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Abstract: Dysfunction of autophagy and disturbed protein homeostasis are linked to the
pathogenesis of human neurodegenerative diseases and the modulation of autophagy as the
protein clearance process has become one key pharmacological target. Due to the role of sigma-1
receptors (Sig-1R) in learning and memory, and the described pleiotropic neuroprotective effects
in various experimental paradigms, Sig-1R activation is recognized as one potential approach
for prevention and therapy of neurodegeneration and, interestingly, in amyotrophic lateral
sclerosis associated with mutated Sig-1R, autophagy is disturbed. Here we analyzed the effects
of tetrahydro-N,N-dimethyl-2,2-diphenyl-3-furanmethanamine hydrochloride (ANAVEX2-73), a
muscarinic receptor ligand and Sig-1R agonist, on autophagy and proteostasis. We describe, at the
molecular level, for the first time, that pharmacological Sig-1R activation a) enhances the autophagic
flux in human cells and in Caenorhabditis elegans and b) increases proteostasis capacity, ultimately
ameliorating paralysis caused by protein aggregation in C. elegans. ANAVEX2-73 is already in clinical
investigation for the treatment of Alzheimer’s disease, and the novel activities of this compound
on autophagy and proteostasis described here may have consequences for the use and further
development of the Sig-1R as a drug target in the future. Moreover, our study defines the Sig-1R as
an upstream modulator of canonical autophagy, which may have further implications for various
conditions with dysfunctional autophagy, besides neurodegeneration.
Keywords: sigma-1 receptor; autophagy; proteostasis; neurodegeneration; C. elegans

1. Introduction
The pathogenesis of neurodegenerative disorders, including Alzheimer’s and Parkinson’s disease
(AD, PD) as well as amyotrophic lateral sclerosis (ALS), has been linked to a disturbed protein
homeostasis [1–3]. Therefore, the control and maintenance of proteome integrity and proteostasis is
of utmost importance. Cellular proteostasis includes protein folding, protein assembly, refolding of
damaged proteins, as well as protein degradation, and is under the control of a fine-tuned network of
factors, including chaperones, such as heat shock protein 70 (HSP70), and distinct co-chaperones [4].
For intact function and long-term survival of the cell it is crucial to remove misfolded proteins via
specialized processes; the two major cellular degradation pathways are the ubiquitin proteasome
system (UPS) and autophagy [5–7]. The UPS is of particular importance for the physiological
protein turnover, but is limited in the degradation substrates, and the autophagic-lysosomal pathway
is responsible for the clearance of aggregated and disease-associated proteins, especially under
pathogenic and aging conditions.
Autophagy is a highly dynamic vesicle-mediated cellular degradation pathway involving
double-membraned vesicles, called autophagosomes, which sequester large protein complexes (protein
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aggregates), and even whole organelles, and deliver them to lysosomes for degradation [8]. Under
low nutrition and energy conditions, autophagy guarantees energy supply by generating amino
acid building blocks via recycling. In addition, autophagy plays an important role as a stress and
adaptive response and rescue mechanism to maintain cell survival and function [8]. Canonical
autophagy responds to environmental cues via a variety of factors that mainly belong to homologs of
autophagy-related (ATG) genes, originally identified in yeast [9]. The mammalian target of rapamycin
mTOR complex 1 (mTORC1) negatively regulates autophagic activity via inhibitory phosphorylation of
ULK1, and is the key initial regulator of canonical autophagy. More downstream membrane expansion
is modulated by two ubiquitin-like conjugation systems (ATG12-ATG5 and ATG8/LC3) and the ATG18
protein family members of WD repeat domain phosphoinositide interacting 1-4 (WIPI1-4), as recently
excellently reviewed [10].
There is a great amount of data linking dysfunction and malfunction of autophagy to
neurodegenerative disease and, consistent with its role in proteostasis, to the accumulation of protein
aggregates. Thus, the modulation of autophagy has become one key pharmacological target in
neurodegeneration [11–13]. In fact, there are multiple overlaps of autophagy and pathogenesis
pathways in AD, PD, and ALS [12]. Recently different alternative views and new pharmacological
targets towards AD prevention and treatment are evolving, and include a strong focus on the
autophagy process.
There are two subtypes of sigma receptors, sigma receptor-1 and sigma receptor-2, both highly
expressed in the central nervous system; sigma-1 receptor is present also in various tumor cell lines,
including HEK293 and HeLa cells employed in this study [14–16]. Sigma-1 receptor (Sig-1R) was
cloned in 1996 [17,18] and represents an integral membrane protein of 223 amino acids localized
to the endoplasmic reticulum (ER) (and the ER–mitochondria interface) suggesting a role as ER
chaperone. Sig-1R was shown to promote cellular survival by (1) ensuring Ca2+ signaling from the
ER into mitochondria; (2) enhancing the signaling of ER to the nucleus; and (3) attenuating free
radical damage by modulation of the activity of Nrf2, a redox-responsive transcription factor [19,20].
Structurally, Sig-1R ligand binding is characterized [21] and the crystal structure of the human receptor
is solved [22].
In general, deficits in Sig-1R expression or activity are linked to neurodegeneration and the
activation of Sig-1R is associated with neuroprotection in different in vitro and in vivo models,
employing different types of pharmacological Sig-1R activators with different pharmacological
profiles [15,23]. The pharmacological activation of Sig-1R leads to pluripotent modulatory downstream
effects, and incorrect function of Sig-1R is strongly suggested to be also involved in the pathogenesis
of neurodegeneration [24]. This is the basis of an effort to design novel and highly specific
pharmacological Sig-1R activators for the therapy of neurodegenerative disease, including AD [25].
In this context a novel Sig-1R agonist, tetrahydro-N,N-dimethyl-2,2-diphenyl-3-furanmethanamine
hydrochloride (ANAVEX2-73), was developed. Pharmacologically, ANAVEX2-73 shows a dual activity
on Sig-1 as well as on muscarinic receptors, acting with described affinities in the low micromolar
range [26,27]. Previously, pre-clinical studies in animal models demonstrated robust disease-modifying
activities of ANAVEX2-73. Regarding AD, ANAVEX2-73 has undergone testing in Phase 2a trial
of patients demonstrating a favorable safety profile and a concentration-dependent improvement
against exploratory endpoints [28–30]. A variety of neuromodulatory and neuroprotective effects are
also already known for ANAVEX2-73, including mitochondrial protection in mouse models of AD,
regulation of ERK activation and promotion of survival of astrocytes, as well as protection against
oxidative stress [31–33].
First evidence for a possible link of Sig-1R, autophagy, and neurodegeneration has been recently
shown in the context of ALS. It was discovered that ALS-linked mutant Sig1-R causes an accumulation
of autophagic material and actually reduced autophagy [34], and that mice with genetically-altered
Sig-1R show defective autophagy [35]. Moreover, it was demonstrated that cocaine-mediated
autophagy in astrocytes involves Sig-1R [36]. In addition, it was found that a small-molecule Sig-1R
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modulator induces autophagic degradation of programmed-death ligand 1 (PD-L1) in cancer cells [37].
These findings prompted us to study the potential of ANAVEX2-73 to have an effect on autophagy
in human HeLa and HEK293 cells (in vitro) as well as in C. elegans (in vivo), employing standard
measures to analyze autophagic activity [38–41]. Moreover, the effects of ANAVEX2-73 on protein
aggregation and, subsequently, the impact of protein aggregates on movement behavior in C. elegans
were studied. Excitingly, ANAVEX2-73 is a potent inducer of autophagic flux in vitro and in vivo and
ameliorates protein aggregate formation and paralysis in C. elegans.
2. Materials and Methods
2.1. Cell Culture and Microscopy
HeLa and HEK293A cells were cultured in DMEM (Invitrogen, Carlsbad, CA, USA, 41965062)
supplemented with active FBS (Life Technologies GmbH, Carlsbad, CA, USA, 10270106), 1× ABAM
(Invitrogen, 15240-062) and 1 mM sodium pyruvate (Invitrogen, 1136-088). After medium change,
they were treated for 2 h with 10, 1, and 0.1 µM ANAVEX2-73 and PRE-084 (Tocris, Bristol, UK,
0589), respectively; ANAVEX2-73 was provided by ANAVEX Life Sciences Corp, New York, NY, USA.
Afterwards Bafilomycin A1 (BafiA1 ) (Toronto Research Chemicals, North York, ON, Canada, B110000)
was added for a further 2 h and the cells were eventually harvested. Western blot analyses were
performed as described previously [40,41]. Briefly, cells were subjected to SDS–PAGE using precast
NuPAGE 4%–12% Bis-Tris gels (Invitrogen, NPO322). Proteins were detected by chemiluminescence
using the Amersham Imager 600 (GE).
Confocal fluorescence microscopical analyses of HEK293A cells stably expressing GFP-LC3B
(kind gift of Dr. Sharon Tooze) were performed with the laser scanning microscope LSM 710 (Zeiss,
Oberkochen, Germany).
2.2. C. elegans Strains, Maintenance, and Methods
C. elegans were maintained according to standard procedures on nematode growth medium
(NGM) plates seeded with HB101 Escherichia coli. The following strains were employed in this study:
GFP-LGG-1 (ex[Plgg1-lgg1-GFP]/pRF4; kind gift of Beth Levine), maintained at 20 ◦ C; and the strain
CL2006 (dvIs2 [pCL12(unc-54/human Aβ peptide 1-42) + pRF4]), maintained at 15 ◦ C, as previously
described [40,42]. The latter strain was obtained from the Caenorhabditis Genetic Center (USA).
For analysis of paralysis rate, synchronous CL2006 nematodes were cultivated at 15 ◦ C on plates
seeded with HB101 E. coli, resuspended in M9 buffer (control) or 100 µM or 50 µM ANAVEX2-73,
respectively. Starting at the first day of adulthood, worms were transferred to fresh plates daily and
were tested for paralysis by tapping their nose with a platinum wire. Worms that moved their nose
but failed to move their bodies were scored as paralyzed. Dead worms or worms showing other
phenotypes were not included into the statistics. Staining of amyloid β42 aggregates using thioflavine
S (Sigma T1892) were carried out as previously described [40]. Worms were mounted on 2% agar
pads on a glass slide and confocal fluorescence microscopical analyses were performed with the laser
scanning microscope LSM 710 (Zeiss, Oberkochen).
For analysis of autophagic activity, synchronous nematodes expressing GFP-LGG-1 were
cultivated at 20 ◦ C. At first day of adulthood, worms were transferred to 80 µM ANAVEX2-73 or
control M9 liquid culture medium for 2 h, and were subsequently treated with BafiA1 or dimethyl
sulfoxide (DMSO) (control) for 2 h. Thereafter, worms were lysed for Western blotting or analyzed by
confocal fluorescence microscopy.
Western blot analyses were performed as described previously [40]. Generally, 12 worms were
subjected to SDS–PAGE using precast NuPAGE 4%–12% Bis-Tris gels (Invitrogen, NPO322). Proteins
were detected by chemiluminescence using the Amersham Imager 600 (GE).
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2.3. Quantitative Real-Time PCR
RNA extraction, reverse transcription, and real-time PCR were performed as described
previously [40].
2.4. Statistical Methods
Statistical significance was determined by Student t-test using SIGMA STAT (SPSS Science) as
well as the log-rank test using SPSS Statistics (IBM). Statistical significance was accepted at a level of
p ≤ 0.05. The results are expressed as mean ± standard deviation (SD).
3. Results and Discussion
3.1. Sig1-R Agonist ANAVEX2-73 Enhances Autophagic Activity
To study the effect of ANAVEX2-73 on autophagy, we treated human HeLa cells with the
compound and analyzed autophagic activity by investigating the flux of LC3-II. LC3-II is the
lipidated form of LC3, which (partially) stays attached to autophagosomes and thus gets degraded
by lysosomes. Therefore, the quantification of the LC3-II flux, using BafiA1 for inhibition of
lysosomal degradation, directly corresponds to cellular autophagic activity following the appropriate
guidelines [38]. As displayed in Figure 1, ANAVEX2-73 significantly induces autophagic flux when
compared to control conditions. There is a concentration-dependent and significant increase in the
autophagic flux following application of ANAVEX2-73: An increase of over 2-fold at 10 µM and over
1.5-fold at 1 µM ANAVEX2-73 (Figure 1A). As standard positive control to provoke the induction of
autophagy, HeLa cells were incubated with EBSS medium, which resembles nutrient deprivation as
autophagy stimulus.
Here we focused on ANAVEX2-73 as Sig-1R agonist but, of course, other common and
highly selective Sig-1R agonists are available and were already studied in different cellular and
animal models. Such compounds include (+)-pentazocine, (+)-SKF10,047, SA4503 (1-[2-(3,4dimethoxyphenyl)ethyl]-4-(3-phenylpropyl)piperazine), and PRE-084 (2-morpholin-4-ylethyl
1-phenylcyclohexane-1-carboxylate) [14]. Since the Sig-1R ligand PRE-084 shows various activities in
the central nervous system in animal models, such as nootropic and antidepressant activities [43], we
included this compound in some of the flux assays as control. Interestingly, we found that PRE-084
also promotes autophagic activity in HeLa cells; PRE-084 induces the autophagic flux comparable to
ANAVEX2-73: at 1 µM an over 1,5-fold induction of the autophagic flux was observed (Figure 1B). But
in contrast to ANAVEX2-73, PRE-084 and the other experimental compounds are not applicable in
clinical studies.
Next, the Western blot experiments were complemented by direct visualization of the extent of
autophagosome appearance in HEK293 cells. To do so, we applied ANAVEX2-73 to HEK293 cells
stably expressing a GFP-LC3B reporter construct. This cell model allows direct monitoring of the
accumulation of LC3-II-positive autophagosomal structures upon BafiA1 supplementation by confocal
fluorescence microscopy [44]. Indeed, ANAVEX2-73 treatment resulted in an overall increased number
of LC3-II-positive puncta and thus autophagic flux (Figure 1C).
Taken together, in both independent cell assays and in two different human cell lines, Sig-1R
activation induced a significantly increased autophagic flux. Of course, it needs to be considered that
part of the effect of ANAVEX2-73 as Sig-1R ligand could potentially be ascribed to its effects at the
muscarinic ACh-receptor. But not much is known about the impact of mACh receptors on autophagy.
In fact, so far there is only one report in the literature showing that ACh-induced autophagy has
cytoprotective effects through the muscarinic ACh-receptor activated-AMPK-mTOR pathway [45]. On
the other hand, our finding that also PRE-084, as an exclusive selective Sig-1R agonist, was inducing
autophagic flux, strongly supports ANAVEX2-730 s effects on autophagy as being mediated by Sig-1R
activation. Moreover, no experimental data exist that an activation of the muscarinic ACh-receptor has
beneficial effects on protein aggregation and proteostasis, as clearly ANAVEX2-73 has, as shown below.
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Figure 1. Sig-1R activation enhances autophagic activity. Western blot analyses of the autophagic flux
Figure
1. Sig-1R activation enhances autophagic activity. Western blot analyses of the autophagic
upon addition of ANAVEX2-73 (A) or PRE-084 (B). HeLa cells were treated with indicated
flux upon addition of ANAVEX2-73 (A) or PRE-084 (B). HeLa cells were treated with indicated
concentrations of ANAVEX2-73, PRE-084, and BafiA1 (2 µM) or DMSO. Statistics are depicted as mean
concentrations of ANAVEX2-73, PRE-084, and BafiA1 (2 µM) or DMSO. Statistics are depicted as
+/− SD. *** p ≤ 0.001, ** p ≤ 0.01, t-test, n = 4. (C) Representative confocal fluorescence microscopic
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Since we found that Sig-1R activation significantly induces ULK1 phosphorylation and
autophagic flux, next, we investigated relative expression levels of key autophagy network factors,
representing different setpoints in the autophagy process after treatment of HeLa cells with
ANAVEX2-73, employing a qPCR autophagy array (Figure 2C). Most prominently, we found an
ANAVEX2-73-mediated induction of the mRNA expression of GABA Type A Receptor Associated
Protein Like 1 (GABARAPL1; approximately 2.7-fold increased expression; cut-off for induction was
set at the expression level of 1.5), which, like GABARAP, associates with autophagic vesicles and is
involved in the autophagy process [48].
GABARAPL1 belongs to the human MAP1LC3 family consisting of six ATG8 orthologs,
MAP1LC3A, MAP1LC3B, MAP1LC3C, and three MAP1LC3 paralogs, the GABA receptor-associated
proteins GABARAP1, GABARAPL1, and GABARAPL2, with partially redundant roles in
autophagy [38]. In addition, the expression of the ubiquitin and autophagy receptor SQSTM1/p62
involved in selective macroautophagy pathways was enhanced by ANAVEX2-73 (expression level
of approx. 1.9). Moreover, there was also a clear tendency towards the induction of ATG12, which
is conjugated to ATG5 and is building an autophagosomal protein complex that finally acts together
with ATG16L1 in autophagosomal biogenesis [49]; consistently, the expression of ATG16L1 appeared
also slightly enhanced following treatment of the cells with ANAVEX2-73 (Figure 2C). Moreover, it is
obvious that none of the autophagy network factors included in this qPCR array were downregulated in
their expression upon treatment with ANAVEX2-73, supporting the key finding that Sig-1R activation
has a positive modulatory effect on autophagy.
3.3. ANAVEX2-72 Positively Regulates Autophagy, Increases Proteostasis Capacity, and Improves Protein
Aggregation-Mediated Paralysis in C. elegans
Autophagy modulation by ANAVEX2-73 in vitro, and its impact on some key autophagy network
factors, prompted us to further analyze the impact of Sig-1R activation by ANAVEX2-73 on autophagy
and proteostasis in vivo, employing C. elegans. The nematode ortholog of the human Sig-1R is W08F4.3
and is expressed in several tissues, including the muscular system. To monitor autophagic flux in vivo,
we employed a GFP-LGG-1 reporter worm strain. LGG-1 is a nematode ortholog of the mammalian
GABARAP, and the GFP-tagged protein can be used to evaluate autophagic activity by Western
blotting as well as confocal fluorescence microscopy. Employing Western blotting, we analyzed the
levels of GFP-LGG-1-II plus BafiA1 and without BafiA1 , analogously to the flux measurements in
HeLa cells, as shown in Figure 1. Indeed, ANAVEX2-73 significantly enhanced autophagic flux in C.
elegans almost 2-fold (Figure 3A). To further substantiate this finding we used confocal fluorescence
microscopy to directly visualize autophagosomal structures, as indicated by GFP-LGG-1-positive
puncta [40]. ANAVEX2-73 supplementation (plus/minus BafiA1 ) significantly increased the number
of GFP-LGG1 puncta, which is indicative of increased autophagic activity; treatment of worms with
ANAVEX2-73 lead to a relative increase in numbers of puncta after BafiA1 treatment when compared
to control worms. In fact, we found a significant increase; autophagic flux as observed in vivo is
induced by ANAVEX2-73 by approx. 2,5-fold (Figure 3B), which is consistent with the Western blot
analysis (Figure 3A).
Taken together, the in vitro and in vivo data so far clearly show that the Sig-1R agonist
ANAVEX2-73 induces autophagy, as indicated by autophagic flux measurements. This encouraged us
to further look into the functional consequences of autophagy induction, focusing on the impact of
the degradative pathway on proteostasis in vivo. Therefore, we employed human Aβ42-expressing
worms characterized by a time-dependent paralysis, due to the accumulation of Aβ42 oligomers
and high molecular weight aggregates in body wall muscle cells [50,51]; it is stressed here that
Aβ42-expressing worms are not considered as a model for AD, but rather as an experimental model
for general proteostasis stress and proteotoxicity, where protein aggregation in muscle cells leads do a
clear-cut phenotype (here, paralysis) [40]. Aβ42 protein aggregates were stained in situ with thioflavine.
Compared to control worms, treatment of Aβ42-worms with ANAVEX2-73 reduced the number of
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thioflavine-positive Aβ42 aggregates (Figure 4A), suggesting that the induction of autophagy impacts
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the permeability of the blood–brain barrier has to be secured. One example of a compound targeting
autophagy is lithium, which is in use for the treatment of bipolar disorders and is also an activator of
autophagy, by interfering with upstream steps in autophagy induction. Metformin and simvastatin
have also been shown, experimentally, to promote autophagy, both supposedly via the activation of
AMPK, and are used for the treatment of diabetes and obesity, respectively [55]. Sig-1R agonists are
under intense investigation for the treatment of different neurodegenerative diseases, including AD
and ALS [15,56,57]. It is actually the combination of receptor activities that may make ANAVEX2-73
an interesting compound for AD therapy [58] and, indeed, this compound is currently in active clinical
studies in both neurodevelopmental (Rett syndrome) as well as neurodegenerative diseases (AD, PD).
Based on the data presented here, the use of available Sig-1R agonists to stabilize protein homeostasis
by promoting autophagy may represent an added value for such a treatment approach and strongly
supports further clinical studies for prevention and treatment of neurodegeneration.
Taken together, to the best of our knowledge, this is the first report that Sig-1R activation
(a) enhances the autophagic flux in human cells and in C. elegans, and (b) has positive effects on
proteostasis. We described a novel activity of the compound ANAVEX2-73 having dual selective
Sig-1R/muscarinic activities in neurons. The new activity of this drug comprises a potent induction of
autophagy, in vitro and in vivo, leading to an increased proteostasis capacity, and even to beneficial
effects on the time-dependent paralysis phenotype in Aβ42-expressisng C. elegans. A specific induction
of the autophagy process and a subsequent stabilization of the proteostasis in neurons represents
one important concept towards the stabilization of neuronal survival and function, and may help
to prevent age-associated neurodegeneration. Finally, the new finding presenting Sig-1R as a novel
autophagy modulator may fuel future studies on Sig-1R, including the search for natural ligands to
solve the sigma enigma.
Author Contributions: C.B. conceived and designed the experiments; H.H., H.N., and M.G.C, performed the
experiments; C.B. and A.K. analyzed the data; and C.B. and A.K. wrote the paper.
Funding: This research was funded by the Hanna-Bragard-Apfel Foundation, the Collaborative Research
Center 1177 of the Deutsche Forschungsgemeinschaft, DFG, and by the Peter-Beate-Heller Foundation of the
Stifterverband für die Deutsche Wissenschaft.
Acknowledgments: The PhD student position of Maximilian G. Christ is supported by the Hanna-Bragard-Apfel
Foundation and the work of Christian Behl on autophagy is supported by the Collaborative Research Center 1177
of the Deutsche Forschungsgemeinschaft, DFG, and the Peter-Beate-Heller Foundation of the Stifterverband für
die Deutsche Wissenschaft.
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.
2.
3.
4.
5.
6.
7.
8.

Balch, W.E.; Morimoto, R.I.; Dillin, A.; Kelly, J.W. Adapting proteostasis for disease intervention. Science
2008, 319, 916–919. [CrossRef] [PubMed]
Hipp, M.S.; Park, S.H.; Hartl, F.U. Proteostasis impairment in protein-misfolding and -aggregation diseases.
Trends Cell Biol. 2014, 24, 506–514. [CrossRef] [PubMed]
Klaips, C.L.; Jayaraj, G.G.; Hartl, F.U. Pathways of cellular proteostasis in aging and disease. J. Cell Biol. 2018,
217, 51–63. [CrossRef] [PubMed]
Hartl, F.U.; Bracher, A.; Hayer-Hartl, M. Molecular chaperones in protein folding and proteostasis. Nature
2011, 475, 324–332. [CrossRef] [PubMed]
Morawe, T.; Hiebel, C.; Kern, A.; Behl, C. Protein homeostasis, aging and Alzheimer’s disease. Mol. Neurobiol.
2012, 46, 41–54. [CrossRef] [PubMed]
Ji, C.H.; Kwon, Y.T. Crosstalk and Interplay between the Ubiquitin-Proteasome System and Autophagy.
Mol. Cells 2017, 40, 441–449. [CrossRef] [PubMed]
Dikic, I. Proteasomal and Autophagic Degradation Systems. Annu. Rev. Biochem. 2017, 86, 193–224.
[CrossRef] [PubMed]
Yin, Z.; Pascual, C.; Klionsky, D.J. Autophagy: Machinery and regulation. Microb. Cell 2016, 3, 588–596.
[CrossRef] [PubMed]

Cells 2019, 8, 211

9.
10.
11.
12.

13.

14.

15.

16.

17.

18.

19.
20.
21.

22.
23.
24.
25.
26.

27.

28.

11 of 13

Abeliovich, H.; Klionsky, D.J. Autophagy in yeast: Mechanistic insights and physiological function.
Microbiol. Mol. Biol. Rev. 2001, 65, 463–479. [CrossRef] [PubMed]
Mercer, T.J.; Gubas, A.; Tooze, S.A. A molecular perspective of mammalian autophagosome biogenesis.
J. Biol. Chem. 2018, 293, 5386–5395. [CrossRef] [PubMed]
Nixon, R.A.; Cataldo, A.M. Lysosomal system pathways: Genes to neurodegeneration in Alzheimer’s disease.
J. Alzheimer’s Dis. 2006, 9, 277–289. [CrossRef]
Menzies, F.M.; Fleming, A.; Caricasole, A.; Bento, C.F.; Andrews, S.P.; Ashkenazi, A.; Fullgrabe, J.; Jackson, A.;
Jimenez Sanchez, M.; Karabiyik, C.; et al. Autophagy and Neurodegeneration: Pathogenic Mechanisms and
Therapeutic Opportunities. Neuron 2017, 93, 1015–1034. [CrossRef] [PubMed]
Colacurcio, D.J.; Pensalfini, A.; Jiang, Y.; Nixon, R.A. Dysfunction of autophagy and endosomal-lysosomal
pathways: Roles in pathogenesis of Down syndrome and Alzheimer’s Disease. Free Radic. Biol. Med. 2018,
114, 40–51. [CrossRef] [PubMed]
Nguyen, L.; Lucke-Wold, B.P.; Mookerjee, S.A.; Cavendish, J.Z.; Robson, M.J.; Scandinaro, A.L.;
Matsumoto, R.R. Role of sigma-1 receptors in neurodegenerative diseases. J. Pharmacol. Sci. 2015, 127,
17–29. [CrossRef] [PubMed]
Nguyen, L.; Lucke-Wold, B.P.; Mookerjee, S.; Kaushal, N.; Matsumoto, R.R. Sigma-1 Receptors
and Neurodegenerative Diseases: Towards a Hypothesis of Sigma-1 Receptors as Amplifiers of
Neurodegeneration and Neuroprotection. Adv. Exp. Med. Biol. 2017, 964, 133–152. [CrossRef] [PubMed]
Srivats, S.; Balasuriya, D.; Pasche, M.; Vistal, G.; Edwardson, J.M.; Taylor, C.W.; Murrell-Lagnado, R.D.
Sigma1 receptors inhibit store-operated Ca2+ entry by attenuating coupling of STIM1 to Orai1. J. Cell Biol.
2016, 213, 65–79. [CrossRef] [PubMed]
Hanner, M.; Moebius, F.F.; Flandorfer, A.; Knaus, H.G.; Striessnig, J.; Kempner, E.; Glossmann, H. Purification,
molecular cloning, and expression of the mammalian sigma1-binding site. Proc. Natl. Acad. Sci. USA 1996,
93, 8072–8077. [CrossRef] [PubMed]
Kekuda, R.; Prasad, P.D.; Fei, Y.J.; Leibach, F.H.; Ganapathy, V. Cloning and functional expression of the
human type 1 sigma receptor (hSigmaR1). Biochem. Biophys. Res. Commun. 1996, 229, 553–558. [CrossRef]
[PubMed]
Su, T.P.; Su, T.C.; Nakamura, Y.; Tsai, S.Y. The Sigma-1 Receptor as a Pluripotent Modulator in Living Systems.
Trends Pharmacol. Sci. 2016, 37, 262–278. [CrossRef] [PubMed]
Tsai, S.A.; Su, T.P. Sigma-1 Receptors Fine-Tune the Neuronal Networks. Adv. Exp. Med. Biol. 2017, 964,
79–83. [CrossRef] [PubMed]
Brune, S.; Schepmann, D.; Klempnauer, K.H.; Marson, D.; Dal Col, V.; Laurini, E.; Fermeglia, M.; Wunsch, B.;
Pricl, S. The sigma enigma: In vitro/in silico site-directed mutagenesis studies unveil sigma1 receptor ligand
binding. Biochemistry 2014, 53, 2993–3003. [CrossRef] [PubMed]
Schmidt, H.R.; Zheng, S.; Gurpinar, E.; Koehl, A.; Manglik, A.; Kruse, A.C. Crystal structure of the human
sigma1 receptor. Nature 2016, 532, 527–530. [CrossRef] [PubMed]
Maurice, T.; Goguadze, N. Role of sigma1 Receptors in Learning and Memory and Alzheimer’s Disease-Type
Dementia. Adv. Exp. Med. Biol. 2017, 964, 213–233. [CrossRef] [PubMed]
Al-Saif, A.; Al-Mohanna, F.; Bohlega, S. A mutation in sigma-1 receptor causes juvenile amyotrophic lateral
sclerosis. Ann. Neurol. 2011, 70, 913–919. [CrossRef] [PubMed]
Chu, U.B.; Ruoho, A.E. Biochemical Pharmacology of the Sigma-1 Receptor. Mol. Pharmacol. 2016, 89,
142–153. [CrossRef] [PubMed]
Vamvakides, A. [Anticonvulsant and forced swim anti-immobility effects of tetrahydro-N,N-dimethyl-2,2diphenyl-3-furanemethanamine (AE37): Common action mechanism?]. Ann. Pharm. Fr. 2002, 60, 88–92.
[PubMed]
Espallergues, J.; Lapalud, P.; Christopoulos, A.; Avlani, V.A.; Sexton, P.M.; Vamvakides, A.; Maurice, T.
Involvement of the sigma1 (sigma1) receptor in the anti-amnesic, but not antidepressant-like, effects of the
aminotetrahydrofuran derivative ANAVEX1-41. Br. J. Pharmacol. 2007, 152, 267–279. [CrossRef] [PubMed]
Afshar, M.; Parmentier, F.; Ette, E.I.; Fadiran, E.O.; Missling, C.U. Clinical Pharmacokinetics
and Pharmacodynamics Characterization of ANAVEX™2-73 for Designing a Phase 2/3 Study in
Mild-to-Moderate Alzheimer’s Disease. In Proceedings of the 10th Clinical Trials on Alzheimer’s Disease,
Boston, MA, USA, 4 November 2017.

Cells 2019, 8, 211

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.
45.

12 of 13

Hampel, H.; Afshar, M.; Parmentier, F.; Williams, C.; Etcheto, A.; Goodsaid, F.; Missling, C.U. Longitudinal
148-Week Extension Study for ANAVEX®2-73 Phase 2a Alzheimer’s Disease Demonstrates Maintained
Activities of Daily Living Score (ADCS-ADL) and Reduced Cognitive Decline (MMSE) for Patient Cohort on
Higher Drug Concentration and Confirms Role of Patient Selection Biomarkers. In Proceedings of the 11th
Clinical Trials on Alzheimer’s Disease, Barcellona, Spain, 24–27 October 2018.
Hampel, H.; Afshar, M.; Parmentier, F.; Williams, C.; Etcheto, A.; Goodsaid, F.; Fadiran, E.O.; Missling, C.U.
Full Genomic Analysis of ANAVEX®2-73 Phase 2a Alzheimer’s Disease Study Identifies Biomarkers Enabling
Targeted Therapy and a Precision Medicine Approach. In Proceedings of the Alzheimer’s Association
International Conference 2018, Chicago, IL, USA, 22–26 July 2018.
Lahmy, V.; Long, R.; Morin, D.; Villard, V.; Maurice, T. Mitochondrial protection by the mixed
muscarinic/sigma1 ligand ANAVEX2-73, a tetrahydrofuran derivative, in Abeta25-35 peptide-injected
mice, a nontransgenic Alzheimer’s disease model. Front. Cell. Neurosci. 2014, 8, 463. [CrossRef] [PubMed]
Zhao, J.; Mysona, B.A.; Wang, J.; Gonsalvez, G.B.; Smith, S.B.; Bollinger, K.E. Sigma 1 receptor regulates ERK
activation and promotes survival of optic nerve head astrocytes. PLoS ONE 2017, 12, e0184421. [CrossRef]
[PubMed]
Goguadze, N.; Zhuravliova, E.; Morin, D.; Mikeladze, D.; Maurice, T. Sigma-1 Receptor Agonists Induce
Oxidative Stress in Mitochondria and Enhance Complex I Activity in Physiological Condition but Protect
Against Pathological Oxidative Stress. Neurotox. Res. 2019, 35, 1–18. [CrossRef] [PubMed]
Dreser, A.; Vollrath, J.T.; Sechi, A.; Johann, S.; Roos, A.; Yamoah, A.; Katona, I.; Bohlega, S.; Wiemuth, D.;
Tian, Y.; et al. The ALS-linked E102Q mutation in Sigma receptor-1 leads to ER stress-mediated defects
in protein homeostasis and dysregulation of RNA-binding proteins. Cell Death Differ. 2017, 24, 1655–1671.
[CrossRef] [PubMed]
Vollrath, J.T.; Sechi, A.; Dreser, A.; Katona, I.; Wiemuth, D.; Vervoorts, J.; Dohmen, M.; Chandrasekar, A.;
Prause, J.; Brauers, E.; et al. Loss of function of the ALS protein SigR1 leads to ER pathology associated with
defective autophagy and lipid raft disturbances. Cell Death Dis. 2014, 5, e1290. [CrossRef] [PubMed]
Cao, L.; Walker, M.P.; Vaidya, N.K.; Fu, M.; Kumar, S.; Kumar, A. Cocaine-Mediated Autophagy in Astrocytes
Involves Sigma 1 Receptor, PI3K, mTOR, Atg5/7, Beclin-1 and Induces Type II Programed Cell Death.
Mol. Neurobiol. 2016, 53, 4417–4430. [CrossRef] [PubMed]
Maher, C.M.; Thomas, J.D.; Haas, D.A.; Longen, C.G.; Oyer, H.M.; Tong, J.Y.; Kim, F.J. Small-Molecule Sigma1
Modulator Induces Autophagic Degradation of PD-L1. Mol. Cancer Res. 2018, 16, 243–255. [CrossRef]
[PubMed]
Klionsky, D.J.; Abdelmohsen, K.; Abe, A.; Abedin, M.J.; Abeliovich, H.; Acevedo Arozena, A.; Adachi, H.;
Adams, C.M.; Adams, P.D.; Adeli, K.; et al. Guidelines for the use and interpretation of assays for monitoring
autophagy (3rd edition). Autophagy 2016, 12, 1–222. [CrossRef] [PubMed]
Gamerdinger, M.; Hajieva, P.; Kaya, A.M.; Wolfrum, U.; Hartl, F.U.; Behl, C. Protein quality control during
aging involves recruitment of the macroautophagy pathway by BAG3. EMBO J. 2009, 28, 889–901. [CrossRef]
[PubMed]
Spang, N.; Feldmann, A.; Huesmann, H.; Bekbulat, F.; Schmitt, V.; Hiebel, C.; Koziollek-Drechsler, I.;
Clement, A.M.; Moosmann, B.; Jung, J.; et al. RAB3GAP1 and RAB3GAP2 modulate basal and
rapamycin-induced autophagy. Autophagy 2014, 10, 2297–2309. [CrossRef] [PubMed]
Feldmann, A.; Bekbulat, F.; Huesmann, H.; Ulbrich, S.; Tatzelt, J.; Behl, C.; Kern, A. The RAB GTPase RAB18
modulates macroautophagy and proteostasis. Biochem. Biophys. Res. Commun. 2017, 486, 738–743. [CrossRef]
[PubMed]
Kern, A.; Spang, N.; Huesmann, H.; Behl, C. Novel Modulators of Proteostasis: RNAi Screen of Chromosome
I in a Heat Stress Paradigm in C. elegans. Cells 2018, 7, 49. [CrossRef] [PubMed]
Entrena, J.M.; Sanchez-Fernandez, C.; Nieto, F.R.; Gonzalez-Cano, R.; Yeste, S.; Cobos, E.J.; Baeyens, J.M.
Sigma-1 Receptor Agonism Promotes Mechanical Allodynia After Priming the Nociceptive System with
Capsaicin. Sci. Rep. 2016, 6, 37835. [CrossRef] [PubMed]
Joachim, J.; Jiang, M.; McKnight, N.C.; Howell, M.; Tooze, S.A. High-throughput screening approaches to
identify regulators of mammalian autophagy. Methods 2015, 75, 96–104. [CrossRef] [PubMed]
Zhao, M.; Sun, L.; Yu, X.J.; Miao, Y.; Liu, J.J.; Wang, H.; Ren, J.; Zang, W.J. Acetylcholine
mediates AMPK-dependent autophagic cytoprotection in H9c2 cells during hypoxia/reoxygenation injury.
Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2013, 32, 601–613. [CrossRef] [PubMed]

Cells 2019, 8, 211

46.
47.
48.

49.

50.
51.
52.

53.
54.

55.

56.
57.
58.

13 of 13

Mao, K.; Klionsky, D.J. AMPK activates autophagy by phosphorylating ULK1. Circ. Res. 2011, 108, 787–788.
[CrossRef] [PubMed]
Zachari, M.; Ganley, I.G. The mammalian ULK1 complex and autophagy initiation. Essays Biochem. 2017, 61,
585–596. [CrossRef] [PubMed]
Chakrama, F.Z.; Seguin-Py, S.; Le Grand, J.N.; Fraichard, A.; Delage-Mourroux, R.; Despouy, G.; Perez, V.;
Jouvenot, M.; Boyer-Guittaut, M. GABARAPL1 (GEC1) associates with autophagic vesicles. Autophagy 2010,
6, 495–505. [CrossRef] [PubMed]
Fujita, N.; Itoh, T.; Omori, H.; Fukuda, M.; Noda, T.; Yoshimori, T. The Atg16L complex specifies the site
of LC3 lipidation for membrane biogenesis in autophagy. Mol. Biol. Cell 2008, 19, 2092–2100. [CrossRef]
[PubMed]
Cohen, E.; Bieschke, J.; Perciavalle, R.M.; Kelly, J.W.; Dillin, A. Opposing activities protect against age-onset
proteotoxicity. Science 2006, 313, 1604–1610. [CrossRef] [PubMed]
Link, C.D. Expression of human beta-amyloid peptide in transgenic Caenorhabditis elegans. Proc. Natl. Acad.
Sci. USA 1995, 92, 9368–9372. [CrossRef] [PubMed]
Mavlyutov, T.A.; Epstein, M.L.; Verbny, Y.I.; Huerta, M.S.; Zaitoun, I.; Ziskind-Conhaim, L.; Ruoho, A.E.
Lack of sigma-1 receptor exacerbates ALS progression in mice. Neuroscience 2013, 240, 129–134. [CrossRef]
[PubMed]
Mancuso, R.; Olivan, S.; Rando, A.; Casas, C.; Osta, R.; Navarro, X. Sigma-1R agonist improves motor
function and motoneuron survival in ALS mice. Neurotherapeutics 2012, 9, 814–826. [CrossRef] [PubMed]
Gregianin, E.; Pallafacchina, G.; Zanin, S.; Crippa, V.; Rusmini, P.; Poletti, A.; Fang, M.; Li, Z.; Diano, L.;
Petrucci, A.; et al. Loss-of-function mutations in the SIGMAR1 gene cause distal hereditary motor neuropathy
by impairing ER-mitochondria tethering and Ca2+ signalling. Hum. Mol. Genet. 2016, 25, 3741–3753.
[CrossRef] [PubMed]
Galluzzi, L.; Bravo-San Pedro, J.M.; Levine, B.; Green, D.R.; Kroemer, G. Pharmacological modulation of
autophagy: Therapeutic potential and persisting obstacles. Nat. Reviews. Drug Discov. 2017, 16, 487–511.
[CrossRef] [PubMed]
Jin, J.L.; Fang, M.; Zhao, Y.X.; Liu, X.Y. Roles of sigma-1 receptors in Alzheimer’s disease. Int. J. Clin.
Exp. Med. 2015, 8, 4808–4820. [PubMed]
Penke, B.; Fulop, L.; Szucs, M.; Frecska, E. The Role of Sigma-1 Receptor, an Intracellular Chaperone in
Neurodegenerative Diseases. Curr. Neuropharmacol. 2018, 16, 97–116. [CrossRef] [PubMed]
Villard, V.; Espallergues, J.; Keller, E.; Vamvakides, A.; Maurice, T. Anti-amnesic and neuroprotective
potentials of the mixed muscarinic receptor/sigma 1 (sigma1) ligand ANAVEX2-73, a novel
aminotetrahydrofuran derivative. J. Psychopharmacol. 2011, 25, 1101–1117. [CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

