulin as the classical Ca?* sensor
might act as a fast intracellular buffer [23].

3. Ca?t channels

Ca®* can enter the cell down its electrochemical gradient
through a variety of channels located in the plasma membrane.
These include the voltage-gated Ca®* channels in excitable cells
Cay1_3 [24], receptor-operated Ca®* channels such as the N-methyl-
p-aspartate receptor (NMDA) which is gated by glutamate [25],
transient receptor potential channels (TRPC) [26], or store-operated
ca*t entry (SOCE) channels such as ORAI [27,28] (Fig. 1). On the
other hand, Ca®* can be released from internal stores, the most
important being the endoplasmic or the sarcoplasmic reticulum
(ER/SR), through a variety of messengers such as inositol-1,4,5-
trisphosphate (IP3), cyclic ADPribose (cADPR), nicotinic acid
adenine dinucleotide phosphate (NAADP) and others [1]. In
response to the activation of cell surface receptors, IP; is generated
through the stimulation of phopholipase C, which hydrolyzes the
membrane lipid phosphatidylinositol 4,5-bisphosphate to gain IP3
and diacylglycerol (DAG). Thus, IP3 releases Ca’* from the ER
through the IP; receptor (IP3R) which is an IP3-gated Ca%* release
channel) [29—31] (Fig. 1). In mammalian organisms, three different
genes code for the IP3R, with additional spliced isoforms. The re-
ceptor, anchored in the ER by 6 transmembrane domains, can form
homo- or hetero tetramers of 1.2 MDa. The IP3R works like a scaf-
fold protein, due to its interaction with numerous proteins like the
IP3R binding protein released with IP3 (IRBIT) [32], calmodulin,

FKBP12 and others, which may modulate the function of the IP3R
[33]. In addition, the function of the IP3R can also be modulated by
phosphorylation/dephosphorylation through various kinases and
phosphatases [34]. Structural studies revealed the IP3-binding core,
and a suppressor domain at the N-terminus of the IP3R [35]. They
play a critical role in coupling between ligand binding and channel
gating [36]. Even if the IP3R is ubiquitously expressed, and the three
different mammalian isoforms share 60—80% homology, the di-
versity in function and cellular distribution is quite significant. Type
1 receptor is mainly expressed in cerebellar Purkinje cells, type 2
mainly in cardiac myocytes, and type 3 in insulin-secreting p-cells.
Numerous detailed studies revealed a remarkable complexity of the
structural and functional properties of IP3R, its diversity in regu-
lation, gating behavior, tissue distribution and development
[37,38]. A number of cardiac and neural diseases have been linked
to the malfunction of the IP3R [39].

Homologous to the IP3R is the Ca®"-release channel of the SR,
the ryanodine receptor (RyR), which received its name due to the
high affinity binding of the plant alkaloid ryanodine [40]. In muscle
cells, the RyR is primarily located on the SR, in non-muscle cells it is
expressed in the ER. Early electron microscopy studies discovered a
unique junction between SR, transverse or T-tubules and the
plasma membrane of skeletal muscles, which was later identified to
be mediated by the interaction between the RyR of the SR and the
dihydropyridine receptor, the L-type voltage-gated Ca®>* channel of
T tubules [41]. This represents an early example of membrane
contact sites, an area of research which gained increased interest
recently, and will be documented later.

The RyR is a homotetramer with a molecular mass of 2.2 MDa
and one of the largest membrane proteins known to date, con-
sisting of over 5000 amino acids, [42,43]. Ca®* is released from the
RyR by the action of cADPR, which is generated from NAD by the
cyclase CD38, a protein originally discovered in sea urchin eggs
[44]. It is interesting to note that cADPR can greatly increase the
sensitivity of RyR for the Ca®*-induced Ca®* release (CICR) mech-
anism, which is the basis for cardiac excitation—contraction (E—C)
coupling [45]. In order to preserve the function of muscle
contraction, Ca®* levels are lowered by either the SR Ca’* pump
responsible for the reuptake of Ca>* into the SR/ER, or by the NCX of
the plasma membrane, to extrude Ca?* from the cytoplasm (Fig. 1).
Similar to the homologous IP3R, there are also three different genes
known for the RyR in mammals: RyR1 was first identified in skel-
etal muscles [43], RyR2 in the heart [46,47], and RyR3 in brain [48],
but to date it is known these proteins are expressed in many
different cell types. Similar to the IP3R, RyRs also act as signal in-
tegrators, being modulated by a wide variety of different proteins
[49]. In recent years, structural details of a number of domains of
the RyR have been solved, leading to a better understanding of the
structure—function relationship of the protein [49]. This is strongly
supported by the high resolution structure of RyR1 determined by
three different research groups who provided details on the
channel pore architecture and identified paired EF-hands likely
involved in a mechanism for channel gating by Ca®* [50—52]. A
number of genetic disorders have been linked to RyR mutations,
such as malignant hyperthermia (MH) [53,54], central core disease
(CCD) [55,56], or catecholaminergic polymorphic ventricular
tachycardia (CPVT) [57], which can affect Ca** homeostasis due to
store-overload Ca®* release, or increased sensitivity to channel
opening facilitation. Furthermore, recent evidence suggests that
deregulation of RyR can lead to neurodegenerative diseases such as
Alzheimer [58].

CD38 is also responsible for metabolizing NADP to gain NAADP,
another messenger to mobilize Ca®*. As suggested by the group of
Galione [59], the receptor of NAADP is a two pore channel (TPC)
located in lysosomes gating the release of Ca*. This concept has
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Fig. 1. Schematic cellular representation of the calcium-binding and transporting systems and proteins contributing to Ca>* homeostasis and ER stress. Plasma membrane, reticular
membrane network including ER, mitochondria and nuclear envelop contain many different Ca®* transport molecules involved in control of Ca>* movement in and out of the cells

and in and out of intracellular organelles. The store-operated Ca®

* entry (SOCE) is activated in response to depleted ER Ca?

* stores where STIM plays a role of ER luminal Ca?* sensor

and Orail functions as a plasma membrane Ca?* channel that allows for Ca?* entry from the extracellular milieu into the cytoplasm. Different cellular compartments including ER,
cytoplasm, mitochondria and the nucleus contain a pool of free Ca>* and Ca?* bound to Ca®* buffering proteins. Ca>* binding protein also affect function of SOCE (ERp57) and UPR
(BiP, PDIA6). ATF6, activating transcription factor 6; BiP, Binding immunoglobulin protein; cADPR, cyclic ADP ribose; CNX, calnexin; CRT, calreticulin; CSQ, calsequestrin; IPs,
inositol-1,4,5-trisphosphate; IPsR, Inositol-1,4,5-trisphosphate receptor; IRE, inositol-requiring enzyme; MCU, mitochondria calcium uniporter; NCX, sodium/calcium exchanger;
NMDA, N-methyl-p-aspartate receptor; PERK, protein kinase-like ER kinase; PDIAG, protein disulfide isomerase A6; PLC, phospholipase C; PMCA, plasma membrane calcium ATPase;
R, receptor; RYR, ryanodine receptor; SERCA, sarco/endoplasmic reticulum calcium ATPase; SOCE, store operated calcium entry; STIM, stromal interacting molecule; SARAF, SOCE-
associated regulatory factor; TRPC, transient receptor potential channel; UPR, unfolded protein response; VOC, voltage operating calcium channel.

been challenged by Clapham and his co-workers [60], who
demonstrated that the lysosomal TPCs are not NAADP sensitive
Ca?t channels, but ATP-sensitive Nat channels complexed to the
mammalian target of rapamycin (mTOR) [60].

4. Ca** pumps

The calcium pump of the ER/SR is responsible for the reuptake of
Ca* into the lumen of the reticular network (Fig. 1). The SERCA
pump belongs to the class of P-type ATPases [61,62], since it uses
the energy of ATP to drive Ca®* across the membrane against the
ion gradient, by forming a high-energy intermediate acyl-
phosphate with a stoichiometry of 2:1 Ca®*/ATP. Based on the
classical E1/E2 theory, high affinity binding of Ca?* occurs in the E1
state, and faces the cytoplasm, whereas the low affinity site rep-
resenting the E2 state, faces the luminal site of the SR/ER [63]. The
seminal work of Toyoshima, Nissen and their co-workers, on the
structure of the SERCA pump from skeletal muscles, provided us
with detailed structural details of most of the different states dur-
ing the reaction cycle and their functional consequences [5,64].
SERCA, coded by three different genes, is a transmembrane protein
of approximately 100-kDa, with additional isoforms due to alter-
native splicing. The enzyme consists of 10 transmembrane helices,
and like other P-type ATPases, can be divided into three functional
domains facing the cytosol: the activator, the nucleotide binding
and the phosphorylation domains [5]. To regulate the gating
mechanism during the reaction cycle, structural details of the
protein revealed large domain movements. Various mutations
affect either the E2 to E1 transition, strongly reduce the Ca** af-
finity of the protein, which may lead to a genetic skin disorder such
as Darier disease [64]. Phospholamban (PLN) is an important
reversible regulator of cardiac SERCA activity, which is phosphor-
ylated in a B-adrenergic response by either protein-kinase A or

calmodulin-dependent kinase II, thereby activating the SERCA Ca®*
pump, whereas the dephosphorylated form of PLN inhibits the
SERCA pump [65,66]. A similar regulation of the SERCA pump of
skeletal muscles is carried out by sarcolipin (SLN), a membrane
protein homologous to PLN [67,68]. Recent structural studies
revealed that PLN and SLN bind to the Ca**-ATPase in their E1.Mg?*
state [69—71]. The cleft provided by transmembrane helices M2,
M6 and M9 of SERCA is proposed to build the binding site for sar-
colipin/phospholamban [70,71]. PLN is composed of two a-helices
linked by a flexible loop [72], which was confirmed by studying the
structure of PLN bound to SERCA, reconstituted in lipid bilayers
using solid-state NMR methods [73].

The plasma membrane Ca>* ATPase (PMCA) is responsible for
fine tuning of the Ca®* level in the cell. Ca** is pumped across the
plasma membrane out of the cell at the expense of ATP, against a
Ca* gradient with a 1:1 stoichiometry. PMCA activity is regulated
in many ways [4,74]. Likely the most important regulator of PMCA
is calmodulin, which directly interacts with PMCA [75]. Like the
SERCA pump, PMCA also belongs to the class of P-type ATPases
[61,62], forming an intermediate acyl-phosphate of high energy, at
the expense of ATP consumption. Conformational changes occur
during the reaction cycle, distinguishing at least two different
conformational states, E1 and E2 [76], which were studied in much
more detail for the homologous SERCA pump as mentioned pre-
viously [5,64]. Similar conformational changes may also exist for
PMCA, as suggested by homology modeling, based on the struc-
tures of the SERCA pump, even if a high resolution structure of
PMCA has not been solved yet [77]. Calmodulin is the major acti-
vator of PMCA, but in the absence of calmodulin, the calmodulin-
binding domain interacts with two receptor sites within the cata-
lytic domain of the pump, which keeps the enzyme in an inhibited
state [78,79]. Detailed structural and biochemical studies of the
interaction between calmodulin, PMCA and the binding domain of
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the enzyme have been made, suggesting that the unique interac-
tion between the C-terminal region of calmodulin and the pump
not only would be necessary and sufficient to release the auto-
inhibitory state of the enzyme, but also sufficient to activate PMCA
even at resting cell Ca** concentrations, important for the fine
tuning of Ca** homeostasis [80—83]. cDNA encoding PMCA has
been isolated from human [84] and rat [85] tissues, and its amino
acid sequence determined. The protein consists of 10 trans-
membrane domains, the N-and C-terminus are both located in the
cytosol and the major protein mass protrudes into the intracellular
space. The enzyme is an essential component of all mammalian
plasma membranes, and in mammals four different genes encode
the plasma membrane Ca®* pump [4]. Additional isoforms of the
protein are produced by alternative splicing of the primary tran-
scripts as first demonstrated by Strehler et al. [86], providing a great
functional versatility, diverse tissue distribution, and differential
membrane localization [74] important for the different re-
quirements to regulate Ca>" homeostasis. The importance of PMCA
for regulating Ca®* homeostasis is underlined by an increasing
number of diseases linked to a malfunction of PMCA [87].

5. Store-operated calcium entry (SOCE)

The ER plays an essential role in the regulation of Ca** ho-
meostasis. It remained long unanswered as to how the reticular
membrane network senses the level of the luminal Ca?* after Ca®*
was released from the system. Putney [88] proposed the store-
operated Ca** entry (SOCE) model for receptor-regulated Ca®*
entry, where Ca®* enters from the extracellular space after the
reticular pool is depleted. The original capacitative model antici-
pated membrane contact sites, with the apposition of regions of
the plasma membrane and the reticulum as a prerequisite for the
regulation of SOCE, a view which was later supported by signifi-
cant evidence [89]. These proposed SOCE channels were later
electrophysiologically characterized as Ca®* release-activated Ca®*
channels (CRAC) [90], but the molecular details remained un-
known for a long time. Now, the molecular participants of the
SOCE process have been identified as STIM (stromal interacting
molecule) [91,92] and ORAI, an essential component of the CRAC
channel [27,28,93] (Fig. 1). STIM is the ER-resident protein con-
taining a single transmembrane domain and two EF-hands at the
luminal N-terminus important for sensing the Ca®* level [91,92].
ORAI (named according to greek mythology as a keeper of the
gates to heaven [27], of which three isoforms have been identified
in mammals, is a plasma membrane protein with four trans-
membrane domains, which provide the pore of the channel
[27,28,93] which is supported by the recently solved structure of
ORAI from Drosophila melanogaster [94]. This structure provided
evidence that the Ca®* channel is comprised of a hexameric as-
sembly of ORAI subunits arranged around a central ion pore [94].
Detailed structural studies of STIM revealed both a canonical and
non-canonical EF-hand, which together and in cooperation with
the highly conserved so-called sterile o motif (SAM), sense changes
of the luminal Ca%* level of the ER [95]. In vertebrates, there are
two STIM isoforms, STIM1 and STIMZ2, and both are ubiquitously
expressed, but STIM2 is enriched in the nervous system, whereas
STIM1 may play a more dominant role in regulating CRAC chan-
nels. Both isoforms of STIM contain 2 EF-hands, the SAM domain
and several coiled-coil domains (CC1—3) at the cytosolic C-termi-
nus of STIM, which are important for the interaction with ORAI At
resting ER Ca®>* levels, no interaction between STIM and ORAI can
be observed, but upon depletion of the ER Ca**, STIM molecules
oligomerize with the consequence that the conformation of the
CC1 domain changes to enable the CRAC channel activating
domain of STIM to recruit and gate the ORAI1-CRAC channel at the

junction of the ER with the plasma membrane [96]. Recently, Palty
et al. identified an ER integral membrane protein as a negative
regulator of SOCE [97]. This protein, named SARAF (SOCE-associ-
ated regulatory factor), associates with STIM to facilitate slow
Ca’*-dependent inactivation to protect cells from Ca®* overfilling
[97]. Prins et al. [98] provided evidence for an interesting link
between controlling Ca>* homeostasis, protein quality control in
the ER and induction of the unfolded protein response (UPR) due
to ER stress. These authors showed that ERp57, an ER resident
oxiodoreductase, which together with calreticulin and calnexin is
involved in the quality control of protein folding [99] binds to the
luminal domain of STIM1 (Fig. 1). ERp57 inhibits STIM1 induced
SOCE via binding to two conserved cysteins closed to the N-ter-
minus of STIM [98]. These finding indicate that ER-resident oxi-
doreductases are critical regulators of ER Ca** homeostasis [98]. In
addition, recent results accumulated that Ca®>* fluxes across the ER
membrane are modulated by a number of microRNAs which also
regulate different branches of the unfolded protein response (for a
review see Ref. [100]).

6. Membrane contact sites and Ca®* signaling

As indicated earlier, recent accumulating evidence suggested
that coordination of cellular activities often occurs by using a
network of membrane contact sites (MCS) between different or-
ganelles [89]. Such contacts, established by tethering structures,
create microdomains that enable the exchange of signals or me-
tabolites between different membrane compartments. The ER is an
important component of an extensive cellular reticular network,
and it builds those contact sites with mitochondria, plasma
membrane and other cellular organelles, which are considered
especially important for the regulation of inter-organellar ex-
change of Ca** with wide-ranging consequences for Ca®™ dy-
namics. MCS between the ER and mitochondria play a major role
in Ca®* signaling due to the possible uptake of ER-released Ca** by
mitochondria through the mitochondrial Ca®* uniporter MCU [6],
possibly mediated by mitofusin 2, a GTPase [101] and other
proteins. A number of these conserved proteins have been iden-
tified by Kornmann, originally in yeast, as a protein complex
named ER-mitochondria encounter structure (ERMES; [89]). The
importance of MCS for the regulation of Ca%>* has been supported
by the detection of high local Ca** concentrations at the MCS
[102]. On the other hand, recent studies indicate that impairment
of the ER-mitochondria contact sites might be involved in the
pathology of several human neurodegenerative diseases [103]. In
addition, many proteins involved in shaping the ER network are
mutated in a number of common neural diseases, indicating their
importance for ER network dynamics also involved in regulating
Ca’* signaling [104].

7. Ca’T homeostasis and the unfolded protein response
(UPR), an ER stress coping response

As pointed out before, the ER, as a component of the cellular
reticular network, is a multifunctional organelle that plays a critical
role in many cellular processes, including Ca** homeostasis (both
in the ER lumen and other cellular compartments), lipid and pro-
tein biosynthesis, protein folding, and post-translational modifi-
cation and regulation of gene expression [105]. Although in the ER
lumen the majority of Ca®* is bound to Ca®>* buffers the ER main-
tains a tightly controlled free Ca®* concentration, which likely plays
a critical role in ER Ca®* signaling [106]. The multi-functional na-
ture of the ER enables it to sense and integrate many of incoming
signals, in particular the changes in free and bound Ca®* concen-
trations in and outside of the ER compartment. More importantly,
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the ER membrane can modulate its own luminal Ca®>* dynamics
and generate appropriate signals to maintain balanced homeosta-
sis. The majority of ER-associated proteins participate in main-
taining ER Ca®>" homeostasis. For example, molecular chaperones
such as calreticulin, GRP94 or BiP and folding enzymes (protein
disulphide isomerase [PDI] family of enzymes) contribute to Ca®*
buffering in the ER lumen [107]. BiP is an especially important
Ca*-binding protein as it is involved in sensing mis-folded protein
accumulation in the ER and in conjunction with three other ER
transmembrane proteins, ATF6, IRE1 and PERK, is responsible for
the UPR [108]. BiP also plays an important role as a Ca** buffer in
the lumen of ER. Association between BiP and nascent polypeptides
is stabilized by high Ca®* concentrations [109]. BiP may also be
involved in Ca®* transport from the ER to the mitochondria through
transient associations with the ER membrane sigma-1 receptor
(Sig-1R) [110]. In addition, BIP interacts with the translocon com-
plex, contributes to the prevention of ER Ca>* leakage, and helps to
maintain ER homeostasis. PDI family proteins, ER associated oxi-
doreductases, catalyze disulfide bond formation, isomerization,
and reduction of nascent proteins. PDIs directly bind Ca®* to sup-
port their interaction with polypeptides and other chaperones.
Clearly, protein folding and chaperone function both require Ca®",
therefore, maintenance of balanced ER Ca®* homeostasis is critical
to virtually all ER-supported functions. Interestingly, ER and other
components of the cellular reticular network contain a number of
EF-hand proteins including STIMs that may play a role in luminal
Ca* sensors for the reticular network [15—20].

Not surprisingly, disruption of Ca®* homeostasis in the ER
leads to activation of ER stress coping responses, one of which is
the UPR [11,12]. Subtle disturbances of ER Ca®* homeostasis have
been linked to many human diseases such as cardiac disease or
many neuropathies. It is critical, therefore, that cells mobilize
corrective strategies and generate output signals in response to
changes in cellular Ca>* homeostasis. Activation of the UPR in-
cludes: (1) transcriptional activation of genes encoding chaper-
ones, folding enzymes and other proteins involved in ER-
associated degradation (ERAD); (2) translational attenuation to
eliminate synthesis of new proteins into the ER; and (3) activa-
tion of apoptotic pathways if ER homeostasis cannot be restored
[111,112]. The UPR is driven by three ER-associated integral
membrane proteins: the ER kinase dsRNA-activated protein
kinase-like ER kinase (PERK), activating transcription factor 6
(ATF6), and inositol-requiring enzyme 1 (IRE1), in combination
with the ER molecular chaperone BiP (immunoglobulin binding
protein) [11]. In the UPR, PERK phosphorylates the eukaryotic
translation initiation factor 2o (elF2a), which attenuates trans-
lation of mRNA. The ATF6 is escorted to the Golgi where it is
processed by site 1 and site 2 protease, releasing the DNA binding
domain that functions as a transcription factor [113]. IRE1 has
endoribonuclease activity that splices the mRNA encoding the
transcription factor Xbp1 [114]. The spliced Xbp1 transcript is
translated to produce a transcription factor that induces the
expression of genes encoding molecular chaperones, folding
enzymes and components of ERAD. Under prolonged and severe
activation of the UPR, cells are eliminated by apoptosis [115].
Furthermore, UPR activated-autophagy may be induced, a
controlled self-degradation process that can promote cell sur-
vival by eliminating damaged cellular components [116—119].
There is tight regulation of the three arms of the UPR with
respect to temporal progression and amplitude of activation,
which likely dictates the nature and elaboration of the cellular
response.

Loss of nutrients/energy leads to the loss of ER homeostasis
where Ca®* signaling may play a role in recognizing disruption in
reticular homeostasis, an important role impacting Ca®* signaling.

Experimentally, thapsigargin, an inhibitor of SERCA, and tunica-
mycin, an inhibitor of protein glycosylation, have been used as
model drugs for disrupting the ER homeostasis-induced UPR [120].
Both drugs affect ER Ca®* homeostasis, and therefore, contribute to
activation of ER stress coping responses including the UPR [120].
Importantly, modulation of ER Ca’>" homeostasis affects mito-
chondria function and consequently energy metabolism including
lipid turnover which is critically dependent on lipase maturation
factor 1 (Lmf1), an ER chaperone [11,111,120,121]. Furthermore,
depletion of the ER Ca®* store activates SOCE involving the STIM1/
Orail pathway that affects availability of cytoplasmic Ca** for
intercellular signaling [122]. Depletion of the Ca?* store leads to a
rapid accumulation of mis-folded proteins, promoting dissociation
of BiP from IRE1, PERK and ATF6 UPR components, thereby acti-
vating the UPR pathway. Activation of SOCE has also been associ-
ated with expression of specific microRNAs [100] and SOCE may
indirectly influence ER luminal Ca®>"-dependent regulation of the
UPR (IRE1 activity) [123].

Although the role of BiP as an essential component of the UPR
activation is well established, other ER luminal Ca?* buffers have
recently been identified as regulators of the UPR [123,124]. Calre-
ticulin, an ER resident Ca®' buffer, associates with ATF6 in a
carbohydrate-dependent way, and together with BiP, maintains
ATF6 in an inactive state [124]. Upon ER stress, both BiP and cal-
reticulin dissociate from ER membrane localized ATF6, promoting
ATF6 trafficking to the Golgi where it is proteolytically processed
[124]. Recently, PDIAG6, an ER resident oxidoreductase, was identi-
fied as a regulator of IRE1 activity in response to depletion of the ER
Ca?* store [123]. PDIAG6 interacts with the luminal domain of IRE1a.
in a cysteine-dependent manner to enhance IRE1 a activity. Inter-
estingly, PDIA6 does not substantially affect the activity of the PERK
pathway that mediates responses to ER stress, suggesting that each
arm of the UPR may be responsive to different components of the
ER lumen, depending on the nature of stress conditions. Impor-
tantly, ER store Ca®* depletion and activation of SOCE reduces the
abundance of the microRNA miR-322, which regulates PDIA6
mRNA stability and consequently IRE1 a activity [123]. This is the
first documented case for ER luminal Ca®*, which together with
PDIA6, IRE1a and miR-322 function in a dynamic feedback loop
modulating the UPR under conditions of disrupted ER Ca** ho-
meostasis [123]. Other microRNAs have been shown to regulate
components that maintain ER homeostasis, including channels to
control Ca2* fluxes across the ER membrane and, therefore, impact
on ER Ca®* homeostasis [100]. Expression of these microRNAs may
be highly sensitive to changes in ER Ca®>* homeostasis [100]. The
role of these microRNAs on the activation of ER stress coping re-
sponses and in disease pathogenesis remains to be established.
Nevertheless, it is clear that the ER luminal environment (Ca®*
homeostasis, ER resident proteins) together with specific micro-
RNAs interact to control the UPR coping response and reticular
homeostasis.

In summary, cellular membranes contain many Ca?*-transport
and -binding molecules involved in control of Ca’>* movement in
and out of the cells and in and out of cellular organelles. An
important element of cellular Ca®* signaling is the maintenance of
free versus bound Ca®* balance in all cellular compartments.
Integration of Ca>* signaling in the lumen of the cellular reticular
network including the ER, in mitochondria, the nucleus and in the
cytoplasm provide integrated mechanisms for responding to
cellular stresses by activation of appropriate coping responses. The
importance of maintaining Ca?* homeostasis and appropriate
adaptation to ER stress is underlined by the accumulating evidence
that constant disturbing Ca?* homeostasis and chronic ER stress
could lead to neurodegenerative disorders [125], diabetes [126],
cardiac hypertrophy [127] or cancer [128].
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