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Introduction: Alzheimer’s disease remains the most common neurodegenerative disorder, depicted mainly by memory loss and the presence in the brain of senile plaques and neurofibrillary tangles. This disease is related to several cellular alterations like the loss of synapses, neuronal death, disruption of lipid homeostasis, mitochondrial fragmentation, or raised oxidative stress. Notably, changes in the autophagic pathway have turned out to be a key factor in the early development of the disease. The aim of this research is to determine the impact of the APOE allele ε4 and G206D-PSEN1 on the underlying mechanisms of Alzheimer’s disease.

Methods: Fibroblasts from Alzheimer’s patients with APOE 3/4 + G206D-PSEN1 mutation and homozygous APOE ε4 were used to study the effects of APOE polymorphism and PSEN1 mutation on the autophagy pathway, mitochondrial network fragmentation, superoxide anion levels, lysosome clustering, and p62/SQSTM1 levels.

Results: We observed that the APOE allele ε4 in homozygosis induces mitochondrial network fragmentation that correlates with an increased colocalization with p62/SQSTM1, probably due to an inefficient autophagy. Moreover, G206D-PSEN1 mutation causes an impairment of the integrity of mitochondrial networks, triggering high superoxide anion levels and thus making APOE 3/4 + PSEN1 fibroblasts more vulnerable to cell death induced by oxidative stress. Of note, PSEN1 mutation induces accumulation and clustering of lysosomes that, along with an increase of global p62/SQSTM1, could compromise lysosomal function and, ultimately, its degradation.

Conclusion: The findings suggest that all these modifications could eventually contribute to the neuronal degeneration that underlies the pathogenesis of Alzheimer’s disease. Further research in this area may help to develop targeted therapies for the treatment of Alzheimer’s disease.
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1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder marked by impaired behavior, cognitive dysfunction, and episodic memory loss; being the most common dementia in the elderly and the most prevalent neurodegenerative disease (Masters et al., 2015). From the genetic standpoint, AD can be divided into two different categories: the familiar form (<10% of all cases) and the sporadic form (90–95% of cases). The familial form (FAD) has an early onset. It is triggered by mutations in any of the three primary genes linked to AD: APP (amyloid precursor protein) gene, PSEN1 (presenilin) or PSEN2 (presenilin) gene (Dorszewska et al., 2016) in chromosomes 21 and 14, respectively. These genes contribute to the amyloidogenic pathway by which the APP protein is consecutively cleaved and processed to produce Aβ oligomers susceptible to aggregate (Hardy and Selkoe, 2002). On the other hand, sporadic AD (SAD) results from a complex mixture of genetic and environmental factors. However, its pathobiology is still under investigation (Dorszewska et al., 2016).

The allele ε4 of the APOE gene encoding the apolipoprotein E (APOE) is the major genetic risk factor for AD (Fernández-Calle et al., 2022). Within the central nervous system, astrocytes mainly produce this protein. It is critical in shuttling cholesterol to neurons to maintain cell membranes and synapses and allow their reparation after injury (Belloy et al., 2019; García-Sanz et al., 2021). In humans, there are three APOE isoforms, which differ only by 1 or 2 amino acids: APOE2, APOE3, and APOE4. The ε3 allele has the highest prevalence (78%), followed by ε4 (15%) and finally ε2 (7%) (Masters et al., 2015). The ε4 allele in homozygosis raises the risk of developing AD by twelve times (Heffernan et al., 2016). The ε4 allele is linked to an earlier onset of the disease (Khachaturian et al., 2004) and more severe cognitive impairment (Najm et al., 2019). It has an approximately 50% contribution to the development of SAD (Ashford, 2004). Furthermore, the presence of the ε4 allele is related to the appearance of amyloid-β (Ab) aggregates, the hyperphosphorylation of tau, and the disorganization of mitochondrial networks (Mahley et al., 2007; Cheng and Bai, 2018) and ultimately, it may account for specific phenotypic heterogeneity in AD (Emrani et al., 2020).

The senile plaques composed of extracellular Aβ aggregates and neurofibrillary tangles formed by hyperphosphorylated tau protein remain AD’s two most critical histopathological hallmarks (Lane et al., 2018; Vidal and Zhang, 2021). Growing evidence suggests that abnormal mitochondrial function is involved in AD pathophysiology (Castora et al., 2022). Environmental toxins, such as pesticides, heavy metals, and industrial waste products, can impair mitochondrial function and produce reactive oxygen species (ROS) and oxidative stress, which can damage neurons and contribute to AD pathogenesis (Sharma et al., 2021). Mitochondrial dysfunction is observed in AD subjects within the brain and systemically (Strope and Wilkins, 2023). AD is depicted by disrupted energy metabolism in the brain and increased levels of oxidative stress (Wang et al., 2020). Furthermore, Aβ aggregates may also destabilize Ca2+ homeostasis generating a Ca2+ overload in the mitochondria and forming a permeability transition pore in the inner mitochondrial membrane (Wacquier et al., 2020). Eventually, this event may trigger the release of cytochrome C from mitochondria and the collapse of the mitochondrial membrane potential (Brookes et al., 2004; Calvo-Rodriguez and Bacskai, 2021). Moreover, Ca2+ can increase the number of reactive oxygen species (ROS) through two mechanisms: nitric oxide production, which inhibits the mitochondrial IV complex, and the increase in the activity of the electron transport chain, which results in increased ROS production (Brookes et al., 2004; Calvo-Rodriguez and Bacskai, 2021). Indeed, defective mitophagy mediated a preserved mechanism of memory loss across the AD models (Xie et al., 2022; Zeng et al., 2022). The impairment of the endocytic, autophagic, and lysosomal pathways is considered initiated at the early stages of AD. It appears to be involved in most AD cases (Krance et al., 2022) and other neurodegenerative diseases (García-Sanz et al., 2018). Autophagy appears to be compromised in not only AD but also in other neurodegenerative disorders. Autophagy is essential in maintaining normal cell function by removing potentially harmful materials, including damaged organelles (such as mitochondria) and poorly folded or aggregated proteins (Vegh et al., 2019; Zeng et al., 2022). Defects in this mechanism lead to an accumulation of these toxic materials, eventually causing neuronal death as it occurs in some neurodegenerative diseases, including AD (Filippone et al., 2022; Griffey and Yamamoto, 2022).

The initiation of the autophagy pathway is regulated by a plethora of different proteins, the most remarkable of which are the mTOR and ULK complexes. In the presence of nutrients, mTOR is phosphorylated and inhibits autophagy through the phosphorylation (at specific inhibition sites) of ULK, which is one of the proteins that contribute to the initiation of the phagophore formation process. On the contrary, in nutrient deprivation situations, mTOR will stop inhibiting ULK so that phagophore formation can occur and, therefore, autophagy will be enhanced (Alers et al., 2012). In AD, mTOR and other proteins involved in autophagosome formation are especially susceptible to changes in their function due to oxidative stress (Lee et al., 2012; Filippone et al., 2022). Altered autophagy is broadly established in AD, leading to damaged organelles buildup, including mitochondria (Frake et al., 2015). However, current research remains controversial regarding which stages of autophagy are specifically impaired. A comprehensive assessment of the autophagic process in CA1 pyramidal hippocampal neurons from early and late-stage AD patients showed a remarkable upregulation of autophagy-related genes, reflecting increases in both autophagosome and lysosome biogenesis. This induced autophagy status appears to be an early mechanism response, and autophagy flux is gradually hampered due to the failure of the lysosomal degradation (Bordi et al., 2016).

In fact, with age and under stress, lysosomes accumulate lipofuscin, which cannot be degraded, leading to lysosomal dysfunction (Brunk and Terman, 2002; Trigo et al., 2022). Strikingly, in various lysosomal storage diseases, lysosomal defects initially produce a burden of amyloidogenic proteins (Monaco and Fraldi, 2020; Riera-Tur et al., 2022). In AD, allele ε4 of the APOE gene has been related to alterations in the endocytic, autophagic, and lysosomal processes (Schmukler et al., 2018; Eran and Ronit, 2022; Fernández-Calle et al., 2022). In addition, it has been shown that PSEN1 mutations produce lysosomal and autophagic dysfunction due to defects in lysosomal acidification and lysosomal Ca2+ homeostasis (Coen et al., 2012; Lee et al., 2015; Yang et al., 2019; McDaid et al., 2020).

Overall, AD pathology generates increased oxidative stress and alterations in autophagy that compromise cellular homeostasis, favoring the mechanisms of neurodegeneration. In this study, we evaluate the impact of the presence of the APOEε4 allele and a mutation in PSEN1 over cellular viability, ROS production, mitochondrial structure, autophagy status, and lysosome accumulation and distribution in age-matched fibroblasts from healthy and AD patients. We used fibroblasts because they are easily isolated from skin biopsies preserving the chronological and biological aging of patients and their environment etiopathology. Indeed, they are extensively used as the model of several neurodegenerative disorders, including AD (Pani et al., 2009; Theendakara et al., 2016; Pérez et al., 2017; Olesen et al., 2022).



2. Materials and methods


2.1. Fibroblasts culture

Skin fibroblasts were generated from 6 AD patients with different allelic combinations of APOE (one also presenting a the G206D mutation in PSEN1) and six age-matched healthy controls (Table 1). The patients and control subjects were recruited and signed informed consent, previously accepted by the Human Research Ethics Committees Ethics of Spanish National Research Council (CSIC) and CIBERNED (Instituto de Salud Carlos III). All samples were sequenced at the laboratory of Dr. Joan Comella at the Hospital Vall d’Hebron (Lonza, Barcelona, Spain), according to the protocol established by Calero et al. (2009). Fibroblasts were maintained in DMEM (Lonza, Barcelona, Spain) with 10% FBS (Life Technologies, Alcobendas, Spain), 1% penicillin-streptomycin (Lonza, Barcelona, Spain), and 0.1% amphotericin B (Invitrogen, Madrid, Spain). In oxidative stress induction experiments, fibroblasts were treated with tert-Butyl hydroperoxide (tBHP, Luperox® TBH70X, Sigma Aldrich, Madrid, Spain) at different concentrations. Experiments were conducted in all fibroblasts in parallel.


TABLE 1    Features of recruited patients and control subjects used in this study.
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2.2. Resazurin cell viability assay

We assessed cell viability using the resazurin assay, a fluorometric method to estimate cell metabolic activity. Only viable cells with healthy mitochondria can reduce non-fluorescent resazurin to resorufin (λemission = 585 nm) thanks to the electrons transferred by mitochondrial enzymes. In contrast, non-viable cells cannot perform this reduction and do not spawn a fluorescent signal. Fibroblasts were seeded at 62,500 cells/cm2 in a MW96 plate, allowed to proliferate for 24 h, and then incubated with different treatments. After that, resazurin (Sigma-Aldrich, Madrid, Spain) was added at 40 μg/μl, shaken for 1–2 min, and incubated in darkness for 30 min at 37°C, 5% CO2. Finally, the fluorescence emission signal (585 nm) was detected with the plate reader FLUOstar Omega (BMG LABTECH, Allmendgrün, Germany).



2.3. Flow cytometry

A superoxide anion was detected using the fluorescent probe dihydroethidium (DHE, Invitrogen, Madrid, Spain) to measure the intracellular ROS content. Fibroblasts were seeded in MW6 plates at 20,800 cells/cm2, allowed to proliferate for 24 h, and then incubated with tBHP 300 μM for 1 h. After that, cells were trypsinized, pelleted by centrifugation, and incubated in the darkness for 30 min at 37°C with DHE 1 μM. Finally, cells were centrifuged again and resuspended in PBS 1X. Twenty thousand events were acquired with CytoFLEX Flow Cytometer (Beckman Coulter, Krefeld, Germany).



2.4. Western blot

Western Blot experiments were performed with cell lysates of the fibroblasts under basal conditions and after a 4 h treatment with EBSS (Earle’s Balanced Salt Solution, Sigma-Aldrich). For LC3-II western blot, cells were treated with chloroquine (CQ) 50 μM 4 h. Cells were lysed in lysis buffer (50 mM Tris HCl pH 7.4, 1 mM DTT, 20 mM β-Glycerophosphate, Triton X-100). Supernatants were obtained after a 30 min centrifugation, and the protein concentration was quantified with the BCA Assay Kit (Sigma). 5–12 μg of protein lysates were loaded onto a SDS-electrophoresis gel and then transferred to nitrocellulose membranes. The membranes were blocked with appropriate 5–10% BSA or skim milk. Then, they were incubated with primary antibodies for TOM20 (Santa Cruz Biotechnology, Heidelberg, Germany, 1:1000 dilution), p-mTOR Ser2448 (Cell Signaling Technology, Leiden, Netherlands, 1:1000), mTOR (Cell Signaling Technology, Leiden, Netherlands, 1:1000), p-ULK Ser757 (Cell Signaling Technology, Leiden, Netherlands, 1:1000), ULK (Cell Signaling Technology, Leiden, Netherlands, 1:1000), Beclin-1 (Santa Cruz Biotechnology, Heidelberg, Germany, 1:1000), LC3-II (Sigma, 1:5000). Actin (Sigma-Aldrich, 1:30000) and β-tubulin (Cell Signaling Technology, Leiden, Netherlands, 1:20000) were used as the loading control. The appropriate secondary infrared dye-conjugated antibodies (α-mouse IRDye 800 CW and α-rabbit IRDye 680 LT, LI-COR Biosciences, Lincoln, NE, United States, 1:15000) were detected by Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, United States). For each assay, a minimum of 3 independent experiments were carried out.



2.5. mtDNA content

Total DNA was isolated from fibroblasts using the Quick-DNA Miniprep Plus Kit (Zymo Research, Irvine, CA, United States), following the manufacturer’s instructions. The Mitochondrial DNA (mtDNA) and the nuclear DNA (nDNA) content were determined by using specific primers for the mitochondrial tRNALeu(UUR) and 16S rRNA genes and for the nuclear β-2-microglobulin (β2M) gene, respectively (Venegas et al., 2011). Quantitative PCR was carried out with SYBR Green Master Mix (Applied Biosystems, Alcobendas, Spain), and the fluorescence amplification cycles were used to calculate the mtDNA: nDNA ratio for each sample.



2.6. Immunocytochemistry

Fibroblasts (7,400 cells/cm2) were seeded on gelatin-coated round glass coverslips (12 mm) in MW24 plates and subsequently fixed with 4% paraformaldehyde or methanol, as appropriate. Immunohistochemistry was done as previously described (Ruiz-DeDiego et al., 2015). After a 1 h blocking step with 10% BSA/0.1% Triton/PBS, fibroblasts were incubated with primary antibodies for p62/SQSTM1 (Progen, Heidelberg, Germany, 1:200) and LAMP1 (Santa Cruz Biotechnology, Heidelberg, Germany, 1:300). Afterward, fibroblasts were incubated with secondary antibodies conjugated to Alexa Fluor 594 or 488. Fibroblasts were counterstained with DAPI (Thermo Fisher Scientific, Madrid, Spain). Finally, coverslips were mounted with Prolong® Gold (Life Technologies, Alcobendas, Spain). Images were acquired with a SP5 laser confocal microscope (Leica, Wetzlar, Germany).



2.7. LysoTracker and Filipin staining

Fibroblasts were seeded in round gelatin-coated glass coverslips at a density of 7,400 cells/cm2. To label the lysosomes, fibroblasts were incubated with 70 nM lysoTracker Red DND-99 probe (Invitrogen, Madrid, Spain; λem = 590 nm) for 30 min at 37°C. Next, fibroblasts were fixed with 3% paraformaldehyde (PFA) for 30 min at RT, washed with glycine and stained with 25 μg/ml Filipin (Sigma; λem = 400–484 nm) for free cholesterol detection. Finally, the round covers were mounted with Prolong® Gold reagent (Life Technologies, Alcobendas, Spain) and observed using the fluorescence microscope (Leica, Wetzlar, Germany).



2.8. Lentivirus production

A specific lentivirus was used to analyze the complexity of the fibroblasts’ mitochondrial networks of fibroblasts. Specifically, we used a plasmid with mtDsRed red fluorescent protein (pWPXL-mtDsRed, λex = 580 nm/λem 630/60 nm; Clayton et al., 2012), kindly provided by Dr. Ramón Trullas, from the Instituto de Investigaciones Biomédicas of Barcelona. Constructions in the pWPXL lentiviral vector contain a target sequence of the subunit IV of the mitochondrial protein cytochrome oxidase. HEK293T cells were used as packaging cells to obtain these lentiviruses. These cells contain the SV40 virus T antigen, which allows an episomal replication of plasmids containing the origin of replication of this virus. The fibroblasts were seeded at 70,500 cells/cm2 in 100 mm plates and transfected with the following plasmid mix: pMD2.G (viral envelope), psPAX2 (viral capsid), and pWPXL-mtDsRed in a 1:2:3 ratio, using calcium chloride (CaCl2). Lentiviral particles were collected twice: 8 h and 16 h after removing the transfection medium. Finally, the medium containing the lentiviral particles was ultracentrifuged at 20,000 rpm, and 16°C for 2 h and the pellet was resuspended in PBS and tittered by qPCR.



2.9. Fibroblast infection

Fibroblasts of all genotypes were seeded in round gelatin-coated glass coverslips (2,000 cells/cm2) and transduced with the lentiviral particles containing the plasmid pWPXL-mtDsRed to obtain 43 integrations/cell. Cells were fixed with 4% paraformaldehyde 36 h later and used for p62/SQSTM1 immunocytochemistry. Finally, we mounted coverslips with fibroblasts using Prolong Gold (Thermo Fisher Scientific, Madrid, Spain). Images were captured and assessed with a SP5 laser confocal microscope (Leica, Wetzlar, Germany).



2.10. Image analysis

All images were acquired with an SP5 laser confocal microscope (Leica, Wetzlar, Germany), using the 63X objective and 3.5X digital zoom. For images of the mitochondrial structure, z-stacks of 6 confocal images were obtained, separated by a vertical distance of 0.5 μm. Maximum projections of the images were analyzed with FIJI-ImageJ software [National Institutes of Health (NIH), Bethesda, MD], using the MiNA plug-in (Valente et al., 2017) to obtain data related to different parameters of the mitochondrial networks (number of individuals and networks, mean of branch length and network size, and mitochondrial footprint). The area analyzed in each image corresponds to a region of interest (ROI) of 150 × 150 pixels located in a perinuclear region of the cell. At least 6 cells per subject were examined.

The following analysis was carried out using custom-written scripts of the FIJI-ImageJ developed by the Scientific Image and Microscopy Unit of Cajal Institute: (i) Colocalization between p62/SQSTM1 and mitochondria using Manders’ Coefficients. Colocalization depicted the spatial superimpose of signal intensities from isolated image channels. The Manders’ Coefficients, tM1 and tM2, reflect the degree of bidirectional colocalization between two images. The tM1 coefficient refers to the sum of signal intensities in Channel 1 having corresponding components in Channel 2, divided by the sum of total intensities in Channel 1. In this case, p62/SQSTM1 is depicted in Channel 1 (green), and mitochondria belong to Channel 2 (red). Thus, tM1 ultimately represents the quantification of mitochondria labeled with p62/SQSTM1. The tM2 coefficient is similarly computed, the sum of signal intensities in Channel 2 having corresponding factors in Channel 1, split by the sum of total intensities in Channel 2. In other words, tM2 represents the percentage of p62/SQSTM1 labeled mitochondria. (ii) Quantifying the fluorescence integrated density (IntDen) of p62/SQSTM1, LAMP1, and LysoTracker. Briefly, images were converted to grayscale, their background was subtracted, and the contour of each cell was drawn to obtain the value of its area. Finally, the fluorescence signal was set to a threshold to determine the integrated intensity values (IntDen; the intensity of the fluorescence signal divided by the total cell area). (iii) Analysis of the distribution of lysosomes (LAMP1). Maximum projections of full cell thickness z-stacks were obtained, separated by a vertical distance of 0.6 μm. Then, confocal images were turned into binary ones to visualize the LAMP1 positive area inside each cell and differentiate between individual and grouped lysosomes (Individuals = area < 1.3 μm and circularity > 0.6; Groups = area ≥ 1.3 μm and circularity ≤ 0.6). The lysosome clustering index was calculated as the Groups/Individuals ratio. At least 6 cells were analyzed for each subject in these three analyses. (iv) The proportion of fibroblasts presenting the perinuclear lysosomal clustering phenotype was also quantified using ImageJ software. This phenotype was analyzed based on previous studies (Hockey et al., 2014; García-Sanz et al., 2017). We considered cells positive for the clustering phenotype if they presented highly packed perinuclear lysosomal aggregates and negative if they presented lysosomes uniformly distributed in the perinuclear region or the whole cell. (v) To quantify Filipin in LysoTracker-positive-tagged lysosomes, we overlapped a LysoTracker mask over Filipin images to calculate Filipin IntDen as described (García-Sanz et al., 2017).



2.11. Statistical analysis

We performed at least 3 independent experiments per assay to obtain all data. We normalized the data acquired to control values as appropriate. The statistical analysis of the results was carried out with GraphPad Prism 6.0 (Graphpad software, La Jolla, CA, United States). Data distribution was evaluated using the D’Agostino and Pearson test. One or two-way ANOVA parametric tests were used, followed by the post-hoc Bonferroni, to compare results between different fibroblast lines and treatments. In cases where the data had a non-Gaussian distribution, we applied the Kruskal-Wallis test and Dunn’s post-hoc. Statistical significance was set at a p-value of P < 0.05.




3. Results


3.1. APOE 3/4 genotype in combination with PSEN1 mutation is prone to cell vulnerability induced by oxidative stress

To evaluate whether the ε4 or ε3 allele of the APOE gene and/or the PSEN1 mutation could contribute to cell vulnerability, we performed resazurin-based cell viability tests in control and AD fibroblasts. Oxidative stress was induced by tert-butyl hydroperoxide (tBHP). We found that this treatment significantly decreased cell viability in all fibroblasts, regardless of their genotype. This decrease was proportional to the concentration of tBHP used in the treatment: 50 μM, 150 μM, and 300 μM, during 2.5 h (Figure 1A). However, APOE 4/4 and APOE 3/3 fibroblasts showed a significantly smaller decrease in cell viability compared to controls. While APOE 3/4 + PSEN1 fibroblasts showed a significantly higher decrease in viability, particularly at 300 μM, indicating that they are more vulnerable to the treatment than controls. To determine whether these viability alterations affect the cellular redox state, we performed a flow cytometry assay using the dihydroethidium (DHE) probe in all fibroblasts. This assay allowed us to detect the superoxide anion levels after treatment with tBHP for 1 h at 300 μM (the concentration which produces the most significant changes in cell viability). As expected, tBHP increased superoxide anion in all fibroblasts (Figure 1B). APOE 3/4 + PSEN1 fibroblasts show slightly higher superoxide anion levels than controls at baseline and after treatment with tBHP, although this difference is not statistically significant (Figures 1B, C). In summary, fibroblasts carrying the PSEN1 mutation show decreased viability, thus more vulnerable to oxidative stress. In contrast, APOE 4/4 and APOE 3/3 genotypes appear to be more resistant to oxidative stress.


[image: image]

FIGURE 1
Vulnerability of fibroblasts to tert-butyl (tBHP) induced oxidative stress and increased production of ROS species in APOE 3/4 + PSEN1 fibroblasts. (A) Percentage of the viability of fibroblasts from AD patients compared to controls and to respective basal conditions. (B) Quantification of DHE signal measured as the percentage of DHE positive cells by the mean fluorescence intensity in the fibroblasts under basal conditions and after 1 h treatment with 300 μM tBHP. (C) Representative graph of events versus fluorescence intensity of the DHE probe obtained by flow cytometry from control and APOE 3/4 + PSEN1 fibroblasts. Samples were processed in parallel; data represent the mean ± SEM of at least n = 3 independent experiments for all cell lines. *P < 0.05; **P < 0.01; ***P < 0.005 vs. Control; #P < 0.05; ##P < 0.01; ###P < 0.005; ####P < 0.0001 vs. basal; following 2-way ANOVA, post hoc Bonferroni.




3.2. Lysosomal free cholesterol is impaired in APOE 3/4 + PSEN1 fibroblasts

Several studies underscore that alterations in cholesterol metabolism are involved in the pathogenesis of AD (Wood et al., 2014; Loera-Valencia et al., 2019; van der Kant et al., 2019), and APOE mediates cholesterol exchange between brain cells (Liu et al., 2013). Thus, we next measured free cholesterol levels using Filipin staining in combination with the LysoTracker probe. Filipin staining of all fibroblasts disclosed intracellular punctuate structures. In addition, these structures were identified as lysosomes according to co-labeling with the LysoTracker probe (Figure 2). Total free cholesterol levels (quantified by Filipin IntDen; García-Sanz et al., 2017; Wilhelm et al., 2019) were significantly decreased in APOE 3/4 + PSEN1 fibroblasts. In contrast, APOE 3/3 and APOE 4/4 fibroblast did not show significant changes compared to controls (Figures 2A, B). Next, we quantified free cholesterol in lysosomes. Strikingly, we found that Filipin IntDen in LysoTracker-positive organelles is higher, but not significant, in both APOE 3/3 and APOE 4/4 fibroblasts than in controls, while in APOE 3/4 + PSEN1 fibroblasts the levels are again slightly decreased (Figures 2A, C).


[image: image]

FIGURE 2
Representative images and quantification of total free cholesterol and free cholesterol levels inside the lysosomes of control and AD fibroblasts. (A) Representative confocal images of control and AD fibroblasts stained with LysoTracker (acid compartments, red) and Filipin (free cholesterol, green). (B) Integrated density (IntDen = intensity*μm2) quantification of Filipin in the total cell area. (C) Integrated density (IntDen = intensity*μm2) quantifications of Filipin in the area occupied by LysoTracker staining. Samples were processed in parallel; data represent mean ± SEM of n = 2 independent experiments, with a minimum of 80 cells per genotype analyzed. ***P < 0.005 vs. control by Kruskal Wallis, post-hoc Dunn. Calibration bar = 20 μm.




3.3. Aberrant mitochondrial networks in AD patients with APOE 4/4 and APOE 3/4 + PSEN1 genotypes

Since the altered resazurin reduction and the slight increment in ROS production in some of the AD fibroblasts could be due to mitochondrial dysfunction, we next analyzed the status of mitochondria in AD fibroblasts. First, the levels of the mitochondrial internal membrane protein TOM20 (a marker for mitochondrial biomass) were measured by Western blot (Figures 3A, B). At baseline, AD fibroblasts showed a slight, though not significant, decrease of TOM20 compared to controls (Figure 3B). After 4 h-EBSS treatment to induce autophagy, only APOE 4/4 fibroblasts displayed a reduction in TOM20, although not significant as before. In addition, we determined the mtDNA content in control and AD fibroblasts (Figure 3C). The levels of the mtDNA genes tRNALeu(UUR) and 16S rRNA were obtained by qPCR and normalized to a nuclear gene. Consistent with western blot results, all AD fibroblasts showed a slight non-significant decrease in basal mtDNA content compared to controls (Figure 3C).
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FIGURE 3
Alterations in mitochondrial morphology in fibroblasts of AD patients. (A) Representative western blots of TOM20 levels after treatment with EBSS for 4 h. (B) Quantitative densitometry of TOM20. Samples were processed in parallel; data represent mean ± SEM of n = 3 independent experiments. 2-way ANOVA, post-hoc Bonferroni. (C) Normalized mtDNA:nDNA ratio, calculated with the levels of the mtDNA genes tRNALeu(UUR) (left) and 16S rRNA (right) after treatment with EBSS for 4 h. Data represent mean ± SEM of n = 3 independent experiments. (D) Representative confocal images of mtDsRed stained mitochondria in control and AD fibroblasts and examples of the skeletonization of the networks obtained with the MiNA plug-in for ImageJ. Nuclei are stained with DAPI. Calibration bar = 10 μm. (E–I) Analysis of different parameters related to the complexity of the mitochondrial networks. Samples were processed in parallel; data represent mean ± SEM of n = 6 images for all cell lines. *P < 0.05; **P < 0.01 vs. Control; $P < 0.05 vs. APOE3/3; &P < 0.05 vs. APOE4/4 by One-way ANOVA, post-hoc Bonferroni.


Next, to determine mitochondrial morphology in greater detail, fibroblasts were infected with pWPXL-mtDsRed lentivirus to label mitochondrial networks. First, confocal images of the mitochondrial networks showed that control fibroblasts distribute their mitochondria as reticulum-like uninterrupted networks, spread through the cytoplasm (Ježek and Plecitá-Hlavatá, 2009), while AD fibroblasts present a less reticular distribution than controls (Figure 3D). In particular, mitochondria in APOE 3/4 + PSEN1 fibroblasts displayed a stippled appearance rather than the usual network one. Secondly, MiNA structural analysis (Valente et al., 2017; Figures 3E–I) showed a higher number of fragmented individual mitochondria in AD fibroblasts than in controls, which is only significant in the case of the APOE 4/4 genotype (Figure 3E).

Remarkably, APOE 3/4 + PSEN1 genotype also produces a significant decline in the length of the mitochondrial branches (Figure 3G), in the cellular area occupied by mitochondria (mitochondrial footprint, Figure 3H) and in the size of the mitochondrial networks but not being significant in this latter case (Figure 3I). All these results suggest that the mitochondrial network’s morphology and integrity are compromised in all fibroblasts from AD patients and that these changes are much more evident in APOE 3/4 + PSEN1 fibroblasts and in APOE 4/4.



3.4. APOE 4/4 fibroblasts increase mitochondria degradation via p62/SQSTM1

Since mitophagy could be induced in AD fibroblasts to eliminate damaged mitochondria, specifically in those with the ε4 allele (APOE 4/4 and APOE 3/4+PSEN1), we first performed a p62/SQSTM1 immunofluorescence in all fibroblasts (Figure 4A). The quantification of the fluorescence integrated density (IntDen) of p62/SQSTM1 showed an increase in APOE 4/4 and APOE 3/4 + PSEN1 fibroblasts (Figure 4B).
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FIGURE 4
Mitochondria and p62/SQSTM1 colocalization in AD fibroblasts. (A) Representative images of mtDsRed-labeled mitochondria and immunofluorescence for p62/SQSTM1 in AD fibroblasts (APOE 4/4, APOE 3/3, and APOE 3/4 + PSEN1) Nuclei are stained with DAPI. (B) Integrated density (IntDen = intensity*μm2) quantifications of p62/SQSTM1. (C) Quantitation of mtDsRed and p62/SQSTM1 colocalization with Manders’ Coefficients (tM1 and tM2). Samples are processed in parallel; data represent mean ± SEM of n = 6 images for all cell lines. **P < 0.01; ***P < 0.005; ****P < 0.0001 vs. control by One-way ANOVA, post-hoc Bonferroni. Calibration bar = 10 μm.


Subsequently, to determine if mitochondria are suitably targeted for degradation via mitophagy in AD fibroblasts, we labeled p62/SQSTM1 in fibroblasts infected with pWPXL-mtDsRed. We quantified the colocalization of p62/SQSTM1 with mitochondria (mtDsRed) using Mander’s Coefficients (tM1 and tM2). The results showed that, in all fibroblasts, the tM1 coefficient is always higher than tM2 (Figure 4C), which indicates that the percentage of mitochondria being labeled for degradation is higher than the percentage of p62/SQSTM1 that is intended to mark those mitochondria (that is, there is a certain percentage of p62/SQSTM1 that remains free to mark other substrates for degradation). In addition, we found that APOE 3/3 fibroblasts have significantly fewer mitochondria marked for degradation than controls, which is consistent with APOE 3/3 fibroblasts not showing significant changes in the structure of the mitochondrial networks compared to controls. In contrast, APOE 4/4 fibroblasts had a much significantly higher percentage of mitochondria that will probably undergo mitophagy (Figure 4C). These results correlate with the noted disruption of the mitochondrial networks found in APOE 4/4 fibroblasts (Figure 3E). However, the disruption of the mitochondrial networks shown by APOE 3/4 + PSEN1 fibroblasts did not correlate with increased colocalization of p62/SQSTM1 with mitochondria (Figure 4C). Thus, in this case, the morphological changes may not be due to an increased effective mitophagy.



3.5. Autophagic flux is slightly induced in AD fibroblasts

To further investigate if the changes observed in the mitochondrial networks of the fibroblasts with the ε4 allele of the APOE gene are due to an increased mitophagy, we studied the autophagic pathway (Figure 5). The phosphorylation of mTOR, one of the central regulators of the pathway, and ULK, its target protein as well as Beclin-1 (an essential protein complex for the formation of the autophagosome) were determined by Western blot. Under basal conditions (in the presence of nutrients), mTOR is phosphorylated, and the p-mTOR-dependent phosphorylation of the initiator protein ULK inhibits autophagy. Thus, at baseline state, p-mTOR and p-ULK levels are increased. On the contrary, under nutrient deprivation conditions (4 h EBSS treatment), mTOR de-phosphorylates and stops inhibiting ULK, thus favoring the induction of autophagy. As expected, starvation decreased the levels of phosphorylation of both proteins in all fibroblasts (Figures 5A–C). However, under basal conditions, we also detected a slight (but not statistically significant) decrease in the mTOR and ULK phosphorylation in AD fibroblasts compared to controls, more evident in the case of p-ULK (Figure 5C). This could indicate that basal mTOR-dependent autophagy is moderately induced, which is consistent with our previous results for APOE 4/4 fibroblasts showing a slight decrease in mitochondrial biomass and an increased colocalization with p62/SQSTM1. Likewise, Beclin1 was increased in AD fibroblasts under basal conditions, only significant in APOE 3/3 and APOE 3/4 + PSEN1 fibroblasts (Figures 5D, E). These results suggest that AD fibroblasts can over-activate autophagy through mTOR- and Beclin-1-dependent mechanisms. Then, we assessed the lipidation of LC3I into LC3-II as a potential marker of autophagosome formation. Our Western blot results displayed that basal LC3-II was slightly increased, although not significant, in APOE 3/4 + PSEN1 fibroblasts over controls (Figures 5F, G). However, when we determined the LC3II/LC3I ratio, we found no differences in basal conditions. CQ treatment significantly increased LC3-II levels normalized to β-actin (Figures 5F, G) and increased LC3II/LC3I ratio compared to basal conditions in all fibroblasts (Figure 5G′). We suggest that the accumulation of LC3II is due to the inhibition of the autophagosome-lysosome fusion produced by CQ, which leads to hindering the regular degradation of LC3II rather than to a new process of lipidation. Moreover, we found that CQ significantly potentiated the LC3II buildup in the APOE 3/4 + PSEN1 fibroblasts compared to controls (Figures 5F, G) but did not enhance LC3 lipidation measured by LC3II/LC3I ratio (Figure 5G′). Despite this, it should be noted that after CQ treatment, we detected a tendency to increase in LC3II/LC3I ratio in all AD fibroblasts compared to controls, although not statistically significant (Figure 5G′). This tendency could be due to inhibition of lysosomal degradation causing autophagosome accumulation, as shown by the increased p62/SQSTM1 signal in APOE 3/4 + PSEN1 fibroblasts (Figure 4B). However, we cannot rule out that part of the effect is due to CQ activation of non-canonical autophagy that induces LC3 lipidation in single membrane compartments (Jacquin et al., 2017; Fletcher et al., 2018).
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FIGURE 5
Impaired autophagy in AD fibroblasts. (A) Representative western blots of p-mTOR and p-ULK levels under baseline and nutrient deprivation conditions (EBSS treatment for 4 h). (B) Quantitative densitometry of p-mTOR (normalized against β-tubulin and total mTOR levels). (C) Quantitative densitometry of p-ULK (normalized against β-tubulin and total ULK levels). (D) Representative Western blot of Beclin-1 levels. (E) Quantitative densitometry of Beclin-1 (normalized against β-actin). (F) Representative Western blot of LC3-II and LC3I levels under baseline and chloroquine (CQ) treatment conditions. (G) Quantitative densitometry of LC3-II (normalized against β-actin). (G′) Quantitative densitometry of LC3II (normalized against LC3I) relative to the ratio from untreated controls. Samples are processed in parallel; data represent mean ± SEM of n = 3 independent experiments for all cell lines. *P < 0.05 vs. Control; **P < 0.01 vs. Control; #P < 0.05 vs. basal; ##P < 0.01 vs. basal; ###P < 0.005 vs. basal. 2-way ANOVA, post-hoc Bonferroni [Kruskal Wallis, post-hoc Dunn for panel (E)].




3.6. APOE 3/4 + PSEN1 fibroblasts show a higher number and clustering of lysosomes

To determine whether the increase in autophagy induction contributes to further degradation of the mitochondria, we analyzed the final stage of the pathway, specifically, the distribution and number of lysosomes. We measured LAMP1 (a marker of these organelles), detecting its levels by immunofluorescence (Figure 6A). The lysosomal distribution was assessed by measuring the lysosomal clustering index. We observed that APOE 3/4 + PSEN1 fibroblasts present a significant increase not only in the number of lysosomes (Figure 6B) but also in their lysosomal clustering index (Figure 6C). Strikingly, the number and clustering levels of lysosomes in APOE 4/4 and APOE 3/3 fibroblasts are similar to controls (Figures 6B, C). However, using the LysoTracker probe to label the lysosomes, we found that AD lysosomes were significantly more clustered around the perinuclear region than controls (Figures 6D, E), probably indicating some lysosomal disturbance. Notably, this increase of perinuclear clustered lysosomes is potentiated in APOE 3/4 + PSEN1 fibroblasts.
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FIGURE 6
Increased number of lysosomes, lysosomal clustering in APOE 3/4 + PSEN1 fibroblasts, and perinuclear clustered lysosomes in all AD fibroblasts. (A) Representative images of LAMP1 (a lysosome marker) immunofluorescence in AD fibroblasts (APOE 4/4, APOE 3/3 and APOE 3/4 + PSEN1). (B) Integrated density (IntDen = intensity*μm2) of LAMP1. Kruskal-Wallis, post-hoc Dunn. (C) Lysosomal clustering index (number of clustered lysosomes / number of individual lysosomes). Samples are processed in parallel; data represent mean ± SEM of n = 6 images for all cell lines. **P < 0.01 vs. Control; $P < 0.05 vs. APOE 3/3; &&&&P < 0.0001 vs. APOE 4/4, 1-way ANOVA, post hoc Bonferroni. Calibration bar = 10 μm. (D) Representative images of LysoTracker staining. Arrows indicate the zoomed areas in the top right corner of each image. Arrowheads indicate lysosomal clusterings. (E) The proportion of fibroblasts of each genotype presenting lysosomal aggregates. Samples are processed in parallel; data represent mean ± SEM of a minimum of 80 cells per genotype analyzed. ***P < 0.005 vs. Control, χ2 test. Calibration bar = 20 μm.





4. Discussion

In this study, we evaluated the impact of the ε4 allele of the APOE gene and the mutation G206D in PSEN1 on the molecular mechanisms leading to AD pathology. We found that PSEN1 and APOE4/4 or APOE3/4 confer different phenotypes in human fibroblasts, similarly to that reported in iPSC-derived human microglia; however, in microglia, PSEN1 and APOE4/4 or APOE3/4 affects other underlying mechanisms (Konttinen et al., 2019). Our results show alterations in the vulnerability of AD fibroblasts to oxidative stress and a disruption in the mitochondrial network of APOE 3/4 + PSEN1 and APOE 4/4 fibroblasts, as summaries in Figure 7. Moreover, the mutation in PSEN1 also affects the autophagy pathway and the lysosomal function, increasing lysosomal accumulation and clustering along with an increase of global p62/SQSTM1 (Figure 7).
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FIGURE 7
Schematic representation of the main findings of this study. APOE allele ε4 in homozygosis and APOE 3/4 + PSEN1 induces the fragmentation of the mitochondrial networks. The increase in p62/SQSTM1 in APOE 4/4 and its colocalization with mitochondria indicates that, in this case, the observed loss of mitochondrial biomass may be caused by its degradation via autophagy. Autophagy is first initiated when vesicles come from the plasma membrane, and different organelles fuse to form a double membrane structure called phagophore. The phagophore eventually fuses its two ends surrounding a portion of the cytoplasm that contains material destined to be degraded, generating the autophagosome. The specificity of the process is given by the p62/SQSTM1 complex, which binds to ubiquitinated proteins and is recognized by LC3-II in the inner face of the autophagosome, which recruits the cargo and internalizes it (Johansen and Lamark, 2011). The next step is the maturation and acidification of the autophagosome (Vegh et al., 2019), which fuses with the lysosome, where the hydrolases degrade the cargo (Kimura et al., 2007). This process can only occur if a sufficiently acidic pH is maintained inside the lysosome (Menzies et al., 2015). Rapamycin and nutrient deprivation inhibit the mTOR complex, the primary autophagy inhibitor. In this situation, mTOR stops phosphorylating ULK1 in Ser-757 (this phosphorylation makes ULK1 catalytically inactive), allowing AMPK to phosphorylate it in Ser-317 and Ser-777, activating it (Menzies et al., 2015). On the other hand, under nutrient deprivation, the PI3K class III complex is also activated. The activations of ULK1 and Beclin1 are essential for the formation of the phagophore, which engulfs the charge that will be degraded. After that, the now-called autophagosome fuses with the lysosome to form the autophagolysosome, where the cargo is finally degraded. The mutation in PSEN1 induces a significant disruption of mitochondrial networks in APOE 3/4 + PSEN1 fibroblasts and an accumulation of lysosomes and higher levels of superoxide anion inside these cells, which are more vulnerable to oxidative stress.


First, we found that APOE 4/4 and APOE 3/3 genotypes confer protection to human fibroblasts against oxidative stress-induced cellular vulnerability (Figures 1A–D), which disagrees with the increased ROS described in other AD studies (Pérez et al., 2017; Sarasija et al., 2018; Drabik et al., 2021). This is particularly striking in the case of the APOE 4/4 genotype because it contributes to mitochondrial respiratory chain disruption (Orr et al., 2019) and impairs mitochondrial neuron function in vivo and in vitro (Liang et al., 2021). In this regard, a study detected an increase in ROS in the plasma of APOE 4/4 AD patients (Massaccesi et al., 2019). However, in this case, the differences observed with our results could be due to blood analyses not exhibiting accurate intracellular or tissue ROS content. Moreover, one of the natural mechanisms by which the cell tries to protect itself against oxidative damage is the arrest of the cell cycle to enable the repair of ROS-induced DNA damage. This occurs through the activation of p53, which triggers cell cycle arrest, DNA repair, and activation of apoptosis (Szybińska and Leśniakx, 2017). Fibroblasts from AD patients exhibited ROS-mediated p53 activation, implying that these cells are less susceptible to oxidative stress and, thus, more resistant than control fibroblasts (Naderi et al., 2006; Uberti et al., 2006). This could be why APOE 4/4 and APOE 3/3 fibroblasts are less prone to oxidative stress-induced cell death. Moreover, p53-induced antioxidant response in vivo could develop a neuroprotective function. However, the neuroprotective effects of p53 in AD remain controversial (Abate et al., 2020).

APOE is an apolipoprotein with an essential function in cholesterol trafficking. The presence of the APOE ε4 allele has typically been related to a lipid homeostasis imbalance in AD patients since this isoform has lower transport affinity and binding capacity for lipids and, in particular, cholesterol (Chang et al., 2017; Jeong et al., 2019; Lanfranco et al., 2020). Previous studies with Filipin staining show that AD fibroblasts (Pani et al., 2009) and, more specifically, APOE 4/4 astrocytes (Lin et al., 2018) present higher levels of free cholesterol compared to controls. Contrary to these, our results do not show evidence of this accumulation (Figures 2A, B). However, we did surprisingly find a remarkable reduction of the free cholesterol levels inside APOE 3/4 + PSEN1 fibroblasts (Figure 2B). This could be due to a defect in its synthesis, which can eventually lead to a disruption in organelle membranes and cell death (King et al., 2016). Therefore, our results could indicate that the observed decreased cell viability of APOE 3/4 + PSEN1 fibroblasts could probably be enhanced by this abnormal cholesterol depletion. We also quantified the free cholesterol levels inside lysosomes in our fibroblasts (Figure 2C). Although no significant results were obtained, we observed a slight increment of free cholesterol in APOE 3/3 and APOE 4/4 fibroblasts and a slight lessening in APOE 3/4 + PSEN1 fibroblasts. Other authors described that the lysosomal accumulation of cholesterol (García-Sanz et al., 2021) could rescue cells from lysosome-dependent cell death (Appelqvist et al., 2011; King et al., 2016). Hence, this lysosomal cholesterol build-up could be one of the reasons why these APOE 3/3 and APOE 4/4 fibroblasts appear to be protected against cell death. Defects related to lysosome dysregulation, lipid membrane disruption, intracellular cholesterol distribution, and altered Ca2+ signaling depend on the APOEε4 allele and sex in immortalized astrocytes (Larramona-Arcas et al., 2020). Therefore, this could be a possible explanation for our APOE 4/4 results.

Aging stands out as the most pivotal risk factor for neurodegenerative disorders, including AD (Hou et al., 2019). Aging decreases the cellular ability to produce energy (Ozgen et al., 2022; Trigo et al., 2022), and mitochondria play an essential role in producing such energy. They are necessary for regulating critical biochemical processes such as Ca2+ storage and homeostasis, activation of the oxidative stress response, and cell death pathways (Ribas et al., 2014). Therefore, mitochondrial dysfunction is closely linked to AD pathogenesis (Swerdlow, 2018; Perez Ortiz and Swerdlow, 2019; Castora et al., 2022). In this context, our results showed that fibroblasts from patients with AD have mitochondria with fewer reticular networks (Figures 3D–I, 5). This is especially evident in APOE 3/4 + PSEN1 fibroblasts, which present dot-shaped mitochondria (Figure 3D). This dotted appearance is observed in other studies as an indicator of fragmented mitochondria in unhealthy and oxidatively stressed cells (Ježek and Plecitá-Hlavatá, 2009).

Moreover, AD fibroblasts, especially those with the ε4 allele of the APOE gene in homozygosis, have higher mitochondria labeled with p62/SQSTM1 (Figure 4A), a fragmented mitochondrial network (Figures 3A–E). This could be due to the early enhanced induction of autophagy in AD fibroblasts, as previously described (Bordi et al., 2016). This induction would eventually lead to a higher degradation of damaged mitochondria. In this regard, a slight disruption of the mitochondrial network was detected in all our fibroblasts from AD patients (Figures 3D–I). From the mitochondrial perspective, this could entail a common pathogenic origin of the disease, regardless of the genotype (Yin et al., 2020). Specifically, APOE 4/4 fibroblasts exhibited increased mitochondrial fragmentation as indicated by the significant increase of individual fragments (Figure 3E) as was shown in other studies (Cabezas-Opazo et al., 2015; Pérez et al., 2017). It was recently determined that despite also showing an impaired mitochondrial network, APOE4 astrocytes displayed an increased number of branches and fewer individual mitochondria, contrary to our findings (Schmukler et al., 2020). Impairments in the mitochondria of these astrocytes are also supported by deficiencies in their synthesis, recruitment, ubiquitination, fission, fusion, and mitophagy (Eran and Ronit, 2022). The mitochondrial disorganization we have found is more evident in the case of APOE 3/4 + PSEN1 fibroblasts due to the decreased size of the mitochondrial network, the length of its branches, and the area occupied by mitochondria (Figures 3G–I). This latter parameter, which may also be indicative of the percentage of mitochondrial biomass in the fibroblasts (Sinha et al., 2019; Li et al., 2020), suggests that APOE 3/4 + PSEN1 fibroblasts could have a reduction in the overall mitochondrial mass. These mitochondrial abnormalities found in APOE 3/4 + PSEN1 fibroblasts agree with those previously found in fibroblasts from AD patients with PSEN1 mutation (Gray and Quinn, 2015; Bell et al., 2018). This impaired integrity of the mitochondrial network could be responsible for the subtle higher superoxide anion levels and increased vulnerability to oxidative stress of APOE 3/4 + PSEN1 fibroblasts. This mechanism may be primarily caused by the deregulation of the Ca2+ homeostasis induced by the mutation in PSEN1, as described in PSEN1 mutant AD iPSC-derived astrocytes (Oksanen et al., 2017). Mitochondria form an interconnected network, which allows them to communicate rapidly and distribute energy throughout the cell (Trigo et al., 2022). However, this connectivity puts the energy conversion system at risk because the entire network could suffer the consequences if any elements are damaged (Trushina et al., 2012). Mitochondria are dynamic organelles constantly fusing and dividing (Bertholet et al., 2016). The dynamic equilibrium between fusion and fission phenomena defines the morphology of the mitochondria, allowing their adaptation to energy needs. Therefore, the increased mitochondrial fragmentation of AD fibroblasts suggests a possible fusion and fission balance disruption. Moreover, previous studies on AD also demonstrated that oxidative stress increases the fragmentation of the mitochondrial network via the deregulation of mitochondrial fusion and fission dynamics (Zhu et al., 2012; Misrani et al., 2021; Olesen et al., 2022).

Another critical mechanism in controlling mitochondrial quality is mitophagy. The defects in mitochondrial networks’ complexity in APOE 4/4 and APOE 3/4 + PSEN1 fibroblasts (Figure 3), aligns with the significantly higher levels of p62/SQSTM1 detected in these fibroblasts (Figure 4B), which probably indicates an induced mitophagy to eliminate these harmful organelles (Figure 7). Consistently, APOE 4/4 fibroblasts also had a higher percentage of mitochondria labeled with p62/SQSTM1 destined for degradation, as shown by the colocalization analysis (Figure 4C). However, fibroblasts with the PSEN1 mutation did not show an increased colocalization of their mitochondria with p62/SQSTM1 compared to controls (Figure 4C). These results could be explained because of a defect in mitochondrial biogenesis processes, which would result in aberrant mitochondria, thus, contributing to the pathophysiology of AD, as already demonstrated in previous studies where mitochondrial biogenesis markers such as PGC-1a are reduced (Sheng et al., 2012). Another possibility is that APOE 3/4 + PSEN1 fibroblasts undergo an ineffective mitophagy process. This would align with previous studies in PSEN1 fibroblasts and iPSC-derived neurons from patients, where mitochondria were labeled correctly but unable to be degraded (Trushina et al., 2012). In addition, APOE 3/3 fibroblasts do not present significant changes in mitochondrial biomass (Figure 3), p62/SQSTM1 levels, and mitochondria labeled with p62/SQSTM1 compared to controls (Figure 4). These results align with the ε3 allele of the APOE gene being less related to the pathophysiology of the disease (Heffernan et al., 2016), as also demonstrated in mouse model studies (Simonovitch et al., 2019).

A dampened lysosomal autophagic clearance or an altered activation of autophagy could be responsible for the aforementioned increased p62/SQSTM1 in APOE 3/4 + PSEN1 and APOE 4/4 fibroblasts (Figure 7). Similarly, higher levels of p62/SQTM1 and parkin were found in the hippocampus of APOE4 mice compared to APOE3 mice, showing reduced mitophagy (Simonovitch et al., 2019). In addition, even though the analysis of the levels of p-mTOR showed no conclusive outcome (Figures 5A, B), in the case of ULK, there was a slight decrease of p-ULK in all AD fibroblasts compared to controls (Figures 5A, C). Beclin1 was also significantly increased in APOE 3/3 and APOE 3/4 + PSEN1 fibroblasts (Figures 5D, E). This is consistent with the increased colocalization of mitochondria with p62/SQSTM1 detected in APOE 4/4 fibroblasts (Figure 4C), indicating a possible impaired mitophagy. Therefore, these results could indicate that fibroblasts from AD patients may develop an altered and induced autophagic pathway onset, which differs from previous studies with AD patients that show an accumulation of defective mitochondria due to defects in autophagy induction (Martín-Maestro et al., 2017b; Vegh et al., 2019). This could suggest that PSEN1 mutation might not only accelerate autophagosome synthesis through Beclin1 and mTOR pathways but also alter autophagic clearance (increased p62/SQSTM1) likely due to a secondary degradation defect in lysosomes, triggering an autophagosome buildup (LC3II accumulation after CQ treatment). However, as mentioned before, it cannot rule out that this effect could be due to the non-canonical autophagy activation (Jacquin et al., 2017; Fletcher et al., 2018). In either case, the results could point to an anomalously induced autophagy, probably as a compensatory mechanism due to a decline in the degradation of the last step of autophagy (Martín-Maestro et al., 2017a). Moreover, it must be considered that there is still debate about whether autophagy is altered in single or multiple stages in AD (Bordi et al., 2016), and further studies regarding this are still needed to clarify this question.

Consistently with the possible degradation failure, we found lysosomal impairment in AD fibroblasts. We found higher levels of LAMP1 in APOE 3/4 + PSEN1 fibroblasts (Figures 6A, B) which aligns with previous studies displaying elevated LAMP1 levels and its mRNA in AD patients’ cortexes (Barrachina et al., 2006). PSEN1 mutations generate a defect in the N-glycosylation of the V0a1 subunit of the v-ATPase, causing problems in its transport toward the lysosomes. This fact leads to defects in the acidification of the lysosomes, as well as deficiencies in their proteolysis (Lee et al., 2010; Vegh et al., 2019). Also, under acute mitochondrial stress conditions, AMP-dependent protein kinase (AMPK) is repressed, leading to an accumulation of lysosomal Ca2+ and a loss of lysosomal hydrolysis due to defects in acidification (Deus et al., 2020). Thus, the accumulation of lysosomes in our PSEN1 fibroblasts could be due to these acidification deficiencies. This would result in dysfunctional lysosomes that tend to accumulate, increasing their clustering rate (Figure 6C), as previously described in APP and PSEN1 mutant neurons (Hung and Livesey, 2018).

Furthermore, the higher proportion of perinuclear lysosome clusters in all our AD fibroblasts (Figures 6D, E), even more, enhanced in those with the APOE 3/4 + PSEN1 genotype could also be an indicator of lysosomal disturbance, probably by blocking the lysosomal exocytosis. The cellular distribution of lysosomes is relevant in modulating lysosomal function and coordinating cellular responses to the presence or absence of nutrients (Tancini et al., 2020). One of the cellular responses coordinated by the changes in the intracellular localization of lysosomes is the process of autophagy since mTOR, the primary regulator of this pathway, is found inside lysosomes. The position of lysosomes within the cell changes in response to nutrient availability, thus coordinating the mTOR activity and the successive autophagy induction. When nutrients are scarce, there is an increase in the intracellular pH, and lysosomes move toward the perinuclear region. This causes the inactivation of mTOR, which activates autophagy, facilitating the fusion of the autophagosome with the lysosome. Conversely, when nutrients are available, cytoplasmic pH decreases, lysosomes return to peripheral regions, and mTOR is activated again, thus inhibiting autophagy (Korolchuk et al., 2011). Consequently, AD-derived alterations in this lysosomal transport could be responsible for this perinuclear clustering phenotype, as already described (Kanaan et al., 2013; Hwang et al., 2019; Lie and Nixon, 2019).

In brief, in this study, we have assessed the impact of the ε4 allele of the APOE gene and a mutation in PSEN1(G206D) on the cellular mechanisms underlying the pathogenesis of AD using skin fibroblasts derived from AD patients (Figure 7). Although this cellular model has some limitations, this experimental approach has allowed us to obtain significant differences between control and patient-derived fibroblasts in several parameters. Hence, fibroblasts can be a good model for studying pathological mechanisms in AD, since they constitute an easily accessible patient-specific cellular model of the disease. This is due to the cellular plasticity of skin fibroblasts, which endows them with the potential to be easily cultured and have levels of gene expression and damage accumulation similar to those of neurons (Bell et al., 2018; Tong et al., 2022).



5. Conclusion

Alzheimer’s disease, as in other neurodegenerative diseases, has a systemic element that can affect peripheral cells outside the nervous system, characterized by a series of changes at the metabolic level, such as alterations in autophagy or mitochondrial dysfunction. Therefore, the study of these changes in fibroblasts derived from AD patients can contribute to the deciphering of the molecular physiopathology of the disease. We found that the APOE allele ε4 in homozygosis produces an increased fragmentation of the mitochondrial network, probably due to slightly induced mitophagy to eliminate these damaged mitochondria. Moreover, PSEN1 mutation disrupts the integrity of the mitochondrial network, triggering high superoxide anion levels and, thus, making APOE 3/4 + PSEN1 fibroblasts more vulnerable to cell death induced by oxidative stress. In this regard, G206D-PSEN1 mutation probably produces an autophagosome accumulation due to degradation defect. It induces a buildup and altered distribution of lysosomes, along with an increase of global p62/SQSTM1 that could compromise lysosomal degradation, as shown in Figure 7. All these alterations could contribute eventually to the neuronal degeneration that underlies the pathogenesis of Alzheimer’s disease. However, a limitation of our study is that the PSEN1 study is based on a single fibroblast cell line, and therefore, the conclusion drawn cannot be generalized; nevertheless, it opens the possibility of having mutation-specific treatments in the future.

This work constitutes an interesting characterization of the mitochondrial status and autophagy mechanisms in patients’ fibroblasts that could offer new targets for developing AD biomarkers and therapies.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the Human Research Ethics Committees of CSIC and CIBERNED (Instituto de Salud Carlos III). The patients/participants provided their written informed consent to participate in this study.



Author contributions

PG-S and RM were responsible for all aspects of the project, including the conceptualization and design of the study. CV provided fibroblasts of AD patients. IC-L, PG-S, and EJ-E performed experiments and acquired and analyzed data. IC-L and PG-S provided the first draft, prepared figures, and discussed the results. PG-S, IC-L, EJ-E, CV, and RM edited the draft. PG-S provided the definitive version. RM and CV provided financial support. All authors revised the final version of the manuscript and took responsibility for its content.



Funding

This work was supported by grants from the Spanish Ministries of Science and Innovation (SAF2016-78207-R and PID2019-111693RB-I00), from the European Union’s Horizon 2020 Research and Innovation Program (AND-PD, grant agreement n° 848,002), and by NextGenerationEU/PRTR (MICIN/CSIC/PTI+ NeuroAging), Health, Social Services and Equality (PI2019/09-3) and CIBERNED, Instituto de Salud Carlos III (CB06/05/0055, CB06/05/0065, PI2013/01-6, PI2015-2/02-5, and PI2015-2/02-4).



Acknowledgments

We thank C. Hernández and B. García, from the Scientific Image and Microscopy Unit of Cajal Institute, for designing custom-written scripts for all image analysis in this manuscript; the laboratory of Dr. Joan Comella at the Hospital Vall d’Hebron (Barcelona, Spain) for genotyping the samples, Dr. Catalina Requejo for revising the manuscript for literature updates, and, finally, Guillermo Bueno Gil, Sara Lobato, and Eva Díaz-Guerra for their experimental help.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Abate, G., Frisoni, G. B., Bourdon, J. C., Piccirella, S., Memo, M., and Uberti, D. (2020). The pleiotropic role of p53 in functional/dysfunctional neurons: Focus on pathogenesis and diagnosis of Alzheimer’s disease. Alzheimers Res. Ther. 12:160. doi: 10.1186/s13195-020-00732-0

Alers, S., Löffler, A. S., Wesselborg, S., and Stork, B. (2012). Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: Cross talk, shortcuts, and feedbacks. Mol. Cell Biol. 32, 2–11. doi: 10.1128/MCB.06159-11

Appelqvist, H., Nilsson, C., Garner, B., Brown, A. J., Kågedal, K., and Öllinger, K. (2011). Attenuation of the lysosomal death pathway by lysosomal cholesterol accumulation. Am. J. Pathol. 178, 629–639. doi: 10.1016/j.ajpath.2010.10.030

Ashford, J. W. (2004). APOE genotype effects on Alzheimer’s disease onset and epidemiology. J. Mol. Neurosci. 23, 157–166. doi: 10.1385/JMN:23:3:157

Barrachina, M., Maes, T., Buesa, C., and Ferrer, I. (2006). Lysosome-associated membrane protein 1 (LAMP-1) in Alzheimer’s disease. Neuropathol. Appl. Neurobiol. 32, 505–516. doi: 10.1111/j.1365-2990.2006.00756.x

Bell, S. M., Barnes, K., Clemmens, H., Al-Rafiah, A. R., Al-ofi, E. A., Leech, V., et al. (2018). Ursodeoxycholic acid improves mitochondrial function and redistributes Drp1 in fibroblasts from patients with either sporadic or familial Alzheimer’s disease. J. Mol. Biol. 430, 3942–3953. doi: 10.1016/j.jmb.2018.08.019

Belloy, M. E., Napolioni, V., and Greicius, M. D. (2019). A quarter century of APOE and Alzheimer’s disease: Progress to date and the path forward. Neuron 101, 820–838. doi: 10.1016/j.neuron.2019.01.056

Bertholet, A. M., Delerue, T., Millet, A. M., Moulis, M. F., David, C., Daloyau, M., et al. (2016). Mitochondrial fusion/fission dynamics in neurodegeneration and neuronal plasticity. Neurobiol. Dis. 90, 3–19. doi: 10.1016/j.nbd.2015.10.011

Bordi, M., Berg, M. J., Mohan, P. S., Peterhoff, C. M., Alldred, M. J., Che, S., et al. (2016). Autophagy flux in CA1 neurons of Alzheimer hippocampus: Increased induction overburdens failing lysosomes to propel neuritic dystrophy. Autophagy 12, 2467–2483. doi: 10.1080/15548627.2016.1239003

Brookes, P. S., Yoon, Y., Robotham, J. L., Anders, M. W., and Sheu, S. S. (2004). Calcium, ATP, and ROS: A mitochondrial love-hate triangle. Am. J. Physiol. Cell Physiol. 287, C817–C833. doi: 10.1152/ajpcell.00139.2004

Brunk, U. T., and Terman, A. (2002). The mitochondrial-lysosomal axis theory of aging. Eur. J. Biochem. 269, 1996–2002. doi: 10.1046/j.1432-1033.2002.02869.x

Cabezas-Opazo, F. A., Vergara-Pulgar, K., Pérez, M. J., Jara, C., Osorio-Fuentealba, C., and Quintanilla, R. A. (2015). Mitochondrial dysfunction contributes to the pathogenesis of Alzheimer’s disease. Oxid. Med. Cell Longev. 2015, 1–12. doi: 10.1155/2015/509654

Calero, O., Hortigüela, R., Bullido, M. J., and Calero, M. (2009). Apolipoprotein E genotyping method by Real Time PCR, a fast and cost-effective alternative to the TaqMan® and FRET assays. J. Neurosci. Methods 183, 238–240. doi: 10.1016/j.jneumeth.2009.06.033

Calvo-Rodriguez, M., and Bacskai, B. J. (2021). Mitochondria and calcium in Alzheimer’s disease: From cell signaling to neuronal cell death. Trends Neurosci. 44, 136–151. doi: 10.1016/j.tins.2020.10.004

Castora, F. J., Kerns, K. A., Pflanzer, H. K., Hitefield, N. L., Gershon, B., Shugoll, J., et al. (2022). Expression changes in mitochondrial genes affecting mitochondrial morphology, transmembrane potential, fragmentation, amyloidosis, and neuronal cell death found in brains of alzheimer’s disease patients. J. Alzheimers Dis. 90, 119–137. doi: 10.3233/JAD-220161

Chang, T. Y., Yamauchi, Y., Hasan, M. T., and Chang, C. (2017). Cellular cholesterol homeostasis and Alzheimer’s disease. J. Lipid Res. 58, 2239–2254. doi: 10.1194/jlr.R075630

Cheng, Y., and Bai, F. (2018). The association of tau with mitochondrial dysfunction in Alzheimer’s disease. Front. Neurosci. 12:163. doi: 10.3389/fnins.2018.00163

Clayton, K. B., Podlesniy, P., Figueiro-Silva, J., López-Doménech, G., Benitez, L., Enguita, M., et al. (2012). NP1 regulates neuronal activity-dependent accumulation of BAX in mitochondria and mitochondrial dynamics. J. Neurosci. 32, 1453–1466. doi: 10.1523/JNEUROSCI.4604-11.2012

Coen, K., Flannagan, R. S., Baron, S., Carraro-Lacroix, L. R., Wang, D., Vermeire, W., et al. (2012). Lysosomal calcium homeostasis defects, not proton pump defects, cause endo-lysosomal dysfunction in PSEN-deficient cells. J. Cell Biol. 198, 23–35. doi: 10.1083/jcb.201201076

Deus, C. M., Yambire, K. F., Oliveira, P. J., and Raimundo, N. (2020). Mitochondria–lysosome crosstalk: From physiology to neurodegeneration. Trends Mol. Med. 26, 71–88. doi: 10.1016/j.molmed.2019.10.009

Dorszewska, J., Prendecki, M., Oczkowska, A., Dezor, M., and Kozubski, W. (2016). Molecular basis of familial and sporadic Alzheimer’s disease. Curr. Alzheimer Res. 13, 952–963. doi: 10.2174/1567205013666160314150501

Drabik, K., Malińska, D., Piecyk, K., Dȩbska-Vielhaber, G., Vielhaber, S., Duszyński, J., et al. (2021). Effect of chronic stress present in fibroblasts derived from patients with a sporadic form of AD on mitochondrial function and mitochondrial turnover. Antioxidants 10:938. doi: 10.3390/antiox10060938

Emrani, S., Arain, H. A., DeMarshall, C., and Nuriel, T. (2020). APOE4 is associated with cognitive and pathological heterogeneity in patients with Alzheimer’s disease: A systematic review. Alzheimers Res. Ther. 12:141. doi: 10.1186/s13195-020-00712-4

Eran, S., and Ronit, P. K. (2022). APOE4 expression is associated with impaired autophagy and mitophagy in astrocytes. Neural Regen. Res. 17:777. doi: 10.4103/1673-5374.322452

Fernández-Calle, R., Konings, S. C., Frontiñán-Rubio, J., García-Revilla, J., Camprubí-Ferrer, L., Svensson, M., et al. (2022). APOE in the bullseye of neurodegenerative diseases: Impact of the APOE genotype in Alzheimer’s disease pathology and brain diseases. Mol. Neurodegener. 17:62. doi: 10.1186/s13024-022-00566-4

Filippone, A., Esposito, E., Mannino, D., Lyssenko, N., and Praticò, D. (2022). The contribution of altered neuronal autophagy to neurodegeneration. Pharmacol. Ther. 238:108178. doi: 10.1016/j.pharmthera.2022.108178

Fletcher, K., Ulferts, R., Jacquin, E., Veith, T., Gammoh, N., Arasteh, J. M., et al. (2018). The WD40 domain of ATG16L1 is required for its non-canonical role in lipidation of LC3 at single membranes. EMBO J. 37:e97840. doi: 10.15252/embj.201797840

Frake, R. A., Ricketts, T., Menzies, F. M., and Rubinsztein, D. C. (2015). Autophagy and neurodegeneration. J. Clin. Investig. 125, 65–74. doi: 10.1172/JCI73944

García-Sanz, P., Orgaz, L., Bueno-Gil, G., Espadas, I., Rodríguez-Traver, E., Kulisevsky, J., et al. (2017). N370S -GBA1 mutation causes lysosomal cholesterol accumulation in Parkinson’s disease. Mov. Disord. 32, 1409–1422. doi: 10.1002/mds.27119

García-Sanz, P., Orgaz, L., Fuentes, J. M., Vicario, C., and Moratalla, R. (2018). Cholesterol and multilamellar bodies: Lysosomal dysfunction in GBA -Parkinson disease. Autophagy 14, 717–718. doi: 10.1080/15548627.2018.1427396

García-Sanz, P., Aerts, J., and Moratalla, R. (2021). The role of cholesterol in α−synuclein and lewy body pathology in GBA1 Parkinson’s disease. Mov. Disord. 36, 1070–1085. doi: 10.1002/mds.28396

Gray, N. E., and Quinn, J. F. (2015). Alterations in mitochondrial number and function in Alzheimer’s disease fibroblasts. Metab. Brain Dis. 30, 1275–1278. doi: 10.1007/s11011-015-9667-z

Griffey, C. J., and Yamamoto, A. (2022). Macroautophagy in CNS health and disease. Nat. Rev. Neurosci. 23, 411–427. doi: 10.1038/s41583-022-00588-3

Hardy, J., and Selkoe, D. J. (2002). The amyloid hypothesis of Alzheimer’s disease: Progress and problems on the road to therapeutics. Science 297, 353–356. doi: 10.1126/science.1072994

Heffernan, A. L., Chidgey, C., Peng, P., Masters, C. L., and Roberts, B. R. (2016). The neurobiology and age-related prevalence of the ε4 allele of apolipoprotein e in Alzheimer’s disease cohorts. J. Mol. Neurosci. 60, 316–324. doi: 10.1007/s12031-016-0804-x

Hockey, L. N., Kilpatrick, B. S., Eden, E. R., Lin-Moshier, Y., Brailoiu, G. C., Brailoiu, E., et al. (2014). Dysregulation of lysosomal morphology by pathogenic LRRK2 is corrected by two-pore channel 2 inhibition. J. Cell Sci. 128, 232–238. doi: 10.1242/jcs.164152

Hou, Y., Dan, X., Babbar, M., Wei, Y., Hasselbalch, S. G., Croteau, D. L., et al. (2019). Ageing as a risk factor for neurodegenerative disease. Nat. Rev. Neurol. 15, 565–581. doi: 10.1038/s41582-019-0244-7

Hung, C. O. Y., and Livesey, F. J. (2018). Altered γ-secretase processing of APP disrupts lysosome and autophagosome function in monogenic Alzheimer’s disease. Cell Rep. 25, 3647–3660.e2. doi: 10.1016/j.celrep.2018.11.095

Hwang, J., Estick, C. M., Ikonne, U. S., Butler, D., Pait, M. C., Elliott, L. H., et al. (2019). The role of lysosomes in a broad disease-modifying approach evaluated across transgenic mouse models of Alzheimer’s disease and Parkinson’s disease and models of mild cognitive impairment. Int. J. Mol. Sci. 20:4432. doi: 10.3390/ijms20184432

Jacquin, E., Leclerc-Mercier, S., Judon, C., Blanchard, E., Fraitag, S., and Florey, O. (2017). Pharmacological modulators of autophagy activate a parallel noncanonical pathway driving unconventional LC3 lipidation. Autophagy 13, 854–867. doi: 10.1080/15548627.2017.1287653

Jeong, W., Lee, H., Cho, S., and Seo, J. (2019). ApoE4-induced cholesterol dysregulation and its brain cell type-specific implications in the pathogenesis of Alzheimer’s disease. Mol. Cells 42, 739–746. doi: 10.14348/molcells.2019.0200

Ježek, P., and Plecitá-Hlavatá, L. (2009). Mitochondrial reticulum network dynamics in relation to oxidative stress, redox regulation, and hypoxia. Int. J. Biochem. Cell Biol. 41, 1790–1804. doi: 10.1016/j.biocel.2009.02.014

Johansen, T., and Lamark, T. (2011). Selective autophagy mediated by autophagic adapter proteins. Autophagy 7, 279–296. doi: 10.4161/auto.7.3.14487

Kanaan, N. M., Pigino, G. F., Brady, S. T., Lazarov, O., Binder, L. I., and Morfini, G. A. (2013). Axonal degeneration in Alzheimer’s disease: When signaling abnormalities meet the axonal transport system. Exp. Neurol. 246, 44–53. doi: 10.1016/j.expneurol.2012.06.003

Khachaturian, A. S., Corcoran, C. D., Mayer, L. S., Zandi, P. P., and Breitner, J. C. S. (2004). Apolipoprotein E ε4 count affects age at onset of Alzheimer disease, but not lifetime susceptibility: The cache county study. Arch. Gen. Psychiatry 61, 518–524. doi: 10.1001/archpsyc.61.5.518

Kimura, S., Noda, T., and Yoshimori, T. (2007). Dissection of the autophagosome maturation process by a novel reporter protein, tandem fluorescent-tagged LC3. Autophagy 3, 452–460. doi: 10.4161/auto.4451

King, M. A., Ganley, I. G., and Flemington, V. (2016). Inhibition of cholesterol metabolism underlies synergy between mTOR pathway inhibition and chloroquine in bladder cancer cells. Oncogene 35, 4518–4528. doi: 10.1038/onc.2015.511

Konttinen, H., Cabral-da-Silva, M. E. C., Ohtonen, S., Wojciechowski, S., Shakirzyanova, A., Caligola, S., et al. (2019). PSEN1ΔE9, APPswe, and APOE4 Confer disparate phenotypes in human iPSC-derived microglia. Stem Cell Rep. 13, 669–683. doi: 10.1016/j.stemcr.2019.08.004

Korolchuk, V. I., Saiki, S., Lichtenberg, M., Siddiqi, F. H., Roberts, E. A., Imarisio, S., et al. (2011). Lysosomal positioning coordinates cellular nutrient responses. Nat. Cell Biol. 13, 453–460. doi: 10.1038/ncb2204

Krance, S. H., Wu, C. Y., Chan, A. C. Y., Kwong, S., Song, B. X., Xiong, L. Y., et al. (2022). Endosomal-lysosomal and autophagy pathway in Alzheimer’s disease: A systematic review and meta-analysis. J. Alzheimers Dis. 88, 1279–1292. doi: 10.3233/JAD-220360

Lane, C. A., Hardy, J., and Schott, J. M. (2018). Alzheimer’s disease. Eur. J. Neurol. 25, 59–70. doi: 10.1111/ene.13439

Lanfranco, M. F., Ng, C. A., and Rebeck, G. W. (2020). ApoE lipidation as a therapeutic target in Alzheimer’s disease. Int. J. Mol. Sci. 21:6336. doi: 10.3390/ijms21176336

Larramona-Arcas, R., González-Arias, C., Perea, G., Gutiérrez, A., Vitorica, J., García-Barrera, T., et al. (2020). Sex-dependent calcium hyperactivity due to lysosomal-related dysfunction in astrocytes from APOE4 versus APOE3 gene targeted replacement mice. Mol. Neurodegener. 15:35. doi: 10.1186/s13024-020-00382-8

Lee, J., Giordano, S., and Zhang, J. (2012). Autophagy, mitochondria and oxidative stress: Cross-talk and redox signalling. Biochem. J. 441, 523–540. doi: 10.1042/BJ20111451

Lee, J. H., McBrayer, M. K., Wolfe, D. M., Haslett, L. J., Kumar, A., Sato, Y., et al. (2015). Presenilin 1 maintains lysosomal Ca2+ homeostasis via TRPML1 by regulating vATPase-mediated lysosome acidification. Cell Rep. 12, 1430–1444. doi: 10.1016/j.celrep.2015.07.050

Lee, J. H., Yu, W. H., Kumar, A., Lee, S., Mohan, P. S., Peterhoff, C. M., et al. (2010). Lysosomal proteolysis and autophagy require presenilin 1 and are disrupted by alzheimer-related PS1 mutations. Cell 141, 1146–1158. doi: 10.1016/j.cell.2010.05.008

Li, Y., He, Y., Miao, K., Zheng, Y., Deng, C., and Liu, T. M. (2020). Imaging of macrophage mitochondria dynamics in vivo reveals cellular activation phenotype for diagnosis. Theranostics 10, 2897–2917. doi: 10.7150/thno.40495

Liang, T., Hang, W., Chen, J., Wu, Y., Wen, B., Xu, K., et al. (2021). ApoE4 (Δ272–299) induces mitochondrial-associated membrane formation and mitochondrial impairment by enhancing GRP75-modulated mitochondrial calcium overload in neuron. Cell Biosci. 11:50. doi: 10.1186/s13578-021-00563-y

Lie, P. P. Y., and Nixon, R. A. (2019). Lysosome trafficking and signaling in health and neurodegenerative diseases. Neurobiol. Dis. 122, 94–105. doi: 10.1016/j.nbd.2018.05.015

Lin, Y. T., Seo, J., Gao, F., Feldman, H. M., Wen, H. L., Penney, J., et al. (2018). APOE4 causes widespread molecular and cellular alterations associated with Alzheimer’s disease phenotypes in human iPSC-derived brain cell types. Neuron 98, 1141–1154.e7. doi: 10.1016/j.neuron.2018.05.008

Liu, C. C., Kanekiyo, T., Xu, H., and Bu, G. (2013). Apolipoprotein E and Alzheimer disease: Risk, mechanisms and therapy. Nat. Rev. Neurol. 9, 106–118. doi: 10.1038/nrneurol.2012.263

Loera-Valencia, R., Goikolea, J., Parrado-Fernandez, C., Merino-Serrais, P., and Maioli, S. (2019). Alterations in cholesterol metabolism as a risk factor for developing Alzheimer’s disease: Potential novel targets for treatment. J. Steroid. Biochem. Mol. Biol. 190, 104–114. doi: 10.1016/j.jsbmb.2019.03.003

Mahley, R., Huang, Y., and Weisgraber, K. (2007). Detrimental effects of apolipoprotein E4: Potential therapeutic targets in Alzheimers disease. Curr. Alzheimer Res. 4, 537–540. doi: 10.2174/156720507783018334

Martín-Maestro, P., Gargini, R., García, E., Perry, G., Avila, J., and García-Escudero, V. (2017b). Slower dynamics and aged mitochondria in sporadic Alzheimer’s disease. Oxid. Med. Cell Longev. 2017, 1–14. doi: 10.1155/2017/9302761

Martín-Maestro, P., Gargini, R., Sproul, A., García, E., Antón, L. C., Noggle, S., et al. (2017a). Mitophagy failure in fibroblasts and iPSC-derived neurons of Alzheimer’s disease-associated presenilin 1 mutation. Front. Mol. Neurosci. 10:291. doi: 10.3389/fnmol.2017.00291

Massaccesi, L., Galliera, E., Galimberti, D., Fenoglio, C., Arcaro, M., Goi, G., et al. (2019). Lag-time in Alzheimer’s disease patients: A potential plasmatic oxidative stress marker associated with ApoE4 isoform. Immun. Ageing 16:7. doi: 10.1186/s12979-019-0147-x

Masters, C. L., Bateman, R., Blennow, K., Rowe, C. C., Sperling, R. A., and Cummings, J. L. (2015). Alzheimer’s disease. Nat. Rev. Dis. Primers 1:15056. doi: 10.1038/nrdp.2015.56

McDaid, J., Mustaly-Kalimi, S., and Stutzmann, G. E. (2020). Ca2+ dyshomeostasis disrupts neuronal and synaptic function in Alzheimer’s Disease. Cells 9:2655. doi: 10.3390/cells9122655

Menzies, F. M., Fleming, A., and Rubinsztein, D. C. (2015). Compromised autophagy and neurodegenerative diseases. Nat. Rev. Neurosci. 16, 345–357. doi: 10.1038/nrn3961

Misrani, A., Tabassum, S., and Yang, L. (2021). Mitochondrial dysfunction and oxidative stress in Alzheimer’s disease. Front. Aging Neurosci. 13:617588. doi: 10.3389/fnagi.2021.617588

Monaco, A., and Fraldi, A. (2020). Protein aggregation and dysfunction of autophagy-lysosomal pathway: A vicious cycle in lysosomal storage diseases. Front. Mol. Neurosci. 13:37. doi: 10.3389/fnmol.2020.00037

Naderi, J., Lopez, C., and Pandey, S. (2006). Chronically increased oxidative stress in fibroblasts from Alzheimer’s disease patients causes early senescence and renders resistance to apoptosis by oxidative stress. Mech. Ageing Dev. 127, 25–35. doi: 10.1016/j.mad.2005.08.006

Najm, R., Jones, E. A., and Huang, Y. (2019). Apolipoprotein E4, inhibitory network dysfunction, and Alzheimer’s disease. Mol. Neurodegener. 14:24. doi: 10.1186/s13024-019-0324-6

Oksanen, M., Petersen, A. J., Naumenko, N., Puttonen, K., Lehtonen, Š, Gubert Olivé, M., et al. (2017). PSEN1 mutant iPSC-derived model reveals severe astrocyte pathology in Alzheimer’s disease. Stem Cell Rep. 9, 1885–1897. doi: 10.1016/j.stemcr.2017.10.016

Olesen, M. A., Villavicencio-Tejo, F., and Quintanilla, R. A. (2022). The use of fibroblasts as a valuable strategy for studying mitochondrial impairment in neurological disorders. Transl. Neurodegener. 11:36. doi: 10.1186/s40035-022-00308-y

Orr, A. L., Kim, C., Jimenez-Morales, D., Newton, B. W., Johnson, J. R., Krogan, N. J., et al. (2019). Neuronal apolipoprotein E4 expression results in proteome-wide alterations and compromises bioenergetic capacity by disrupting mitochondrial function. J. Alzheimers Dis. 68, 991–1011. doi: 10.3233/JAD-181184

Ozgen, S., Krigman, J., Zhang, R., and Sun, N. (2022). Significance of mitochondrial activity in neurogenesis and neurodegenerative diseases. Neural Regen. Res. 17:741. doi: 10.4103/1673-5374.322429

Pani, A., Dessì, S., Diaz, G., la Colla, P., Abete, C., Mulas, C., et al. (2009). Altered cholesterol ester cycle in skin fibroblasts from patients with Alzheimer’s disease. J. Alzheimers Dis. 18, 829–841. doi: 10.3233/JAD-2009-1193

Pérez, M. J., Ponce, D. P., Osorio-Fuentealba, C., Behrens, M. I., and Quintanilla, R. A. (2017). Mitochondrial bioenergetics is altered in fibroblasts from patients with sporadic Alzheimer’s disease. Front. Neurosci. 11:553. doi: 10.3389/fnins.2017.00553

Perez Ortiz, J. M., and Swerdlow, R. H. (2019). Mitochondrial dysfunction in Alzheimer’s disease: Role in pathogenesis and novel therapeutic opportunities. Br. J. Pharmacol. 176, 3489–3507. doi: 10.1111/bph.14585

Ribas, V., Garcia-Ruiz, C., and Fernandez-Checa, J. C. (2014). Glutathione and mitochondria. Front. Pharmacol. 5:151. doi: 10.3389/fphar.2014.00151

Riera-Tur, I., Schäfer, T., Hornburg, D., Mishra, A., da Silva Padilha, M., Fernández-Mosquera, L., et al. (2022). Amyloid-like aggregating proteins cause lysosomal defects in neurons via gain-of-function toxicity. Life Sci. Alliance 5:e202101185. doi: 10.26508/lsa.202101185

Ruiz-DeDiego, I., Mellstrom, B., Vallejo, M., Naranjo, J. R., and Moratalla, R. (2015). Activation of DREAM (downstream regulatory element antagonistic modulator), a calcium-binding protein, reduces L-DOPA-induced dyskinesias in mice. Biol. Psychiatry 77, 95–105. doi: 10.1016/j.biopsych.2014.03.023

Sarasija, S., Laboy, J. T., Ashkavand, Z., Bonner, J., Tang, Y., and Norman, K. R. (2018). Presenilin mutations deregulate mitochondrial Ca2+ homeostasis and metabolic activity causing neurodegeneration in Caenorhabditis elegans. Elife 7:e33052. doi: 10.7554/eLife.33052

Schmukler, E., Michaelson, D. M., and Pinkas-Kramarski, R. (2018). The interplay between apolipoprotein E4 and the autophagic–endocytic–lysosomal axis. Mol. Neurobiol. 55, 6863–6880. doi: 10.1007/s12035-018-0892-4

Schmukler, E., Solomon, S., Simonovitch, S., Goldshmit, Y., Wolfson, E., Michaelson, D. M., et al. (2020). Altered mitochondrial dynamics and function in APOE4-expressing astrocytes. Cell Death Dis. 11:578. doi: 10.1038/s41419-020-02776-4

Sharma, C., Kim, S., Nam, Y., Jung, U. J., and Kim, S. R. (2021). Mitochondrial dysfunction as a driver of cognitive impairment in Alzheimer’s disease. Int. J. Mol. Sci. 22:4850. doi: 10.3390/ijms22094850

Sheng, B., Wang, X., Su, B., Lee, H., Casadesus, G., Perry, G., et al. (2012). Impaired mitochondrial biogenesis contributes to mitochondrial dysfunction in Alzheimer’s disease. J. Neurochem. 120, 419–429. doi: 10.1111/j.1471-4159.2011.07581.x

Simonovitch, S., Schmukler, E., Masliah, E., Pinkas-Kramarski, R., and Michaelson, D. M. (2019). The Effects of APOE4 on mitochondrial dynamics and proteins in vivo. J. Alzheimers Dis. 70, 861–875. doi: 10.3233/JAD-190074

Sinha, K., Chowdhury, S., Banerjee, S., Mandal, B., Mandal, M., Majhi, S., et al. (2019). Lupeol alters viability of SK-RC-45 (Renal cell carcinoma cell line) by modulating its mitochondrial dynamics. Heliyon 5:e02107. doi: 10.1016/j.heliyon.2019.e02107

Strope, T. A., and Wilkins, H. M. (2023). Amyloid precursor protein and mitochondria. Curr. Opin. Neurobiol. 78:102651. doi: 10.1016/j.conb.2022.102651

Swerdlow, R. H. (2018). Mitochondria and mitochondrial cascades in Alzheimer’s disease. J. Alzheimers Dis. 62, 1403–1416. doi: 10.3233/JAD-170585

Szybińska, A., and Leśniakx, L. (2017). P53 dysfunction in neurodegenerative diseases - the cause or effect of pathological changes? Aging Dis. 8:506. doi: 10.14336/AD.2016.1120

Tancini, B., Buratta, S., Delo, F., Sagini, K., Chiaradia, E., Pellegrino, R. M., et al. (2020). Lysosomal exocytosis: The extracellular role of an intracellular organelle. Membranes 10:406. doi: 10.3390/membranes10120406

Theendakara, V., Peters-Libeu, C. A., Spilman, P., Poksay, K. S., Bredesen, D. E., and Rao, R. V. (2016). Direct transcriptional effects of apolipoprotein E. J. Neurosci. 36, 685–700. doi: 10.1523/JNEUROSCI.3562-15.2016

Tong, B. C. K., Wu, A. J., Huang, A. S., Dong, R., Malampati, S., Iyaswamy, A., et al. (2022). Lysosomal TPCN (two pore segment channel) inhibition ameliorates beta-amyloid pathology and mitigates memory impairment in Alzheimer disease. Autophagy 18, 624–642. doi: 10.1080/15548627.2021.1945220

Trigo, D., Avelar, C., Fernandes, M., Sá, J., and Cruz e Silva, O. (2022). Mitochondria, energy, and metabolism in neuronal health and disease. FEBS Lett. 596, 1095–1110. doi: 10.1002/1873-3468.14298

Trushina, E., Nemutlu, E., Zhang, S., Christensen, T., Camp, J., Mesa, J., et al. (2012). Defects in mitochondrial dynamics and metabolomic signatures of evolving energetic stress in mouse models of familial Alzheimer’s disease. PLoS One 7:e32737. doi: 10.1371/journal.pone.0032737

Uberti, D., Lanni, C., Carsana, T., Francisconi, S., Missale, C., Racchi, M., et al. (2006). Identification of a mutant-like conformation of p53 in fibroblasts from sporadic Alzheimer’s disease patients. Neurobiol. Aging 27, 1193–1201. doi: 10.1016/j.neurobiolaging.2005.06.013

Valente, A. J., Maddalena, L. A., Robb, E. L., Moradi, F., and Stuart, J. A. (2017). A simple ImageJ macro tool for analyzing mitochondrial network morphology in mammalian cell culture. Acta Histochem. 119, 315–326. doi: 10.1016/j.acthis.2017.03.001

van der Kant, R., Langness, V. F., Herrera, C. M., Williams, D. A., Fong, L. K., Leestemaker, Y., et al. (2019). Cholesterol metabolism is a druggable axis that independently regulates tau and amyloid-β in iPSC-derived Alzheimer’s disease neurons. Cell Stem Cell 24, 363–375.e9. doi: 10.1016/j.stem.2018.12.013

Vegh, C., Stokes, K., Ma, D., Wear, D., Cohen, J., Ray, S. D., et al. (2019). A bird’s-eye view of the multiple biochemical mechanisms that propel pathology of Alzheimer’s Disease: Recent advances and mechanistic perspectives on how to halt the disease progression targeting multiple pathways. J. Alzheimers Dis. 69, 631–649. doi: 10.3233/JAD-181230

Venegas, V., Wang, J., Dimmock, D., and Wong, L. (2011). Real-time quantitative PCR analysis of mitochondrial DNA content. Curr. Protoc. Hum. Genet. 68, 19.7.1–19.7.12. doi: 10.1002/0471142905.hg1907s68

Vidal, C., and Zhang, L. (2021). An analysis of the neurological and molecular alterations underlying the pathogenesis of Alzheimer’s disease. Cells 10:546. doi: 10.3390/cells10030546

Wacquier, B., Combettes, L., and Dupont, G. (2020). Dual dynamics of mitochondrial permeability transition pore opening. Sci. Rep. 10:3924. doi: 10.1038/s41598-020-60177-1

Wang, W., Zhao, F., Ma, X., Perry, G., and Zhu, X. (2020). Mitochondria dysfunction in the pathogenesis of Alzheimer’s disease: Recent advances. Mol. Neurodegener. 15:30. doi: 10.1186/s13024-020-00376-6

Wilhelm, L. P., Voilquin, L., Kobayashi, T., Tomasetto, C., and Alpy, F. (2019). Intracellular and plasma membrane cholesterol labeling and quantification using filipin and GFP-D4. Methods Mol. Biol. 1949, 137–152. doi: 10.1007/978-1-4939-9136-5_11

Wood, G. W., Ling, L., Muller, W., and Eckert, G. (2014). Cholesterol as a causative agent in Alzheimer disease: A debatable hypothesis. J. Neurochem. 129, 559–572. doi: 10.1111/jnc.12637.Cholesterol

Xie, C., Zhuang, X. X., Niu, Z., Ai, R., Lautrup, S., Zheng, S., et al. (2022). Amelioration of Alzheimer’s disease pathology by mitophagy inducers identified via machine learning and a cross-species workflow. Nat. Biomed. Eng. 6, 76–93. doi: 10.1038/s41551-021-00819-5

Yang, M., Wang, Y., Liang, G., Xu, Z., Chu, C. T., and Wei, H. (2019). Alzheimer’s disease presenilin-1 mutation sensitizes neurons to impaired autophagy flux and propofol neurotoxicity: Role of calcium dysregulation. J. Alzheimers Dis. 67, 137–147. doi: 10.3233/JAD-180858

Yin, J., Reiman, E. M., Beach, T. G., Serrano, G. E., Sabbagh, M. N., Nielsen, M., et al. (2020). Effect of ApoE isoforms on mitochondria in Alzheimer disease. Neurology 94, e2404–e2411. doi: 10.1212/WNL.0000000000009582

Zeng, K., Yu, X., Mahaman, Y. A. R., Wang, J. Z., Liu, R., Li, Y., et al. (2022). Defective mitophagy and the etiopathogenesis of Alzheimer’s disease. Transl. Neurodegener. 11:32. doi: 10.1186/s40035-022-00305-1

Zhu, X., Perry, G., Smith, M. A., and Wang, X. (2012). Abnormal mitochondrial dynamics in the pathogenesis of Alzheimer’s disease. J. Alzheimers Dis. 33, S253–S262. doi: 10.3233/JAD-2012-129005


OPS/images/fnagi-15-1087072-t001.jpg
Patient (ID) Gender Age (years) Genotype Clinical features

Alzheimer’s disease patients
AD1 M 74 APOE 4/4 Dementia (more severe symptoms than
those of APOE3/3 patients)
AD2 F 66 APOE 4/4 Dementia, aphasia (more severe symptoms
than those of APOE3/3 patients)
AD3 M 79 APOE 3/3 Loss of memory and prefrontal functions.
AD4 M 73 APOE 3/3 Dementia
AD5 F 79 APOE 3/3 Dementia
AD6 M 43 APOE 3/3 + mutation in PSEN1 Severe dementia, loss of memory, and
aphasia.
Control
C1 M 85 APOE2/3 -
C2 F 66 APOE 3/3 -
C3 M 72 APOE 3/3 =
C4 M 72 APOE 2/3 =
G5 F 63 APOE2/2 -
Ceé F 71 APOE 3/3 -






OPS/xhtml/Nav.xhtml




Contents





		Cover



		APOE ε4 allele, along with G206D-PSEN1 mutation, alters mitochondrial networks and their degradation in Alzheimer’s disease



		1. Introduction



		2. Materials and methods



		2.1. Fibroblasts culture



		2.2. Resazurin cell viability assay



		2.3. Flow cytometry



		2.4. Western blot



		2.5. mtDNA content



		2.6. Immunocytochemistry



		2.7. LysoTracker and Filipin staining



		2.8. Lentivirus production



		2.9. Fibroblast infection



		2.10. Image analysis



		2.11. Statistical analysis







		3. Results



		3.1. APOE 3/4 genotype in combination with PSEN1 mutation is prone to cell vulnerability induced by oxidative stress



		3.2. Lysosomal free cholesterol is impaired in APOE 3/4 + PSEN1 fibroblasts



		3.3. Aberrant mitochondrial networks in AD patients with APOE 4/4 and APOE 3/4 + PSEN1 genotypes



		3.4. APOE 4/4 fibroblasts increase mitochondria degradation via p62/SQSTM1



		3.5. Autophagic flux is slightly induced in AD fibroblasts



		3.6. APOE 3/4 + PSEN1 fibroblasts show a higher number and clustering of lysosomes







		4. Discussion



		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnagi-15-1087072-g001.jpg
>

Cell viability (%)

%DHE+ cells * MFI
(% Control)

100q------======"=ccc@cccccccccccccnann-

" tBHP
80 oo . o, uM, 2.5 h
#Hit
) i - tBHP
o ##m# 1 i B .5 uM, 2.5 h
40 * tBHP
Hititt D
- 300 uM, 2.5 h
" Control APOE APOE APOE
4/4 3/3 3/4+PSEN1
C
[ Basal
Bl tBHP 300 uM, 1h
250-
200+ HH #
7]
T
Q
150 - T T
1004 - T
N Il‘
0 | | - i | | | 1
Control APOE APOE APOE

4/4 313 3/4+PSEN1

600-
400

200-

Basal

[1Control
B APOE 3/4+PSEN1

600-
400

200

10

tBHP
300 uM, 1h

_‘CD‘ )

Trrer T L e 2

DHE fluorescence intensity

108





OPS/images/cover.jpg
’ frontiers ‘ Frontiers in Aging Neuroscience

APOE ¢4 allele, along with
G206D-PSEN1 mutation, alters
mitochondrial networks and
their degradation in Alzheimer's
disease





OPS/images/fnagi-15-1087072-g003.jpg
A + - + EBSS4h B

Actin EEE——— 17 : 150, (] Basal

Tom20 [ 16 kDa £= |] B EBSS 4h
APOE 3/3 Control < S 100-
-~ C -‘I'_
+ - + EBSS4h 88
50
Actin _ 42kDa  Z
rom2o [ (s k0= -
c -
APOE 4/4 APOE Control Control APOE APOE APOE
3/4+PSEN1 3/3 3/4+PSEN1
¢ 1.5- 1.5-
1] Basal 1] Basal
= Bl EBSS 4h Bl EBSS 4h
Z «S

<g’:?to- T T 531.0- 1

E T iF il

23 L+ 2% T T

Q% 0.5- S 0.5-

= E = g

oc 1 | 1 1 oc | 1 1 1
Control APOE APOE  APOE Control APOE APOE  APOE
4/4 3/3  3/4+PSEN1 4/4 3/3  3/4+PSEN1

D

Control . vy VN N APOE 4/4

APOE 3/4
+PSEN 1

m
T
@
=L

80 I 20 0.8; 40- 20
“ 0 40- b = - 3 i X ~
oS = S © 15; SEosll | g £ E 30{(= S £ 15/
g 5 301 5= T 3 T3 g $s¥ 1 1T
£ 2 9. 2 210 2 £ 0.4 2 £ 20 5 €310
33 5 1 $3 £
10 51 S 2 0.2 S50 25 s
9 T T c . N ) 0
I P S W o O VTN P IR IR
& ¢ & GJQ, & Q)‘ Q:b Q/\\ ° » e Q/\\ LW Q}; LA Q,‘\
o 0 0 Q & o o o S ¢ O S ¢ O S & & o
©) vg v? W o Q Q ,‘Q <) QO QO xQ <) O QO Q 8) QO xQ
) Ll S\ Pl S\ LAl v
K & & & &
P P P P






OPS/images/fnagi-15-1087072-g002.jpg
Merge

A ()







OPS/images/fnagi-15-1087072-g005.jpg
EBSS 4h

A
mTOR 289 kDa
ULK 112 kDa
B-Tubulin 50 kDa
Control APOE Control APOE APOE
4/4 3/3 3/4+PSEN1
- + . + . + . + - + EBSS 4h
p-mTOR 289 kDa
p-ULK 112 kDa
B-Tubulin 50 kDa
Control APOE Control APOE APOE
4/4 3/3 3/4+PSEN1
B C
2501 D Basal 150- D Basal
ve Bl EBSS 4h
O~ 200- B EBSS 4h e I
£ S =0 100
—c 150- ~5
x O v O T
OO 100 =40 4.
=32 =22
L ﬁ ﬁi | = Lk ﬁ
Q.
0' Ii T T G li T li Ii_
Control APOE APOE APOE Control APOE APOE APOE
4/4 3/3 3/4+PSEN1 4/4 3/3 3/4+PSEN1
D E
= 200- 1
Actin I 42 kDa S
Control APOE APOE -~ 1501
4/4 3/3 v
£ 100 —
o
2
e st . B & Jd Control APOE APOE APOE
Control APOE APOE 4/4 3/3 3/4+PSEN1
3/3 3/4+PSEN1
F e
50T o s
- + - + - 4+ - + - + CQ c . cQ
LC3-| 17 kDa é’ RO
LC3-II 14 kDa § 1000{ : "
Actin 42 kDa 2 I I ﬁ
T ek mememw | e 0- r-ll ﬁl 1
Control APOE APOE Control APOE APOE APOE
4/4 3/3 , 4/4  3/3 3/4+PSEN1
B + 2 + . + = + & + CQ o 1500- ] Basal H#H#
LC3-I 17kDa  §3,  |™ @ w44
— 510004 4
LC3-Il 14kDa G §
. =9 5004 i
Actin 42kDa <
Control APOE APOE - 0- = A, m
3/3 3/4+PSEN1 Control APOE APOE APOE

4/4 3/3 3/4+PSEN1






OPS/images/fnagi-15-1087072-g004.jpg
: © -
o o o
JU3ID1Y807) ,SIspuey

(lonuo9 %) zod usqyul







OPS/images/fnagi-15-1087072-g007.jpg
Lysosomal enzymes

PI3K
_ complex

Superoxide anion

A Lc3i
Nutrient ‘ 062
Rapamycin deprivation
@ Atg12-Atg5-Atg16
l / d v-ATPase
#

mTOR
complex
FIP200
—_—p °
Atg101
ULK

I
complex phagophore Autophagosome

Cargo

< degradation

PSEN1
Lysosome mutations

APOE 3/3

APOE 4/4
fibroblasts fibroblasts fibroblasts

APOE 3/4 + PSEN1






OPS/images/fnagi-15-1087072-g006.jpg
Control \\V|P1 | APOE 4/4 600
. 500+
-
= S 400
- S -
c 3 300- T
%é 200-
100~
0- l ‘ 1
Control APOE APOE APOE
c 4/4 3/3 3/4+PSEN1
APOE 3/3 APOE 3/4+PSEN1
20- 88&8&
>
15 T

10-

5- j
Control APOE APOE APOE
4/4 3/3 3/4+PSEN1

Lysosome clustering
index

Control [ ysolracker | APOE 4/4

m

0.8+ *kk

0.4~ —l—

0.2-

% Cells with lysosome
clustering phenotype
i

0.0

1 I | | i
Control APOE APOE APOE
4/4 3/3 3/4+PSEN1








OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience







OPS/images/cross.jpg
@ Check for updates.





