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SorLA protective function is restored by improving SorLA protein maturation in a subset of Alzheimer's disease-associated SORL1 missense variants

Keywords: 

SORL1 loss of function is associated with Alzheimer disease (AD) risk through increased Aβ peptide secretion. We expressed 10 maturation-defective rare missense SORL1 variants in HEK cells and showed that decreasing growing temperature led to a significant increase in the maturation of the encoded protein SorLA for 6/10. In edited hiPSC carrying two of these variants, maturation of the protein was restored partially by decreasing the culture temperature and was associated with concomitant decrease in Aβ secretion. Correcting SorLA maturation in the context of maturation-defective missense variants could thus be a relevant strategy to improve SorLA protective function against AD.

Introduction

The SORL1 gene (Sortilin-related receptor 1) encodes the SorLA protein, which acts as an intracellular sorting receptor for numerous cargo proteins, including the Amyloid β Precursor Protein (AβPP) and the Amyloid β (Aβ) peptide [START_REF] Schmidt | Sorting receptor SORLA: cellular mechanisms and implications for disease[END_REF][START_REF] Andersen | Risk factor SORL1: from genetic association to functional validation in Alzheimer's disease[END_REF]. The Aβ peptide is the major component of senile plaques in the brain of Alzheimer's Disease (AD) patients, and genetic studies show that it plays a central role in triggering AD pathophysiology. Functional studies demonstrated that SorLA plays a key protective role against the production and the secretion of the Aβ peptide by neurons [START_REF] Andersen | Neuronal sorting 11 protein-related receptor sorLA/LR11 regulates processing of the amyloid precursor protein[END_REF][START_REF] Dodson | Loss of LR11/SORLA enhances early pathology in a mouse model of amyloidosis: evidence for a proximal role in Alzheimer's disease[END_REF][START_REF] Rohe | Sortilin-related receptor with A-type repeats (SORLA) affects the amyloid precursor protein-dependent stimulation of ERK signaling and adult neurogenesis[END_REF][START_REF] Knupp | Depletion of the AD Risk Gene SORL1 Selectively Impairs Neuronal Endosomal Traffic Independent of Amyloidogenic APP Processing[END_REF]. First, by binding to the retromer complex, SorLA redirects AβPP from the early endosomes back to the Golgi apparatus through the recycling pathway. This in turn results to reduced amyloidogenic processing of AβPP, by preventing it from being targeted to the late endosome compartments, where AβPP is cleaved into Aβ. Second, SorLA may directly bind nascent Aβ peptides and target them to lysosomes, which also contributes to the reduction of Aβ secretion [START_REF] Caglayan | Lysosomal sorting of amyloid-β by the SORLA receptor is impaired by a familial Alzheimer's disease mutation[END_REF]. Accordingly, rare coding genetic variants hitting SORL1 have been found in ~3% of AD patients and are considered as a major AD risk factor [START_REF] Nicolas | SORL1 rare variants: a major risk factor for familial early-onset Alzheimer's disease[END_REF][START_REF] Bellenguez | Contribution to Alzheimer's disease risk of rare variants in TREM2, SORL1, and ABCA7 in 1779 cases and 1273 controls[END_REF][START_REF] Pottier | High frequency of potentially pathogenic SORL1 mutations in autosomal dominant early-onset Alzheimer disease[END_REF].

Newly synthesized SorLA molecules follow the constitutive secretory pathway from the endoplasmic reticulum (ER) to the cell surface, through the Golgi. During their transport, SorLA proteins are subjected to several post-translational modifications, resulting in the presence of immature and mature species. Recently, we demonstrated that a subset of rare missense AD-associated SORL1 variants was associated with impaired maturation of the SorLA protein, resulting in its retention in ER. These trafficking defects were associated with a loss of SorLA protective function leading to an increase in Aβ peptide secretion [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF].

Defects in protein trafficking and ER retention have been shown to be a common cellular mechanism involved in the pathogenesis of a wide range of inherited human diseases, such as cystic fibrosis or kidney diseases [START_REF] Schaeffer | Protein trafficking defects in inherited kidney diseases[END_REF][START_REF] Welsh | Molecular mechanisms of CFTR chloride channel dysfunction in cystic fibrosis[END_REF]. Mutations act by impacting protein folding and conformational stability, thus interfering with efficient post-translational modification and subsequent protein trafficking. Conformational protein stability depends on environmental factors including temperature, pH and salt concentration [START_REF] Uversky | Intrinsically Disordered Proteins[END_REF]. In agreement, the processing defects associated with various missense mutations can be reverted when temperature is reduced [START_REF] Zhou | Correction of defective protein trafficking of a mutant HERG potassium channel in human long QT syndrome. Pharmacological and temperature effects[END_REF][START_REF] Anderson | Most LQT2 mutations reduce Kv11.1 (hERG) current by a class 2 (trafficking-deficient) mechanism[END_REF][START_REF] Denning | Processing of mutant cystic fibrosis transmembrane conductance regulator is temperature-sensitive[END_REF]. In this report, we tested the effect of low temperature on maturation and function of maturation-defective SorLA proteins.

Material and methods

Cell culture

All cDNA constructs and human induced pluripotent stem cell (hiPSC) clones used in this report were previously described in ref [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF]. HEK293 and hiPSCs were cultured as described in [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF] with slight modifications. HEK293 cells were transfected using the Transporter 5 reagent (Polysciences Europe GmbH, Eppelheim, Germany) according to the manufacturer's protocol. Six hours after transfection for HEK293 cells, or 2 days after plating for hiPSCs, cells were shifted or not at 29°C for 24h, before being collected.

Protein extraction and Western blotting

Protein extraction and western blotting were performed as previously described [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF]. Note that due to reduced expression of CMV promoter-dependent transgene at lower temperature, 4 times more proteins were loaded for HEK samples incubated at 29°C, to obtain similar signal intensities and consequently accurate quantification of bands between both temperatures.

Proteins were resolved by Tris-acetate NOVEX NuPAGE 3-8% (Invitrogen, Carlsbad, CA, USA). Nitrocellulose membrane were blotted with monoclonal anti-SorLA antibody (1:5,000; mAb# 611860, BD Bioscience, Franklin lakes, NJ, USA) and with recombinant anti-vinculin antibody (1:10,000; ab129002, Abcam, Cambridge, UK). The signal intensity corresponding to mature and immature forms of SorLA proteins in each lane was quantified using the Genetools software (Syngene, Cambridge, UK).

Aβ40 secretion assay

HiPSCs were plated in triplicate on 12-well plates. Two days later, cells were shifted or not at 29°C and 4 hours later, medium was replaced and supplemented with phosphoramidon (10µM, Sigma-Aldrich, Saint-Louis, MI, USA). Twenty-four hours later, conditioned medium was collected and cleared by centrifugation. The quantification of Aβ40 peptide was performed using the V-PLEX Aβ40 Peptide (6E10) kit (Meso Scale Diagnostics, Rockville, MD, USA).

Statistics

Statistical analyses were performed using one-way Analysis of Variance (ANOVA) using Sidak's post hoc test, allowing correction for multiple comparisons. Statistical analyses were performed with GraphPad Prism software (GraphPad, San Diego, CA, USA). All n reported are biological replicates. All data are presented as mean ± standard error of the mean (SEM).

Statistical significance was defined as ns (not significant) p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Results

Reduced temperature improves SorLA protein processing for a subset of maturation-defective SORL1 variants in HEK cells.

Over the 15 maturation-defective SORL1 variants identified by our group [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF], 10 were selected based on their differential impact on SorLA maturation profile when expressed in HEK cells: R332W, S564G, S577P, R654W, R729W, D806N, Y934C, D1535N, D1545E and W1862C.

To evaluate the impact of lower growing temperature on SorLA protein maturation, we transiently transfected HEK cells with cDNA constructs encoding the full-length wild-type (WT)-SorLA or SorLA variants. As previously described [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF], at 37°C, WT-SorLA protein consisted of two distinct forms on immunoblot analysis (Figure 1A), corresponding to mature (upper band) and immature species (lower band). In contrast, all 10 missense variants showed an alteration of the maturation profile associated with lower levels of mature SorLA protein.

Following culture at 29°C, WT-SorLA protein showed a maturation pattern similar to that observed at 37°C, indicating that WT-SorLA protein maturation was not affected by decreased temperature. On the other hand, 6 of the 10 variants (R332W, S564G, S577P, R654W, D806N, and W1862C) showed a significant increase in the proportion of mature SorLA, compared to 37°C (Figure 1B, Supplementary table 1). Although there was a slight increase in the proportion of mature forms for the R729W and the Y934C variants, this trend did not reach significance.

Decreasing temperature worsened the maturation profile for D1535N and D1545E variations.

Taken together, these results indicate that decreasing the growing temperature of HEK cells improves the processing of a subset of maturation-defective SORL1 variants.

Reduced temperature improves SorLA protein maturation defects linked to missense SORL1 variants in hiPSC.

We then sought to validate these results on endogenous SORL1 levels, using CRISPR/Cas9edited hiPSC lines carrying homozygous R332W and R654W variants [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF]. As reported before, at 37°C, endogenous WT-SorLA migrates mostly as mature species (Figure 2A,B) in hiPSCs.

The R332W variant is associated with a drastic reduction of the mature forms with a concomitant increase of the immature species of the protein, and the overwhelming majority corresponds to immature forms for the R654W variant. Growing cells at 29°C did not affect the WT-SorLA protein maturation, but resulted in a significant increase in the proportion of mature forms of SorLA at 29°C for both variants. These data confirmed the beneficial effect of reducing growing temperature on SorLA maturation defects linked to missense SORL1 variants in an endogenous SORL1 expressing model.

Improvement in SorLA protein maturation results in decreased Aβ secretion in hiPSCs.

To evaluate if this improvement in SorLA maturation was associated with a rescue in SorLA function regarding Aβ secretion, we quantified Aβ40 peptides in the conditioned media of WT, R332W, R654W or KO SorLA hiPSC lines cultured at 37 or 29°C. As previously reported [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF], at 37°C, KO and mutants SorLA hiPSCs showed a significant increase in Aβ secretion, both variants leading to similar levels of Aβ as the SORL1 KO hiPSC lines (Figure 2C). At 29°C, significant lower levels of Aβ peptides were detected in conditioned media of R332W and R654W hiPSCs, compared to the KO SorLA hiPSCs. Similar levels of Aβ were detected in WT and R332W lines. Note that KO SorLA hiPSCs still showed a significant increase in Aβ secretion compared to the WT lines, indicating that at lower temperature WT-SorLA protective function is maintained. Altogether, these results indicate that reducing growing temperature of hiPSCs is associated with both an improvement in SorLA protein maturation and a rescue of its protective function against Aβ secretion.

Discussion

Recently, we demonstrated that a subset of rare missense AD-associated SORL1 variants was associated with impaired maturation/trafficking of the SorLA protein, resulting in a loss of SorLA protective function against the secretion of Aβ peptides [START_REF] Rovelet-Lecrux | Impaired SorLA maturation and trafficking as a new mechanism for SORL1 missense variants in Alzheimer disease[END_REF]. In this report, we demonstrate that reducing HEK cell culture temperature at 29°C leads to a significant improvement of SorLA protein maturation for 6 (R332W, S564G, S577P, R654W, D806N, and W1862C) of the 10 maturation-defective variants tested. These results were confirmed for the R332W and R654W variants, when expressed in CRISPR/Cas9-modified hiPSCs at endogenous levels. In both cell lines, SorLA protein maturation rescue was not complete. It is conceivable that the arbitrary temperature of 29°C used here is not optimal, and that changes in temperature and/or culture time could improve the efficiency of the treatment. In agreement, it has been demonstrated for the SUR1 mutant protein that decreasing the temperature to 30°C allowed only a partial exit from the ER, whereas full exit was observed at 18°C [START_REF] Yang | Low temperature completely rescues the function of two misfolded K ATP channel disease-mutants[END_REF]. It is also possible that several misfolded states coexist. Pending the severity of the conformational defect, partially folded proteins can be chaperoned to attain their native conformation or not, with only some being temperature-sensitive. Instead of being improved, the maturation profile of D1535N and D1545E was even worsened. Differential effect of temperature on maturation-defective variants has already been reported for other misfolded proteins. For instance, maturation defects associated with the CFTR G85E and R560T mutations remain unchanged and even worsen with the E92K mutant [START_REF] Lopes-Pacheco | Combination of Correctors Rescues CFTR Transmembrane-Domain Mutants by Mitigating their Interactions with Proteostasis[END_REF][START_REF] Farinha | Revertants, low temperature, and correctors reveal the mechanism of F508del-CFTR rescue by VX-809 and suggest multiple agents for full correction[END_REF].

Several mechanisms can explain how decreased temperature may act on SorLA protein maturation. First, slowing down protein translation increases time for proteins to get to their native state through the help of cellular chaperones. Post-translational modifications, particularly glycosylation, are maintained or even improved at low temperature [START_REF] Yoon | Effect of low culture temperature on specific productivity, transcription level, and heterogeneity of erythropoietin in Chinese hamster ovary cells[END_REF][START_REF] Bollati-Fogolín | Temperature reduction in cultures of hGM-CSF-expressing CHO cells: effect on productivity and product quality[END_REF]. Finally, decreasing temperature may have a more global effect on cells. It has been shown that low temperature treatment causes a profound alteration in cell transcriptome [START_REF] Sondo | Rescue of the mutant CFTR chloride channel by pharmacological correctors and low temperature analyzed by gene expression profiling[END_REF] and proteome [START_REF] Gomes-Alves | Low temperature restoring effect on F508del-CFTR misprocessing: A proteomic approach[END_REF]. It is therefore possible that the corresponding change in the proteostasis environment, and not the activity/expression of a single protein, is globally responsible for SorLA rescue by low temperature. Understanding the mechanism of low temperature and mimicking it with small molecules appear as an important priority to design novel therapeutics for SorLA rescue.

The study in hiPSCs also allowed us to highlight that reducing culture temperature is associated with a rescue of the protective function of the R332W and R654W SorLA variants against Aβ secretion. The significant increase in Aβ secretion observed in R332W hiPSCs is no longer detected at lower temperature, suggesting a nearly complete rescue of the SorLA protein function. These results are in full agreement with the great improvement of SorLA maturation in these lines at lower temperature. In contrast, the R654W hiPSCs displayed a significant increase in Aβ secretion compared to the WT lines at both temperatures, but to a lesser extent at lower temperature. Importantly, whereas at 37°C R654W mutant lines displayed similar Aβ secretion as compared to the KO lines, at lower temperature, Aβ secretion is significantly reduced indicating that this mutant does not behave anymore as a complete loss of function.

Accordingly, the improvement in SorLA maturation of this variant observed at lower temperature is by far incomplete, suggesting that the proportion of mature SorLA is insufficient to maintain the protein function against Aβ accumulation. On the other hand, we cannot exclude that, in addition to having a deleterious effect on SorLA maturation, the mutation impacts protein function by other mechanisms.

Obviously, lowering temperature is not a transposable strategy to prevent AD or any misfolded protein disease. However, after successful correction of folding defects by decreased temperature, extensive studies were performed to identify small molecules acting as pharmacological chaperones able to rescue trafficking defects of proteins involved in misfolded protein disease, some of were later approved for clinical use [START_REF] Gámez | Protein misfolding diseases: Prospects of pharmacological treatment[END_REF]. Our results may encourage similar strategies for the treatment of SORL1 maturation-defective variants in AD. 
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