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GRASP55 is dispensable for normal hematopoiesis but necessary for Myc-dependent leukemic growth

Grasp55 is a ubiquitous Golgi stacking protein involved in autophagy, protein trafficking and glucose deprivation sensing. The function of Grasp55 in protein trafficking has been attributed to its PDZ-mediated interaction with the c-terminal "PDZ binding motifs" of protein cargos. We have recently shown that such an interaction occurs between Grasp55 and the adhesion molecule Jam-C which plays a central role in stemness maintenance of hematopoietic and spermatogenic cells. Accordingly, we have found that Grasp55-deficient mice suffer from spermatogenesis defects similar to Jam-C knock-out mice. However, whether Grasp55 is involved in the maintenance of immuno-hematopoietic homeostasis through regulation of protein transport and Jam-C expression remains unknown. Here, we show that Grasp55 deficiency does not affect hematopoietic stem cell differentiation, engraftment or mobilization, which are known to depend on expression of Grasp55-dependent protein cargos. In contrast, using a Myc-dependent leukemic model addicted to autophagy, we show that knock-down of Grasp55 in leukemic cells reduces spleen and bone marrow tumor burden upon intravenous leukemic engraftment. This is not due to reduced homing of Grasp55-deficient cells to these organs but to increased spontaneous apoptosis of Grasp55deficient leukemic cells correlated with increased sensitivity of the cells to glucose deprivation. These results show that Grasp55 plays a role in Myc-transformed hematopoietic cells but not in normal hematopoietic cells in vivo.

Key points:

-Golgi morphology and Grasp55 expression are regulated during hematopoiesis -Hematopoiesis is not affected in Grasp55-deficient mice -Grasp55 regulates Myc-transformed leukemic cell survival

Introduction

Hematopoiesis and spermatogenesis are two differentiation processes in which adult stem cells produce their progeny in a sequentially ordered manner. It has been shown previously that JAM-C is expressed by hematopoietic stem cells (HSC) and by male germ cells (1-3). In both biological models, JAM-C plays a role in the maintenance of tissue homeostasis through adhesion regulation between developing cells and surrounding stromal cells expressing JAM-B, the high affinity ligand of JAM-C [START_REF] Arrate | Cloning of human junctional adhesion molecule 3 (JAM3) and its identification as the JAM2 counter-receptor[END_REF][START_REF] Lamagna | Dual interaction of JAM-C with JAM-B and alpha(M)beta2 integrin: function in junctional complexes and leukocyte adhesion[END_REF]. During spermatogenesis, JAM-C regulates polarization of developing spermatids, a critical step in spermatozoa development [START_REF] Gliki | Spermatid differentiation requires the assembly of a cell polarity complex downstream of junctional adhesion molecule-C[END_REF]. During hematopoiesis, JAM-C interaction with JAM-B plays a critical role in maintenance of hematopoietic stem cells (HSC) which are at the apex of hematopoietic hierarchy [START_REF] Arcangeli | JAM-B regulates maintenance of hematopoietic stem cells in the bone marrow[END_REF]. HSC differentiate into more mature multipotent progenitors (MPPs) which have decreased selfrenewal capacity and progressively engage in megakaryocyte (MPP2), myeloid biased (MPP3) or lymphoid biased (MPP4) multipotent progenitors [START_REF] Pietras | Functionally Distinct Subsets of Lineage-Biased Multipotent Progenitors Control Blood Production in Normal and Regenerative Conditions[END_REF]. In agreement with its function in HSC maintenance, JAM-C is downregulated in MPPs during steady state hematopoiesis [START_REF] Praetor | Genetic deletion of JAM-C reveals a role in myeloid progenitor generation[END_REF]. JAM-C expression by HSC is also rapidly downregulated after HSC mobilization using Cyclophosphamide and G-CSF [START_REF] Arcangeli | Function of Jam-B/Jam-C interaction in homing and mobilization of human and mouse hematopoietic stem and progenitor cells[END_REF], suggesting that JAM-C may play a role in the switch from steady state to emergency hematopoiesis. However, down-regulation of JAM-C is not unique to G-CSF-induced mobilization since down-regulation of other bone marrow retention signals such as VCAM-1/VLA-4, CXCL12/CXCR4 or SCF/Kit have also been documented [START_REF] Heissig | Recruitment of stem and progenitor cells from the bone marrow niche requires MMP-9 mediated release of kit-ligand[END_REF][START_REF] Levesque | Disruption of the CXCR4/CXCL12 chemotactic interaction during hematopoietic stem cell mobilization induced by GCSF or cyclophosphamide[END_REF][START_REF] Levesque | Vascular cell adhesion molecule-1 (CD106) is cleaved by neutrophil proteases in the bone marrow following hematopoietic progenitor cell mobilization by granulocyte colony-stimulating factor[END_REF].

We have recently identified the Golgi-reassembly stacking protein of 55kDa (Grasp55) as a PDZ-domain containing protein interacting with the C-terminal PDZ-binding motif of Jam-B and Jam-C in mouse [START_REF] Cartier-Michaud | Genetic, structural, and chemical insights into the dual function of GRASP55 in germ cell Golgi remodeling and JAM-C polarized localization during spermatogenesis[END_REF]. Grasp55, and the related protein Grasp65, are highly conserved throughout evolution and play complementary roles in Golgi cisternal stacking through oligomerization and PDZ-mediated interactions with proteins of the golgin family such as Golgin45, GM130 or p24 [START_REF] Barr | Golgi matrix proteins interact with p24 cargo receptors and aid their efficient retention in the Golgi apparatus[END_REF](14)[START_REF] Barr | Mapping the interaction between GRASP65 and GM130, components of a protein complex involved in the stacking of Golgi cisternae[END_REF][START_REF] Zhao | Structural Basis for the Interaction between Golgi Reassembly-stacking Protein GRASP55 and Golgin45[END_REF][START_REF] Bekier | Knockout of the Golgi stacking proteins GRASP55 and GRASP65 impairs Golgi structure and function[END_REF]. In addition, GRASP55 depletion results in accelerated protein trafficking through the Golgi apparatus and has striking negative effects on protein glycosylation and sorting [START_REF] Xiang | Regulation of protein glycosylation and sorting by the Golgi matrix proteins GRASP55/65[END_REF]. More recently, O-GlcNAcylation has been shown to restrict the function of GRASP55 to Golgi stacking, while de-O-GlcNAcylation switches its function as an autophagosome-lysosome tethering molecule [START_REF] Zhang | GRASP55 Senses Glucose Deprivation through O-GlcNAcylation to Promote Autophagosome-Lysosome Fusion[END_REF]. However, the function of GRASP55 is not limited to Golgi stacking and autophagy regulation since several studies have shown that GRASP55 is involved in protein trafficking through an unconventional secretory pathway triggered by cellular stress or unfolded protein response (UPR) [START_REF] Nickel | Mechanisms of regulated unconventional protein secretion[END_REF][START_REF] Giuliani | Unconventional secretion: a stress on GRASP[END_REF][START_REF] Gee | Rescue of DeltaF508-CFTR trafficking via a GRASP-dependent unconventional secretion pathway[END_REF][START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1beta Aggregation and Secretion[END_REF]. TGF-β, MT1-MMP, membrane bound SCF, CD8α, Frizzled4, CD83 and IL1β have been shown to be transported in a GRASP55-dependent manner [START_REF] D'angelo | GRASP65 and GRASP55 sequentially promote the transport of C-terminal valine-bearing cargos to and through the Golgi complex[END_REF][START_REF] Kuo | Transmembrane transforming growth factor-alpha tethers to the PDZ domain-containing, Golgi membraneassociated protein p59/GRASP55[END_REF][START_REF] Stein | CD83 and GRASP55 interact in human dendritic cells[END_REF][START_REF] Dupont | Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1beta[END_REF][START_REF] Nickel | Unconventional mechanisms of protein transport to the cell surface of eukaryotic cells[END_REF]. In addition, GRASP55 has been involved in MT1-MMP activation which is necessary for various biological processes, including HSC mobilization [START_REF] Roghi | Golgi reassembly stacking protein 55 interacts with membrane-type (MT) 1-matrix metalloprotease (MMP) and furin and plays a role in the activation of the MT1-MMP zymogen[END_REF]. We have thus explored the function of GRASP55 in adult mammalian normal and pathological hematopoiesis. To this end, we have generated constitutive and inducible knock-out mouse models of Gorasp2 (encoding Grasp55) and studied HSC selfrenewal, engraftment, mobilization and differentiation. To test whether Grasp55 may be involved in pathological hematopoiesis, we also questioned whether Grasp55 controls leukemic development. To this end, we used the Eµ-Myc lymphoma model known to be addicted to autophagy activation [START_REF] Amaravadi | Autophagy inhibition enhances therapyinduced apoptosis in a Myc-induced model of lymphoma[END_REF][START_REF] Hart | ER stress-mediated autophagy promotes Myc-dependent transformation and tumor growth[END_REF].

Our results show that Grasp55 is not involved in the regulation of JAM-C expression in HSC.

In addition, Grasp55-deficiency does not affect HSC maintenance or differentiation at steady state or upon hematopoietic stress. We further show that this is not due to compensatory mechanisms since acute depletion of Grasp55 expression using Mx1-Cre inducible system does not result in hematopoietic abnormalities. This is likely due to the inversely regulated expression of Grasp55 and Jam-C during hematopoietic cell differentiation. Indeed, Grasp55 transcript and protein are expressed at low levels in the most immature hematopoietic cells (HSC-MPP1) and are upregulated in the following differentiation steps (MPP2 and in which JAM-C expression is lost. We thus tested whether Myc-induced B cell lymphoid leukemia would depend on Grasp55 expression for their growth. Our results show that Grasp55 is necessary for Myc-dependent lymphoid leukemic development in vivo, opening the way for specific Grasp55 targeting in Myc-addicted hematological malignancies.

Material and Methods

Mice

Generation and genotyping of Gorasp2 constitutive deficient mice were previously described (Cartier-Michaud et al.). Because Gorasp2 deficient male are sterile, the colony is maintained by interbreeding of heterozygote mice. The colony was backcross on C57/BL6J mice more than 10 generation. Floxed Gorasp2 lines, obtained before CMV-Cre deleter mice mating during Gorasp2 knockout generation, are maintained by intercrossing and backcrossing on C57/BL6 background more than 7 generation. Conditional inducible Grasp55 (Gorasp2) deficient mice were obtained by two successive mating: in a first time Grasp55 -/-female were mated with Mx1-cre Pos male mice to obtained Grasp55 +/-Mx1-Cre Pos mice, in a second time Grasp55 +/-Mx1-Cre Pos mice are mated with Grasp55 fl/fl mice. Grasp55 fl/-Mx1-Cre Neg and Grasp55 fl/-Mx1-Cre Pos mice were used for experimentation. Same strategy was used to obtain hematopoietic-specific constitutive Grasp55 fl/-Vav-Cre mice, Gorasp2 fl/-Vav-Cre Neg (Grasp55 WT and Gorasp2 fl/-Vav-Cre Pos (Grasp55 ΔHem ) mice were used for experimentation. CD45.1/2 mice used as competitor in competitive assay were obtained by interbreeding of CD45.1 with CD45.2 mice (purchased from JANVIER LABS). Mice were used at age more than 8 weeks old. All animal experiments were performed according to French Guidelines for Animal Handling in CRCM animal facility (Agreement D13 055 04). Experimental protocols were approved by the Ethical Committee #14 under the declaration number #02294.01.

Genotyping

Genotyping of floxed Grasp55 line was achieved by PCR of genomic DNA extracted from mouse tails using the same primers and conditions as constitutive Gorasp2 mice. But resulting in an amplification of 544-bp fragment for the WT allele and 700-bp fragment for the floxed allele were both obtained using heterozygous mice. Genotyping of Mx1-cre and Vav-cre mice was achieved using the generic Cre and the iVav-Cre genotyping protocols from The Jackson Laboratory.

HSC exhaustion after 5-FU treatment

Grasp55 WT and Grasp55 ΔHem mice were injected intraperitoneally once a week with 5-Fluorouracil (5-FU) at 120 mg/kg during 5 weeks. One day after 5-FU injection, blood paramaters were tested using IDEXX ProCyte Dx® Hematology Analyzer (IDEXX Laboratories). Mice were sacrificed at D35 after the first injection.

Inducible deletion with polyI:C and analysis of Grasp55 deletion

Gorasp2 gene deletion in Gorasp2 fl/-Mx1-Cre mice was induced by three intraperitoneal injection of 200µg poly(I:C) (Invivogen) on day D0, D2 and D4. Gorasp2 gene deletion in white blood cells (WBC) was confirmed on day 15 by PCR. Briefly, WBC isolated from 100µL of peripheral blood by Ficoll and genomic DNA was extracted by digestion in 250µl lysis buffer (50mM KCl, 10mM Tris pH 8,8, 2,5mM MgCl2, 0,45% NP40, 0,45% Tween) with 0.4mg/ml Proteinase K (Invitrogen) for 30min at 56°C, then PCR was achieved using same protocol as genotyping. Mice were sacrificed for analysis one month after the first poly(I:C) injection.

BM Mobilization Assays

Mobilization was induced using cyclophosphamide (CY, 4 mg i.p. d0) and rhG-CSF (5 mg s.c. at d1, 2, and 3) injections as previously described [START_REF] Arcangeli | Function of Jam-B/Jam-C interaction in homing and mobilization of human and mouse hematopoietic stem and progenitor cells[END_REF]. Mice were sacrificed on day 5 for analysis.

Colony-Forming Assay

Peripheral blood and BM white blood cells were isolated by Ficoll. 200.000 blood cells were seeded per well in methylcellulose medium following the manufacturer's instructions (Stem Cell Technologies, Grenoble, France, www.stemcell.com, ref 3434).

Competitive Bone Marrow Transplantation

Lethally irradiated (8 grays) CD45.1 mice were transplanted with 2.10 6 of total bone marrow cell from donors (Gorasp2 +/+ or Gorasp2 -/-CD45.2) and competitor (CD45.1/2) cells in a 1:1 ratio by retroorbital sinus injection. Mice chimerism was assessed monthly by monitoring of host (CD45.1), competitor (CD45.1/2) and donor (CD45.2) cells in peripheral blood by flow cytometry. Chimerism and hematopoietic phenotype in bone marrow were evaluated 18 weeks after transplantation.

Thioglycollate induced-peritonitis in chimeric mice

Lethally irradiated (8 grays) CD45.1 mice were transplanted with 2.10 6 of total bone marrow cell from donors (Gorasp2 +/+ or Gorasp2 -/-CD45.2) by retro-orbital sinus injection. 18 weeks after transplantation, chimeric mice were injected intraperitoneally with 3ml of thioglycollate 3% (w/v; Sigma). 18 hours after injection, mice were sacrificed and peritoneal exudates were collected by three successive peritoneal washes with 10 ml cold phosphate buffer saline (PBS). Cells were counted and analyzed using IDEXX ProCyte Dx® Hematology Analyzer (IDEXX Laboratories).

EµMyc cells engraftment in mice

Mouse primary Eµ-Myc lymphoma cells were isolated as previously described [START_REF] Chiche | GAPDH enhances the aggressiveness and the vascularization of non-Hodgkin's B lymphomas via NF-kappaB-dependent induction of HIF-1alpha[END_REF] and expanded through passaging in irradiated recipient mice. 500.000 GRASP55 KD or Grasp55 WT Eµ-Myc cells are injected into caudal tail vein of Ly5.1 mice. Mice were sacrificed at D9 after injection. Tumoral invasion in blood, spleen and bone marrow was assessed by flow cytometry.

Cytometry and cell sorting

Single cells suspensions were prepared from bone marrow (one leg: femur and tibia) and red blood cells were lysed with ACK (ammonium-chloride-potassium) buffer (Gibco). Cells were incubated with mAbs in PBS-0,5% BSA for 30 min at 4°C. For blood samples, RBC lysis was done after staining with BD FACS Lysing buffer (BD Bioscience). For hematopoietic cells identification, following antibodies were used: biotin anti-CD3, CD4, CD8, CD19, CD11c, DX5, Ter119, CD11b, B220, Gr1 (Lineage cocktail, Biolegend), CD16-32-PE (clone 2.4G2, BD Pharmingen), CD45.1-PECF594 (clone A20, BD Horizon), CD45. For hematopoietic stem and progenitor cells sorting, bone marrow cells were depleted using Lineage cell depletion Kit from Miltenyi and AutoMACS Pro. The Lin-cells were stained as described in preceding paragraph.

For Annexin-PI staining cells were stained with APC-AnnexinV (BD Bioscience) and propidium iodide solution (Sigma Aldrich) in Annexin binding buffer (Life Technologies) for 15 minutes at room temperature. 

Cell culture

Eµ-Myc clone 504 cells were provided JE. Ricci. EµMyc cells were cultured in DMEM Glutamax, supplemented with 10% FBS, 1% non-essential amino acids, 1% L-glutamin, 1% Hepes 1mM, 1%PS, 0,1% β-mercaptoethanol (all cell culture products were purchased from Gibco). For cell proliferation, cells were plated at a density of 10.000 cells/well into 96-wells plate and cell numbers were quantified after 24, 48, 72, 96 hours using Cell Titer Glow Assay (Promega). Grasp55 +/+ and Grasp55 -/-mouse embryonic fibroblasts (MEFs) were obtained as previously described [START_REF] Cartier-Michaud | Genetic, structural, and chemical insights into the dual function of GRASP55 in germ cell Golgi remodeling and JAM-C polarized localization during spermatogenesis[END_REF]. Chloroquine treatment was performed at a concentration of half IC50 (5µM for EµMyc cells and 17.5µM for MEFs) during 24 hours. For EµMyc glucose starvation, cells were washed twice in PBS, incubated in DMEM without glucose (Gibco), 10% FCS, 1%PS and cells were quantified 24 hours later using Cell Titer Glow (Promega).

Lentiviral transduction

For lentiviral transduction, 1.10 6 cells were plated in 96-wells plates in 190µL complete medium with 8µg/ml polybrene and 10µl of lentiviral particles expressing Grasp55 shRNA-GFP (GRASP55 KD ) or Control GFP (GRASP55 WT ) vectors (TRIPdU3 vector). Cells were centrifuged at 3000 rpm without brake during 2h at 32°C and incubated overnight. Next day medium was replaced by complete medium and cell fluorescence was checked by microscopy (AMG EVOS LED fluorescence microscope). One week after transduction, transduced cells were sorted by flow cytometry based on GFP expression. Correct GRASP55 silencing was tested by Western blot.

Gene expression analysis

500 for each population (HSC-MPP1, MPP2, and MPP3-4) from WT CD45.1 mice were sorted using the autoclone module on an Aria III SORP sorter (BD Biosciences) into 96-well plates in the RT-STA Master Mix Solution. Cell lysis, cDNA synthesis, and amplification were performed according to Fluidigm protocols. Selected TaqMan Gene Expression assays (original magnification ×20) were pooled and diluted with water 100-fold so that each assay is at a final concentration of 0.2× in the pooled assay mix. Five microliters of CellsDirect 2× Reaction Mix (Invitrogen), 2.5 μl pooled assay mix, 0.2 μl SuperScript III RT/Platinum Taqmax mix, and 2.3 μl water were combined to a final volume of 10 μl in 1 well of a 96-well qPCR plate for the sort. cDNA samples were amplified using the following program (1): 50°C, 10 min (2); 95°C, 2 min (3); 95°C, 15 s (4); 60°C, 4 min; repeat steps (3) and (4) 18 times. Preamplified products were diluted 5-fold before analysis with Universal PCR Master Mix and inventoried TaqMan gene expression assays in 96.96 Dynamic Arrays on a BioMark System (Fluidigm). For each gene, the relative expression was defined as the mean value of 40 minus cycle threshold for the gene of interest divided by 40 minus cycle threshold for actin. Results were represented as an heat map using Morpheus software (https://software.broadinstitute.org/morpheus/).

Western blot

GRASP-55 expression by hematopoietic cells was tested using a total of 10000-sorted cells for each population (HSC-MPP1, MPP2, MPP3-4) re-suspended in 50µl of RIPA buffer (50mM Tris HCl pH7.5, 150mM NaCl, 1% Triton, 0.1% SDS, 1% Na desoxylate) and 10µl of 6x sample buffer. Western blots for LC3 were performed on 20µg of proteins. Whole protein extracts were separated by SDS-PAGE and transfered onto nitrocellulose membrane. Saturated membranes were exposed to rabbit anti-GRASP55 antibody (1/500e ProteinTech), rabbit anti-LC3 antibody (1/1000e, MBL international corporation), mouse anti-α-tubulin antibody (1/1000, T6074 Sigma) in PBS-1% non-fat milk, 0,1% tween at 4°C overnight.

Membranes were incubated with HRP-conjugated goat anti-rabbit IgG or HRP-conjugated goat anti-mouse IgG antibody (1/5000, Jackson Immunoresearch Laboratories) at RT one hour. Signal was revealed using SuperSignal West Pico Chemiluminescent substrate (ThermoFischer Scientific).

Immunofluorescence 1000 sorted cells were incubated in a 50µl PBS-0,5% BSA drop on poly L-lysine-coated slide in a humidified chamber at 37°C during 2 hours, buffer was carefully removed by aspiration and replaced by saturation mix (PBS-2%BSA).

Primary antibody anti-GRASP55 (ProteinTech, 1/250) was incubated overnight at 4°C in PBS-0,5% BSA. After soft washes, samples were incubated one hour at room temperature with donkey anti-rabbit-eF594-conjugated secondary probe purchased from Jackson Immunoresearch. DAPI nuclear staining was done with the second final wash. Coverslip was mounted using prolong gold antifade reagent (Invitrogen).

Images were obtained using a Zeiss LMS880 Meta confocal. Images were analyzed using Image J. Three dimensions Golgi volume quantification was performed as previously described [START_REF] Cartier-Michaud | Genetic, structural, and chemical insights into the dual function of GRASP55 in germ cell Golgi remodeling and JAM-C polarized localization during spermatogenesis[END_REF].

Caspase activity assay

Cells were plated at a density of 10.000 cells/wells into a white walled 96-wells plate.

Caspase activity was determined using the Caspase-Glo® 3/7 kit following the manufacturer's instructions (G811A from Promega®). Luminescence was measured using a POLARstar omega from BMG LABTECH.

In vivo homing

Eµ-myc GRASP55 KD were labeled with calcein violet (violet) and GFP (green) was used for Eµ-myc GRASP55 WT 

Statistical Analysis

All experiments were performed at least 3 times. Statistical significance was performed using non-parametric Mann-Whitney U-test, Student t-Test or Two way ANOVA with Bonferroni post-test in Prism software. P-value less than 0.05 was considered as statistically significant. Results

Regulated expression of GRASP55 during HSC differentiation

We first tested if Gorasp2, the gene encoding Grasp55, was expressed in hematopoietic stem and progenitor cells (HSPCs) using RT-qPCR on sorted cells from mouse bone marrow according to the gating strategy shown in Figure 1A. Although Jam3, the gene encoding Jam-C, was highly expressed on the most immature compartment (HSC-MPP1) and downregulated in more mature cells, Gorasp2 presented an inverted pattern of expression and was barely detectable in HSC-MPP1 and MPP2 cells (Fig. 1B). Other genes encoding proteins involved in Golgi stacking such as Blzf1 (encoding Golgin45) or Golgb1 (encoding Giantin) followed the same pattern of expression as compared to Gorasp2, while expression of Golga2 (encoding GM130) remained stable. Of note, and consistent with publicly available datasets from Immgen consortium (immgen.org), we failed to detect Gorasp1, the gene encoding Grasp65 in HSPC (not shown). Grasp55 upregulation between the most immature compartment (HSC-MPP1) and more differentiated multipotent progenitors (MPP2 and MPP3-4) was further confirmed at the protein level by flow cytometry and western-blotting (Fig. 1C-D). Immunostaining for Grasp55 performed on HSC-MPP1, MPP2 and MPP3-4 isolated from wild type or Grasp55 -/-mice confirmed that Grasp55 expression and localization changed during hematopoietic cell differentiation (Fig. 1E). We found that Grasp55 signal was barely detectable in wild type HSC-MPP1 and was increased in MPP2 and MPP3-4, as confirmed by staining intensity quantification of confocal Z-stacked pictures (Fig. 1F). In addition, three dimensional quantification of Grasp55 staining revealed that the volume of Grasp55 vesiculo-tubular objects was not significantly different between HSC-MPP1 and MPP2 cells, while there was a significant increase in MPP3-4 cells (Fig. 1G). This indicates that Grasp55 is upregulated and recruited to large Golgi stacks at the transition between MPP2 and MPP3-4 stages of differentiation, suggesting that structural Golgi remodeling occurs during hematopoietic differentiation.

Lack of hematopoietic and inflammatory defects in Grasp55 -/-mice

We thus analyzed early hematopoietic differentiation in Grasp55 -/-mice and compared to control littermate animals. Total number of bone marrow cells and percentages of Lin Neg Sca Pos Kit Pos (LSK) were identical between Grasp55 +/+ and Grasp55 -/-(Fig. 2A-B).

Results were thus expressed as percentage of the LSK compartment (Fig. 2C) or percentage of total bone marrow (Fig. 2D). Within the LSK compartment, HSC-MPP1, MPP2 or MPP3-4

were not affected by the loss of Grasp55 expression (Fig. 2C), nor the more mature common myeloid progenitors (CMPs) or granulocyte/monocyte progenitors (GMP) (Fig. 2D). In addition, downregulation of JAM-C expression during hematopoietic differentiation was not affected suggesting that LT-HSC maintenance remained unaffected in absence of Grasp55 expression at steady state (Fig. 2E). We thus tested if Grasp55 may be involved in emergency hematopoiesis using constitutive hematopoietic specific Grasp55 deficient mice (Grasp55Δ Hem ) obtained by crossing Grasp55 fl/-mice with Vav-Cre transgenic mice.

Repeated injection of 5-Fluoro-Uracil (5-FU) resulted in similar decrease in hematocrit values between Grasp55 WT and Grasp55Δ Hem animals (Supplementary Fig. 1A-B). The day 35 was defined as the endpoint for analysis of bone marrow composition to avoid death of the animals because of sustained anemia. No difference in absolute cell numbers or frequencies of early hematopoietic subsets was found between Grasp55 ΔHem and Grasp55 wt control animals after 4 injections of 5-FU (Supplementary Fig. 1C-F). Although only three mice were analyzed in this pilot experiment, power calculation shows that a tremendous number of mice would have been necessary to get a chance to reach statistical significance. We thus decided to move to another model in which deletion of Grasp55 is induced in an acute manner to not allow for compensatory mechanism to take place. To this end, Grasp55 fl/-animals crossed with Mx1-cre transgenic mice were injected with poly(I:C) resulting in floxed allele deletion fifteen days upon poly(I:C) treatment (Supplementary Fig. 2A). Analysis of absolute bone marrow cell numbers and frequencies of LSK cells showed no differences between controls and conditional induced knock-out mice poly(I:C)-treated Grasp55 fl/-Mx1-Cre mice (Supplementary Fig. 2B-C); nor did the analysis of different LSK (HSC-MPP1, MPP2, MPP3-4) and progenitor subsets (CMP, GMP) reveals difference between experimental groups (Supplementary Fig. 2D-E). Finally, since Grasp55 has also been involved in inflammatory response in vitro [START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1beta Aggregation and Secretion[END_REF], we also tested whether inflammatory recruitment of leukocytes at effector sites would be affected by Grasp55 deficiency. Here again, we did not find significant differences in acute inflammatory recruitment of leukocytes to the peritoneal cavity upon thioglycollate challenge (Supplementary Fig. 3). This indicates that Grasp55 is dispensable for emergency hematopoiesis and inflammatory recruitment in vivo.

HSC mobilization and engraftment are not affected by Grasp55 deficiency

Because Grasp55 has been involved in the regulation of retention signals for HSC in the bone marrow, we next performed HSC mobilization assays using Cyclophosphamide and G-CSF. This experimental setting induces dramatic changes in molecular mechanisms involved in HSC retention within BM niches and results in myeloid biased expansion of HSPCs [START_REF] Morrison | Cyclophosphamide/granulocyte colony-stimulating factor induces hematopoietic stem cells to proliferate prior to mobilization[END_REF]. As expected, increase of LSK cells frequencies was found in mouse bone marrow and blood upon mobilization (Fig. 3A-B). However, such increase was independent of GRASP55 expression. When Colony Forming Unit-Cells (CFU-C) assays were performed as a read-out of hematopoietic cell progenitor activity, no differences were found between Grasp55 -/-mice and control littermate animals (Fig. 3C). To get further insights into the function of GRASP55 in controlling cellular crosstalks upon hematopoietic stress, we performed competitive bone marrow engraftment assays. To avoid bias due to the difference in CD45.1; CD45.2 and CD45.1/2 allele expression [START_REF] Waterstrat | Congenic interval of CD45/Ly-5 congenic mice contains multiple genes that may influence hematopoietic stem cell engraftment[END_REF], we designed two experimental groups using CD45.2 Grasp55 +/+ or CD45.2 Grasp55 -/-BM cells admixed at 1:1 ratios with wild-type CD45.1/2 bone marrow cells as competitors (Supplementary Fig. 4A). Engraftment was performed in CD45.1 lethally irradiated recipients (Fig. 4A). Such experiments are highly sensitive and have been widely used to highlight subtle defects in hematopoiesis which are not revealed in other experimental settings. Using chimerism measurement in the peripheral blood as followup, we found significant decrease in Grasp55 -/-hematopoietic engraftment as compared to Grasp55 +/+ cells before 12 weeks, while differences disappeared at 16 weeks (Fig. 4B). This was mostly due to a reduction of Grasp55-deficient lymphoid cells in the blood circulation during the first four months after engraftment (Fig 4C -F). Such difference was abolished after 18 weeks, suggesting that this transient difference revealed subtle changes in the early steps of Grasp55-deficient cells commitment toward lymphoid versus myeloid lineage after engraftment. This is consistent with the high expression of Grasp55 found in MPP3-MPP4s myeloid and lymphoid biased progenitors (Fig. 1). When chimerism in the bone marrow was analyzed after 18 weeks, overt engraftment advantage for wild-type competitor cells (CD45.1/2) against donor cells (CD45.2) was found in the LSK compartment irrespective of Grasp55 genotype (Fig. 4G). No change in bone marrow cellularity was observed (Supplementary Fig. 4B). More interestingly, specific significant decrease in CMP frequencies was observed in mixed chimeric mice engrafted with Grasp55 -/-and wild-type competitor cells as compared to Grasp55 +/+ /wild-type chimeras while no change in GMP frequencies was detected (Fig. 4H). This was due to a significant decrease in competitor cell frequencies suggesting that loss of Grasp55 expression in hematopoietic cells may alter indirectly the maintenance of wild-type CMP.

GRASP55 plays a role in Myc-addicted leukemic growth in vivo

Since we failed to detect Grasp55-dependent alterations of the hematopoietic system at steady state or upon stress, we asked the question whether GRASP55 may contribute to development of Myc-addicted lymphoma/leukemia known to depend on autophagy pathway activation [START_REF] Amaravadi | Autophagy inhibition enhances therapyinduced apoptosis in a Myc-induced model of lymphoma[END_REF][START_REF] Hart | ER stress-mediated autophagy promotes Myc-dependent transformation and tumor growth[END_REF][START_REF] Adams | The c-myc oncogene driven by immunoglobulin enhancers induces lymphoid malignancy in transgenic mice[END_REF]. One leukemic primary cell clone obtained from Eµ-Myc mice harbored a pre-B cell phenotype as demonstrated by positivity for CD19, CD25, CD43, BP1, CD93 (Fig. 5A). In addition, the selected clone expressed JAM-B, a known interacting partner of GRASP55 (Fig. 5B & ( 12)). Two cell lines in which GRASP55 expression was depleted or not were derived upon lentiviral transfection with shRNA directed against GRASP55 or empty vector containing the GFP only (Fig. 5C). Silencing GRASP55 did not affect JAM-B expression (not shown) nor cell proliferation (Fig. 5D). Upon engraftment in C57BL/6 animals, control Eµ-Myc cells invaded spleen and bone marrow within nine days, while invasion by Eµ-Myc GRASP55 knock-down cells (Eµ-Myc GRASP55 KD ) was greatly reduced (Fig. 5E-F). This was accompanied by a three-fold decrease in peripheral leukemic cell load for Eµ-Myc GRASP55 KD leukemic cells as compared to control (Fig. 5G). Since such differences may rely on changes in homing or engraftment properties, we tested the tissue homing properties of the two cell lines. To this end, tissue homing was analyzed upon intra-vascular injection of mixed Eµ-Myc GRASP55 WT and Eµ-Myc GRASP55 KD cells, respectively labeled by GFP and GFP/Calcein violet reporters (Fig. 6A, left panel). Frequencies of Eµ-Myc GRASP55 WT cells were significantly increased as compared to Eµ-Myc GRASP55 KD cells in spleen, bone marrow and blood sixteen hours after injection (Fig 6B). This last result was surprising since reduced short term tissue homing is usually accompanied by increased number of cells remaining in the blood [START_REF] He | Circadian Expression of Migratory Factors Establishes Lineage-Specific Signatures that Guide the Homing of Leukocyte Subsets to Tissues[END_REF].

GRASP55 regulates cell survival in an autophagy independent manner

We thus hypothesized that Eµ-Myc GRASP55 KD cells may present reduced survival during early steps of homing experiments. Spontaneous apoptosis of Eµ-Myc GRASP55 KD cells was thus compared to Eµ-Myc GRASP55 WT cells. To this end, caspase activity was measured twelve hours after viable cell replating in fresh medium. A significant increase of caspase 3/7 activity was observed in Eµ-Myc GRASP55 KD cell culture as compared to control (Fig. 7A). Accordingly, we observed an increase in early and late apoptotic cells in Eµ-Myc GRASP55 KD cell culture as compared to Eµ-Myc GRASP55 WT (Fig. 7B-C). However, the effect was only marginal and would not totally explain results from in vivo homing experiments. Since normal value of glucose level in mouse serum is by far lower than in culture medium (1,4g/l versus 4g/l) and because GRASP55 has been involved in glucose sensing [START_REF] Zhang | GRASP55 facilitates autophagosome maturation under glucose deprivation[END_REF], we then reasoned that glucose starvation may be needed to reveal a more pronounced difference. We thus cultured Eµ-Myc leukemic cells for 96 hours in complete medium or in absence of glucose. Although more than 67% of Eµ-Myc GRASP55 WT cells survived glucose starvation, less than 55% of Eµ-Myc GRASP55 KD cells were still alive as compared to control culture condition in complete medium (Fig 7D). This result is consistent with a recent study showing that GRASP55 sense glucose deprivation to promote autophagosome-lysosome fusion [START_REF] Zhang | GRASP55 Senses Glucose Deprivation through O-GlcNAcylation to Promote Autophagosome-Lysosome Fusion[END_REF]. We then questioned whether such a pathway contributes to the better survival of Eµ-Myc proficient cells. To this end, we treated cells with chloroquine which is known to induce Eµ-Myc cell death through inhibition of lysosome function and autophagosome accumulation [START_REF] Maclean | Targeting lysosomal degradation induces p53-dependent cell death and prevents cancer in mouse models of lymphomagenesis[END_REF]. We found no differences in cytotoxicity with respect to Grasp55 expression in Eµ-Myc cells or in mouse embryonic fibroblasts (MEFs) isolated from Grasp55 +/+ or Grasp55 -/-mice (Fig. 8A). We confirmed that Myc transformed cells were more sensitive to chloroquine than MEFs as previously reported (Fig. 8B & [START_REF] Maclean | Targeting lysosomal degradation induces p53-dependent cell death and prevents cancer in mouse models of lymphomagenesis[END_REF]). However, we found no difference in LC3-II accumulation between Grasp55 proficient and deficient cells at the steady state or upon chloroquine treatment (Fig. 8C-D). Altogether, these results argue for an increased sensitivity to glucose starvation of Eµ-Myc Grasp55-deficient cells without dramatic changes in autophagic fluxes.

Discussion

In the present study, we have addressed the physiological function of Grasp55 in normal, emergency and pathological hematopoiesis using Grasp55-deficient mice for which we have previously reported spermatogenesis defects [START_REF] Cartier-Michaud | Genetic, structural, and chemical insights into the dual function of GRASP55 in germ cell Golgi remodeling and JAM-C polarized localization during spermatogenesis[END_REF]. Surprisingly, we found no difference in normal and emergency hematopoiesis between Grasp55-deficient and proficient mice, even though Grasp55 has been involved in the regulation of number of molecules known to be essential for hematopoietic homeostasis. We rule out that this was due to incomplete deletion of the gene since mice presented overt phenotypes reminiscent of Jam-c -/-mice such as male infertility [START_REF] Gliki | Spermatid differentiation requires the assembly of a cell polarity complex downstream of junctional adhesion molecule-C[END_REF][START_REF] Cartier-Michaud | Genetic, structural, and chemical insights into the dual function of GRASP55 in germ cell Golgi remodeling and JAM-C polarized localization during spermatogenesis[END_REF][START_REF] Imhof | Pulmonary dysfunction and impaired granulocyte homeostasis result in poor survival of Jam-C-deficient mice[END_REF] which has been confirmed in another Grasp55-deficient strain [START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1beta Aggregation and Secretion[END_REF].

Although the absence of JAM-C deregulation in Grasp55 -/-hematopoietic cells may be easily explained by the inverted expression pattern of JAM-C and GRASP55 during early hematopoietic cell differentiation (Fig. 1), the lack of overt immuno-hematopoietic phenotype remains puzzling. Indeed, given the roles of GRASP55 in Golgi structure, protein expression and autophagy [START_REF] Zhang | GRASP55 Senses Glucose Deprivation through O-GlcNAcylation to Promote Autophagosome-Lysosome Fusion[END_REF][START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1beta Aggregation and Secretion[END_REF][START_REF] Zhang | Glycosylation Quality Control by the Golgi Structure[END_REF][START_REF] Rabouille | GRASP: A Multitasking Tether[END_REF], one could expect dramatic effects due to the loss of GRASP55 expression when the hematopoietic system is challenged.

Several key regulators of hematopoietic homeostasis such as TGF-β, membrane bound SCF, or MT1-MMP have been shown to interact with GRASP55 [START_REF] Kuo | Transmembrane transforming growth factor-alpha tethers to the PDZ domain-containing, Golgi membraneassociated protein p59/GRASP55[END_REF][START_REF] Roghi | Golgi reassembly stacking protein 55 interacts with membrane-type (MT) 1-matrix metalloprotease (MMP) and furin and plays a role in the activation of the MT1-MMP zymogen[END_REF]. TGF-β and membrane bound SCF interact with GRASP55 through canonical c-terminal PDZ binding motifs [START_REF] Kuo | Transmembrane transforming growth factor-alpha tethers to the PDZ domain-containing, Golgi membraneassociated protein p59/GRASP55[END_REF].

Interaction of GRASP55 with transmembrane TGF-β was directly correlated to cell surface levels since mutation of the last two hydrophobic amino-acid (aa) reduced surface expression and GRASP55 interaction, while truncation of the last eight aa abolished interaction and expression. However, the reverse experiment consisting in silencing expression of GRASP55 and measuring TGF-β or membrane bound SCF expression were not performed in these studies. Thus, we cannot exclude that bone marrow stromal cells use alternative trafficking machinery to express these niche factors. Our results are more difficult to reconcile with the described function of GRASP55 in regulating MT1-MMP activation or IL1β secretion [START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1beta Aggregation and Secretion[END_REF][START_REF] Dupont | Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1beta[END_REF][START_REF] Roghi | Golgi reassembly stacking protein 55 interacts with membrane-type (MT) 1-matrix metalloprotease (MMP) and furin and plays a role in the activation of the MT1-MMP zymogen[END_REF]. Indeed, MT1-MMP activation by furin has been shown to depend on GRASP55 using dominant negative approaches and overexpression of GRASP55 in HT1080 human fibrosarcoma cell line [START_REF] Roghi | Golgi reassembly stacking protein 55 interacts with membrane-type (MT) 1-matrix metalloprotease (MMP) and furin and plays a role in the activation of the MT1-MMP zymogen[END_REF]. MT1-MMP plays a central role in maintenance of hematopoietic homeostasis through the control of HIF1α and MMP2 activation [START_REF] Nishida | MT1-MMP plays a critical role in hematopoiesis by regulating HIF-mediated chemokine/cytokine gene transcription within niche cells[END_REF][START_REF] Baramova | Involvement of PA/plasmin system in the processing of pro-MMP-9 and in the second step of pro-MMP-2 activation[END_REF]. The latter has been shown to activate MMP9 which releases membrane-bound SCF upon HSC mobilization with G-CSF [START_REF] Heissig | Recruitment of stem and progenitor cells from the bone marrow niche requires MMP-9 mediated release of kit-ligand[END_REF]. We failed to detect hematopoietic alterations at steady state homeostasis or upon G-CSF-induced HSC mobilization in Grasp55 -/-mice indicating that alternative pathways regulating MT1-MMP activation must exist in bone marrow stromal cells. Same is true for IL1β secretion. Indeed a first study has shown that silencing Grasp55 expression in bone marrow derived macrophages (BMDM) reduces IL1β secretion induced by nigericin and starvation [START_REF] Dupont | Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1beta[END_REF]. A more recent study has demonstrated that IL1β secretion is reduced in BMDM isolated from Grasp55-deficient mice due to impaired unfolded protein response signaling [START_REF] Chiritoiu | GRASP55 and UPR Control Interleukin-1beta Aggregation and Secretion[END_REF]. However, we found no differences in hematopoietic response upon 5-FU treatment which is known to involve IL1β secretion by myeloid cells [START_REF] Pietras | Chronic interleukin-1 exposure drives haematopoietic stem cells towards precocious myeloid differentiation at the expense of self-renewal[END_REF]. This discrepancy may be due to differences in the pathways involved in IL1β secretion by BMDM as compared to IL1β secretion by the whole organism in response to hematopoietic stress. This raises the question as to whether silencing Grasp55 in isolated cellular models reflects its physiological function. Alternatively, it may well be that redundant unconventional secretory pathways are present in higher eukaryotes and that compensatory mechanisms take place in absence of Grasp55. Indeed, a single GRASP isoform is present in Saccharomyces cerevisiae and has been involved in autophagic mediated secretion of Acb1 which lacks a signal sequence similar to IL1β [START_REF] Duran | Unconventional secretion of Acb1 is mediated by autophagosomes[END_REF]. This Grasp homologue represents the unique PDZ-containing protein of yeast. This is in sharp contrast with the situation in mammals in which more than 250 PDZ domains are present in more than 150 proteins [START_REF] Ivarsson | Plasticity of PDZ domains in ligand recognition and signaling[END_REF]. Therefore, it would be interesting to perform a shRNA screening against genes encoding PDZ containing proteins that could compensate Gorasp2 deficiency for maintenance of hematopoietic stem cell homeostasis.

More interestingly, our results demonstrate that Eµ-Myc transformed hematopoietic cells become addict to Grasp55 pathway. Myc-dependent transformation is well known to induce unfolded protein response (UPR) which results in endoplasmic reticulum stress-induced autophagy [START_REF] Hart | ER stress-mediated autophagy promotes Myc-dependent transformation and tumor growth[END_REF]. Autophagy promotes survival of tumor cells through processing cellular contents destined for degradation in order to support bioenergetics [START_REF] Amaravadi | Autophagy inhibition enhances therapyinduced apoptosis in a Myc-induced model of lymphoma[END_REF]. Since Grasp55 has been involved in autophagy-driven pathways of unconventional secretion and in autophagosome-lysosome fusion upon glucose deprivation [START_REF] Zhang | GRASP55 Senses Glucose Deprivation through O-GlcNAcylation to Promote Autophagosome-Lysosome Fusion[END_REF][START_REF] Dupont | Autophagy-based unconventional secretory pathway for extracellular delivery of IL-1beta[END_REF][START_REF] Duran | Unconventional secretion of Acb1 is mediated by autophagosomes[END_REF][START_REF] Zhang | The Golgi stacking protein GORASP2/GRASP55 serves as an energy sensor to promote autophagosome maturation under glucose starvation[END_REF], it may well be that the Eµ-Myc Grasp55 KD cells lose their ability to use autophagy as rescue mechanism and become sensitized to apoptosis. This would be consistent with previous findings showing that caloric restriction sensitizes Eµ-Myc cells to inhibitors of the antiapoptotic Bcl-2 protein family [START_REF] Meynet | Caloric restriction modulates Mcl-1 expression and sensitizes lymphomas to BH3 mimetic in mice[END_REF]. It would therefore be interesting to explore effects of combined drug inhibition of Grasp55 and antiapoptotic proteins in additional cancer models known to involve UPR response and autophagy. 
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  2-eF450 (clone104, eBioscience), CD48-PE-Cy7 (clone HM48-1, Biolegend), CD150-eF647 (clone TC15-12F12.2, Biolegend), CD117-APC-e780 (clone 2B8, eBioscience), CD127-PE-Cy5 (clone A7R34, eBioscience), CD135-PECF594 (clone A2F10.1, BD Horizon), Sca-1-BV421 (clone D7, BD Horizon) CD4-FITC (clone RAM4-5, eBioscience), CD8-PE (clone 53-6.7, eBioscience), B220-AF700 (clone RA3-6B2, eBiosciences), CD11b-APC (M1/70, eBioscience) and BV510-Streptavidin (BD Horizon). EµMyc cells were phenotyped using : CD19-BV500 (clone 1D3, BD Biosciences), CD23-BV711 (clone B3B4, BD Biosciences), CD25-PE-Cy5 (clone PC61, eBioscience), CD45.2-PE-Cy5.5 (clone 104, eBioscience), B220-APC-Cy7 (clone RA3-6B2, BD Biosciences), CD71-BV605 (clone C2, BD Biosciences), CD93-PE-Cy7 (clone AA4.1, eBioscience), BP1-biotin (clone BP1, BD Biosciences), streptavidin-AF594 (Biolegend). In all experiments a viability marker was used depending of the panels: SYTOX Green nucleic acid stain (Life Technologies), Fixable Viability Dye eF506 (eBioscience), DRAQ7 (Biostatus). JAM-B and JAM-C staining were done using staining polyclonal rabbit anti-mouse JAM-B (pAb829) and JAM-C (pAb 501) produced in laboratory and R-Phycoerythrin conjugated goat-anti-rabbit IgG(H+L) antibody (1/200, Jackson Immunoresearch Laboratories) as secondary antibody. Grasp55 intracellular staining was done using anti-Grasp55 antibody (Protein-tech) and BD Cytofix/Cytoperm solution following the manufacture's instruction.

  Stained cells were analyzed by a BD LSR-II FACS (lasers 405, 488, 561, and 633nm) and sorted by Aria III SORP sorter (BDBiosciences). Results were analyzed with BD-Diva version 8.0.1 software or FlowJo version 10.0.7 software (Treestar).

  and injected at 1:1 ratio into mice (5.10 6 cells/200µL NaCl per mice). Cells in each organ were analyzed for expression of green or violet fluorescence by flow cytometry. Stained cells were analyzed by an LSRII FACS (lasers 405, 488, 561, and 633nm BDBiosciences). Results were analyzed with BD-Diva version 8.0.1 software.
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