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Abstract
Chaperones are proteins that assist the correct folding of other protein clients either when the
clients are being synthesized or at their functional localities. Chaperones are responsible for
certain diseases. The sigma-1 receptor is recently identified as a receptor chaperone whose activity
can be activated/deactivated by specific ligands. Under physiological conditions, the sigma-1
receptor chaperones the functional IP3 receptor at the endoplasmic reticulum and mitochondrion
interface to ensure proper Ca2+ signaling from endoplasmic reticulum into mitochondrion.
However, under pathological conditions whereby cells encounter enormous stress that results in
the endoplasmic reticulum losing its global Ca2+ homeostasis, the sigma-1 receptor translocates
and counteracts the arising apoptosis. Thus, the sigma-1 receptor is a receptor chaperone essential
for the metabotropic receptor signaling and for the survival against cellular stress. The sigma-1
receptor has been implicated in many diseases including addiction, pain, depression, stroke, and
cancer. Whether the chaperone activity of the sigma-1 receptor attributes to those diseases awaits
further investigation.
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INTRODUCTION
The endoplasmic reticulum (ER) is the organelle where most of the proteins in the cell are
synthesized. Nascent proteins enter the ER via translocons as linear peptide chains that need
to be folded into correct three-dimensional configurations in the ER so that they can exit the
ER for further modification and/or transport to reach their final destinations. The correct
folding of nascent proteins is performed by chaperone proteins inside the ER. Very often,
chaperones inside the ER work in concert with other chaperones to achieve the goal. This
task is done either in the form of heteromeric chaperone complexes (co-chaperones) or
multiple chaperones coordinated in series [1, 2]. Interestingly, the percentage of newly
synthesized proteins that are correctly folded and thus are able to exit the ER is pretty low
and is usually less than 10%. The low efficiency, puzzling as it is, makes one wonder if the
low efficiency itself may serve for any specific unknown purposes in the living system.

Inasmuch as chaperones are important in maintaining the correct conformation of other
protein clients and thus conferring their clients' biological activities, chaperones are present
not only in the ER but also in the cytosol, mitochondria, and even the extracellular space [3].
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Further, for the similar reason, chaperones are present in almost every species of the living
system. Because the action of chaperones is fundamental to the cell, chaperones are
implicated in many diseases including Huntington disease [4], Parkinsonism [5], stress
disorders [6], bacterial infection [7], cystic fibrosis [8], and cancer [9]. The scope of the
present review is however to focus on the chaperones inside the ER, in particular a
chaperone called the sigma-1 receptor chaperone, and not in any attempt to provide an
exhausted overview on chaperones in general. The readers can gain more in-depth
information on chaperones from several other recent reviews on this subject [10–12]. This
mini-review is also written to review sigma-1 receptors regarding their fundamental action
as a molecular chaperone and thus is not meant to be an exhaustive review on sigma-1
receptors as a whole.

INSULTS TO THE ENDOPLASMIC RETICULUM
The ER, important as it is, is also the primary target of many biological insults. The insults
include glucose deprivation, hyperhomocyateinemia, DNA damage, mutated secretory
proteins, polyglutamine neuropathies, viral infection, inhibition of N-linked glycosylation,
heat shock, free radicals, disruption of Ca2+ homeostasis, or drug intoxication [13]. The end-
result of those insults is almost always the increase of misfolded proteins inside the ER
which would ultimately end up in a pathological state if not properly rescued. Nevertheless,
the nature has endowed the ER with at least three lines of defense against those insults.

LINES OF DEFENSE FROM THE ENDOPLASMIC RETICULUM
The first line of the ER defense is the chaperones inside the ER that attempt to chaperone
and correct misfolded proteins. The second line of defense is the ER-nucleus signaling that
involves three proteins PERK, IRE-1, and ATF6 at the ER membrane [13–16]. The three
proteins in their inactive state bind to the same protein BiP (or GRP78). The misfolded
proteins inside the ER, however, when accumulated in sufficient concentrations can displace
BiP from each of the three proteins [13–16]. The displacement in turn causes the activation
(i.e., dimerization/cleavage and phosphorylation) of the three proteins, each ensuing a
downstream signaling from the ER to the nucleus that eventually calls for increases of gene
transcriptions of survival proteins like redox enzymes, chaperones, endoplasmic reticulum-
associated degradation enzymes, amino acid metabolism, and lipid synthesis [13–16]. The
ER-nucleus signaling can also call for an increase of apoptotic protein CHOP [17]. In
addition, the activation of PERK reduces the global protein biosynthesis by inactivating
ribosomes in the cytosol [13, 14]. The above responses seen at the ER and nucleus as
triggered by misfolded proteins are collectively called the unfolded protein response (UPR)
[13–16]. The fine line defining survival or apoptosis of the cell as the end result of the UPR
is however unknown at present.

The third line of the ER defense against insults is the ER-mitochondrion signaling [18–21].
As mitochondrion serves as the powerhouse of cells, one would imagine that the ER would
communicate the status quo of its well-being to the mitochondrion. In fact that is exactly
what happens in the living system, although the exact mode and mechanism of the
communication need to be fully understood. This review focuses mainly on this third line of
the ER defense that will thus be further expounded in the remaining portion of this review.

THE ENDOPLASMIC RETICULUM SIGNALING TO MITOCHONDRIA
The ER and mitochondrion have been recognized as two separate organelles of the cell, each
performing its well-known functions. However in the past 20 years or so mainly through two
seemingly unrelated areas of research, i.e., the phospholipid transport [22–24] and the Ca2+

signaling [18–21], the relationship between the ER and mitochondrion has taken a surprising
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turn. The ER and mitochondrion are in fact physically and functionally connected at some
specialized areas contributed from each organelle [18–21]. The specialized area contributed
from the ER is called the mitochondrion-associated ER membrane (MAM in short) [18–24].
It needs to be emphasized that the MAM belongs to the ER and is in no way implied to serve
as a contiguous or fused membrane connecting the ER to mitochondrion. Less is known
about the nature of the region in the mitochondrion that directly apposes the MAM of the
ER. The distance between the MAM and mitochondrion outer membrane could be as short
as 10–25 nm [20].

THE CA2+ SIGNALING BETWEEN THE ENDOPLASMIC RETICULUM AND
MITOCHONDRIA

The MAM thus serves as a convenient region whereby the ER might communicate with the
mitochondrion in a direct manner via exchanges of molecules. The most important aspect of
the communication in this regard concerns the Ca2+. As readers are all aware of, Ca2+ plays
important roles in the ER and also in the mitochondrion. In the ER, Ca2+ for example is
important for the protein biosynthesis and for maintaining the chaperone activities inside the
ER. In the mitochondrion, Ca2+ is, to say the least, important for the enzymatic activities for
the tricarboxylic acid (TCA) cycle as well as for the electron transport chains for the
respiratory production of ATP. Through pioneering works of several key scientists, it is now
known that the ER directly transmits Ca2+ into mitochondrion via the MAM [18–21].
Mitochondria do have the capacity of directly transporting Ca2+ from the cytosol but the
capacity is low. A more efficient way for mitochondria to receive Ca2+ is to receive it
directly from the ER via the ER-mitochondrion contact MAM. The ER itself is a huge
reservoir for Ca2+ that is able to uptake Ca2+ very efficiently. Therefore, together with the
convenience of having the MAM directly apposing mitochondria, the ER serves to transmit
Ca2+ supply directly into mitochondria. It is well-known that 1,4,5-trisphosphate inositol
(IP3) receptors at the MAM on the side of the ER serve to release Ca2+ from the ER into
mitochondrion [25]. By doing so, IP3 receptors open up, upon the stimulation by IP3, and
generate thus high concentrations of Ca2+ as Ca2+ “puffs” at the MAM which can then be
uptaken into mitochondrion [18, 19, 21].

PROBLEMS WITH THE IP3 RECEPTORS
However, three fundamental questions concerning IP3 receptors in this regard have never
been well understood in the past: (1) IP3 receptors degrade rapidly after the binding of their
ligand IP3 [26, 27]: How does nature deal with this problem in order to sustain the stability
and the continuation of the function of the receptor? (2) The stability of IP3 receptors seems
to be related to the Ca2+ level in the lumen of ER [27]: How exactly might the ER lumenal
Ca2+ regulate the IP3 receptor's stability? (3) What happens to the IP3 receptor, or what
happens to the Ca2+ signaling between the ER and the mitochondrion, when the ER is facing
a pathological crisis such as a sustained global drop of ER lumenal Ca2+?

SIGMA-1 RECEPTORS COME TO RESCUE
The sigma-1 receptor at the ER provides answers to the above three questions.

We will skip the long history behind the sigma-1 receptor and focus instead primarily on
what is known of its basic action on the regulation of IP3 receptors and the discovery of it,
and speculate thereof how the chaperone activity of sigma-1 receptors at the ER may
facilitate the cellular defense against diseases.
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HOW SIGMA-1 RECEPTORS RELATE TO IP3 RECEPTORS?
The realization that sigma-1 receptors might have something to do with IP3 receptors started
when Novakova et al [28] found that in cardiac myocytes sigma receptor ligands caused an
increase of IP3 and the increase could be antagonized by the sigma receptor antagonist.
Further, Vilner and Bowen [29] demonstrated a transient intracellular calcium rise in SK-N-
SH neuroblastoma cells when cells were challenged with sigma receptor agonist and that the
transient rise was blocked by the sigma-1 receptor antagonist N-[2-(3,4-
dichlorophenyl)ethyl]-N-methyl-2-2(dimethylamino)ethylamine (BD1047).

In our own research, the realization that the sigma-1 receptor might have any bearing at all
with the IP3 receptor came from an experiment in which MK-801-induced special memory
impairment in mice was blocked by a selective sigma-1 receptor ligand 2-(4-
morpholinethyl)1-phenylcyclohexanecarboxylate hydrochloride (PRE-084) [30]. MK-801 is
a channel blocker and thus an antagonist for the NMDA receptor. It had been known that the
sigma-1 receptor is an ER protein. The question arose then: how can an ER protein affect the
behavior caused by the blockade of a plasma membrane receptor? As MK-801 causes a
reduction of intracellular Ca2+ by blocking the NMDA receptor, an intuitive guess would be
that the sigma-1 receptor at the ER might counteract this effect of MK-801 by increasing the
Ca2+ efflux from the ER to compensate for the drop of Ca2+ caused by MK-801. As the IP3
receptor is one of the major Ca2+ release channels at the ER, the sigma-1 receptor might in a
way increase the ER Ca2+ efflux by regulating IP3 receptors. One possibility would be that
the sigma-1 receptor is in proximity to the IP3 receptor thereby regulating the latter via a
direct protein-protein interaction in a mechanism that needs to be fully understood. To
provide a preliminary proof of concept that the two receptors are close-by to each other,
heparin, a stretched molecule known to inhibit the IP3 receptor, was used. The idea was that
heparin, by binding IP3 receptors, may also extend itself to the nearby sigma-1 receptor with
the possibility, if any, that it might also block the access of the sigma-1 receptor to its
ligand. Indeed, heparin blocked the binding of [H3] (+) SKF-10047 to sigma-1 receptors in
brain homogenates [31]. Whether the sigma-1 receptor has a relation with another Ca2+

releasing channel at the ER, the ryanodine receptor is unknown at present.

SIGMA-1 RECEPTORS COLOCALIZE WITH IP3 RECEPTORS
With the successful cloning of the sigma-1 receptor [32] and the availability of antibodies
against the receptor, immunocytochemistry further confirmed that the sigma-1 receptor
indeed colocalizes with the IP3 receptor [21]. More specifically, the sigma-1 receptor
resides primarily at the ER-mitochondrion contact MAM where the two receptors colocalize
[21]. The two receptors also coimmunoprecipitate [21]. These results suggest a direct
interaction of the two receptors. The exact mechanism of action of the sigma-1 receptor on
the IP3 receptor was unraveled when it was found that the sigma-1 receptor at the MAM
also colocalizes and coimmunoprecipitates with another ER chaperone called GRP78 or BiP
[21]. Because chaperones coordinate with each other to perform the chaperone activity, the
sigma-1 receptor forming a complex with BiP suggested that the sigma-1 receptor itself is a
chaperone. Indeed, the sigma-1 receptor itself is a chaperone as clearly demonstrated in that
report [21].

SIGMA-1 RECEPTORS CHAPERONE IP3 RECEPTORS
How does the chaperone activity of the sigma-1 receptor provide answers to the three
questions mentioned above then? Firstly, concerning the stability of the IP3 receptor during
the metabolic receptor signaling, it was found that the IP3 receptor is the client of the
sigma-1 receptor chaperone [21]. The sigma-1 receptor chaperone, in a free form as to be
explained below, stabilizes the conformation of the IP3 receptor thereby preventing the latter
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from the proteasomal degradation. Secondly, concerning the relation between the ER Ca2+

level and the stability of the IP3 receptor, the sigma-1 receptor-BiP complex turns out to be
a Ca2+ sensor [21]. By sensing the drop of local ER lumenal Ca2+ after the opening of IP3
receptor, the sigma-1 receptor dissociates itself from BiP and translocates to the IP3 receptor
thereafter to chaperone the IP3 receptor to ensure proper Ca2+ signaling from the ER to
mitochondrion through the MAM [21]. Thirdly, concerning the prolonged pathological drop
of ER Ca2+, it was demonstrated that the sigma-1 receptor departs from the MAM and
translocates throughout the whole ER reticular network upon when the ER lumenal Ca2+ is
nearly depleted [21]. The translocation of the sigma-1 receptor correlates with an enhanced
survival of cells against apoptosis induced by the prolonged ER Ca2+ depletion [21].

SIGMA-1 RECEPTORS ARE LIGAND-REGULATED CHAPERONES
Thus, the fundamental action of the sigma-1 receptor is, at least for one, functioning as a
chaperone. The sigma-1 receptor chaperone not only maintains the proper Ca2+ signaling
due the downstream signaling of the metabotropic receptor activation but also serves as a
survival protein against apoptosis induced by the prolonged ER stress. More interestingly,
the traditionally recognized sigma-1 receptor agonists dissociate the sigma-1 receptor from
BiP and thus facilitate the association of the free form of sigma-1 receptors with IP3
receptors [21]. The sigma-1 receptor antagonists block this action of the agonists [21]. These
actions of the sigma-1 receptor agonists and antagonists take place in normal physiological
conditions in which the Ca2+ concentration is at its physiological level [21]. These results
suggest that the sigma-1 receptor agonist or antagonist may compete with Ca2+ for the same
binding domains on either the sigma-1 receptor or BiP. However, the possibility is not
excluded that the ligands may regulate the sigma-1 receptor-BiP association/dissociation via
an allosteric effect by binding to a different site from that for the Ca2+. The results suggest
that, under normal physiological conditions, the sigma-1 receptor agonist, either
endogenously existing or exogenously added, may increase the proportion of the sigma-1
receptor in its free form that would be available to bind and chaperone IP3 receptors when in
times of need. In other words, the sigma-1 receptor agonists may predispose more readily
available protective power against the degradation of IP3 receptors when needed. These
results also suggest that the sigma-1 receptor ligands may have therapeutic usages in
regulating the stability of IP3 receptors as well as the associated interorganelle Ca2+

signaling from the ER to mitochondrion under normal or otherwise pathological conditions.
More studies are needed to ascertain the potential therapeutic usages of the sigma-1 receptor
based on the mechanisms mentioned as such (Figure 1).

FUTURE CONSIDERATIONS
Although the basic molecular action of the sigma-1 receptor has thus been identified as the
chaperone, many questions remain that need to be addressed. The questions are as follows.

The sigma-1 receptor is implicated in many diseases including addiction [33–35], depression
[36–39], amnesia [40–42], analgesia [43–45], stroke [46–48], and cancer [49–51]. One
question naturally arises: is the chaperone activity of the sigma-1 receptor attributing to
those diseases? Or, may there be other as yet to-be-discovered activities of the sigma-1
receptor that may relate the receptor to those diseases? Similarly, there are other related
questions to be addressed. For example, inasmuch as the sigma-1 receptor is a chaperone, is
the IP3 receptor the only client for the sigma-1 receptor? Are there other client proteins for
the sigma-1 receptor chaperone? What are they? Are they thus involved in the diseases
implicated upon the activation of the sigma-1 receptor? Further, as the IP3 receptors have
been shown to be modulated by other proteins such as cytochrome c [52, 53], is there a
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relationship between the sigma-1 receptor chaperoning the IP3 receptor and the “feed
forward” action of cytochrome c at the IP3 receptor [52, 53]?

Equally important are the questions concerning the translocation of sigma-1 receptors. What
causes the sigma-1 receptor to translocate from the MAM? Is there a molecular messenger
that senses the prolonged ER stress and thus calls for the sigma-1 receptor to translocate
from the MAM to the whole ER network to fight against apoptosis? If yes, what is the
messenger? Further, what are the molecular and the biochemical bases for the sigma-1
receptor to be able to move and translocate throughout the ER? The sigma-1 receptor has
been reported to be present at the plasma membrane and regulate the ion channels therein
via direct protein-protein interactions [54, 55]. How would a supposedly ER protein be
present at the plasma membrane? What is the exact relation between the plasma membrane
sigma-1 receptor and the ER sigma-1 receptor?

What is the downstream effect of the sigma-1 receptor at the mitochondria beyond that fact
that the receptor chaperone is able to supply Ca2+ for the enzymes in the TCA cycle and the
electron transfer chains? Or, does the sigma-1 receptor act and thus involve with the
functioning of mitochondria more than what we have described and understood so far? Are
there other aspects of the action of sigma-1 receptors that we do not know yet that may serve
to regulate the function of mitochondria by the ER?

The sigma-1 receptor exists not only in the CNS but also in the peripheral organs [21]
including the liver, adrenal gland, pancreas, and spleen wherein the receptor has been
implicated in the hepatocyte survival [56], norepinephrine uptake [57], insulin secretion
[58], and immune response [59] respectively. One cannot help but asking: Does the sigma-1
receptor act the same as a ligand-operated receptor chaperone in all those organs just as
shown in the model system using CHO cells [21]? Would the chaperone action of the
sigma-1 receptor, if so observed, relate to the described effects seen in those organs?

One last note concerns the physiological significance of the discovery from CHO cells that
sigma-1 receptors are molecular chaperons. A particular question would be: what phenotype
sigma-1 receptor knockout mice might display? Recent publications shed light on this
question. Although the sigma-1 receptor-knockout mice do not show apparent phenotypes in
the standard screening procedures, the knockout mice showed decreased locomotor activities
when challenged with the sigma-1 receptor agonist (+)SKF-10047 [60]. Further, the
knockout mice showed an enhanced sensitivity to morphine-induced antinociception [61]
and showed also a depressive-like behavior in forced swimming test [62]. We do not know
at present how the chaperone activity might relate to those behavioral alterations in the
sigma-1 receptor-knockout mice. But the results of those behavioral studies teach us a
lesson: In knockout studies, in addition to standard primary phenotyping, secondary
phenotypings such as those by using pharmacological challenges should be employed to
come up with a complete phenotyping in knockout animals.

CONCLUSIONS
In summary, 26 years after its discovery, the sigma-1 receptor is now identified as a receptor
chaperone in a cellular system using CHO cells. It has to be noted that the sigma-1 receptor
derived from Martin's [63] original concept of the existence of an opioid/sigma receptor but
was later identified as a separate receptor entity that is not opioid in nature. In spite of the
hallmark discovery, many questions arise that demand answers. The foremost of those
questions concerns how an ER receptor chaperone relates to so many diseases. It is our hope
that through more investigations and research the full nature of action of the sigma-1
receptor can be unraveled and that in the end the full understanding of which may benefit
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the well-being of humans by providing new opportunities and insights for combating a wide
spectrum of human diseases.
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ABBREVIATIONS

BD1047 N-[2-(3,4-dichlorophenyl)ethyl]-N-methyl-2-2(dimethylamino)ethylamine

ER Endoplasmic reticulum

IP3 1,4,5-Trisphosphotidyl inositol

MAM Mitochondria-associated ER membrane

MK-801 Dizocilpine

NMDA N-methyl-D-aspartate

SKF-10047 N-allylnormetazocine

PERK Pancreatic ER kinase

PRE-084 2-(4-Morpholinethyl)1-phenylcyclohexanecarboxylate hydrochloride

TCA Tricarboxylic acid

UPR Unfolded protein response
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Fig. (1).
Modes of action of the sigma-1 receptor agonist and antagonist
(A) Agonist causes the sigma-1 receptor to dissociate from BiP and begin to bind the IP3
receptor. (B) Antagonist blocks the action of agonist, thus preventing the sigma-1 receptor to
dissociate from BiP.
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