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A B S T R A C T   

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease affecting upper and lower motor neurons. As a consequence, ALS patients display a locomotor 
disorder related to muscle weakness and progressive paralysis. Pathological mechanisms that participate in ALS involve deficient unfolded protein response, 
mitochondrial dysfunction and oxidative stress, among others. Finding a therapeutic target to break the vicious circle is particularly challenging. Sigma-1 receptor 
(S1R) is an endoplasmic reticulum (ER) chaperone that may be one of those targets. We here address and decipher the efficiency of S1R activation on a key ALS gene, 
TDP43, in zebrafish vertebrate model. While expression of mutant TDP43 (TDP43G348C) led to locomotor defects, treatment with the reference S1R agonist PRE-084 
rescued motor performances in a zebrafish model. Treatment with the agonist ameliorated maximal mitochondrial respiration in the TDP43 context. We observed 
that TDP43G348C exacerbated ER stress induced by tunicamycin, resulting in increased levels of ER stress chaperone BiP and pro-apoptotic factor CHOP. Importantly, 
PRE-084 treatment in the same condition further heightened BiP levels but also EIF2α/ATF4 and NRF2 signalling cascades, both known to promote antioxidant 
protection during ER stress. Moreover, we showed that increasing NRF2 levels directly or by sulforaphane treatment rescued locomotor defects of TDP43G348C 

zebrafish. For the first time, we here provide the proof of concept that PRE-084 prevents mutant TDP43 toxicity by boosting ER stress response and antioxidant 
cascade through NRF2 signalling.   

1. Introduction 

Amyotrophic lateral sclerosis (ALS) is a very disabling disorder 
characterized by muscle weakness and progressive paralysis. The dis-
ease is due to a degeneration of motor neurons in the spinal cord, brain 
stem and motor cerebral cortex. Ultimately, the disease rapidly evolves 
with respiratory distress and death within 5 years after the first motor 
symptoms in most cases. Currently, there is no cure for ALS and no 
effective treatment to halt or reverse the progression of the disease. The 
only available treatments with Riluzole and Edaravone have limited 
benefits [1,2]. 

ALS patients are divided into sporadic cases with no family history, 
accounting 90% of the total cases, and those with a clear genetic in-
heritance. ALS results from a complex interaction between both genetic 
and environmental factors. Advances in the understanding of ALS 
pathogenesis come from the identification of genes linked to ALS. Fa-
milial and sporadic cases are associated with mutations in genes 
encoding the copper/zinc superoxide dismutase 1 (SOD1), TAR DNA- 

binding protein of 43 kDa (TDP43), fused in sarcoma (FUS) or the chro-
mosome 9 open reading frame 72 (C9orf72) proteins, among others [3, 
4]. Of importance, TDP43 is ubiquitously expressed and localizes pre-
dominantly in the nucleus. However, it has been found that in the ma-
jority of ALS patients TDP43 abnormally accumulates in the cytoplasm 
and forms aggregates, suggesting that deregulation and mislocalization 
of wild-type TDP43 mediates both sporadic and familial ALS [5]. TDP43 
is also found mislocalized in 45% of patients with frontotemporal lobar 
degeneration (FTLD). TDP43 plays a critical role in several steps of 
mRNA metabolism by regulating transcription, mRNA transport and 
stabilization into the cytoplasm, translation and microRNA processing 
[6]. TDP43 dysregulation leads to many cellular abnormalities including 
abnormal accumulation of unfolded protein, excitotoxicity, nucleocy-
toplasmic transport defects, mitochondrial dysfunction and oxidative 
damage. Finding a therapeutic target to alleviate all those defects is 
particularly challenging. 

The sigma-1 receptor (S1R) is considered to promote cell survival in 
living systems. S1R is a cellular chaperone, still named receptor, as it can 
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be activated/inactivated by small molecules, thus considered as S1R 
agonists or antagonists [7]. S1R is mostly located in the endoplasmic 
reticulum (ER), and more particularly at the mitochondria-associated ER 
membrane, where it modulates the inositol triphosphate (IP3) receptor 
type 3 to ensure proper Ca2+ signalling from the ER into mitochondria 
[8–11]. In case of accumulation of misfolded proteins, S1R can partici-
pate to the unfolded protein response, by acting on the inositol-requiring 
enzyme 1 (IRE1)/X-box binding protein 1 (XBP1) or activating tran-
scription factor 4 (ATF4) pathways [12–14]. This leads to the subse-
quent expression of antioxidant proteins and chaperone proteins. Very 
interestingly, it has been proposed that during oxidative stress condi-
tions S1R may also enhance nuclear production of antioxidant proteins 
by enhancing nuclear factor erythroid-2 related factor 2 (NRF2) sig-
nalling [15–17]. Moreover, upon over-expression or stimulation, S1R 
can translocate at the plasma membrane to modulate ion channels, re-
ceptors and kinases [12,18] or at the nuclear envelope to regulate 
nucleocytoplasmic trafficking and gene transcription [19,20]. 

In the last decade, S1R has been the focus of many studies on ALS. 
Not only, mutations in S1R were found to be the cause of juvenile cases 
of ALS [21,22], but also S1R knock-down exacerbated ALS-linked 
mutant SOD1 pathology in mouse models [22,23]. Of importance, S1R 
is a druggable target and its activation by agonists alleviated deficits of 
mutant SOD1 murine models [24–27]. Since mutations in SOD1 are 
linked to 15–20% of familial cases, observations from mice expressing 
this mutant protein do not allow extrapolating to the rest of ALS 

conditions. Further analyses are required to provide evidence that S1R is 
a valuable target to prevent ALS pathology. Of interest genetic ap-
proaches in Drosophila showed that overexpression of human S1R 
rescued locomotor defects of ALS flies expressing either TDP43 or the 
C9ORF72 mutation [20,28]. In the present study, we provide the proof 
of concept that S1R activators are efficient therapeutic strategies to 
reduce TDP43-induced damages in a vertebrate model. 

2. Materials and methods 

2.1. Drugs 

2-(4-Morpholinethyl)-1-phenylcyclohexanecarboxylate hydrochlo-
ride (PRE-084), 1-(3,4-Dimethoxyphenethyl)-4-(3-phenylpropyl)piper-
azine) dihydrochloride (SA4503), 1-isothiocyanato-4- 
methylsulfinylbutane (sulforaphane) and tunicamycin were from 
Sigma-Aldrich (Saint-Quentin-Fallavier, France). 4-Methoxy-3-N,N- 
dipropylbenzeneethanamine (NE-100) was purchased from Tocris 
(Tebu-Bio, Le-Perray-En-Yvelines, France). PRE-084, SA4503 and NE- 
100 were solubilized in water and tunicamycin (10 mg/ml) and sulfo-
raphane (4 mg/ml) in pure DMSO (Sigma-Aldrich). 

2.2. Zebrafish generation and housing 

All experiments were performed with zebrafish (Danio rerio, wild- 

Fig. 1. S1R activation rescued touch-escape 
response of TDP43G348C-expressing zebra-
fish larvae. (A) Touch-escape response of 
control larvae or larvae expressing mCherry 
alone or with TDP43G348C. Swimming dis-
tance in 5 s was measured after tactile stim-
ulation of 5 days post-fertilization (dpf) 
larvae. (B) Touch-escape response of control 
larvae or larvae expressing TDP43G348C, 
TDP43G348C + S1R or S1R alone. (C) Touch- 
escape response of control larvae, larvae 
expressing TDP43G348C alone or treated with 
5 or 10 μM of PRE-084. (D) Touch-escape 
response of control larvae or larvae express-
ing TDP43G348C alone, treated with PRE-084 
(5 μM) or treated with PRE-084 and NE-100 
(5 μM each). (E) Touch-escape response of 
control, TDP43G348C larvae treated or not 
with SA4503 (5 μM). In all figures data from 
20 were averaged and presented as mean ±
SEM. Statistical analysis was performed 
using ANOVA followed by Tukey’s test (*p <
0.05; **p < 0.01; ***p < 0.001).   
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type “Tuebingen” strain) in accordance with the 2010/63/EU Directive 
and the ARRIVE guidelines. Zebrafish were maintained in an automated 
fish tank system (ZebTEC, Tecniplast) at 28 ◦C, pH 7, a conductivity of 
500 μS/cm and with a 14 h:10 h light:dark cycle. They were fed with 
pellets of Gemma Micro 500 (soluble hydrolyzed marine proteins, highly 
unsaturated fatty acids, phospholipids and alga) every day (Skretting 
France, Fontaine les Vervins, France). To generate transgenic zebrafish 
expressing human S1R, the cDNA encoding human wild-type S1R was 
inserted upstream of the β-actin promoter (UMS Amagen, Gif-Sur-Yvette, 
France). The transgene was injected into one cell zebrafish embryo 
(wild-type “Tuebingen” strain) and genome inserted by using the Tol2 
transposable element (UMS Amagen) [29]. For selection of S1R +
zebrafish, the YFP sequence was inserted upstream of the cardiac actin 
promoter. For experiments, heterozygous transgenic S1R zebrafish were 
intercrossed to wild-type (Tuebingen) zebrafish line to generate 
wild-type and heterozygous transgenic S1R zebrafish with fluorescent 
heart. The breeding diagram is shown in Supp. Fig. 1B. Zebrafish larvae 
with or without YFP fluorescent heart were separated using a fluorescent 
binocular loupe (Olympus MVX10). 

2.3. mRNA injection 

Transcripts encoding human mutant TDP43 (TDP43G348C) were 
generated from the previously reported plasmid pCS2+TDP43G348C 

(generous gift from Dr. Pierre Drapeau, University of Montréal). The 
G348C mutation has been previously used as ALS models in worms, 
Drosophila, zebrafish and mouse [30]. The PCS2+ plasmid containing 
mCherry coding sequence (generous gift from Dr. Georges Lutfalla, 
LPHI, Montpellier) was used to check the correct injection of embryos. 
The pCS2+ NRF2 plasmid (generous gift from Pr. Masayuki Yamamoto, 
University of Tsukuba, Japan) [31] was used for testing direct over-
expression of NRF2. TDP43G348C, NRF2, and mCherry mRNAs were 
transcribed from Not1-linearized pCS2+ plasmid using the SP6 poly-
merase with the mMESSAGE Machine kit (Invitrogen-Thermo Fisher 
Scientific, Courtaboeuf, France) and purified according to the manu-
facturer’s instructions. Transcripts were microinjected into 1- to 2-cell--
stage embryos according to standard protocols. Optimal mRNA 
concentrations have been determined using a range of dilutions. A vol-
ume of 1 nl was injected in each embryo at the one cell stage with the 
following concentrations depending of experimental conditions: for 
mCherry alone 140 ng/μl; for TDP43G348C + mCherry 40 and 100 ng/μl, 
respectively; for TDP43G348C + NRF2 + mCherry 40, 25 and 100 ng/μl, 
respectively. At day 1, zebrafish larvae with a suitable expression level 
of red fluorescent mCherry were sorted out using a fluorescent binocular 
loupe (Olympus MVX10). 

2.4. Quantitative real-time PCR (qPCR) 

Total RNA was extracted from whole zebrafish larvae at 5 days post- 
fertilization (dpf) (n = 8–10 larvae/tube) using the NucleoSpin RNA kit 
(Macherey Nagel, Düren, Germany), following the manufacturer’s in-
structions. RNAs concentration and quality were evaluated using a 
NanoDrop One (Thermofisher Scientific, Les Ulis, France). Reverse 
transcription was performed using M-MLV Reverse Transcriptase 
(Promega, Charbonnières-les-Bains, France) following the manufac-
turer’s instructions. Reaction plates were prepared with diluted cDNAs 
and Sybr No-Rox Mix (Sensifast, Bioline, Ozyme, Saint-Cyr-L’Ecole, 
France) by an Echo 525 acoustic liquid handler (Labcyte, California, 
USA) and RT-qPCR experiments were performed by using a LightCycler 
480 (Roche, Boulogne-Billancourt, France). The list of sequence for 
primers is summarized Table 1. RT-qPCRs were conducted for 45 cycles 
(10 s at 95 ◦C, 10 s at 60 ◦C, and 10 s at 72 ◦C) on LightCycler 480 system 
(Roche). Fold changes of gene expression were analyzed using the 2- 
ΔΔCp method [32]. Specific primers for amplifications of UPR genes 
were used (Table 1) and expression levels were normalized to the 
house-keeping gene ef1α (ETS-related transcription factor). 

2.5. Western blot analysis 

Whole larvae (n = 6) were homogenized in 80 μl RIPA lysis buffer 
(50 mM Tris-HCl, pH 8, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% 
sodium dodecyl sulfate, 1% Igepal CA-630) containing cOmplete™ 
protease inhibitor cocktail (Merck, Darmstadt, Germany) and 4 mM 
phenylmethylsulfonyl fluoride (Thermofisher Scientific). Following a 1- 
min centrifugation, 65 μl of supernatant was added to 20 μl of sample 4X 
Laemmli buffer. Total proteins were separated through a 10% SDS- 
polyacrylamide resolving gel. Then proteins were transferred to nitro-
cellulose membranes (Amersham™, Merck). Membranes were blocked 
for 1 h in the blocking solution (1X phosphate buffer saline, 0.1% Tween 
20, 5% dry milk) and incubated overnight with primary antibodies at 4 
◦C. The following commercial primary antibodies were used: rabbit anti- 
TDP43 antibody (1/1000, 10782-2-AP, Proteintech, Manchester, UK), 
rabbit anti-BiP (1/700, SPC-180, StressMarq Biosciences, Victoria, 
Canada), mouse anti-ATP5α antibody (1/800, ab14748, abcam, Cam-
bridge, UK). Human S1R protein was detected using a rabbit polyclonal 
antibody generated by Abliance (Compiègne, France) as previously 
described [20]). Secondary peroxidase-conjugated antibodies (1/5000, 
Jackson ImmunoResearch, Cambridge, UK) were incubated for 2 h in 
blocking solution. Chemiluminescence was revealed by using the 
Clarity™ Western ECL Blotting substrates (Bio-Rad, Marnes-la-Coquette, 
France) and the ChemiDoc Touch Imaging System (Bio-Rad). Quanti-
tative analysis was performed using Fiji (Fiji Is Just ImageJ) software 

Table 1 
Primers used for RT-qPCR.   

Forward primer Reverse primer 

ATF6 5′-CTGTGGTGAAACCTCCACCT-3′ 5′-CATGGTGACCACAGGAGATG-3′

ATF4a 5′-CCGGGAATCATGGCAGTGTA-3′ 5′GAGAAGCTGCGGTATTTGCG-3′

ATF4b 5′-TGACCCTCTGCGGTCAATTC-3′ 5′-ACGAATGATCTTCACCACTGTCT-3′

BiP 5′-AAGAGGCCGAAGAGAAGGAC-3′ 5′-AGCAGCAGAGCCTCGAAATA-3′

CHOP 5′-AAGGAAAGTGCAGGAGCTGA-3′ 5′-TGTGAGCCTTCTCCGTCTTT-3′

EIF2α 5′-CCAAAGATGAGCAGCTGGAGA-3′ 5′-ATCCGACACAGCCTGCTTAAA-3′

EF1α 5′-TTCTGTTACCTGGCAAAGGG-3′ 5′-TTCAGTTTGTCCACACCCA-3′

GCLC 5′-ATCCGCCATAGGAGGGGTGA-3′ 5′-TAGATGTGATCCGGCTTGGCA-3′

GCLM 5′-CTGAAGCTTCACACGGGGAAT-3′ 5′-CGCTCAATGTGCCTTGAATGC-3′

IRE1 5′-TGACGTGGTGGAAGTTGGTA-3′ 5′-ACGGATCACATTGGGATGTT-3′

KEAP1a 5′-TCTGCTGCATTTGCCCTTCA-3′ 5′-GTAACCGTGACCCCTCATGGA-3′

KEAP1b 5′-GTTCCTGCTGGTGATGAGCG-3′ 5′-CGTCACCTCCGCCTTACACT-3′

NRF2a 5′-CTCCCAGACTTGCAGCAGT-3′ 5′-CACTTCTGTTTGAGCCGAGC-3′

NRF2b 5′-GTCGCTGCCAGATTTACAGTATT-3′ 5′-GGGCAGGCATGGTAAAGAGT-3′

PGD 5′-ATGCAGCTGATCTGTGAGGC-3′ 5′-AGGAAGGAGTCCAGCTCTGTC-3′

PRDX6 5′-GAAACAGTCATGCCTGGGATA-3′ 5′-GACCAACTACAAACACGCAG-3′

Unspliced XBP1 5′-GGGTTGGATACCTTGGAAA-3′ 5′-AGGGCCAGGGCTGTGAGTA-3′

Spliced XBP1 5′-TGTTGCGAGACAAGACGA-3′ 5′-CCTGCACCTGCTGCGGACT-3′
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[33]. 

2.6. Touch-escape test 

The touch-escape assay quantifies the locomotor activity of zebrafish 
larvae consecutively to a mechanical stimulation [34]. Larvae that 
presented visible anomalies or deformities were not used for the 
experiment. At 5 dpf, individual zebrafish larva was transferred in the 
extremity of a longitudinal tank (L 17.5 × W 0.5 × H 1 cm) filled with 
2.6 ml of zebrafish water and equipped with a graduated scale (Suppl. 
Fig. 1A). After an acclimatization of 30 s, application of tactile stimuli to 
the tail fin using a tip was carried out. The distance swam in 5 s was 
evaluated. The larva was then placed again at the extremity and two 
other assays were performed after a rest of 30 s between each session. 

2.7. Visual motor response (VMR) 

This test quantifies the mobility of zebrafish larvae in response to 
light/dark changes using infrared tracking system. At 5dpf, individual 

larvae are transferred in wells of 96 well plate (Whatman #7701-1651 
square and flat bottom wells) with 250 μl of water and placed for 1 h in 
the incubator at 28 ◦C. Larvae that did not have swim bladders or pre-
sented visible physiological deformities were not used for the experi-
ment. The box floor emitted by a light-controlling unit a white light 
(69–83 μW/cm2 measured at λ 495 nm). The response to stimuli was 
recorded by an infra-red (IR) camera (25 frames/s). The activity of 
larvae was monitored by using an automated videotracking device 
(Zebrabox, ViewPoint, Lyon, France), employing a DinionXF 1/3-inch 
Monochrome camera (model BFLY-PGE-13H2M, FLIR) fitted with a 
fixed-angle megapixel lens (SR5014MP-5C, Seiko Optical, Tokyo, 
Japan). The experiment consisted in acclimating larvae to darkness for 
30 min, then switching light ON for 10 min, then OFF during 10 min. 
This was repeated twice, giving a total experiment duration of 70 min. 
The amount of movement was measured for each larva in “actinteg” 
units. The “actinteg” value of Viewpoint software is defined as the sum 
of all image pixel changes detected during the time window (1 min) 
defined for the experiment. The values obtained in OFF were subtracted 
for each larva to their ON values in order to normalize with the basic 

Fig. 2. PRE-084 ameliorated TDP43G348C- 
larvae mobility and axonal projection. (A) 
Mobility of control larvae, larvae expressing 
TDP43G348C alone or treated with 5 μM of 
PRE-084 during the light/dark phases in the 
VMR test. The mobility was measured dur-
ing 1 min each. AU: arbitrary unit. (B) 
Quantitative analyses from (A) showing the 
relative mobility of controls, larvae 
expressing TDP43G348C alone or treated with 
PRE-084. Data were the mean of the 
mobility during the two OFF periods minus 
ON periods (OFF1-ON1; OFF2-ON2). Rela-
tive mobility from >100 larvae was 
expressed as percent of control and pre-
sented as mean ± SEM. Statistical analysis 
was performed using ANOVA followed by 
Tukey’s test (**p < 0.01; ***p < 0.001). (C) 
Representative photomicrographs showing 
three axonal projections in the zone of 
analysis. Scale bar: 50 μm. (D) Quantitative 
analyses of axonal projections (as shown in 
(C)) in control larvae or larvae expressing 
TDP43G348C alone or treated with PRE-084. 
Data from 42 to 54 motor neurons were 
averaged and presented as mean ± SEM. 
Statistical analysis was performed using 
ANOVA followed by Tukey’s test (*p < 0.05; 
***p < 0.001).   
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activity of each larva. 

2.8. Unbranched axonal length measurements 

Length of axon motor neurons was evaluated after immunostaining 
using mouse monoclonal antibody anti-ZNP1 (Developmental Studies 
Hybridoma, Iowa city, Iowa, USA). Larvae at 2 dpf were used since 
axonal projections of motor neurons are easily visible at this age. 
Fluorescent images of fixed larvae were taken using a confocal ZEISS 
880 FastAi (Rueil Malmaison, France). Axonal projections from primary 
motor neurons at a defined location in the inter-somite segments were 
determined. Analysis of Z-stacks by confocal microscopy was performed 
on 3 axonal projections per zebrafish. The axonal length was determined 
by tracing the labeled axon from the spinal cord to the point where it 
branches using Fiji software [33]. Statistical analysis was performed on 
15–19 zebrafishes per condition for the various conditions. 

2.9. Oxygen consumption rate measured by seahorse technology 

The oxygen consumption rate (OCR) of 5 dpf larvae was measured 
with a Seahorse XFe24 extracellular flux analyzer (Agilent, Santa Clara, 
California, USA). The Seahorse temperature was maintained at 28 ◦C. 
The larvae were placed individually in a well of a Seahorse XFe24 
spheroid 24-well microplate, with 500 μl of water. A grid was placed on 
the larvae to maintain them at the bottom of the wells throughout the 
experiment. Two wells were kept empty per experiment and were 
considered as the “blank” condition. Measurements of total zebrafish 
OCR were performed according to the manufacturer’s instructions. Five 
basal analysis cycles were recorded, then five cycles recorded after 
administration of oligomycin (20 μM final; Sigma Aldrich), five cycles 
after administration of carbonyl cyanide-p-tri-
fluoromethoxyphenylhydrazone (FCCP) (8 μM; Sigma Aldrich) and 
eight cycles after rotenone + antimycin A (15 μM each; Sigma Aldrich). 
Oligomycin inhibits ATP synthase. FCCP is an uncoupling agent that 
collapses the proton gradient and disrupts the mitochondrial membrane 
potential. A mixture of rotenone, a complex I inhibitor, and antimycin A, 
a complex III inhibitor shuts down mitochondrial respiration. As a 
result, drugs enable the calculation of basal mitochondrial respiration, 
the maximal capacity of mitochondrial respiration and non- 
mitochondrial respiration, according to the Manufacturer’s guide 
(Agilent). 

2.10. Statistical analysis 

Data were presented as mean ± standard error of the mean (SEM). 
Statistical analysis was conducted by using Prism GraphPad 8.3 soft-
ware. Student’s t-test was performed to compare two groups, while one- 
way ANOVA followed by Tukey’s test was used for comparison between 
multiple groups. Statistical significance was reached if p values was 
<0.05. 

3. Results 

3.1. PRE-084 rescued locomotor and motor neuron defects of 
TDP43G348C zebrafish larvae 

Locomotor behavior tests were first used to determine locomotor 
deficits induced by TDP43G348C overexpression. The touch-escape assay 
was used to quantify the locomotor performances consecutively to a 
mechanical stimulation at 5 dpf. While larvae expressing a control 
mCherry protein swam a similar distance in 5 s as compared to controls, 
larvae expressing TDP43G348C showed a significant reduced motor 
response (Fig. 1A). To provide a direct proof that a neuroprotective 
strategy could be based on S1R, a transgenic zebrafish overexpressing 
human S1R was generated (Suppl. Fig. 1C). In transgenic S1R larvae, 
TDP43G348C did not affect swimming escape response compared to 

controls (Fig. 1B). Overexpressing S1R alone had also no impact on the 
touch-escape response (Fig. 1B). Next, we examined the effect of the 
reference S1R agonist, PRE-084. Two concentrations of PRE-084, 5 and 
10 μM; the drug being added to the bath water for 24 h between 4 and 5 
dpf. Interestingly, the swimming distance of TDP43G348C-expressing 
zebrafish was rescued after the treatment with PRE-084 at the two doses 
(Fig. 1C). To confirm the specificity of the protective effect of PRE-084, 
larvae were treated with PRE-084 alone or with the S1R antagonist, NE- 
100, at 5 μM each. Treatment with NE-100 significantly abolished the 
protective effect of PRE-084 (Fig. 1D). As control experiments, we 
observed that PRE-084 by itself had no impact on the locomotion of 
control larvae and NE-100 alone did not modify the locomotor behavior 
of TDP43G348C larvae (Suppl. Fig. 2). Another S1R agonist, SA4503, was 
tested in TDP43G348C larvae and again this treatment rescued the loco-
motor escape response (Fig. 1E). 

We also performed the locomotor response to light intensity changes, 
using the visual motor response assay (VMR). Larvae are placed in a 96- 
well plate in a zebrabox and after 30 min, two consecutive periods of 
light onset (ON) and light offset (OFF) for 10 min each. Larvae showed 
increased locomotion during dark periods (Fig. 2A). The expression of 
TDP43G348C reduced the mobility of larvae during dark periods 
(Fig. 2B). The mean mobility significantly decreased by 28% in the 
presence of TDP43G348C. More importantly, treatment with PRE-084 at 
5 μM rescued the response of TDP43G348C-expressing larvae in the VMR 
test (Fig. 2B). 

Expression of TDP43G348C was reported to shorten motor neuron 
extension [35]. We therefore examined the axonal length of motor 
neurons on 2 dpf larvae. While in TDP43G348C-expressing larvae the 
mean axon length was significantly reduced by 12%, PRE-084 treatment 
rescued this alteration (Fig. 2C and D). Altogether our results empha-
sized the beneficial effects of S1R activation in a zebrafish vertebrate 
model of ALS. 

Fig. 3. PRE-84 boosted maximal mitochondrial respiration of TDP43G348C- 
expressing larvae. (A) Oxygen consumption rate (OCR) was measured using the 
Seahorse system on control and TDP43G348C larvae. (B) Basal mitochondrial 
respiration, maximal capacity of mitochondrial respiration and non- 
mitochondrial respiration were measured on control and TDP43G348C larvae 
treated or not with PRE-084. Data from n = 18–33 larvae were presented as 
mean ± SEM. Statistical analysis was performed by the Student t-test (*p <
0.05; **p < 0.01). 
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3.2. PRE-084 ameliorated ATP production during high energy demand 

Since S1R is a chaperone protein, we first investigated whether or not 
S1R activation by PRE-084 affected TDP43 levels. Western blot analyses 
revealed that PRE-084 did not affect expression of human TDP43 levels 
(Suppl. Fig. 3). Among its functions, S1R regulates energy production by 
mitochondria. Mitochondrial respiration activity was then evaluated by 
using a 24 plate-Seahorse XF analyzer (Agilent™). This system allows 
the measure on the whole zebrafish larvae of the basal mitochondrial 
activity to produce ATP, the maximal capacity of mitochondria to 
function and the non-mitochondrial respiration. The presence of 
TDP43G348C significantly reduced the maximal mitochondrial respira-
tion, suggesting a mitochondrial dysfunction during high energy de-
mand (Fig. 3A and B). Of importance, PRE-084 treatment enhanced 
maximal mitochondrial respiration in TDP43G348C context but not in 
control condition (Fig. 3B). 

3.3. TDP43G348C exacerbated tunicamycin-induced ER stress sensitivity 

Abnormal accumulation of unfolded proteins in the ER, leads to an 
ER stress response, also termed the UPR. During unstressed conditions, 
the chaperone protein, GRP78/BiP, is associated to ER stress sensors 
(IRE1, PERK, ATF6), keeping them inactive. Upon ER stress, GRP78/BiP 
dissociates from these sensors resulting in the activation of the three 
UPR arms. As a consequence, this leads to the UPR characterized by 
increased levels of chaperone proteins like GRP78/BiP itself. However, 
under persistent ER stress, the normal functions of the ER fail to recover 
and results in apoptosis, as characterized by overexpression of the 
transcription factor C/EBP homologous protein (CHOP). Impact of 
TDP43 on ER stress has been poorly studied in vivo. 

We have investigated levels of ER stress response genes by using RT- 
qPCR on 5 dpf zebrafish larvae. TDP43G348C expression did not modify 
mRNA levels of the three canonical UPR pathways: i) IRE1 and spliced 
(active) or unspliced forms of Xbp1, ii) PERK/EIF2α and ATF4 isoforms 
(ATF4a/ATF4b) and iii) ATF6 (Fig. 4A). Next, we used tunicamycin at 2 

Fig. 4. TDP43G348C increased sensitivity to ER 
stress. (A) Transcript levels were evaluated from 
control or TDP43G348C larvae, treated or not with 
the ER stress inducer, tunicamycin, for 24 h. Data 
from n = 5 were presented as mean ± SEM. Sta-
tistical analysis was performed by using ANOVA 
followed by Tukey’s test (*p < 0.05, **p < 0.01 
and ***p < 0.001 versus control condition; 
Фp<0.05, ФФp<0.01). (B) As in (A) for UPR gene 
targets: BiP and CHOP (**p < 0.01 and ***p <
0.001 versus control condition; ФФp<0.01). (C) 
As in (A) for NRF2 isoforms: NRF2a and NRF2b 
(*p < 0.05 and ***p < 0.001 versus control con-
dition). (D) Western blot showing BiP and ATP5α 
protein levels from control or TDP43G348C larvae 
treated or not with tunicamycin for 24 h. (E) 
Densitometric analysis of BiP protein levels in 
zebrafish larvae from (D). ATP5α was used as a 
reference to normalize BiP levels. Data from 5 
independent samples were averaged and pre-
sented as mean ± SEM. Statistical analysis was 
performed using a Student’s t-test (*p < 0.05).   
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μg/ml for 24 h to induce ER stress and subsequently, the overexpression 
of UPR genes as shown in Fig. 4A. Likewise, levels of downstream UPR 
genes, BiP and CHOP, were stimulated by tunicamycin (Fig. 4B). Note-
worthy one canonical UPR pathway was significantly overwhelmed by 
the presence of TDP43G348C during ER stress: the IRE1/Xbp1 cascade 
(Fig. 4A). The unspliced (inactive)/spliced (active) ratio of Xbp1 was 
found significantly increased (+33%, p < 0.05) in TDP43G348C- 
expressing larvae. In parallel, TDP43G348C further boosted BiP and CHOP 
upregulation in the presence of tunicamycin (Fig. 4B). Thus, mutant 
TDP43 increased the vulnerability to ER stress in vivo. At the protein 
level, while TDP43G348C did not modify BiP protein expression alone 
(Suppl. Fig. 4), it further enhanced BiP protein expression in the pres-
ence of tunicamycin (Fig. 4D and E and Suppl. Fig. 5). 

Antioxidant NRF2 signalling pathway and ER stress response are 
closely related. In particular, PERK/EIF2α not only phosphorylates and 
activates NRF2 but also ATF4 was shown to promote NRF2 transcription 
[36–38]. We thus examined mRNA levels of the two NRF2 isoforms: 
NRF2a and NRF2b. Treatment of 5 dpf wild-type larvae with 

tunicamycin for 24 h led to a 17-fold increase in NRF2b but had no effect 
on NRF2a transcript levels (Fig. 4C). TDP43G348C did not affect levels of 
NRF2 levels in the presence or not of tunicamycin as compared to 
control. 

3.4. PRE-084 stimulated ER stress response in TDP43G348C larvae 

To better understand how S1R activation may prevent TDP43 
toxicity, we studied the impact of PRE-084 on ER stress response after 
exposure of larvae with tunicamycin. Larvae were treated with 5 μM 
PRE-084 at 4 dpf for 24 h and were analyzed for RNA levels of canonical 
UPR genes. After treatment with tunicamycin for 24 h, PRE-084 only 
increased levels of ATF4b transcript in TDP43G348C-expressing larvae 
(Fig. 5A). Expression of UPR downstream genes, BiP and CHOP, 
remained unchanged (Fig. 5A). To determine if changes also occur and 
are more pronounced at shorter term during ER stress, a treatment of 2 h 
was performed with tunicamycin (Fig. 5B). In this condition, PRE-084 
revealed significant increase in mRNA encoding ATF4b but also IRE1, 

Fig. 5. PRE-084 enhanced ER stress response in 
TDP43G348C-zebrafish. (A) Transcript levels of 
UPR genes in TDP43G348C larvae, treated or not 
with PRE-084 after an ER stress induction with 
tunicamycin for 24 h. Data from n = 8–9 were 
presented as mean ± SEM. Statistical analysis was 
performed by using Student t-test (*p < 0.05). (B) 
As in (A) but after an ER stress induction for 2 h. 
Data from n = 6–7 were presented as mean ±
SEM. Statistical analysis was performed by using 
Student t-test (*p < 0.05; **p < 0.01). (C) Western 
blot showing BiP and ATP5α protein levels larvae 
expressing TDP43G348C treated or not with PRE- 
084 after 2 h with tunicamycin condition. (D) 
Quantitative analysis of BiP protein levels in 
zebrafish larvae from (C). ATP5α was used as a 
reference to normalize BiP levels. Data from 8 to 9 
independent samples were averaged and pre-
sented as mean ± SEM Statistical analysis was 
performed by using Student t-test (*p < 0.05).   
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EIF2α and BiP (Fig. 5B). Altogether this data indicates that PRE-084 may 
have beneficial effects by boosting UPR signalling pathway. Analyses at 
protein levels further showed that PRE-084 increased by 3.6-fold BiP 
levels in the TDP43 context (Fig. 5C and D). 

3.5. PRE-084 activated antioxidant NRF2 pathway in TDP43G348C 

larvae 

Next, we examined the effect of PRE-084 on NRF2 signalling 
pathway that controls antioxidant pathway. Transcript levels of NRF2a/ 
NRF2b were found increased in the presence of PRE-084 with tunica-
mycin for 2 h or 24 h (Fig. 6A). NRF2 is known to activate expression of 
antioxidant key genes in glutathione-based system (GCLC, GCLM), 
thioredoxin-based system (PRDX6), NADPH-generating enzyme 6-phos-
phogluconate dehydrogenase (PGD), as well as on its inhibitor KEAP1. 
Consecutively to a 24 h treatment with tunicamycin, PRE-084 elevated 
mRNA levels of GCLC, PDG and KEAP1a isoform but to reduce PRDX6 
levels (Fig. 6A). At a shorter term of 2 h, PRE-084 enhanced expression 
of GCLC and GCLM but reduced that of PRDX6 (Fig. 6B). The impact of 
PRE-084 on NRF2 levels was further studied in physiological condition. 
Interestingly, treatment of control larvae with PRE-084 for 2 h and 24 h 
increased levels of NRF2a/NRF2b and NRF2b transcripts, respectively 
(Suppl. Fig. 6). Altogether these observations strongly suggest a role of 
NRF2 signalling in the beneficial impact of PRE-084. 

3.6. Enhancing NRF2 expression ameliorated locomotor defects of 
TDP43G348C larvae 

To further demonstrate that increasing NRF2 levels confers protec-
tion against TDP43 toxicity, we treated our ALS zebrafish model with 
sulforaphane, that was previously used to activate NRF2 signalling in 
zebrafish [39,40]. A treatment with 40 μM sulforaphane was sufficient 
to enhance mRNA expression of NRF2b as well as its targets GCLC, 
GCLM, PDG and PRDX6 (Fig. 7A and B). Surprisingly, NRF2a mRNA 
levels were found decreased. Noteworthy, sulforaphane rescued the lo-
comotor response of TDP43G348C- expressing zebrafish in the 
touch-escape test (Fig. 7C). Finally, we directly tested the impact of 
injected NRF2 zebrafish transcript together with TDP43G348C mRNA 
(Fig. 7D). We found a rescue of the locomotor escape response of 
TDP43G348C-expressing zebrafish (Fig. 7D). 

4. Discussion 

The interest of S1R in ALS is fostered by the fact that mutations in the 
gene result in juvenile cases of ALS [21,22]. Moreover, in the SOD1G93A 

mouse model of ALS, several S1R agonists were found to slow the pro-
gression of neuronal alterations or behavioral phenotype [24–27]. 
Altogether these data made S1R agonists a promisingly potent thera-
peutic tool to counteract ALS pathology. However, it is now imperative 
to further validate the therapeutic concept in other ALS contexts and to 
ascertain their mode of action. By using genetic approaches in 
Drosophila, we previously demonstrated that overexpressing S1R 
reversed climbing deficits of TDP43-expressing flies [28]. We here 
showed in a vertebrate model that locomotion of zebrafish over-
expressing human S1R are less affected by mutant TDP43 than controls. 
The purpose of the present study was to provide the proof of concept that 
the S1R activation by the agonist, PRE-084, is efficient to counteract 
TDP43 toxicity. While expression of mutant TDP43 leads to locomotor 
defects, PRE-084 treatment rescues performances not only in the 
touch-escape test but also the VMR. Moreover, we dissected some of the 
mechanisms underlying PRE-084 protective effects. Treatment with the 
agonist ameliorates maximal mitochondrial respiration in the TDP43 
context. One the other hand, we demonstrated that TDP43G348C exac-
erbates ER stress by enhancing response to tunicamycin, resulting in 
increased levels of ER stress chaperone BiP and pro-apoptotic factor 
CHOP. Interestingly, PRE-084 treatment in the same condition further 
heightens BiP mRNA levels but not CHOP. Moreover PRE-084 stimulates 
EIF2α/ATF4 and NRF2 signalling, both known to promote antioxidant 
protection during ER stress. To further validate the protective effect of 
NRF2 in TDP43 context, we showed that overexpressing NRF2 alleviates 
locomotor defects to mechanical stimulation of TDP43G348C zebrafish. 
Additionally, we looked for potential benefits of sulforaphane, well 
known to enhance NRF2 signalling pathway, and again we found an 
amelioration of the touch-escape response of zebrafish expressing 
TDP43G348C. Altogether, these findings highlight the beneficial impact 
of activating S1R in ALS pathogenesis, boosting ER stress response and 
antioxidant cascade. 

The preferential localization of S1R at the ER-mitochondria interface 
supports its action on mitochondria. At this domain its interaction with 
IP3R type 3 adapts calcium transfer from ER to mitochondria and 
thereby modulates production of NADH cofactor by intra-mitochondrial 
dehydrogenases [41]. The activation of these enzymes by calcium is 
considered important to stimulate mitochondrial respiration and hence 
matches ATP supply with increased energetic needs [42]. We showed 
that PRE-084 stimulates maximal oxidative mitochondrial respiration 
that was significantly reduced by the presence of TDP43G348C. In 
contrast, basal ATP-dependent respiration remained unchanged in the 
presence of TDP43G348C and/or PRE-084. It was previously reported that 
TDP43 may have a direct impact on mitochondria functioning, since 
cytoplasmic TDP43 could accumulate on the inner mitochondrial 
membrane and reduce complex I assembly thereby impairing ATP 

Fig. 6. PRE-084 boosted NRF2 signalling cascade and alleviates TDP43G348C 

toxicity. (A and B) RNA expression levels of NRF2 and its targets: GCLC, GCLM, 
PRDX6 and PGD in TDP43G348C larvae treated or not with PRE-084 after an ER 
stress induction with tunicamycin for 24 h (A) or 2 h (B). Data from n = 8–9 
(24 h) and n = 6–7 (2 h) were presented as mean ± SEM. Statistical analysis 
was performed by the Student t-test (*p < 0.05; **p < 0.01; ***p < 0.001). 
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production [43]. Moreover, S1R agonists, including PRE-084, were 
found to directly potentiate complex I activity and mitochondrial 
respiration in physiological and pathological conditions [44]. Thus, S1R 
activation may confer protection by restoring mitochondrial respiratory 
capacity to fit with high energetic demand in TDP43 context. However, 
TDP43 toxicity results from a plethora of altered cellular processes, 
suggesting that rescuer effect of S1R may not solely be due to increased 
mitochondrial respiration. 

In stress condition, S1R can activate the unfolded protein response, 
by acting on two UPR cascades: IXBP1 and ATF4 pathways [12–14]. 
Whether wild-type or mutant TDP43 triggers ER stress is still under 
debate [45]. Using NSC34 cells, it was found that TDP43 transfection did 
not activate IRE1/XBP1, ATF6 or PERK/ATF4 pathways while CHOP 
levels were increased [46]. Moreover, in HEK293 and primary motor 
neurons, mutant TDP43 failed to modify levels of spliced XBP1 and BiP 
[47], and even in rat forebrain neurons the authors noticed a decreased 
levels of unspliced/spliced XBP1 [48]. In contrast other studies in 
Neuro2a cells showed upregulation of XBP1, ATF6 and CHOP [49] while 
in SH-SY5Y cells they described higher levels of ATF4 and the ER stress 
effectors, BiP and CHOP [50,51]. All these discrepancies may be due to 
the different mutations and cell models that have been used and even 
likely the time-points of the observation. We showed here that induction 
of ER stress by tunicamycin increased transcript levels of all UPR genes 
but, more importantly, led to the higher exacerbation rate of IRE1/XBP1 
cascade in TDP43G348C condition. This was accompanied by enhanced 
overexpression of BiP and CHOP, suggesting a higher vulnerability to ER 
stress in the presence of TDP43G348C. BiP promotes survival by allevi-
ating accumulation of misfolded proteins while CHOP activates 
apoptosis when ER stress is persisting (For reviews see [52,53]). CHOP 
expression can be activated by both ATF4 and ATF6 ER stress arms [53]. 
In ER stress conditions, we showed that PRE-084 treatment further 
enhanced BiP but not CHOP levels and upstream significantly increased 
mRNA levels of IRE1, EIF2α and ATF4b. In previous work in a S1R 
deficient zebrafish line, transcript levels of IRE1 and PERK-related 

effectors like ATF4 were found decreased [54]. Also, ATF4 gene 
expression decreased after S1R silencing in transduced siRNA neurons 
[14]. We here provide evidence that, conversely, S1R activation can 
further increase UPR genes, IRE1 and ATF4, as well as the pro-survival 
effector BiP. 

Besides ER stress, our data indicate that S1R fulfils a key role in 
activation of defense against oxidative stress. In physiological condi-
tions, KEAP1 binds NRF2 and then targets NRF2 for ubiquitination and 
degradation by the ubiquitin proteasome system. In contrast during 
oxidative stress NRF2-KEAP1 interaction is interrupted and NRF2 
translocates to nucleus to activate expression of antioxidant genes. So far 
it has been reported that i) silencing S1R decreased NRF2 protein levels 
and led to oxidative stress in retinal cone cells, ii) S1R activation by li-
gands increased levels of NRF2 and NRF2-regulated antioxidant targets 
in retinal photoreceptors and Müller glial cells and iii) S1R colocalizes 
with NRF2 in photoreceptor cells, suggesting that NRF2 may be a direct 
target of S1R [15–17,55]. To date, analyses were performed mostly in 
retina and it is of interest to determine if the effect of S1R on NRF2 is a 
common mechanism. We are here demonstrating that PRE-084 enhances 
NRF2 gene expression in physiological condition and in 
tunicamycin-induced stress. The impact on NRF2 targets seems to 
depend on the exposure time to tunicamycin, first affecting glutathione 
metabolism then NADPH levels with PGD and KEAP1 as negative 
feedback. The downregulation of PRDX6 mRNA is in accordance with a 
direct gene regulation of this peroxiredoxin by S1R since silencing S1R 
was previously reported to upregulate PRDX6 transcripts, although how 
remains to be established [14]. Impact of S1R on NRF2 may be one of the 
most significant mechanism in the multifaceted neuroprotective action 
of S1R against TDP43 toxicity. Accordingly, increasing NRF2 levels in 
zebrafish by sulforaphane and more directly by NRF2 RNA injection 
both rescue locomotor defects induced by mutant TDP43. It is note-
worthy that while sulforaphane and PRE-084 increase similarly NRF2b 
mRNA levels, the impact on transcript levels of NRF2-regulated targets 
is much more pronounced after sulforaphane treatment. Both drugs may 

Fig. 7. Increasing NRF2 levels reduced 
TDP43 toxicity. (A) RNA expression levels of 
NRF2 in larvae treated or not with sulfo-
raphane. Data from n = 6 were presented as 
mean ± SEM. Statistical analysis was per-
formed by the Student t-test (**p < 0.01; 
***p < 0.001). (B) RNA expression levels of 
NRF2 targets: GCLC, GCLM, PRDX6 and PGD 
in larvae treated or not with sulforaphane. 
Data from n ≥ 5 were presented as mean ±
SEM. Statistical analysis was performed by 
the Student t-test (**p < 0.01; ***p < 0.001). 
(C) Touch-escape response of control larvae 
or larvae expressing TDP43G348C and treated 
or not with sulforaphane. Data from 25 were 
averaged and presented as mean ± SEM. 
Statistical analysis was performed by Tukey’s 
test (*p < 0.05; ***p < 0.001). (D) Touch- 
escape response of control larvae or larvae 
expressing TDP43G348C alone or with NRF2. 
Data from 25 larvae were averaged and 
presented as mean ± SEM. Statistical anal-
ysis was performed using ANOVA followed 
by Tukey’s test (***p < 0.001).   

C. Lasbleiz et al.                                                                                                                                                                                                                                



Redox Biology 58 (2022) 102542

10

impact NRF2 signalling pathway through different mechanisms and not 
solely on transcript expression, among which phosphorylation by ki-
nases and nuclear translocation of NRF2 protein are critical. Of interest, 
NRF2 was found to colocalize with S1R in photoreceptor cells, sug-
gesting that NRF2 may be a direct target of S1R [55]. Future in-
vestigations should address the significance of this interaction in 
physiological condition or after activation by PRE-084. Moreover, we 
previously reported that S1R overexpression rescued the nucleocyto-
plasmic transport deficit caused by the ALS mutation in C9orf72 by 
stabilizing nuclear pore proteins and restoring the Ran gradient across 
nuclear membrane, that is essential for the nuclear import of RNA and 
proteins [20]. Since mutant TDP43 was also reported to alter nucleo-
cytoplasmic transport [56], another alternative to explore is that 
PRE-084 may ameliorate nucleocytoplasmic transport of mRNA encod-
ing NRF2 targets. 

Altogether our data highlight the importance of NRF2 but also ATF4 
in the beneficial impact of S1R activation. In general, ATF4 and NRF2 
bind to their respective response elements, C/EBP-ATF response element 
(CARE) sequences and antioxidant responsive element (ARE), respec-
tively, in response to distinct cellular stress. However, ATF4 is also 
described as part of the integrated stress response modulating crucial 
biological processes such as obviously ER stress but also antioxidant 
response and mitochondrial quality control [37,57,58]. Gene expres-
sions of ATF4 and NRF2 is even intimately related, regulating each other 
[37,38,59,60]. Moreover, NRF2 form homodimers or heterodimers with 
other factors to stimulate targets. Several lines of evidence now indicate 
that ATF4 and NRF2 cooperatively stimulate genes controlling anti-
oxidative defence, notably by forming heterodimers [36,61,62]. In 
future studies it would be very interesting to use morpholinos to 
downregulate NRF2 and ATF4, alone or together, to provide direct ev-
idence of the synergic role of NRF2 and ATF4 in PRE-084-induced 
neuroprotection. While more work is needed to clarify all the mecha-
nisms underlying S1R neuroprotection in TDP43 proteinopathy, our 
study confirmed the high therapeutic value of S1R agonists in ALS. An 
important issue in future investigations would be to understand the 
potential impact of S1R on the nucleocytoplasmic transport of NRF2 and 
its targets that has not been yet investigated in the TDP43 context. 
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GCLC: Glutamate-cysteine ligase catalytic subunit 
GCLM: Glutamate-cysteine ligase modifier subunit 
IP3: Inositol triphosphate 3 
IRE1: Inositol-requiring enzyme 1 
KEAP1: Kelch-like ECH-associated protein 1 
NE-100: 4-methoxy-3-N,N-dipropylbenzeneethanamine 
NRF2: Nuclear factor erythroid-2 related factor 2 
PERK: Protein kinase RNA-like ER kinase 
PGD: Phosphogluconate deshydrogenase 
PRDX6: Peroxiredoxin-6 

PRE-084: 2-(4-morpholinethyl)-1-phenylcyclohexanecarboxylate hydrochloride 
S1R: Sigma-1 receptor 
SA4503: 1-(3,4-Dimethoxyphenethyl)-4-(3-phenylpropyl)piperazine dihydrochloride 
SOD1: Superoxide dismutase 1 
TDP43: Tar-DNA binding protein 43 kDa 
UPR: unfolded protein response 
VMR: visual motor response 
XBP1: X-box binding protein 1 
YFP: Yellow fluorescent protein 
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