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            Abstract
With age, haematopoietic stem cells lose their ability to regenerate the blood system, and promote disease development. Autophagy is associated with health and longevity, and is critical for protecting haematopoietic stem cells from metabolic stress. Here we show that loss of autophagy in haematopoietic stem cells causes accumulation of mitochondria and an activated metabolic state, which drives accelerated myeloid differentiation mainly through epigenetic deregulations, and impairs haematopoietic stem-cell self-renewal activity and regenerative potential. Strikingly, most haematopoietic stem cells in aged mice share these altered metabolic and functional features. However, approximately one-third of aged haematopoietic stem cells exhibit high autophagy levels and maintain a low metabolic state with robust long-term regeneration potential similar to healthy young haematopoietic stem cells. Our results demonstrate that autophagy actively suppresses haematopoietic stem-cell metabolism by clearing active, healthy mitochondria to maintain quiescence and stemness, and becomes increasingly necessary with age to preserve the regenerative capacity of old haematopoietic stem cells.
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                    Figure 1: Accelerated blood ageing phenotypes in autophagy-deficient mice.


Figure 2: Mitochondrial characteristics in autophagy-deficient HSCs and activated HSCs.


Figure 3: Loss of autophagy and ageing cause metabolic activation in HSCs.


Figure 4: Loss of autophagy affects HSC fate through epigenetic deregulation.


Figure 5: Different autophagy activity in aged haematopoietic populations.


Figure 6: Autophagy-activated oHSCs are healthier stem cells.
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Extended data figures and tables

Extended Data Figure 1 Characterization of autophagy-deficient Atg12cKO mice.
a, Complete blood count analyses of lymphocytes and haematocrit in control (Cnt) and Atg12cKO (cKO) mice after pIC treatment. b, Lineage distribution in peripheral blood of control and cKO mice at 2 months after pIC, and in young and old mice. My, myeloid; Ly, lymphoid. c, Total cell numbers in peripheral blood, spleen (Spl), and bone marrow of control and cKO mice at 2 months after pIC. d, Gating strategy for mature populations. ImGr, imature granulocytes/monocytes; Gr, granulocyte; B, B cells. e, f, Mature populations in (e) bone marrow and (f) spleen of control and cKO mice at 2 months after pIC. g, Gating strategy for immature bone marrow populations. Lin, lineage negative; MP, myeloid progenitors; CMP, common myeloid progenitor; MEP, megakaryocyte/erythrocyte progenitor. h, Quantification of immature bone marrow populations in control and cKO mice at 2 months after pIC. CLP, common lymphoid progenitor. i, HSC frequency over time in control and cKO mice after pIC. j, Quantification of MP bone marrow populations in control and cKO mice at 2 months after pIC. k, Colony formation in methylcellulose from control and cKO bone marrow at 2 months after pIC. Data are mean ± s.d. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 2 Characterization of autophagy-deficient Atg12cKO mice and regenerative capacity of Atg12cKO HSCs.
a–e, Haematopoietic features of control (Cnt-5) and Atg5cKO (cKO-5) mice after pIC treatment: (a) scheme for deleting Atg5 in the adult blood system, and (b) neutrophil counts in peripheral blood, (c) total cell numbers in bone marrow and spleen, and quantification of (d) MP and (e) immature bone marrow populations at 2 months after pIC. f, Scheme for control and cKO HSC primary (1°) and secondary (2°) transplantation (tplx). g, Engraftment of young (Y) and old (O) HSCs with donor chimaerism in peripheral blood over time (left), and lineage distribution in peripheral blood (centre) with HSC chimaerism (right) at the indicated time after transplantation. h, Scheme for ageing recipients transplanted with non-pIC-treated control and cKO bone marrow cells and subsequently deleted for Atg12. i, Atg12 deletion in recipients transplanted with 2 × 106 bone marrow cells from 2- or 24-month-old non-pIC-treated cKO donors with donor chimaerism in peripheral blood after PBS or pIC (left, ± s.e.m.), and lineage distribution in peripheral blood at 125 d after transplantation (right). Data are mean ± s.d. except where indicated. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 3 Altered biology of Atg12cKO HSCs and characterization of Park2−/− mice.
a, Representative FACS plot of MTG staining in control and cKO HSCs. b, Representative electron micrographs depicting expanded small vesicles (top) and endoplasmic reticulum/Golgi (bottom) in control and cKO HSCs. Scale bar, 1 μm. c, Representative FACS plot and quantification of endoplasmic reticulum mass measured by ER-Tracker flow cytometry staining in control and cKO HSCs. d, e, Representative immunofluorescence images and quantification of (d) LAMP1 and (e) KDEL staining in control and cKO HSCs. Scale bars, 10 μm. f, Levels of p62 in control and cKO HSCs. g, Mitochondria parameters in Park2+/+ and Park2−/− HSCs. h–m, Characterization of Park2−/− mice: (h) scheme for analyses, (i) complete blood count parameters (left) and lineage distribution in peripheral blood (right), (j) bone marrow total cell numbers, (k) bone marrow mature populations, and (l, m) bone marrow immature populations. n, Transplantation of Park2−/− HSCs showing donor chimaerism (left) and lineage distribution (centre) in peripheral blood, and HSC chimaerism (right) at the indicated time after transplantation in primary and secondary recipients. Data are mean ± s.d. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 4 Comparison between aHSCs, Atg12cKO HSCs and oHSCs.
a, Representative FACS plot of pS6 levels in HSC cultured for 1 h (hr) with or without cytokines (±cyt). b, Representative FACS plot of GFP–LC3 in freshly isolated HSCs (t = 0) and HSCs cultured for 6 h with or without cytokines. c, Inactivation of autophagy in +cyt measured by p62 levels. d, Drug modulation of autophagy levels in Gfp–Lc3 HSCs cultured for 3 h with or without cytokines. Rap, rapamycin; I128, Ink128; CC, compound C. Results are expressed as percentage GFP–LC3 levels upon 3 h culture in +cyt conditions. e, Cell size measured by forward scatter (FSC) in control and cKO HSCs, and yHSCs and oHSCs. f, g, Glycolysis activity measured by extracellular acidification rate (ECAR) in (f) control and cKO LSKs, and (g) yHSCs and oHSCs. Oligo, oligomycin; 2-DG, 2-deoxy-d-glucose. h, Mitochondria parameters in yHSCs and oHSCs. i, ROS levels in aHSCs. j, Representative FACS plot and quantification of ROS levels in control and cKO HSCs. k, Representative examples of three independent experiments showing immunofluorescence co-staining of γH2AX with fibrillarin (FBN), 53BP1, and RAD51 in control and cKO HSCs. Sscale bar, 10 μm. Data are mean ± s.d. except for line graphs, and are expressed relative to 0 h HSC (c, i), control HSC (e, j), or yHSC (e, h) levels. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 5 Properties of autophagy-deficient and oHSCs, and effect of ROS scavenging in Atg12cKO mice.
a–c, Characteristics of control and cKO HSCs: (a) apoptosis measured by cleaved caspase 3 (CC3) activity, (b) protein synthesis measured by O-propargyl-puromycin (OP-puro) immunofluorescence staining, and (c) cycling activity measured by EdU incorporation. d, e, Characteristics of yHSCs and oHSCs: (d) ROS levels and (e) protein synthesis with representative OP-puro immunofluorescence staining (left) and quantification (right). f, Scheme for NAC in vitro treatment and representative example of colony formation in methylcellulose from NAC-treated control and cKO HSCs. CFU, colony-forming unit; Mk(or)E and G(or)M, mature megakaryocyte, erythroid, granulocyte, or macrophage colonies; GM/Mix, immature GM or GMMkE colonies. Results are expressed as percentage of plated cells. g–i, Scavenging ROS levels in Atg12cKO mice: (g) scheme for NAC in vivo treatment after pIC deletion of Atg12, (h) neutrophil counts (left) and lineage distribution (right) in peripheral blood, and (i) quantification of immature bone marrow populations. Data are mean ± s.d., and are expressed relative to control HSC (a, b), or yHSC (d, e) levels. *P ≤ 0.05, **P ≤ 0.01.

                          Source data
                        


Extended Data Figure 6 Differential gene expression in Atg12cKO HSCs and GMPs, and regulation of DNA methylation in HSCs.
a, Heatmap of differentially expressed genes (DEG) in cKO versus control HSC microarrays (n = 4). b, Volcano plot of DEGs in cKO versus control HSCs. c, Gene set enrichment analyses (GSEA) of DEGs in cKO versus control HSCs: NES: normalized enrichment score. d, Heatmap of DEGs in cKO versus control GMP microarrays (n = 4). e, SAM levels in control and cKO HSCs, and aHSCs. f, aKG levels in c-Kit-enriched control and cKO bone marrow (left, P = 0.0672), and freshly isolated and activated c-Kit-enriched bone marrow (right). Data are mean ± s.d. *P ≤ 0.05, ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 7 Additional analyses of old Gfp–Lc3 HSCs.
a, Lineage distribution in peripheral blood (left) and frequency of the indicated populations (right) in young and old Gfp–Lc3 mice (related to Fig. 5a, b). b, pS6 levels in yHSCs and oHSCs. c, d, Representative FACS plots and quantification of Cyto-ID dye levels in (c) HSCs cultured for 3 h with or without cytokines, and (d) yHSCs and oHSCs. e, Representative FACS plots of autophagy low (ATlo) and autophagy high (AThi) oHSC subsets. f, Representative examples of three independent experiments showing immunofluorescence staining of FOXO3a in ATlo and AThi oHSCs. Scale bar, 10 μm. g, Representative electron micrographs of oHSCs with or without autophagosomes (AP) showing vesicles (top) and endoplasmic reticulum/Golgi (bottom) compartments. Scale bar, 1 μm. h, Representative immunofluorescence staining and quantification of TOM20 in ATlo and AThi oHSCs. Scale bar, 10 μm. i, j, Characteristics of ATlo and AThi oHSCs: (i) TMRE levels, (j) ATP levels, and (k) ROS levels measured by Mitosox Red (MSR) staining. l, Expansion of ATlo and AThi oHSCs in self-renewal culture conditions. m, Colony formation in methylcellulose from ATlo and AThi oHSCs. Results are expressed as percentage of 100 plated cells. Data are mean ± s.d., and are expressed relative to +cyt HSC (c), yHSC (b, d), or ATlo oHSC (h–j, l) levels. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 8 Functionality of ATlo and AThi oHSC subsets.
a, Scheme for primary and secondary transplantations of ATlo or AThi yHSCs and oHSCs. b, Transplantation of ATlo and AThi oHSC subsets with 15% GFP–LC3 high/low expression cutoff showing donor chimaerism (left) and lineage distribution (centre) in peripheral blood, and HSC chimaerism (right) at the indicated times after transplantation in primary (top row) and secondary (bottom row) recipients. c, GFP–LC3 levels in ATlo and AThi oHSCs before transplantation, and in primary and secondary recipients. Results are expressed relative to GFP–LC3 levels in yHSCs (± s.e.m.). d, Transplantation of ATlo and AThi yHSC subsets with 33% GFP–LC3 high/low expression cutoff showing donor chimaerism (left) and lineage distribution (centre) in peripheral blood, and HSC chimaerism (right) at the indicated times after transplantation in primary recipients. Data are mean ± s.d. except when indicated. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 9 Autophagy capability of ATlo and AThi oHSC subsets.
a, Representative FACS plot and quantification of CD150 levels in ATlo and AThi oHSCs. b, Levels of pS6 measured by flow cytometry in HSCs cultured with or without cytokines for the indicated times. Results are normalized to IgG levels. c, Drug modulation of autophagy levels in Gfp–Lc3 oHSCs cultured for 3 h with or without cytokines. I128, Ink128; CC, compound C. Results are expressed as percentage GFP–LC3 levels upon 3 h culture in +cyt conditions. d, Scheme for the stress experiments assessing the autophagy capability of ATlo and AThi oHSCs. e, f, Response to cytokine starvation with (e) GFP–LC3 levels in freshly isolated (t = 0) and upon 6 h culture in ±cyt conditions, and (f) autophagy flux after 6 h culture in ±cyt ±BafA conditions. Percentage flux is calculated as [100 × (1 − (−BafA/+BafA))]. g, Response to glutamine (glu) deprivation. Data are mean ± s.d. and are expressed relative to ATlo oHSC (a, e) or freshly isolated (t = 0) oHSC (b) levels, or relative to +glu conditions (g). ***P ≤ 0.001.

                          Source data
                        


Extended Data Figure 10 Model for the role of autophagy in HSC function and HSC ageing.
HSC activation is accompanied by mitochondria activation and a shift in metabolic activity from glycolysis to OXPHOS, which provides energy and increases the production of mitochondrial metabolites such as α-ketoglutarate (αKG) that act as substrates/co-factors for epigenetic enzymes. Metabolically, aHSCs are poised to undergo lineage priming and produce differentiated progeny to regenerate the blood system. However, aHSCs must also return to quiescence to maintain the stem cell pool. In this context, autophagy plays an essential role by clearing active mitochondria to allow OXPHOS-driven HSCs to efficiently revert to a mostly glycolysis-based metabolic quiescence. Without autophagy, HSCs display an overactive OXPHOS-driven metabolism that promotes myeloid-biased differentiation and loss of stemness as a consequence of epigenetic reprogramming. Other mechanisms of mitochondria elimination probably allow some autophagy-deficient HSCs to return to quiescence during homeostasis, but they do not substitute for autophagy in maintaining HSC function in conditions of intense regeneration stress such as transplantation. This role of autophagy becomes even more important with age as the inability of about two-thirds of oHSCs to activate autophagy results in an overactive OXPHOS metabolism that impairs self-renewal, promotes proliferation and myeloid differentiation, and contributes to replication stress. These unhealthy oHSCs drive most of the ageing blood phenotypes. In contrast, about one-third of oHSCs activate autophagy, control their metabolic activity, and are the fittest old stem cells that retain functional abilities in an adverse ageing bone marrow microenvironment. As all oHSCs remain competent for autophagy induction, it will be exciting to test whether rejuvenation interventions aimed at activating autophagy in unhealthy autophagy-inactivated oHSCs will improve the health of the ageing blood system.
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