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Human erythroid differentiation requires VDAC1-mediated mitochondrial clearance

Erythroblast maturation in mammals is dependent on organelle clearance throughout terminal erythropoiesis. We studied the role of the outer mitochondrial membrane protein VDAC1 (Voltage-Dependent Anion Channel-1) in human terminal erythropoiesis. We show that shRNA-mediated downregulation of VDAC1 accelerates erythroblast maturation. Thereafter, erythroblasts are blocked at orthochromatic stage, exhibiting a significant decreased level of enucleation, concomitant with an increased cell death. We demonstrate that mitochondria clearance starts at the transition from basophilic to polychromatic erythroblast, and that VDAC1 downregulation induces the mitochondrial retention. In damaged mitochondria from non-erythroid cells, VDAC1 was identified as a target for Parkin-mediated ubiquitination to recruit the phagophore. Here, we showed that VDAC1 is involved in phagophore's membrane recruitment regulating selective mitophagy of still functional mitochondria from human erythroblasts.

These findings demonstrate for the first time a crucial role for VDAC1 in human erythroblast terminal differentiation, regulating mitochondria clearance.

Introduction

Mature erythrocytes result from a finely regulated process called erythropoiesis, producing two million erythrocytes every second in healthy human adults (1). In mammals, during the late stages of terminal erythroid differentiation, erythroblasts expel their nuclei and lose their organelles including the Golgi apparatus, endoplasmic reticulum (ER), ribosomes and mitochondria (2). Organelles can be eliminated by the general process of macro-autophagy. This process is initiated by the formation of a double membrane structure called phagophore, engulfing cytoplasmic material to form the autophagosome which fuses with a lysosome for degradation (3). Alternatively, mitochondria can be eliminated by a selective autophagic process called mitophagy, in which outer mitochondrial membrane (OMM) proteins act as signals to recruit the phagophore membrane (4). In erythroid progenitors, much work has shown that autophagy is essential for the organelle removal that occurs during reticulocyte maturation (5,6). Notably though, the majority of these studies were performed in human progenitors that had already reached the reticulocyte stage of differentiation or in genetic mouse models that were deleted for different proteins involved in phagophore formation (i.e. Ulk1, Atg4, Atg7). In these latter models, the importance of autophagy in murine erythroid differentiation was demonstrated by the finding that the delayed clearance of mitochondria and ribosomes is associated with anemia (7)[START_REF] Betin | Autophagy facilitates organelle clearance during differentiation of human erythroblasts: evidence for a role for ATG4 paralogs during autophagosome maturation[END_REF][START_REF] Zhang | Mitochondrial clearance is regulated by Atg7-dependent and -independent mechanisms during reticulocyte maturation[END_REF][START_REF] Kundu | Ulk1 plays a critical role in the autophagic clearance of mitochondria and ribosomes during reticulocyte maturation[END_REF][START_REF] Mortensen | Loss of autophagy in erythroid cells leads to defective removal of mitochondria and severe anemia in vivo[END_REF].

Mitophagy results from the binding of adaptors to LC3 (microtubule-associated protein 1 light channel 3B, also known as ATG8) within the growing autophagosome. Once associated with phosphatidyl ethanolamine (PE), LC3-II (PE-conjugated LC3) enables the elongation and maturation of the phagophore that is recruited to ubiquitin-covered mitochondria through interaction with the LIR (LC3-interacting region) motif of mitophagy adaptors. An autophagosome is then built around mitochondria that are finally degraded following autophagosome-lysosome fusion. Mitophagy can also occur in an ubiquitin-independent manner following accumulation of OMM proteins such as NIX/BNIP3L [START_REF] Novak | Nix is a selective autophagy receptor for mitochondrial clearance[END_REF], bringing together autophagosomal membranes and mitochondria via their LIR motif (4). In this regard, it is interesting to note that the absence of NIX results in mitochondrial retention and anemia in mice [START_REF] Novak | Nix is a selective autophagy receptor for mitochondrial clearance[END_REF][START_REF] Sandoval | Essential role for Nix in autophagic maturation of erythroid cells[END_REF][START_REF] Schweers | NIX is required for programmed mitochondrial clearance during reticulocyte maturation[END_REF].

The PINK1/Parkin pathway is one of the best-characterized pathways of mitophagy. In healthy functional mitochondria, PINK1 (PTEN-induced putative kinase 1) is addressed to the OMM. Once translocated to the inner membrane, this protein is cleaved and targeted for degradation by the proteasome. However, on defective mitochondria, there is an accumulation of PINK1 which results in the translocation of Parkin, an E3 ubiquitin ligase, and the subsequent clearance of damaged mitochondria by mitophagy [START_REF] Matsuda | PINK1 stabilized by mitochondrial depolarization recruits Parkin to damaged mitochondria and activates latent Parkin for mitophagy[END_REF][START_REF] Ordureau | Dynamics of PARKIN-Dependent Mitochondrial Ubiquitylation in Induced Neurons and Model Systems Revealed by Digital Snapshot Proteomics[END_REF][START_REF] Narendra | PINK1 is selectively stabilized on impaired mitochondria to activate Parkin[END_REF].

At the surface of damaged mitochondria, Parkin interacts with OMM proteins among which voltage-dependent anion channels (VDACs). Furthermore, in the absence of all three VDACs, mitophagy has been shown to be impaired, at least in certain cell types [START_REF] Sun | Voltage-dependent anion channels (VDACs) recruit Parkin to defective mitochondria to promote mitochondrial autophagy[END_REF][START_REF] Geisler | PINK1/Parkin-mediated mitophagy is dependent on VDAC1 and p62/SQSTM1[END_REF][START_REF] Gatliff | TSPO interacts with VDAC1 and triggers a ROS-mediated inhibition of mitochondrial quality control[END_REF].

VDAC1 is a ubiquitous OMM protein involved in different pathways including apoptosis [START_REF] Shoshan-Barmatz | Apoptosis is regulated by the VDAC1 N-terminal region and by VDAC oligomerization: release of cytochrome c, AIF and Smac/Diablo[END_REF][START_REF] Shimizu | Bcl-2 family proteins regulate the release of apoptogenic cytochrome c by the mitochondrial channel VDAC[END_REF], mitochondrial cristae scaffold [START_REF] Rone | Identification of a dynamic mitochondrial protein complex driving cholesterol import, trafficking, and metabolism to steroid hormones[END_REF], and nucleotides transport [START_REF] Lee | The role of pyridine dinucleotides in regulating the permeability of the mitochondrial outer membrane[END_REF][START_REF] Rostovtseva | VDAC channels differentiate between natural metabolites and synthetic molecules[END_REF], its role in erythropoiesis is not known, but transcriptomic and proteomic data could suggest a role at the terminal differentiation [START_REF] An | Global transcriptome analyses of human and murine terminal erythroid differentiation[END_REF][START_REF] Gautier | Comprehensive Proteomic Analysis of Human Erythropoiesis[END_REF]. Using a shRNA approach, we find that downregulation of VDAC1 results in a blockage in erythroid progenitor differentiation at the orthochromatic erythroblast stage, exhibiting a significantly decreased level of enucleation and cell death.

Furthermore, we show that the clearance of mitochondria from terminal erythroblasts is dependent on VDAC1, starting at the polychromatic erythroblast stage of differentiation.

VDAC1 plays a crucial role to initiate the recruitment of phagophore's membrane, necessary to achieve an efficient maturation of human red blood cells.

Methods

CD34 + cells isolation and ex vivo erythroid differentiation

CD34 + cells were isolated from cord blood and cultured following a human ex vivo differentiation protocol as previously described [START_REF] Hu | Isolation and functional characterization of human erythroblasts at distinct stages: implications for understanding of normal and disordered erythropoiesis in vivo[END_REF] (Supplemental data). The experimental protocol was approved by ethical committees from Inspire H2020 program (agreement 655850) and from INTS (2019-1), additional information is included as supplemental data.

Transduction of CD34 + progenitors

Cells undergoing erythroid differentiation were transduced at day 4 of erythroid differentiation with lentiviral vectors (MISSION® pLKO.1) containing a short hairpin RNA scramble (shSCR) or a short hairpin RNA targeting VDAC1 (shVDAC1) (TRCN0000297481) upstream of the EGFP transgene, at a MOI of 10 (Figure S1A).

Transduction efficiency was evaluated by the percentage of EGFP + cells after 72 h and EGFP + cells were sorted using the cell sorter SONY SH800.

Flow cytometry-based analysis of erythroid differentiation

Cells were analyzed for surface markers expression, mitochondrial content and the presence of a nucleus, starting at day 7. Briefly, 10 5 cells were stained with 250 nM MitoFluor and Hoechst 34580 in media for 30 min at 37 °C. Cells were washed and subsequently stained with fluorochrome-conjugated antibodies against glycophorin A (GPA), Band3 and α4integrin in PBS 2% BSA, for 30 min at 4 °C. Cells were washed once with PBS and 7-AAD was added prior to acquisition to exclude dead cells. Cells were analyzed using a BD FACSCanto™ (BD Biosciences), data were acquired with Diva software and analyzed using FCS express 6 Flow Research Edition software.

Enucleation assay by imaging flow cytometry

Orthochromatic erythroblasts were sorted at day 12 as described [START_REF] Hu | Isolation and functional characterization of human erythroblasts at distinct stages: implications for understanding of normal and disordered erythropoiesis in vivo[END_REF]. Cells were maintained in culture for one day in phase III medium before staining with 1 μg/mL Hoechst 34580 and anti-GPA Ab. Nucleus polarization was analyzed by Amnis® Imaging Flow Cytometer. Approximately 10,000 events were collected and the "Delta centroid GPA-Hoechst" was calculated as the distance of the center of the GPA-labeled erythroblast from the center of the Hoechst-labeled nucleus. A threshold of 2 for the Delta Centroid (DC) was fixed in order to discriminate between polarized and non-polarized nucleus. Analysis was performed using the IDEAS 6.2 software [START_REF] Konstantinidis | Signaling and cytoskeletal requirements in erythroblast enucleation[END_REF].

Other standard methods.

Quantitative real time qPCR, antibodies and dyes, MGG-based identification of erythroblasts stage, apoptosis assay, ROS detection, mitochondrial respiration analysis, immunoblotting, immunolabelling for confocal microscopy, ATP measurement, electron microscopy, K562 cell culture, image stream colocalization and statistical analysis are fully described in supplementary material.

Results

shRNA-mediated knockdown of VDAC1 results in an accelerated erythropoiesis until the orthochromatic erythroblast stage of differentiation

In order to assess the specific effects of VDAC1 during erythroid differentiation, we pursued a shRNA-mediated knockdown approach. CD34 + cells were transduced at day 4 of differentiation with a sh-Scramble (shSCR) or a shVDAC1 lentiviral vector, both harboring the EGFP transgene (Figure S1A), and EGFP + cells were sorted at day 7 (Figure 1A).

Knockdown efficiency was assessed at day 10 and a significant downregulation of VDAC1 expression, both at the mRNA (53.6% ± 7.6) and protein level (78.5% ± 5.9) was observed as compared to shSCR-transduced cells (Figure S1B-C). Of note, no significant difference was observed in the mRNA expression of two other VDACs, VDAC2 and VDAC3, confirming the specificity of the shRNA construct (Figure S1D).

The effect of VDAC1 downregulation on erythroblast maturation was assessed by quantifying the percentages of erythroblasts at different stages of differentiation, as monitored by MGG coloration. VDAC1 downregulation did not alter erythroid differentiation before 3 days posttransduction (D7) (Figure 1B). However, by day 10 of differentiation, shVDAC1-transduced cells exhibited an accelerated terminal differentiation as compared to control cells, shown by a significantly higher percentage of orthochromatic erythroblasts as compared to earlier basophilic and polychromatic erythroblasts (Figure 1C). These data were confirmed by evaluating α4-integrin/Band3 profile by flow cytometry allowing the terminal stage of differentiation to be distinguished as previously described (28) (Figure 1D). Consistent with the data above, shVDAC1-transduced progenitors showed no difference in Band3 expression (Figure 1E) but a significantly decreased levels of α4-integrin, a marker which is lost during terminal differentiation, as compared to shSCR-transduced cells (Figure 1F). Furthermore, we observed a decreased proliferation rate in shVDAC1-transduced cells starting at day 10 (Figure 1G). Altogether, these data point to the importance of VDAC1 in regulating terminal erythroid differentiation.

VDAC1 downregulation impairs erythroblast enucleation.

The main morphological feature of terminal mammalian erythroid differentiation is the enucleation, leading to the production of a reticulocyte and a pyrenocyte from an orthochromatic erythroblast. Despite the accelerated differentiation observed in shVDAC1transduced cells, orthochromatic erythroblast percentage was increased whereas reticulocyte level was significantly decreased from day 14 until day 17 as evaluated by MGG coloration (Figure 2A-B) as well as Hoechst staining (Figure 2C).

Enucleation starts with the polarization of the nucleus towards the plasma membrane, allowing the separation of the nucleus from the yet-to-be formed reticulocyte by a mechanism similar to cytokinesis [START_REF] Wang | Mammalian erythroblast enucleation requires PI3K-dependent cell polarization[END_REF]. To assess whether the decrease in enucleation in shVDAC1transduced cells was due to an impairment in the polarization of the nucleus, we sorted orthochromatic erythroblasts at day 12 of differentiation and analyzed these cells by imaging flow cytometry 24 h later. We measured the distance between the center of the cell and the center of the nucleus (delta centroid XY from the IDEAS software). No significant differences in delta centroid XY were observed between shVDAC1-and shSCR-transduced cells, suggesting that VDAC1 downregulation does not block the polarization of the nucleus (Figure S2).

To assess whether the block in enucleation affects cell viability, we evaluated the level of apoptosis as a function of Annexin V staining of exposed phosphatidylserine. While Annexin V staining was not altered in shVDAC1-transduced cells as compared to shSCR-transduced cells at days 7 and 10 of differentiation, levels were significantly higher at days 14 and 17, strongly suggesting that an attenuated enucleation was associated with apoptosis (Figure 2D).

Mitochondrial biomass remains elevated in shVDAC1-transduced erythroblasts.

In mammals, mature red blood cells are devoid of mitochondria. However, mitochondria can still be found at the reticulocyte stage in many mammalian species such as rabbits, dogs, rats, mice and humans (5,[START_REF] Gasko | Deterioration and disappearance of mitochondria during reticulocyte maturation[END_REF][START_REF] Simpson | The mechanism of mitochondrial extrusion from phenylhydrazine-induced reticulocytes in the circulating blood[END_REF][START_REF] Beams | Electron microscope and ultracentrifugation studies on the rat reticulocyte[END_REF]. As expected, we detected a progressive decrease in mitochondrial biomass during erythroblast maturation, with a first major decrease in the transition between basophilic and polychromatic stages and a second between polychromatic and orthochromatic stages (Figure 3A). At day 10 of differentiation the mitochondrial marker TOM40 was detected at significantly higher levels in shVDAC1-transduced cells by Western blot analysis (2.6 ± 0.6-fold, n = 5; Figure 3B). As VDAC1 downregulation alters the kinetic of differentiation, difference on protein expression at day 10 could result from a different proportion of erythroblastic stages. For this reason, mitochondrial biomass was assessed by flow cytometry in the different stages based on α-4integrin/Band3 profile as previously described. Mitochondrial biomass was significantly higher in shVDAC1-polychromatic and orthochromatic erythroblasts as compared to shSCR-transduced erythroblasts (Figure 3C).

Importantly, these differences were associated with late stages of differentiation as there was no change in mitochondrial biomass in earlier basophilic erythroblasts. Although shSCR transduced cells progressively eliminate mitochondria at each differentiation stage, our data point to a defect in mitochondrial clearance during the transition between basophilic and polychromatic erythroblasts in conditions of VDAC1 downregulation.

VDAC1 regulates mitochondrial morphology and oxidative phosphorylation in terminal erythroblasts

To evaluate mitochondrial function in shVDAC1-transduced erythroblasts, we first evaluated the structural morphology of mitochondria by transmission electron microscopy at day 10 of differentiation (Figures 4A andS3). In contrast with the normal ultrastructural morphology detected in shSCR-transduced cells, shVDAC1-transduced cells exhibited swollen mitochondrial cristae (Figure 4A-B) with a significantly increased percentage of rounded as compared to elongated mitochondria (p<0.0001, Figures 4A-C). These data are in agreement with a published role of VDAC1 OMM-IMM contacts sites in cristae structuration [START_REF] Rone | Identification of a dynamic mitochondrial protein complex driving cholesterol import, trafficking, and metabolism to steroid hormones[END_REF]. Interestingly, we also observed a reduced number of ER-mitochondria contact sites in shVDAC1-transduced cells (Figure 4D). As these mitochondrial associated membranes have been shown to recruit signaling molecules such as mTOR, GSK3 and hexokinase I, thereby increasing oxidative phosphorylation [START_REF] Bantug | Mitochondria-Endoplasmic Reticulum Contact Sites Function as Immunometabolic Hubs that Orchestrate the Rapid Recall Response of Memory CD8 + T Cells[END_REF], it was of interest to evaluate mitochondrial function in erythroblasts with downregulated VDAC1. Notably, shVDAC1-transduced erythroblasts exhibited a significantly decreased oxygen consumption rate, evaluated as a function of mitochondrial biomass (Figure 4E). This measure, quantifying oxidative phosphorylation (OXPHOS), was lower in shVDAC1-transduced erythroblasts for both basal levels and maximal respiration (Figure 4F). In accord with the lower OXPHOS, intracellular ATP levels were significantly lower in shVDAC1-transduced cells than control cells (Figure 4G). We also measured mitochondria membrane potential and ROS accumulation at day 10 and showed no difference in cells transduced with shVDAC1 compared to the shSCR (Figure S4), suggesting an adaptation of the cell to compensate for mitochondria changes of metabolism upon VDAC1 downregulation. Thus, decreased expression of VDAC1 attenuates mitochondrial function, resulting in a diminished energetic state of the differentiating erythroblast.

Delayed mitochondrial clearance in late-stage erythroblasts with downregulated VDAC1 is due to a defective recruitment of autophagosomal membranes.

Given that VDAC1 has been shown to regulate mitophagy in non-erythroid cell lines (18-20), we hypothesized that VDAC1 downregulation could impair mitophagy in human erythroblasts as well. While the autophagy-mediated lipidation of LC3-I to LC3-II in the autophagosome membrane was not altered upon VDAC1 downregulation (Figure 5B), there was a significant accumulation of p62, an adaptor protein that allows bridging between the ubiquitinated cargos and the phagophore membrane (35) (Figure 5A-5C). Furthermore, p62 expression was detected by flow cytometry in different stages on fixed cells stained with α4integrin and Band3 antibodies. As well as for mitochondrial content, a significant increase in p62 was observed at polychromatic and orthochromatic stages in shVDAC1-transduced cells (Figure 5D).

After engulfment of the mitochondria, the autophagosome usually fuses with a lysosome, leading to the degradation of the mitochondria along with the adaptor proteins (Figure 5A).

To decipher whether p62 accumulation was due to a stabilization at MOM on ubiquitinated proteins or to a defect in mitophagy completion by lysosomal degradation, we studied the autophagosomal membrane recruitment to mitochondria by immunofluorescence. We observed a significant decreased colocalization between autophagosomal LC3-II and the mitochondrial marker TOM22 in shVDAC1-transduced cells (p<0.01; Figure 5E), suggesting a defect in the phagophore membrane recruitment and consequently a defect in mitophagy completion.

To assess the specificity of our results, we constructed shSCR-K562 and shVDAC1-K562 stable cell lines and transfected shSCR-K562 cells with a siRNA against VDAC1 (siVDAC1-K562). We confirmed by Western blot VDAC1 downregulation (Figure S5A), and showed, as for differentiating erythroblasts, no difference in LC3 activation (Figure S5B) and an increase in p62 protein level (Figure S5C). We also observed a decrease of LC3/TOM22 colocalization in shVDAC1-K562 and siVDAC1-K562, which indicates the recruitment of the phagophore membrane to the mitochondria was impaired upon VDAC1 downregulation (Figure S5D). These data confirmed that VDAC1 downregulation in K562 erythroid cells recapitulates the phenotype observed on VDAC1-downregulated erythroblasts.

PINK1 protein level is reduced upon VDAC1 downregulation

The phagophore recruitment is dependent of some specific MOM proteins stabilization and direct or indirect interaction with lipidated LC3 (Figure 5A). We first evaluated NIX levels, previously identified in mouse reticulocytes as being critical for the recruitment of autophagosomal membranes and appropriate mitophagy [START_REF] Vo | Activation of NIX-mediated mitophagy by an interferon regulatory factor homologue of human herpesvirus[END_REF]. Notably, we did not detect a significant decrease in either NIX dimers or NIX transcripts in human erythroblasts with decreased VDAC1 expression (Figure S6). We then studied the second main mitophagy induction pathway and observed by Western blot a significant decrease of full-length PINK1 protein level in shVDAC1-transduced bulk erythroblasts at D10 (Figure 6A). PINK1 expression was then evaluated by flow cytometry on basophilic, polychromatic and orthochromatic erythroblasts based on α4-integrin and Band3 expression pattern. We confirmed a significant decrease of PINK1 level starting from the polychromatic stage (Figure 6B), in line with the differences of mitochondrial mass and p62 expression.

We next confirmed on K562 cell lines the reduction of PINK1 protein level upon VDAC1 downregulation (Figure 6C). Furthermore, we observed a reduction of the mitochondrial localization of PINK1, as shown by the reduction of PINK1/TOM22 colocalization in shVDAC1-K562 cells (Figure 6D). Finally, we observed a decrease of the phagophore recruitment to the mitochondria when downregulating PINK1 on shSCR-K562, as observed with the significant reduction LC3/TOM22 colocalization (Figure 6E). In contrast, LC3/TOM22 colocalization is not worsen upon PINK1 down-regulation on shVDAC1-K562 cells (Figure 6E).

Discussion

Mitochondrial clearance is a crucial process for the production of mature red blood cells and several studies have shown that mitophagy occurs at the reticulocyte stage, allowing the complete clearance of mitochondria and final murine erythrocyte maturation [START_REF] Sandoval | Essential role for Nix in autophagic maturation of erythroid cells[END_REF][START_REF] Schweers | NIX is required for programmed mitochondrial clearance during reticulocyte maturation[END_REF].

Mitophagy is a mitochondrial-specific form of general macroautophagy, which can be mediated by different well characterized pathways involving proteins signaling as the PINK1/Parkin pathway, NIX and BNIP3. While autophagy related genes (ATG) have been shown to be critical for mitochondrial clearance during erythropoiesis (6)(7)[START_REF] Betin | Autophagy facilitates organelle clearance during differentiation of human erythroblasts: evidence for a role for ATG4 paralogs during autophagosome maturation[END_REF][START_REF] Zhang | Mitochondrial clearance is regulated by Atg7-dependent and -independent mechanisms during reticulocyte maturation[END_REF][START_REF] Kundu | Ulk1 plays a critical role in the autophagic clearance of mitochondria and ribosomes during reticulocyte maturation[END_REF][START_REF] Mortensen | Loss of autophagy in erythroid cells leads to defective removal of mitochondria and severe anemia in vivo[END_REF], and the NIXdriven pathway has been identified as plying a role in murine erythropoiesis [START_REF] Novak | Nix is a selective autophagy receptor for mitochondrial clearance[END_REF][START_REF] Sandoval | Essential role for Nix in autophagic maturation of erythroid cells[END_REF][START_REF] Schweers | NIX is required for programmed mitochondrial clearance during reticulocyte maturation[END_REF], the importance of these mitophagy pathways in human erythroid terminal differentiation is not known.

Here we focused on the role of VDAC1, an OMM protein, known to be involved in mitophagy in non-erythroid cells.

We find that VDAC1 downregulation accelerates human erythroblast differentiation until the orthochromatic erythroblast stage, but then blocks enucleation and cumulates mitochondria with altered ultrastructure and decreased function, resulting in apoptosis.

In agreement with previous data on the role of VDAC1 in the structuration of mitochondria [START_REF] Rone | Identification of a dynamic mitochondrial protein complex driving cholesterol import, trafficking, and metabolism to steroid hormones[END_REF], we observed altered mitochondria ultrastructure and a decrease in ER-mitochondria contact sites in shVDAC1-transduced erythroblasts by electron microscopy. Notably, complexes between VDAC and hexokinase-1 at ER-mitochondrial contact sites have been shown to regulate mitochondrial metabolism [START_REF] Bantug | Mitochondria-Endoplasmic Reticulum Contact Sites Function as Immunometabolic Hubs that Orchestrate the Rapid Recall Response of Memory CD8 + T Cells[END_REF]. In our study, mitochondria in VDAC1downregulated erythroblasts showed a decrease in OCR and intracellular ATP content, a signature of reduced mitochondrial activity. Thus, perturbations in mitochondrial metabolism may influence the kinetics of erythroblast differentiation and their enucleation profiles.

We demonstrated that VDAC1 is required for progressive mitochondrial clearance during the terminal phase of differentiation. This is in line with a previous study showing a decrease in mitochondrial mass after the proerythroblastic stage [START_REF] Liu | Regulation of mitochondrial biogenesis in erythropoiesis by mTORC1-mediated protein translation[END_REF]. We found that this is regulated through the PINK1/Parkin pathway, with VDAC1 modulating PINK1 accumulation at the mitochondria outer membrane and the recruitment of the phagophore. Accordingly, the attenuation of mitochondrial clearance was associated with increased levels of p62, an adaptor protein that allows bridging between the ubiquitinated cargos and the phagophore membrane [START_REF] Pankiv | p62/SQSTM1 binds directly to Atg8/LC3 to facilitate degradation of ubiquitinated protein aggregates by autophagy[END_REF].

Our data therefore highlight the critical role of VDAC1 function in the recognition of mitochondria that are "to be degraded" during the process of red cell maturation. We recently demonstrated that TSPO1 downregulation also affects mitochondria clearance with no effect on the erythroblasts' differentiation kinetic [START_REF] Moras | Downregulation of Mitochondrial TSPO Inhibits Mitophagy and Reduces Enucleation during Human Terminal Erythropoiesis[END_REF], raising the possibility that this phenotype is mediated through the VDAC1-TSPO1 OMM complex.

In addition, our findings suggest that the canonical PINK1/Parkin pathway may play an important role during human erythropoiesis, confirming in humans previous study on mice [START_REF] Yang | Sphingosine-1-phosphate signaling modulates terminal erythroid differentiation through the regulation of mitophagy[END_REF]. Transcriptome analyses in human erythroblasts detected an upregulation, starting from the polychromatic stage, of key proteins of mitophagy belonging to different pathways, such as NIX and PINK1 [START_REF] An | Global transcriptome analyses of human and murine terminal erythroid differentiation[END_REF]. NIX upregulation was described by several works studying NIXmediated mitophagy in murine reticulocytes [START_REF] Novak | Nix is a selective autophagy receptor for mitochondrial clearance[END_REF][START_REF] Sandoval | Essential role for Nix in autophagic maturation of erythroid cells[END_REF][START_REF] Schweers | NIX is required for programmed mitochondrial clearance during reticulocyte maturation[END_REF], but no clear evidence was found to explain the upregulation of PINK1. Under condition of VDAC1 downregulation, NIX protein levels were not altered, suggesting that mitochondrial retention was not due to a defect in the NIX pathway but in the PINK1 pathway, as described below. It was previously reported that VDAC is required to promote Parkin recruitment to the mitochondria [START_REF] Sun | Voltage-dependent anion channels (VDACs) recruit Parkin to defective mitochondria to promote mitochondrial autophagy[END_REF]. Our data suggest that this could be due to a lack in PINK1 accumulation at the OMM.

Since VDAC1 is part of a multimeric complex with ATAD3A (23), we speculate that in the absence of VDAC1, ATAD3A is free to form alternative complexes [START_REF] Gilquin | The AAA+ ATPase ATAD3A controls mitochondrial dynamics at the interface of the inner and outer membranes[END_REF]. Recently, a new function of ATAD3A was described in hematopoietic progenitor cells, promoting the import of PINK1 [START_REF] Jin | Atad3a suppresses Pink1-dependent mitophagy to maintain homeostasis of hematopoietic progenitor cells[END_REF]. In this context PINK1 is rapidly degraded by the mitochondrial peptidases MPP and Parl to prevent its accumulation in the surface prevent mitophagy. However, when ATAD3A dissociates from the translocase of the inner membrane (TIM) complex, the import of PINK1 is blocked, causing its accumulation [START_REF] Greene | Mitochondrial processing peptidase regulates PINK1 processing, import and Parkin recruitment[END_REF]. It is noteworthy that also hexokinase 2 (HK2) and adenine nucleotides transporter (ANT) both proteins know to be involved in a multimeric mitochondrial membrane protein complex, have been recently shown to be essential for PINK1 accumulation at the OMM [START_REF] Heo | Integrated proteogenetic analysis reveals the landscape of a mitochondrial-autophagosome synapse during PARK2-dependent mitophagy[END_REF][START_REF] Hoshino | The ADP/ATP translocase drives mitophagy independent of nucleotide exchange[END_REF], suggesting a role of this complex in PINK1/parkin mitophagy. Further studies are necessary to assess this hypothesis and evaluate the crosstalk between VDAC1, ATAD3A, ANT and/or HK2 in the terminal phase of erythropoiesis.

In conclusion, our data are the first demonstration of a fundamental role of mitochondrialselective autophagy at the erythroblast stage. Loss of VDAC1 causes an ineffective elimination of mitochondria in the transition between basophilic and orthochromatic erythroblasts, demonstrating the critical role of VDAC1 in late stage erythropoiesis.

We have taken account of recent report highlighting the possible unspecific and straindependent effects of shRNA knocking down on mouse erythroblasts enucleation [START_REF] Traxler | Nonspecific inhibition of erythropoiesis by short hairpin RNAs[END_REF]. However, we have observed the same effects knocking down VDAC1 by two different approaches (shRNA and siRNA) and using different experimental models, strongly supporting our conclusions.

Over the last few years, several studies have demonstrated the association of mitophagy defects with various hematological syndromes, highlighting the importance of mitochondrial content and mitophagy during human erythropoiesis [START_REF] Lupo | A new molecular link between defective autophagy and erythroid abnormalities in chorea-acanthocytosis[END_REF][START_REF] Jagadeeswaran | Pharmacological inhibition of LSD1 and mTOR reduces mitochondrial retention and associated ROS levels in the red blood cells of sickle cell disease[END_REF][START_REF] Jiang | Impaired Mitophagy of Nucleated Erythroid Cells Leads to Anemia in Patients with Myelodysplastic Syndromes[END_REF][START_REF] Sbardella | Retention of Mitochondria in Mature Human Red Blood Cells as the Result of Autophagy Impairment in Rett Syndrome[END_REF][START_REF] Wu | Mitophagy is increased during erythroid differentiation in beta-thalassemia[END_REF][START_REF] Li-Harms | Mito-protective autophagy is impaired in erythroid cells of aged mtDNA-mutator mice[END_REF][START_REF] Houwerzijl | Erythroid precursors from patients with low-risk myelodysplasia demonstrate ultrastructural features of enhanced autophagy of mitochondria[END_REF][START_REF] Koschade | Selective Autophagy in Normal and Malignant Hematopoiesis[END_REF]. Our work provides a better understanding of the mechanisms regulating mitochondrial autophagy in human erythroid progenitors, particularly during the terminal phase of erythropoiesis. Elucidating the different pathways involved in mitochondrial clearance and their kinetics, will promote the development of novel therapeutic approaches for treating hematological disorders that involves defective erythroid maturation.
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3 (Miltenyi Biotec) and 10 ng/mL IL-6 (Miltenyi Biotec). In the phase I (day 0 to day 6), medium was supplemented with 10 ng/mL SCF, 1 ng/mL IL-3 (Miltenyi Biotec) and 3 IU/mL erythropoietin. IL-6 was omitted from the culture medium. In the phase II (day 7 to day 10), IL-3 was omitted from the culture medium. In the phase III (that lasted until day 17) SCF was omitted.

VDAC1 silencing plasmid and lentiviral production

Lentiviruses particles were produced by co-transfection of HEK293T cells with the plasmids MISSION® pLKO.1-puro Non-Target shRNA Control Plasmid DNA or shVDAC1 (TRCN0000297481, responding sequence, 5′-GCAGTTGGCTACAAGACTGAT-3′) with the 714bp EGFP sequence that was inserted in place of the puromycin gene at the unique BamHI and KpnI restriction sites, together with the helper plasmids Δ8.9 and VSV-G in HBS buffer (454 μM NaCl, 23 mM Na 2 HPO 4 , 28 mM KCl, 216 mM dextrose, pH = 7.05) and 132 mM CaCl 2 . On the following day, the medium was replaced with DMEM without serum, and the cells were cultured for 1 day before the supernatant containing viruses was collected. Viruses were concentrated by OVN centrifugation at 4000 rpm at 4 °C.

Cell Culture and small interference (siRNA) or short hairpin (shRNA) transfection K562 cells were maintained in RMPI 1640 medium (ThermoFischer, France), supplemented with 10 % fetal calf serum and 1 % antibiotics penicillin-streptomycin. The cells were incubated at 37°C in a humidified atmosphere with 5 % CO2 and 95 % air. K562 cells in exponential phase were transfected by electroporation (Amaxa, Nucleofector Kit V, France) with MISSION® pLKO.1-puro plasmids.

shSCR-K562 and shVDAC1-K562 stable cell lines were created using puromycin selection. For mitophagy induction, cells were challenged with 50 µM CCCP for 4 hours at 37°C. Cells were then transfected with one of the following small-interfering (si)RNA duplexes (ThermoFisher scientific, France): Ambion® Silencer® Negative Control #5 siRNA (AM4642), VDAC1 siRNA (s14769), PINK1 siRNAn°1 (s35166) and PINK1 siRNA n°2 (s35168).

Antibodies and dyes

The following antibodies (Ab) and corresponding dilution were used for Western blotting: monoclonal mouse anti-VDAC1 Ab (Santa Cruz, sc-390996, 1:500), rabbit anti-MAP LC3B Ab (Sigma Aldrich, L7543, 1:200), rabbit anti-p62 Ab (GeneTex, GTX100685, 1:1,000), rabbit anti-PINK1 (GeneTex, GTX107851, 1:1000), ), rabbit anti-BNIP3L (GeneTex, GTX111876, 1:1000), mouse anti-TOM40 Ab (Santa Cruz, sc-365467, 1:1000), HRP-coupled anti-rabbit Ab (Jackson, 111-035-144, 1:5000), HRP-coupled anti-mouse (Jackson, 115-035-003, 1:5000), HRP-coupled anti-actin Ab (Cell signaling, 13E5, 1:3,000). For immunostaining: mouse anti-TOM22 (Abcam, ab57523, 20 μg/mL), rabbit anti-MAP LC3B Ab (Sigma Aldrich, L7543, 1:100), Alexa Fluor 568 Goat anti-rabbit IgG Ab and Alexa Fluor 633 Goat anti-mouse IgG Ab (Thermo Fisher Scientific, 1:200). PE-conjugated mouse anti-human Band3 (IBGRL, 9439PE BRIC 6, 1:50), PE-Cy7conjugated mouse anti-human CD235a (BD Pharmigen™, 563666, 1:20), APC-H7-conjugated mouse anti-human CD49d (BD Pharmigen™, 656153, 1:10) were used for flow cytometry. 

Apoptosis assay

Cells were washed in PBS and then resuspended in 100 μL of Annexin Buffer containing PEcoupled Annexin V. After 15 min of incubation at room temperature in the dark, 400 μL of Annexin buffer was added. Viability was assessed by flow cytometry.

Seahorse analysis

Oxygen consumption rate (OCR) was measured using the Seahorse XFe-96 Extracellular Flux Analyzer (Agilent). The day before the analysis the plate was calibrated with 200 µl of OVN calibration buffer per well at 37 °C. The following day the plate was coated with 100 μg/mL poly-Dlysine for 1h at RT. 3x10 5 cells were added in each well in XF media (non-buffered DMEM containing 10 mM glucose and 2 mM L-glutamine) and incubated at 37 °C without CO 2 . The Mito Stress test was performed using 1 μM oligomycin, 1 μM FCCP, 100 nM rotenone and 1 μM antimycin A. After each addition inhibitor at least 3 sequential measurements were taken. Analysis of OCR data were performed using Wave software. As OCR values depend on the mitochondrial number, data were normalized using MFI values of Mitotracker Deep Red previously measured by flow cytometry.

SDS-PAGE and Immunoblotting

Whole-cell lysates of cultured cells were prepared buffer 10 mM Tris-HCl pH 6.8, 1 mM EDTA, 10% SDS, containing 1X cOmplete™ protease cocktail inhibitor (Roche). After sonication, cells were frozen for at least 1 h. Protein quantification was performed by Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific) and 30 μg of proteins were separated using NuPAGE® 4-12% Bis-Tris gels. After proteins transfer to a nitrocellulose membrane using Trans-Blot Turbo Transfer System (BioRad), immunoblotting was done with primary antibody overnight at 4 °C. Proteins of interest were revealed using HRP-conjugated secondary antibodies and the Enhanced Chemiluminescence kit (Perkin Elmer). Images were acquired by ChemiDoc™ Imaging Systems (Bio-Rad) and bands intensity were quantified with Image Lab software (Bio-Rad).

Quantitative real time qPCR

Total RNA was extracted using RNeasy kit (Qiagen) and quantified by NanoDrop 2000c (Thermo Scientific™). Reverse transcription of 2 μg of total RNA was performed using MultiscribeTM Reverse Transcriptase (Applied Biosystems) and gene expression assays were performed using 

Immunolabelling for confocal microscopy and imaging flow cytometry

Cells were fixed in 3% PFA and quenched with 50 mM NH 4 Cl. Cells were permeabilized used 1% saponine/BSA (v/v in PBS) before staining overnight at 4 °C with primary antibodies. Cells were next incubated with AF546/AF647/AF633-conjugated Alexa secondary antibodies at RT for 1h in the dark. For confocal microscopy, 3x10 5 cells were cytospun using Thermo Scientific Shandon 4

Cytospin and mounted with DAPI Fluoromount-G ® (SouthernBiotech) before imaging with LSM 700 Laser Scanning Microscope (Zeiss) with a 63x/1.4 Oil Plan Apochromat objective. Zen and Fiji software were used to acquire images and process them, respectively. Colocalization tool from Imaris software (Oxford Instruments) was use for analyzing. After washing, 1 million cells were resuspended in a total volume of 50 µl and image acquisition was performed. Samples were run on an Imagestream ISX mkII (Amnis Corp, Luminex, Seattle, WA) and a 60X magnification was used for all acquisitions.

Data were acquired using the INSPIRE software (Amnis Corp) and analyzed using the IDEASTM software (Version 6.2 Amnis Corp). On average, 30,000-50,000 events were collected in all experiments. Single stain controls were run for each fluorochrome used and spectral compensation was performed. Cells were gated for single cell using the area and aspect ratio of the brightfield image, then gated for focused cells using the gradient RMS feature; GFP positive cells were selected. 

ATP measurement by luminometer

Intracellular ATP was measured by quantitative luminometry using firefly luciferase, which catalyzes the oxidation of luciferin in the presence of ATP to produce light. 3x10 5 cells were frozen and resuspended in 150 μL of water. 5 µL of this lysate were added to 45 µL of a luminometry mix (RBC medium containing 0.01 µM luciferase, 0.2 mM luciferin, and 0.1 mg/mL of Coenzyme A), directly in the assay chamber of a custom-built luminometer as previously described (3), to determine the light intensity. Calibration of the luminometric signal was performed at the end of each measurement with ATP serial dilution from 1 µM to 16 µM.

Electron microscopy

After fixation with 2.5% glutaraldehyde, 10 6 erythroblasts (day 10 of differentiation) were postfixed with osmium tetroxide 2% in cacodylate, pH 7.4, progressively dehydrated in acetone, and embedded in low-viscosity epoxy resin. 60-nm-thin sections were cut, mounted on copper grids, and stained with uranyl acetate and lead citrate. Sections were examined with a Zeiss EM900 electron microscope and archived with a CDD camera Gatan Orius CS1000.

As previously described (4), mitochondrial morphology was calculated from the Aspect Ratio, which is the ratio between the major and minor axis of the object considered as an ellipse. The result obtained determines the organelle length. These parameters, independent of the magnification of the image, have a minimum value of 1 corresponding to a circular shape of the mitochondria. Statistical tests were performed to compare the obtained images according to the different treatments. Mitochondria-ER contact sites were quantified following previously described protocols (5,6) adapted from ( 7)

ROS detection

Cells were stained with CellROX Deep Red Reagent (Thermo Fisher Scientific, C10422, 5 µM) for total ROS staining, 30 min at 37 °C. After washing, cells were subsequently analyzed by flow cytometry.

Mitochondrial membrane potential assay

Cells were stained with MitoTracker™ Red CMXRos (Thermo Fisher Scientific, M7512, 250 nM) 30 min at 37 °C. After washing, cells were subsequently analyzed by flow cytometry.

Statistical Analysis

Each experiment was repeated at least 3 times, with a satisfactory correlation between the results of individual experiments. Statistical analyses were performed using Prism 6 (Graph Pad Software). Data were evaluated using the unpaired t-test and all comparisons with a p value less than 0.05 (p < 0.05) were considered statistically significant. p<0.0001, p<0.001, p<0.01, and p<0.05 are indicated with four, three, two, or one star (s), respectively. The data are expressed as the mean ± the standard error of the mean (SEM).

Figure 1 .

 1 Figure 1. VDAC1 knockdown in human erythroid progenitors accelerates erythroid differentiation. (A) Schematic of the ex vivo erythroid differentiation protocol following shRNA-mediated downregulation of VDAC1 (CBMC, Cord Blood Mononucleated Cells; shSCR, Scramble shRNA; shVDAC1, VDAC1 shRNA). CD34 + progenitors were isolated from cord blood and transduced at day 4 with a lentiviral vector harboring either the VDAC1 shRNA or Scramble shRNA, together with the EGFP transgene. EGFP + cells were sorted at day 7 and differentiated until day 17. (B) Representative MGG images of erythroid progenitors and quantification of cells at different stages of differentiation are shown for day 7 and (C) day 10 of differentiation (n = 3). Scale bar = 20 μm. (D) Representative α4integrin/Band3 flow cytometry profiles of GPA + cells at day 10 are shown, allowing different stages of differentiation to be distinguished. (E) Band3 and (F) α4-integrin surface expressions were evaluated on GPA + cells following introduction of shSCR (black) and shVDAC1 (red) at days 8, 10, 14, and 16 of erythroid differentiation. The percentages at each time point were quantified and means ± S.E. are shown (n = 9). (G) Erythroblast proliferation in control progenitors and shVDAC1-transduced progenitors was monitored at days 7, 10, 14 and 17 (n = 4). *p<0.05, **p<0.01, *** p<0.001.

Figure 2 .

 2 Figure 2. Enucleation is impaired in shVDAC1-transduced erythroid progenitors. (A) The progression of terminal erythroid progenitors to the reticulocyte stage of differentiation was evaluated following shSCR and shVDAC1 transduction. Representative MGG images (left) and quantification of the different progenitor stages (right) at day 14 and (A) day 17 (B) are presented and means ± S.E. are shown. Scale bar = 20 μm. (C) The percentages of enucleated cells (GPA + , Hoechst -cells) were quantified by flow cytometry at day 10, 14 and 17 of differentiation (n = 4) and means ± S.E. are shown. (D) Apoptosis was evaluated by Annexin V staining and the quantification of Annexin V + cells is presented at day 7, 10, 14 and 17 (n = 3). *p<0.05, **p<0.01, ****p<0.0001.

Figure 3 .

 3 Figure 3. VDAC1 downregulation causes a retention of mitochondria in late stage erythroblasts. (A) Mitochondrial mass was measured by Mitofluor staining in erythroblasts at different stages of terminal differentiation and representative histograms (left) and quantification of the mean fluorescence intensity (MFI) are shown (n = 5) (right). (B) Levels of the mitochondrial protein TOM40 were quantified by immunoblot at day 10 of differentiation and representative blots (left) as well as normalization to β-actin (right) are presented. Levels in control cells was arbitrarily set at "1" (n = 5). (C) Mitochondrial content of erythroblasts at day 11 of differentiation was evaluated by Mitofluor staining on basophilic, polychromatic and orthochromatic erythroblasts and MFI in progenitors transduced with shSCR (black dots) and shVDAC1 (red dots) transduced cells are presented (n = 5). Gates for erythroblasts populations are based on α4-integrin/Band3 profiles as shown in Figure 1D. *p<0.05, **p<0.01.

Figure 4 .

 4 Figure 4. Mitochondria morphology is altered and oxidative phosphorylation is attenuated upon VDAC1 downregulation. (A) Sample TEM images of erythroblasts at day 10 of differentiation (black arrows show ER-mitochondria contact site) with swollen cristae indicated by red arrows. Scale bar = 200 nm. (B) TEM-based quantification of the percentage of altered cristae and (C) number of rounded (white) and elongated (black) mitochondria by µm 2 are presented. (D) The number of mitochondria-ER contact site by µm 2 is presented.

Figure 5 .

 5 Figure 5. Autophagy is impaired in VDAC1 shRNA-transduced cells. (A) Schematic representation of the role of the PINK1/Parkin and NIX pathways in mitochondrial degradation. (B) LC3-I and LC3-II levels were evaluated in shSCR-and shVDAC1transduced erythroblasts at day 10 and representative immunoblots are presented (left). LC3-II levels were normalized to β-actin with levels in control cells arbitrarily set at "1" (n = 5) (right). (C) p62 levels were monitored and representative immunoblots (left) and quantifications (right) are presented. p62 levels were normalized to β-actin with levels in control cells arbitrarily set at "1" (n = 6). (D) p62 protein level was evaluated by flow cytometry on basophilic, polychromatic (n = 8) and orthochromatic erythroblasts (n = 3) and MFI of shSCR (black dots) and shVDAC1 (red dots) are presented with levels in control cells arbitrarily set at "1". Gates for erythroblasts populations are based on α4integrin/Band3 profiles as shown in Figure 1D. *p<0.05. (E) Colocalization of LC3 and TOM22 was monitored by confocal microscopy and representative images are shown. Scale bar = 3 μm. (left) The Pearson coefficient between LC3 and TOM22 are presented for 30 cells in a representative experiment (n = 3) (right). n.s., non-significant, *p<0.05, **p<0.01, ****p<0.0001.

Figure 6 .

 6 Figure 6. Lower PINK1 protein levels upon VDAC1 downregulation. (A) PINK1 levels were evaluated by immunoblot in the indicated conditions at day 10 of differentiation and normalized to the quantity of mitochondria (housekeeping mitochondrial TOM40) on total number of cell (housekeeping β-actin) (top). Levels in control cells were arbitrarily set at "1" (n = 5) (bottom). (B) PINK1 protein level was evaluated by flow cytometry on basophilic, polychromatic (n = 8) and orthochromatic erythroblasts (n = 3). PINK1 MFI was normalized to mitochondrial housekeeping TOM22 MFI in erythroblasts transduced with shSCR (black dots) and shVDAC1 (red dots), with levels in control cells arbitrarily set at "1". Gates for erythroblasts populations are based on α4-integrin/Band3 profiles as shown in Figure1D. (C) PINK1 protein levels were evaluated by immunoblot in the indicated conditions in shSCR-K562 and shVDAC1-K562 cells and normalized to the quantity of mitochondria marker TOM40 on total number of cell (β-actin). Levels in control cells were arbitrarily set at "1" (n = 4). (D) PINK1/TOM22 colocalization (MPI ratio from PINK1 and TOM22 signals) assessed by imaging flow cytometry of shSCR-K562 and shVDAC1-K562 cells (n =3). (E) LC3/TOM22 colocalization assessed by imaging flow cytometry (MPI ratio from LC3 and TOM22 signals) of shSCR-K562 and shVDAC1-K562 cells and shSCR-K562 cells transfected with a PINK1 siRNA (n =3). n.s., non-significant, *p<0.05, ***p<0.001, ****p<0.0001.

  Mitotracker (MitoFluor Red 589 (M-22424), 250 nM or Mitotracker Deep Red (M22426), 50 nM) were used for mitochondria staining. Hoechst 34580 (BD P harmingen™, 1 µg/mL) was used for enucleation assay in imaging flow cytometry and Hoechst 33342 (BD Pharmingen™, 1 µg/mL) was used for flow cytometry-based analysis of erythroid differentiation. PE-coupled Annexin V (BD Pharmingen™, 1:20) were used for viability assay in flow cytometry. 7-Aminoactinomycin D (7AAD, Thermo Fisher Scientific, 1:200) was used as viability staining in flow cytometry. MGG-based identification of erythroblasts stage 10 5 of total and sorted cells according to α4-integrin and Band3 surface expression as described by Hu et al. 2013 (1), were cytospun using the Thermo Scientific Shandon 4 Cytospin to validate the gates. The slides were stained with May-Grunwald (Sigma Aldrich, MG500) solution for 5 min, with May-Grunwald solution diluted by half for other 5 min, and subsequently stained with Giemsa solution (Sigma Aldrich, GS500) diluted 10 times for 15 min. Cells were imaged using a Nikon Eclipse Ti-S inverted microscope with a 40x/0.6 Plan Fluor objective.

3 '

 3 QuantiNova SYBR Green RT-PCR Kit or QuantiNova Probe RT-PCR Kit (Qiagen). Primers used for Rv 5'-TAATGTGCTCCCGCTTGTACC-3', VDAC2 Fw 5'-AGTCTTGCAGTGGCGTGG-3' Rv 5'-TGGTCTCCAAGGTCCCAGTA-3', VDAC3 Fw 5'-CAGATGAGTTTTGACACAGCCA-3' Rv 5'-TCCAAATTCAGTGCCATCGTTC-3', NIX Fw 5'-GCCGGCCTCAACAGTTC-3' Rv 5'-TGGCATTTGCGGAAAAGA-3'. Relative quantification of fold change was performed comparing Ct values from individual samples by applying the Pfaffl Method (2). Results were normalized for each of the samples by the expression of the TATA box binding protein (Prime Time® qPCR Assay, Hs.PT.58.19838260; Integrated DNA Technology).

  A TOM mask was created to study its colocalization with PINK and LC3. TOM, PINK and LC3 quantification was expressed as mean pixel intensity value (MPI), which is the intensity normalized to surface area of the mask for TOM compartment. Colocalization was performed on double positive population and was determined by the ratio of the MPI of PINK or LC3 to the MPI of TOM, or using the Bright Detail Similarity R3 feature (BDS), which is the log transformed Pearson's correlation coefficient of the localized bright spots with a radius of 3 pixels within TOM mask between TOM and PINK or TOM and LC3. The Modulation feature, which measures the intensity range of an image, normalized between 0 and 1, was determined for LC3 in the cytoplasm mask. Modulation formula is Max Pixel -Min Pixel / Max Pixel + Min Pixel. Each result is the pool of 3 experiments.
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Supplementary Methods

Purification and culture of CD34 + cells

Cord blood mononuclear cells (CBMCs) from healthy donors were used in this study. Umbilical cord blood that cannot be qualified for the use in patients was obtained from the center for biological resources from Saint-Louis Hospital Cord Blood Bank registered to the French Ministry of Research under number AC-2016-2756, and to the French Normalization Agency under number 201/51848.1. This study was approved and conducted according to institutional ethical guidelines of the National Institute for Blood Transfusion (N°2019-1, INTS, Paris, France). It was also approved by the Ethics committee of INSPIRE program (Horizon 2020 grant agreement 665850). All procedures were carried out in accordance to the Declaration of Helsinki. Written informed consent was given by the donors. PBMCs were separated from whole blood using Ficoll (GE healthcare) and CD34 + cells were purified from cord blood by positive selection using the magnetic-activated cell sorting magnetic beads system (Miltenyi Biotec), according to the manufacturer's instructions. CD34 + cells were cultured in Iscove's Modified Dulbecco's Medium (Invitrogen), 2% human peripheral blood plasma (Stem Cell Technologies), 3% human AB serum (Sigma Aldrich), 15% BIT 9500 Serum Substitute (Stem Cell Technologies) and 3 IU/mL heparin (Sigma Aldrich). For the expansion phase (day -4 to day 0), cells were seeded at a concentration of 10 5 cells/mL in culture medium supplemented with 25 ng/mL stem cell factor (SCF, Miltenyi Biotec), 10 ng/mL IL-