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            Abstract
The blood system is sustained by a pool of haematopoietic stem cells (HSCs) that are long-lived due to their capacity for self-renewal. A consequence of longevity is exposure to stress stimuli including reactive oxygen species (ROS), nutrient fluctuation and DNA damage1,2. Damage that occurs within stressed HSCs must be tightly controlled to prevent either loss of function or the clonal persistence of oncogenic mutations that increase the risk of leukaemogenesis3,4. Despite the importance of maintaining cell integrity throughout life, how the HSC pool achieves this and how individual HSCs respond to stress remain poorly understood. Many sources of stress cause misfolded protein accumulation in the endoplasmic reticulum (ER), and subsequent activation of the unfolded protein response (UPR) enables the cell to either resolve stress or initiate apoptosis5,6. Here we show that human HSCs are predisposed to apoptosis through strong activation of the PERK branch of the UPR after ER stress, whereas closely related progenitors exhibit an adaptive response leading to their survival. Enhanced ER protein folding by overexpression of the co-chaperone ERDJ4 (also called DNAJB9) increases HSC repopulation capacity in xenograft assays, linking the UPR to HSC function. Because the UPR is a focal point where different sources of stress converge, our study provides a framework for understanding how stress signalling is coordinated within tissue hierarchies and integrated with stemness. Broadly, these findings reveal that the HSC pool maintains clonal integrity by clearance of individual HSCs after stress to prevent propagation of damaged stem cells.
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                    Figure 1: Elevated expression of PERK branch genes of the UPR in HSCs compared to progenitors and further amplification after tunicamycin-induced stress.[image: ]


Figure 2: HSCs are predisposed to apoptosis compared to progenitors after treatment with the ER stress agent tunicamycin.[image: ]


Figure 3: HSCs are predisposed to UPR-induced apoptosis through PERKâ€“eIF2Î±â€“ATF4â€“CHOPâ€“GADD34 signalling.[image: ]


Figure 4: ERDJ4OE protects from tunicamycin-induced apoptosis and increases HSC output and frequency.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Expression analysis of UPR-related genes.
a, Enrichment of UPR-related genes in human HSCs compared to progenitors. CD49f+ HSC-enriched genes were analysed for GO category overrepresentation. Node size represents the number of genes; white, yellow and orange colour correspond to FDR <0.15, <0.1 and <0.01. b, Simplified scheme illustrating UPR signalling events. Three branches of the UPR are activated upon ER stress: IRE1, PERK and ATF6. IRE1 splices cytosolic XBP1 mRNA to enable translation of the XBP1s transcription factor, which upregulates chaperones and ER-associated degradation (ERAD) machinery to resolve ER stress37,38. PERK initiates a different branch of the UPR through phosphorylation of eIF2Î±, which attenuates global protein synthesis, thus permitting time to restore ER homeostasis39. Prolonged ER stress leads to PERK signalling-mediated upregulation of the proapoptotic transcription factor CHOP and its target GADD34. GADD34 dephosphorylates eIF2Î± leading to restoration of global protein translation. However, if ER stress is not resolved, GADD34 upregulation can lead to further accumulation of misfolded proteins, oxidative stress and apoptosis16. Yellow highlighted arrows indicate transcriptional regulation. c, Amplification curves of qPCR reactions for UPR-related genes. Fluorescence signal during 40 cycles of qPCR reactions on cord-blood-derived cDNA is shown for a representative experiment. Green line indicates threshold that was used to calculate mRNA quantity. d, Dissociation curves were generated to check for the presence of aspecific amplicons or primer dimers, which would be visible as additional peaks. Each line represents the dissociation curve of one qPCR reaction, colours indicate different genes. e, Slopes and R2 values of standard curves are shown for a representative experiment. These values were calculated separately for each experiment, based on a cDNA dilution series. câ€“e were performed using SDS v2.3 software. f, Agarose gel analysis of qPCR amplicons. qPCR reactions were run on a 3% agarose gel to check for reaction specificity: nonspecific amplicons would be visible as additional bands. The expected product size is shown above the gel; the ladder sizes are indicated on the right. g, Adult bone marrow cells were sorted into HSPC and progenitor fractions. mRNA levels for CHOP and ERDJ4 were measured by qPCR. Results are shown as meanâ€‰Â±â€‰s.e.m. of n = 5 bone marrow samples. ****Pâ€‰<â€‰0.0001.


Extended Data Figure 2 Differential response of HSPCs and progenitors to ER-stress-inducing agents.
a, b, HSPC and progenitor fractions were sorted and plated in the presence of (a) thapsigargin or (b) tunicamycin. mRNA was isolated after 0.5, 1, 6, 16 and 40â€‰h and expression levels of GRP78, ERDJ4, GADD34 and ATF4 were assessed by qPCR. The DMSO-treated controls were the same between a and b. Data are shown as meanâ€‰Â±â€‰s.e.m. of n = 3 cord blood samples, P value was calculated based on fold change of treated over DMSO control cells and indicates differential response between HSPCs and progenitors. c, Adult bone marrow HSPCs and progenitors were sorted and plated in the presence of tunicamycin. After 16â€‰h, mRNA was isolated and expression levels of CHOP, ERDJ4 and GRP94 were assessed by qPCR. Data are shown as meanâ€‰Â±â€‰s.e.m. of n = 5 bone marrow samples.


Extended Data Figure 3 Survival of HSCs is lower compared to progenitors after tunicamycin, but not thapsigargin treatment.
a, Thapsigargin has similar toxicity for sorted HSC and progenitor fractions. Sorted HSCs and progenitors were plated in TSGF6 culture conditions in the presence of thapsigargin or DMSO control. Symbols represent viable cell counts of individual samples where fractions are connected by a black line; the blue line indicates meanâ€‰Â±â€‰s.e.m. of n = 7 cord blood samples. b, c, Reduced clonogenic capacity of sorted HSCs compared to progenitors after tunicamycin treatment. Total colony number is shown in Fig. 2c. Here, data are separated into colony types based on morphological appearance. Data are shown as meanâ€‰Â±â€‰s.e.m. of n = 4 cord blood samples. G, granulocyte; M, macrophage; GM, granulocyte/macrophage; BFU, erythroid burst forming unit; mix, multilineage. d, HSCs have lower survival compared to progenitors after tunicamycin treatment, even after cell cycle induction. Sorted HSC and progenitor fractions were plated in TSGF6 culture conditions with double cytokine concentrations for 72â€“96â€‰h to induce G0 exit of the HSC fraction33. Then, cells were plated in the presence of tunicamycin. Viable cell counts as a percentage of DMSO controls are shown. Symbols represent individual samples where fractions are connected by a black line; the blue line indicates meanâ€‰Â±â€‰s.e.m. of n = 5 cord blood samples at 0.6â€‰Î¼gâ€‰mlâˆ’1 and n = 3 cord blood samples at 3â€‰Î¼gâ€‰mlâˆ’1 tunicamycin. e, f, Increased apoptosis of HSCs compared to progenitors after tunicamycin treatment. e, Cord blood cells were plated with tunicamycin and stained for primitive surface markers, Annexin-V and Sytox. Representative flow plots are shown. f, Sorted HSCs and progenitors were plated in the presence of tunicamycin. The percentage of viable Annexin-Vâˆ’ cells after 40â€‰h compared to DMSO controls is shown as meanâ€‰Â±â€‰s.e.m. of n = 4 cord blood samples. **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001, ****Pâ€‰<â€‰0.0001.


Extended Data Figure 4 ATF4 reporter enables visualization of increased ATF4 translation after tunicamycin treatment.
a, ATF4 reporter validation. Two upstream ORFs (uORFs) that are 5â€² of the ATF4 coding sequence in the ATF4 mRNA ensure more efficient translation of ATF4 when eIF2Î± phosphorylation levels are high13,14. A bidirectional lentiviral vector was constructed that gives constitutive expression of TagBFP to mark transduced cells. In the other direction, the SFFV promoter drives expression of the 5â€² end of the ATF4 mRNA which fuses with a GFP reporter gene 3â€² of the termination codon of uORF2. HeLa cells were transduced with pSMALB-ATF4.5rep (referred to as ATF4 reporter) and treated with tunicamycin. After 30â€‰h, GFP fluorescence was read out by flow cytometry. Histogram plots show n = 2 technical duplicates (two black lines for DMSO control, two red lines for tunicamycin treatment). b, c, Reporter fluorescence depends on uORFs. HeLa cells were transduced and treated with tunicamycin. As expected, ATF4â€“GFP translation is (b) repressed in the negative control that has a mutated uORF1 start codon and (c) constitutively high in the positive control with mutated start codons for both uORFs13. Histogram plots show n = 2 technical duplicates. d, ATF4 reporter-transduced cord blood cells were treated with tunicamycin and increasing doses of the PERK inhibitor GSK2606414. The transgene ratio (TGR) is shown as meanâ€‰Â±â€‰s.e.m. of n = 6 cord blood samples (except at 600â€‰nM, n = 3 cord blood samples). *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ****Pâ€‰<â€‰0.0001.


Extended Data Figure 5 Modulation of UPR-associated genes affects haematopoietic stem and progenitor cells in vivo.
a, Analysis of haematopoietic stem and progenitor cell frequencies in Chopâ€“/â€“â€‰mice. Flow cytometry was performed on mouse bone marrow (Extended Data Table 2). Bars show the absolute cell production in each population from wild-type or Chopâ€“/â€“ mice. Data are shown as meanâ€‰Â±â€‰s.d. of n = 5 mice per group. b, Viability analysis of stem and progenitor cell populations in Chopâ€“/â€“ mice. The percentage of viable Annexin-Vâ€“7-AADâ€“ cells within the HSC-enriched LSK and Linâ€“Sca-1â€“c-Kit+ progenitor fractions was assessed by flow cytometry. Data are shown as meanâ€‰Â±â€‰s.d. of technical duplicates of n = 5 mice per group. c, ERDJ4OE cells show increased survival after tunicamycin treatment. The haematopoietic TEX cell line28 was transduced with SFFV-Ctrl or SFFV-ERDJ4OE lentiviral vectors and plated in the presence of 0.6â€‰Î¼gâ€‰mlâˆ’1 tunicamycin (SFFV refers to lentiviral promoter driving transgene expression). After 48â€‰h, the number of transduced cells compared to DMSO-treated controls was determined by automated counting of GFP+ cells. Data are shown as meanâ€‰Â±â€‰s.d. of n = 3 independent experiments, P value was calculated using a paired t-test. d, Tunicamycin-induced apoptosis is reduced by ERDJ4OE. Cells from c were analysed for Annexin-V and cleaved caspase-3 expression by flow cytometry. Data are shown as meanâ€‰Â±â€‰s.d. of n = 3 independent experiments, P values were calculated using paired t-tests. e, ERDJ4OE endows cord blood cells with a competitive advantage over untransduced cells. Three cord blood pools (Exp. 1â€“3) were transduced with PGK-Ctrl or PGK-ERDJ4OE lentiviruses and injected into 5 mice each. Dashed line indicates GFP% after transduction (day 0); solid line indicates median GFP% of the human CD45+ graft in the injected femur of xenografted mice (20â€‰weeks). Every symbol represents one mouse. f, Similar expansion of PGK-Ctrl and PGK-ERDJ4OE transduced cord blood cells in vitro. Three cord blood pools (Exp. 1â€“3) were transduced with PGK-Ctrl or PGK-ERDJ4OE lentivirus and expanded for 10â€‰days in liquid culture. Total population doublings of transduced GFP+ cells is shown. g, ERDJ4OE increases HSC output. After liquid culture, GFP+ cells from f were sorted and injected at high and low cell doses, indicated below the x axis. Total human CD45+GFP+ engraftment in the injected femur after 10 weeks is shown. P values were calculated using the Mannâ€“Whitney U-test. Every symbol represents one mouse, line shows median. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.01, ***Pâ€‰<â€‰0.001.


Extended Data Figure 6 Lineage differentiation, progenitor cell frequencies, homing, and serial transplantability are maintained following ERDJ4OE.
a, PGK-ERDJ4OE-transduced cord blood maintains multilineage differentiation potential in vivo. Left: gating scheme to assess differentiation of the human graft in mouse bone marrow. Representative flow plots show quantification of CD45+CD19+ B cells, CD45+CD33+ monocytes and granulocytes, and CD45âˆ’GlyA+ erythroid cells within the GFP+ graft. Right: the differentiation of transduced cord blood cells was assessed in the peripheral blood (PB) at 10 and 20â€‰weeks and in the injected (RF) and non-injected (LF) femur at 20â€‰weeks after transplantation. Results are shown as meanâ€‰Â±â€‰s.e.m. of n = 15 mice representing n = 3 cord blood samples. b, ERDJ4OE does not cause aberrant expansion of stem or progenitor cell fractions. To assess the distribution of human stem and progenitor cells, lineage+ and mouse cells were depleted from xenografted mouse bone marrow. The remaining human lineageâ€“ cells were analysed by flow cytometry. Left: gating scheme to assess differentiation into HSC, MPP, MLP, CMP/MEP and B/NK/GMP fractions (Extended Data Table 1). Right: the frequency of human stem and progenitor cells within the human CD45+GFP+ graft was assessed 20â€‰weeks after transplantation of transduced cord blood cells. Results are shown as meanâ€‰Â±â€‰s.e.m. of n = 3 cord blood samples. c, Homing capacity to the non-injected bone marrow is not altered by ERDJ4OE. Transduced cord blood cells were expanded for 12â€‰days in liquid culture conditions and 1â€“1.6â€‰Ã—106 cells were transplanted per mouse. After 19â€‰h, mice were euthanized to assess human CD45+GFP+ cell homing to the non-injected femur. Results were normalized to transduction efficiency. Every symbol represents one mouse, results of n = 3 cord blood samples are shown with 2 mice per group each; line shows median. d, Frequency of functional human HSCs in vivo is maintained with ERDJ4OE. Cord blood cells were transduced and injected into primary mice. After 10â€‰weeks, mice were killed and transduced GFP+ cells were sorted from their bone marrow. Thirty thousand to one million cells were re-transplanted into secondary mice for serial LDA. After 10â€‰weeks, the bone marrow of secondary mice was assessed for human CD45+GFP+ engraftment; mice were scored as positive if the engraftment level was >0.01%. Data from n = 3 cord blood samples was pooled.
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