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Summary:  

It has been recently shown that increased oxidative phosphorylation, as reflected by increased 

mitochondrial activity, together with impairment of the mitochondrial stress response can 

severely compromise hematopoietic stem cell (HSC) regeneration. Here we show that the NAD+-

boosting agent Nicotinamide Riboside (NR) reduces mitochondrial activity within HSCs through 

increased mitochondrial clearance, leading to increased asymmetric HSC divisions. NR dietary 

supplementation results in a significantly enlarged pool of progenitors, without concurrent HSC 

exhaustion, improves survival by 80%, and accelerates blood recovery after murine lethal 

irradiation and limiting-HSC transplantation. In immune-deficient mice, NR increased the 

production of human leucocytes from hCD34+ progenitors. Our work demonstrates for the first 

time a positive effect of NAD+ boosting strategies on the most primitive blood stem cells, 

establishing a link between HSC mitochondrial stress, mitophagy and stem cell fate decision, and 

unveiling the potential of NR to improve recovery of patients suffering from hematological 

failure including post-chemo/radiotherapy. 
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mitochondria; mitochondrial clearance; mitochondrial recycling; autophagy; Mitophagy; 

mitonuclear protein imbalance; unfolded protein response mitochondria; UPRmt; asymmetric 

stem cell division; hematopoietic stem cell transplantation; bone marrow transplantation; bone 
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INTRODUCTION: 

A remarkably small pool of hematopoietic stem cells (HSCs) is responsible for the production of 

a staggering 1011 mature blood cells per day (Catlin et al., 2011; Busch et al., 2015). HSCs are 

predominantly quiescent during homeostasis (Wilson et al., 2008), entering the cell cycle in 

response to the physiological demands of the blood-producing system. Consistent with their 

quiescent state, most HSCs exhibit a relatively low mitochondrial potential and low 

NAD+/NADH content, reflecting their glycolysis-driven metabolic profile when residing in their 

homeostatic hypoxic niche (Simsek et al., 2010; Takubo et al., 2013; Yu et al., 2013). Stress-

induced hematopoiesis occurs after extensive injury of intermediate progenitors and their 

terminally differentiated progeny: platelets, red blood cells and/or leucocytes, which induces 

rapid proliferation of HSCs to replenish the depleted progenitor populations. HSC 

transplantation, a procedure where HSCs from an immune-compatible donor are transferred 

intravenously to a host that has received a lethal dose of radiation or chemotherapy, constitutes 

the best-characterized model of stress-induced hematopoiesis (reviewed in Purton and Scadden, 

2007). One single long-term (LT) HSC can actually reconstitute the whole hematopoietic system 

of a mouse in these conditions (Osawa et al., 1996). In humans, HSC transplantation has become 

the first and most extensively exploited stem cell therapy to date, and the only curative regime 

for most types of leukemia and aggressive lymphomas (Gratwohl, Baldomero and Passweg, 

2013). However, the slow nature of hematopoietic recovery still translates into up to 25% 

toxicity-associated mortality, in large part due to the severe infections that accompany the period 

of bone marrow (BM) and immune aplasia (Gratwohl et al., 2009; Gooley et al., 2010).  

The proliferative stress imposed on HSCs to reconstitute the full hematopoietic system in the 3-6 

weeks following HSC transplantation entails activation of oxidative phosphorylation within 



 
 

 5 

mitochondria (Suda et al. 2011), interferes with pyruvate dehydrogenase kinase (PDK) and 

hypoxia-inducible factor (HIF)-driven metabolic checkpoints of HSC self-renewal (Takubo et 

al., 2013; Yu et al. 2013) and thus induces premature HSC aging (Ito et al., 2004). In turn, 

activation of the mitochondrial stress response, and more specifically of the mitochondrial 

unfolded protein response (UPRmt), has been shown to enhance mitochondrial health and to 

prolong lifespan from C. elegans to mice (Houtkooper et al., 2013). In conditions where 

mitochondrial activity is boosted, a two-step stress signaling pathway is initiated, involving an 

early UPRmt induction and a delayed ROS-mediated Foxo/DAF-16 activation that can promote 

lifespan extension in C. elegans (Mouchiroud et al., 2013). Indeed, FOXO3-mediated autophagy 

initiation together with activation of the mitochondrial stress response has been shown to act as a 

metabolic checkpoint that regulates HSCs maintenance (Mohrin et al. 2015; Warr et al. 2013; Hu 

et al. 2018).  

We set out to test whether a clinically-compatible pharmacological strategy to induce the 

mitochondrial stress response would improve HSC mitochondrial homeostasis and improve 

hematological reconstitution after HSC transplantation. We chose a NAD+-boosting strategy 

because it has been characterized as a means of activating the SIRT1 axis via the induction of the 

mitochondrial stress response in the context of aging, liver and muscle regeneration (Imai et al., 

2000); Belenky et al. 2007; Cantó et al., 2012; Mouchiroud et al., 2013; Zhang et al., 2016). 

Interestingly, the NAD+ precursor Nicotinamide (NAM) has been shown to increase the homing 

of hematopoietic progenitors and to enhance platelet formation in vitro (Giammona et al., 2009; 

Peled et al. 2012; Horwitz et al. 2014), but efforts to use NAM supplementation to enhance 

hematopoiesis in vivo have failed (Konieczna et al., 2013). Here we reveal the ability of a 

different NAD+ boosting agent, nicotinamide riboside (NR), to reduce mitochondrial potential in 
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HSCs and enhance hematopoiesis in vivo via activation of autophagy, increased mitochondrial 

clearance and increased proliferative asymmetry in LT-HSCs through the NR-Nrk1/2-NMN axis. 

 

RESULTS AND DISCUSSION 

Mice supplemented with Nicotinamide Riboside expand the hematopoietic progenitor 

compartments 

Nicotinamide Riboside (NR) was recently identified as a bona-fide NAD+ vitamin B3 precursor 

in vertebrates, naturally present in milk and indirectly quantifiable in plasma (Trammell et al., 

2016 and Bogan and Brenner 2008). NR uses a dedicated transporter and enters the NAD+ 

salvage pathway via the NR kinase (Nrk1/2)-mediated phosphorylation of NR into nicotinamide 

mononucleotide, NMN (reviewed in Bogan and Brenner, 2008, and Cantó et al. 2015). 

Transcripts associated with the enzymatic machinery necessary to directly incorporate NR onto 

the NAD salvage pathway, most notably Nmnat3 and Nrk1, are expressed in both long-term (LT) 

and short-term (ST-) HSCs in homeostatic conditions (Figure S1A; Seita et al., 2012). We 

provided dietary NR supplementation to mice for seven days (Figure 1A), and found increased 

BM cellularity (Figure S1B) accompanied by expansion of all short-term hematopoietic 

progenitors (ST-HSCs, MPPs, CMPs and MEPs, see Figure 1B). Short-term reconstitution 4 

weeks after competitive BM transplantation (Figure 1C) and in vitro colony forming unit (CFU) 

assays (Figure 1D) confirmed a functional increase of short-term hematopoietic progenitors upon 

NR treatment. Importantly, NR did not significantly affect the most primitive, self-renewing 

compartment of LT-HSCs, whose overall number and function did not change as measured 

phenotypically by surface marker and functionally by competitive repopulation 16 weeks after 

BM transplantation (Figure 1B and Figure S1C). Analysis of terminally differentiated blood cells 
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in NR-treated mice showed a significant increase in circulating platelets, monocytes and 

granulocytes, although still within the physiological range for C57BL/6 mice (Figure 1E, Figure 

S1D). Niagen, a food supplement containing GMP-grade NR chloride for human use, induced 

the same effect on baseline blood counts, although more moderately than our custom-synthetized 

NR triflate (2.4g of NR per Kg of food) (Figure 1E and Figure S1D). Interestingly, mice 

receiving food supplemented with NAD precursors with independent entry points within the 

NAD+ salvage pathway, such as nicotinic acid (NA) and nicotinamide (NAM), did not display 

any significant differences in their hematopoietic compartments after the same seven-day 

treatment, indicating that the effect on the hematopoietic system is specific to NR and not to 

other NAD precursors (Figure S2A-H). Conversely, mice supplemented with NMN, which 

constitutes the first intracellular intermediate of NR metabolism upon NRK-mediated 

phosphorylation of NR, exhibited a significant expansion of the hematopoietic progenitor 

compartments (Figure S3A-C). Hematopoietic progenitor pools were not affected by NR 

supplementation in Nrk1-/-;Nrk2-/- double knockout mice (Figure S3D-F; Fletcher et al. 2017), 

indicating a specific role of the NR-Nrk1/2-NMN axis on NAD-driven hematopoietic progenitor 

expansion. 

We conclude from this data that NR  and NMN dietary supplementation expands the ST-HSC 

and committed hematopoietic progenitors within the murine BM, without significantly affecting 

the size of the LT-HSC pool. 
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NR decreases mitochondrial membrane potential (m) independently of cell cycle 

quiescence 

Because NR has been shown to enhance mitochondrial fitness (Cantó et al., 2012), we tested its 

capacity to modify mitochondrial homeostasis. We expected NR to increase mitochondrial 

activity and biogenesis in HSCs, as it does in mammalian hepatocytes and skeletal muscle 

through the activation of Sirt1 and its downstream target, PGC1 (Cantó et al., 2015). We 

isolated HSCs from one-week NR-treated mice and stained them with the mitochondrial 

membrane potential (m) sensitive dye tetramethylrhodamine methyl ester (TMRM). 

Unexpectedly, we found a striking decrease in m both in LT- and ST-HSCs after in vivo 

treatment (Figure 2A). Of note, the expression of Sirt1 remained unchanged (Figure 2B). To test 

whether the unexpected NR-mediated decrease in m was cell-autonomous, we exposed 

dividing HSCs to NR in vitro for 2 days and again detected a decrease in m as compared to 

controls, which persisted when separately analyzing LT- and ST-HSCs (Figure 2C and S4A,B). 

The NR-mediated decrease in m was dose-dependent and also occurred in HSCs exposed to 

NMN, the first intracellular intermediate of NR metabolism (Figure S4B). We thus concluded 

that the NR-mediated decrease in m is cell-autonomous in HSCs. Blocking the ABC 

transporters expressed in HSCs, Brcp1 and Mdr 1a/b, through verapamil treatment only mildly 

affected NR-induced m decrease (Figure S4C), thus indicating that ABC-transporter-

mediated dye efflux in HSCs does not explain the NR-induced reduction in TMRM stainings  

(Goodell et al., 1996; de Almeida et al., 2017). In order to investigate if the mitochondrial 

phenotype was associated to cell cycle arrest, we exposed both LT-HSCs and ST-HSCs to NR in 

vitro and used a cell-labelling strategy based on carboxy-fluoresceinsuccinimidyl ester (CFSE) to 

measure m in cells that had divided one time (Vannini et al., 2016). NR-exposure slowed 
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entry into first division for both LT-HSCs and ST-HSCs, but the majority of cells divided after 2 

days of culture (Figure 2D). Within the cells that underwent first division, the proportion of LT-

HSCs and ST-HSCs that exhibited a low m (termed here TMRMlow) was significantly 

increased by exposure to NR (Figure 2E), whereas non-dividing LT-HSCs did not present 

changes in m, indicating that the NR-mediated decrease in m preferentially occurs in 

dividing HSCs. Of note, we have previously demonstrated that the TMRMlow HSC subset 

contains, after first division in the same conditions, the functional self-renewing HSC subset 

(Vannini et al., 2016). We thus conclude that NAD+ boosting via NR reduces m in LT and 

ST-HSCs in a cell-autonomous manner, independently of cell-cycle quiescence, and 

preferentially in dividing cells. 

 

NR decreases m in human CD34+ cells and improves human blood reconstitution. 

As NR was found capable of strongly modulating mitochondrial homeostasis, a key player of 

HSCs function (Ito et al. 2016, Vannini et al. 2016, Jin et al. 2018), we decided to evaluate the 

effect of NR on human CD34+ hematopoietic progenitor cells. Since a decrease in m is 

associated with improved HSC function both in mouse and in human (Mantel et al. 2010, Simsek 

et al. 2010, Vannini et al. 2016), we first tested the effect of NR on murine HSCs in primary and 

secondary CFUs and demonstrated the ability of NR to improve CFU re-plating efficiency 

(Figure S4D) without affecting cell viability (Figure S4E). We then tested NR treatment on 

cultured human CD34+ cells. NR decreased m of fetal liver, cord blood and adult BM 

derived human CD34+  (Figure 3A and Figure S4F).  Fetal liver derived human CD34+ cells 

cultured in the presence or absence of NR and transplanted into irradiated NSG recipient mice 



 
 

 10 

engrafted significantly better than controls, and they were capable of sustaining long-term blood 

production in both primary and secondary recipient NSG mice (Figures 3B and S5). Importantly, 

analysis of peripheral blood and spleen demonstrated that both the lymphoid and myeloid 

lineages reconstituted significantly better in mice transplanted with NR-treated CD34+ cells 

(Figure S5), confirming the superior functionality of NR-treated CD34+ cells and excluding 

possible lineage biases introduced by NR treatment.  BM analysis of primary and secondary 

recipient NSG mice congruently revealed a higher proportion of human hematopoietic progenitor 

cells (CD34+ and CD34+CD38-) in the NR treated group than in the control marrow (Figure 

S5). 

Taken together, our data demonstrates that human CD34+ hematopoietic progenitors also exhibit 

a very significant reduction on m upon NR exposure, which improves hematopoietic stem 

cell function. 

 

NR increases mitochondrial clearance and reduces mitochondrial metabolism.  

We then set to investigate the molecular mechanisms underlying the striking mitochondrial 

phenotype induced by NR treatment in HSCs. RNAseq analysis of in vitro cultured LT and ST-

HSCs revealed induction of autophagy genes in both cell populations upon NR supplementation 

(Figure 4A).  Increased expression of autophagy-related genes was associated with up-regulation 

of NAD salvage pathway and de novo synthesis genes (Figure 4B) and key mitophagy players, 

including Pink1 and Ulk1(Figure 4C), (Lazarou et al. 2015).  To study whether increased 

autophagy/mitophagy underlies the NR-mediated decrease in m, we treated LT- and ST-

HSCs with bafilomycin A1, which inhibits autophagy and mitophagy by blocking the fusion of 
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autophagosomes and lysosomes. We then quantified the size of Lc3b+ punctae by 

immunofluorescence to estimate autophagic flux (Mizushima et al., 2010; Warr et al., 2013). 

Bafilomycin successfully blocked the autophagic flux of control LT-HSCs, as shown by the 

accumulation of significantly bigger Lc3b+ punctae in comparison to the control cells (Figure 

S6A). When LT-HSCs were exposed to NR, bafilomycin A1 treatment resulted in restored 

mitochondrial activity as measured by Mitotracker Deep Red signal in confocal microscopy 

(Figure 5A) and TMRM staining by FACS (Figure S6B), and a tendency to increased autophagy 

flux (Figure 5A, and Figure S6A top panel). Note that the accumulation of bigger LC3b+ 

punctae is more pronounced in LT-HSCs than ST-HSCs upon bafilomycin A1 treatment (Figure 

S6A bottom panel), indicating a higher basal autophagic flux in the more primitive LT-HSCs as 

compared to ST-HSCs, consistent with previous data comparing autophagy in HSCs to more 

committed bipotent granulocyte-monocyte GMP progenitors (Warr et al., 2013; Mortensen et al., 

2011). Transplantation of HSCs cultured in vitro with Bafilomycin A1 for 48 hours into lethally 

irradiated mice hampered the NR-mediated HSC gain of function, reestablishing a similar 

engraftment capacity to untreated cells (Figure S6B). We thus concluded that NR exposure 

mediates increased mitochondrial clearance in HSCs, an effect which is more pronounced in LT-

HSCs. 

The NR-mediated increase in HSC mitochondrial clearance was also associated with a 

significant reduction of all RNA transcripts related to the major mitochondrial energy pathways, 

including the tricarboxylic acid (TCA) cycle and Oxidative phosphorylation (OxPh) (Figure 5B), 

while fatty acid oxidation was slightly decreased and glycolysis remained unchanged (Figure 

5C). This observation supports the hypothesis that NR-mediated m reduction in HSCs is a 

cooperative process involving mitophagy and metabolic checkpoints, and possibly that these two 
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processes orchestrate together the clearance of damaged mitochondria to maintain mitochondrial 

quality control (Park et al. 2015; Ito et al. 2016). Remarkably, in spite of reduced m and 

reduced transcription of the major mitochondrial gene pathways, one of the genes most 

significantly induced by NR-treatment is the HSC metabolic checkpoint regulator pyruvate 

dehydrogenase kinase 4 (PDK4) (Figure 5D), which catalyzes the inhibitory phosphorylation of 

pyruvate dehydrogenase (PDH), responsible for the formation of Acetyl-CoA from pyruvate 

(Harris, Bowker-Kinley et al. 2002). PDK4 has been demonstrated a key metabolic checkpoint 

for hematopoietic stem cell function and quiescence. Indeed, upregulation of PDK4 reduces the 

intake of metabolites in the mitochondria, induces mitochondrial clearance via PINK1 

stabilization, and thus imposes a more glycolytic cellular metabolism (Takubo et al. 2013, Warr 

et al. 2013, Park et al. 2015). In order to directly measure changes in the metabolic response of 

hematopoietic cells in presence of NR, and given the impossibility of sorting a sufficient number 

of LT-HSCs to perform reproducible seahorse assays, we recurred to analysis of splenocytes as a 

surrogate assay to measure the effect of NR in oxygen respiration rate (Mantel et al., 2015). 

Splenocytes exposed to NR displayed a significant reduction in m, while exhibiting an 

increase in respiratory capacity (Figure S6C), indicating that the NR-mediated decrease in m 

is associated to improved metabolic fitness at the cellular level, as previously described in other 

tissue systems (Palikaras et al., 2015; Ryu et al., 2016). 

To determine if NR could actually induce specific mitophagy in vivo, we supplemented the diet 

of mitophagy reporter mice (mito-QC) with NR (McWilliams and Ganley 2016; McWilliams, 

Prescott et al. 2016). Mito-QC mice express ubiquitously a tandem mCherry-GFP fusion protein 

fused with mitochondrial outer membrane targeting sequence of FIS1. In steady state 

mitochondria fluoresce in both red and green. Upon mitophagy induction, however, 
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mitochondria are delivered to lysosomes where the mCherry signal remains stable, while the 

GFP signal is quickly quenched by the acidic microenvironment. The GFP-mCherry+ population 

thus represents a snapshot of cells undergoing active mitophagy (Rizzuto et al. 1995, 1996). 

Mice whose diet was supplemented with NR presented a higher proportion of LT-HSCs 

undergoing mitophagy, while no major effect was detected in ST-HSCs (Figure 5E). 

Downstream hematopoietic progenitors, MPPs (KLS CD150-) and CPs (Lin- cKit+), exhibited 

lower mitophagy as compared to the most primitive hematopoietic compartments and were 

unaffected by NR supplementation (Figure S6D). Importantly, the use of this “dye free” system 

to analyze mitophagy confirms previous studies where mitophagy has been proposed as an 

important mechanism for HSCs maintenance (Ito et al. 2016, Vannini et al. 2016, Jin et al. 2018, 

Yang and Suda 2018).  

NR induces mitochondrial stress in vivo. 

We then tested if our NAD+ boosting strategy could induce mitochondrial stress in HSCs, for the 

mitochondrial stress response has been proposed in other tissues as a regulator of energy 

homeostasis and increased mitochondrial clearance (Zhang J. et al. 2015; Sorrentino et al., 2017). 

Similarly to the NR-induced increase in mitochondrial clearance, mRNA levels of 

mitochondrial-stress-associated chaperones, Hsp60 and Hspa9, as well as of the mitochondrial 

protease LonP1 were increased in LT-HSCs from mice whose diet was supplemented with NR, 

while the effect was more moderate in ST-HSCs (Figure S6E). By Western blotting, we could 

further observe a mitonuclear protein imbalance specifically in LT-HSCs, but not ST-HSCs- 

isolated from these mice (Figure S6F). The nuclear-DNA-encoded subunit of Oxphos complex V 

ATP5a was expressed at equivalent levels in LT- and ST-HSCs regardless of NR treatment. 

However, the mitochondrial-DNA-encoded MTCO1 protein, a component of Complex IV, was 
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induced by NR-treatment in LT- but not ST-HSCs, indicating a stoichiometric mitonuclear 

protein imbalance which could be the trigger for the NR-mediated mitochondrial stress response, 

as previously suggested (Mouchiroud et al., 2013, Jovaisaite and Auwerx 2015, Leveque-El 

Mouttie, 2015). We further tested activation of the mitochondrial stress response at the protein 

level in human hematopoietic stem cell-like leukemic cell line K562, as mitonuclear imbalance 

has been also described in preleukemic conditions (Schildgen et al. 2011). Increasing 

concentrations of NR up to 2mM did not affect cell survival over 48h of treatment (Figure S7A). 

However, NR treatment induced mitonuclear imbalance (MTCO1/SDHA ratio) and 

mitochondrial stress-associated protein HSP60 in a dose dependent manner (Figure S7B). Of 

note, there was no increase in K562 leukemic colonies upon NR treatment (data not shown). 

We conclude that NR treatment causes a mitonuclear protein imbalance in HSCs and induces the 

mitochondrial stress response in a cell-autonomous manner, preferentially in the most primitive 

LT-HSC compartment. The fact that NR-supplementation induces mitochondrial clearance in 

HSCs, as opposed to the increased mitochondrial activity observed in other mammalian tissues 

upon NR exposure (Mouchiroud et al. 2013, Khan et al. 2014), is surprising, but points to cell-

specificity and directionality of the mitochondrial stress response.  

 

NR promotes asymmetric mitochondrial distribution in LT-HSCs upon cell division  

Since both NR-induced mitochondrial clearance and NR-induced activation of the mitochondrial 

stress response occurred preferentially in the most primitive, dividing LT-HSCs, we postulated 

that the expansion of short-term progenitors observed in NR-treated mice may be a consequence 

of altered HSC fate decisions. As the size of the LT-HSC pool remained unchanged upon NR-

treatment (Figure 1, Figure S1C) we did not expect an increase in HSC self-renewing divisions, 
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but hypothesized that NR might increase ST-HSCs and their progeny by increasing asymmetric 

divisions in HSCs. This hypothesis is consistent with the current view that asymmetric cell 

division regulates stem cell fate and self-renewal (Morrison and Kimble 2006, Ting, et al. 2012), 

and that mitochondrial metabolism plays an important role in the modulation of asymmetric cell 

division in HSCs (Ito, Carracedo et al. 2012). In support of this hypothesis, purified ST-HSCs 

from mice fed with a NR-supplemented diet showed no increase in cell cycle entry (Figure S6G). 

Single-cell tracking of NR-treated HSCs showed a significant increase in time-asynchronous 

divisions (Figure 6A), which has been proposed as an epiphenomenon associated to increased 

asymmetric stem cell divisions (Vannini et al., 2012). We applied state-of-the-art single cell 

analysis to evaluate NR-induced asymmetry of cell divisions in HSCs. LT-HSCs were purified 

from mito-EGFP mice, which express EGFP tagged by the importing signal of the mitochondrial 

cytochrome c oxidase subunit VIII (Rizzuto, Brini et al. 1995, Rizzuto, Brini et al. 1996), thus 

ubiquitously and exclusively expressing EGFP in the mitochondria (Shitara et al. 2001). By 

combining the use of mito-EGFP mice and mitochondrial DNA quantification, we could confirm 

that the more primitive hematopoietic compartments have lower mitochondrial content than the 

populations of MPP and CP committed progenitors (Figure S7C) (Simsek T. et al. 2010, Vannini 

et al. 2016). Mito-EGFP LT-HSCs were then sorted by FACS and cultured into a microwell 

system designed to track both cell division by time lapse microscopy and mitochondrial 

distribution by confocal imaging (Figure 6B-D) (Abe et al. 2011). Both mitochondrial mass 

(EGFP) and m (TMRM) were measured and analyzed in daughter cells (paired-daughter 

cells, PDCs) at the end of the culture. The TMRM/EGFP ratio was used as readout for 

normalized mitochondrial activity (Figure 6B,D). LT-HSCs exposed to NR showed significantly 

higher asymmetric distribution of active mitochondria in daughter cells as compared to the 
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control group (Figure 6E). Specifically, log10 asymmetric distribution of active mitochondria in 

daughter cells happened in 20% of LT-HSCs exposed to NR, as opposed to 7.5% of the cells in 

control LT-HSCs. These results, combined with our previous study demonstrating that only 

TMRMlow but not TMRMhigh LT-HSCs retain long-term engrafting capacity after first division in 

vitro (Vannini et al. 2016), support the role of NR in increasing LT-HSC asymmetric divisions 

and highlight the role of mitochondria as determinants of stem cell fate decision. Recent data 

from us and others actually demonstrated that maintenance of a low mitochondrial potential 

through activation of autophagy is necessary to maintain HSC self-renewal (Vannini et al., 

2016), a process mediated by PPAR-dependent increase in fatty acid oxidation through enhanced 

Parkin recruitment in mitochondria (Ito et al., 2016).  

These results open important questions in regard to recent publications highlighting higher 

mitochondrial content in HSCs as compared to more committed progenitor populations and 

arguing on the role of mitophagy in the maintenance of a functional HSCs pool (de Almeida, 

Luchsinger et al. 2017, Snoeck 2017). Our data and that of others (Figure S7C; Vannini et al. 

2016; Yang and Suda 2018; Jin et al. 2018; Baumgartner et al. 2018) indicate that increased 

mitochondrial recycling and lower mitochondrial content in the most primitive HSCs associate to 

enhanced stem cell function, and encourage future studies to better understand the link between 

mitochondrial dynamics and HSC function and fate. 

 

Improved survival and enhanced blood cell production of post-transplanted mice treated 

with NR  

Finally, as survival after transplantation depends on the formation of sufficient ST-HSCs to 

maintain rapid stress hematopoiesis (Yang et al., 2005), we tested whether NR supplementation 
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would be sufficient to accelerate blood recovery following HSC transplantation. Indeed, 

limiting-dose-HSC transplantation proved lethal for all control mice, while 80% of mice 

receiving the NR-supplemented diet survived (Figure 7A-B). We further transplanted mice with 

an excess dose of CD45.1 BM cells, such that survival would not be compromised upon repeated 

bleeding to monitor blood counts. Platelet and neutrophil recovery were significantly faster in 

NR-treated mice as compared to controls (Figure 7C-D). Time of exit of severe neutropenia is a 

critical factor for patient outcome, typically determining hospital discharge. Mice treated with 

NR supplementation corrected granulocyte counts (neutrophiles > 0.5 G/l), on average, one week 

before controls (Figure 7D). Recovery from severe thrombocytopenia as defined by platelet 

count > 200 G/l, which is the functional cutoff for severe bleeding in mice (Morowski et al. 

2013), occurred on average 10 days earlier in NR-treated mice (Figure 7C). Increased survival 

and faster blood recovery were not due to a NR-mediated radio-protective effect, as there was no 

difference in residual CD45.2 cells from recipient mice (Figure S7D). Importantly, there was no 

HSC exhaustion after extended NR treatment, as secondary transplants from the marrow of these 

mice showed equivalent CD45.1 long-term engraftment at 16 weeks (Figure S7E). Lethally 

irradiated mice transplanted with total bone marrow from mitoQC mice and supplemented with 

NR in the diet during the entire post-transplant period (similar to Figure 7A) presented higher 

mitophagic rate in their stem and multipotent progenitor compartments during the blood recovery 

period (Figure 7E). NR supplementation in stress hematopoiesis is thus coupled to induction of  

mitophagy in the most primitive hematopoietic compartments. 

Finally, humanized mice fed with NR-supplemented diet for one week presented enhanced 

human hematopoiesis as reflected by a significant increase in lymphocyte (Figure 7F) and 

possibly monocyte production (Figure S7F). Human neutrophil recovery is unfortunately not 
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measurable in standard humanized NSG mice (Rongvaux et al., 2014). We thus conclude that 

NR supplementation accelerates both murine and human hematopoiesis, significantly increasing 

survival in mice upon limiting-HSC transplantation.  

 

Conclusions and perspectives 

Collectively, our work links the NAD salvage pathway to mitochondrial clearance in wildtype 

HSCs, via induction of mitochondrial stress response and increase in asymmetric divisions. The 

mitochondrial effects of NAD replenishment in vivo were observed at the level of the most 

primitive HSCs, both during homeostatic and stress hematopoiesis, which demonstrates the cell-

type specific directionality of the mitochondrial stress response. Moreover, our results reveal NR 

and NMN as potential boosters of hematopoiesis which could prove useful either in vitro for 

HSC expansion protocols, such as in the context of expansion for adoptive cell transfer or for 

increased immune cell metabolic fitness upon immune-therapy, or in vivo to reduce mortality in 

the setting of BM aplasia and possibly in the context of myelodysplastic syndromes where an 

age-dependent mitochondrial defected has been suggested (Pellagatti et al., 2018). Given the 

efficient enhancement of megakaryopoiesis, NR supplementation could also prove beneficial for 

the treatment of refractory autoimmune idiopathic thrombocytopenic purpura (ITP) or other 

auto-immune BM failure syndromes. Of note, the wide-ranging protective effects of NR on 

mitochondrial activity in non-hematopoietic tissues would be of additional value for HSC-

ablative chemotherapy regimens, which often carry significant secondary cardio/neurotoxicity 

due to mitochondrial impairment (Bogan et al., 2008; Cantó et al. 2015).  
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FIGURE TITLES AND LEGENDS: 

 

Figure 1. NR treatment expands ST hematopoietic progenitors in vivo.  

A, Mice were fed for 7 days with control or NR diet (12mg NR /mouse/day). Blood was sampled 

and mice were sacrificed for BM analysis (FACS and CFUs) and secondary transplants. B, 

Phenotypic analysis of the different BM hematopoietic stem/progenitor compartments from 

control (ctrl) or NR fed mice by flow cytometry, n=5; LT-HSCs are Lineage-

cKit+Sca1+(KLS+)CD48-CD150+CD34-, short-term(ST)-HSCs are KLS+CD48-

CD150+CD34+, multipotent progenitors (MPPs) are KLS+CD48+, committed progenitors 

(CPs) include common myeloid progenitors (CMPs: Lineage-cKit+Sca1-(KLS-) FcRlowCD34+), 

granulocyte–macrophage progenitors (GMPs: KLS-FcRlowCD34+) and megakaryocyte–erythroid 

progenitors (MEPs: KLS-FcR-CD34-). C, BM derived from NR- or control-fed mice was 

transplanted into lethally irradiated mice and peripheral blood chimerism was measured 4 weeks 

after transplantation, n=12. D, 12,500 BM cells from ctrl- or NR-fed mice were plated in 

Methocult for colony forming unit (CFU) analysis 8 days after plating, n=5; GEMM, 

granulocyte-erythroid-monocyte-megakaryocyte mixed CFU; GM, granulocyte-monocyte CFU; 

M, monocyte CFU; G, granulocyte CFU; Mk, megakaryocyte CFU; E, erythroid and erythroid 

blast forming CFUs E, Blood cell counts of mice fed with ctrl, Niagen or NR diet as in (a.), n=5.  

Student’s t test *p<0.05, **p<0.01, ***p<0.001. See also Figures S1-S3. 
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Figure 2. NR treatment decreases mitochondrial membrane potential (m).  

A, LT and ST-HSC mitochondrial potential measured by TMRM staining, from BM of control- 

or NR-diet fed mice, n=5. B, Gene expression analysis of Sirt1 in LT-HSCs derived from 

control- or NR-diet fed mice, n=5. C, HSCs were cultured in vitro for 2 days in presence or 

absence of NR and then stained with JC-1 dye, which reports mitochondrial depolarization by a 

decrease in the red (total mitochondria) to green (active mitochondria) fluorescence intensity 

ratio. Confocal imaging of JC1 stained mitochondria from HSCs cultured in presence or absence 

of NR, n=20. D, Proportion of dividing and not dividing LT and ST-HSCs as measured by CFSE 

staining n=3 E, Mitochondrial potential of dividing and not dividing LT and ST-HSCs as 

measured by TMRM staining in combination with CFSE staining, n=3. Student’s t test *p<0.05, 

**p<0.01, ***p<0.001. See also Figure S4A-E. 
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Figure 3. NR decreases m in human CD34+ and improves human blood cell 

reconstitution. A, Human CD34+ cells from fetal liver, cord blood and adult femoral bone 

marrow were cultured in the presence or absence of NR for 2 days and the TMRMlow population 

(blue outline) and TMRM MFI were quantified by FACS after TMRM staining. Fold changes in 

MFI are calculated by normalization over control group values. Each data point represents a 

different donor (fetal liver n=4, cord blood n= 4 with Fig. S4F, adult bone marrow n=5). B, 

Human CD34+ cells from fetal liver were cultured for 7 days in vitro in the presence or absence 

of 1mM NR and were transplanted in primary (n=6) and secondary (n=12) recipient NSG mice. 

Blood reconstitution was analyzed over time while bone marrow (BM) and spleen analysis were 

performed at the experimental endpoints. Student’s t test *p<0.05, **p<0.01, ***p<0.001. See 

also Figures S4F and S5. 
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Figure 4. NR induces the expression of autophagy/mitophagy-related genes and NAD 

salvage pathway. A, Heatmap of the top 40 up-regulated autophagy-related genes in NR treated 

LT and ST-HSCs (top panel) and gene enrichment (GE) analysis quantified via enrichment score 

(ES, bottom panel) (in blue: low expression genes, in red: high expression genes). B, Heatmap of 

NAD salvage pathway gene expression and GE analysis. C, Heat-map of mitophagy–related 

genes produced with GSEA software analysis.  
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Figure 5. NR induces mitophagy and downregulates mitochondrial energy pathways in 

HSCs 

A,  Confocal imaging analysis of active mitochondria in sorted LT-HSCs treated with NR +/- 

autophagy inhibitor bafilomycin A1 for 2 days, as quantified by Mitotracker Deep Red staining, 

a mitochondrial potential sensitive dye n=5. Note that the decrease in mitochondrial mass of 

active mitochondria upon NR treatment is corrected in the presence of bafilomycin, thus 

indicating increased mitochondrial clearance in NR-treated LT-HSCs. B,C, RNAseq analysis of 

key energy pathways. Heat map representation (in blue: low expression genes, in red: high 

expression genes) and gene enrichment analysis are presented. D, Volcano plot of gene 

transcripts most induced by NR treatment in LT- and ST-HSCs. PDK4 metabolic checkpoint 

expression is highlighted. E, Mito-QC mice were supplemented with Ctrl or NR diet for 1 week. 

Proportion of cells undergoing mitophagy were quantified by flow cytometry measuring 

mCherry and GFP signal in both LT and ST-HSCs (see text for details) n=3. Student’s t test 

*p<0.05, **p<0.01, ***p<0.001. See also Figure S6. 
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Figure 6. NR induces asymmetric mitochondrial distribution in LT-HSCs. A, Synchrony of 

cell division analysis in LT-HSCs upon first division was performed by following cell cycle 

kinetics in the micro-well array system. Cell division was considered asynchronous, thus 

suggestive of asymmetric HSC divisions, when 2 daughter cells where dividing in a time gap 

(∆t) > 6h, n=3. B, LT-HSC paired-daughter cell (PDC) analysis of m (TMRM) and 

mitochondrial mass (EGFP). Ratio between m and mitochondrial mass was used to normalize 

all values for mitochondrial activity. C-E, Cell division kinetic was followed by time-lapse 

microscopy in a microwell system and C,D, PDC analysis was performed after TMRM 

quantification of mitochondrial activity as measured by confocal microscopy. Note that EGFP 

signal and thus mitochondrial mass does not change upon NR treatment, so all changes in 

TMRM signal normalized to EGFP reflect changes in m and in mitochondrial mass.  E, PDC 

analysis on mitochondrial distribution was evaluated in cells treated +/- NR as in C,D and the 

frequency of cells with highly asymmetric mitochondrial distribution (>Log10) was quantified; 

n=67 and n=75. Student’s t test *p<0.05, **p<0.01, ***p<0.001. 
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Figure 7. NR improves survival and accelerates blood recovery after HSC transplant.  

A, Mice were fed with ctrl or NR-supplemented diet (12mg NR triflate /mouse/day) from 1 week 

prior to transplantation until the end of all experiments. B, Survival of mice transplanted with a 

limited number of cells (70*105 total BM cells) was assessed over a period of 40 days, n=10. 

Mantel-Cox ***p<0.001. C, D, Recovery of blood cell counts was assessed over a period of 40 

days after transplant of 150*105 total BM cells, n=10. 2 way ANOVA, Bonferroni post test 

*p<0.05, **p<0.01, ***p<0.001. E, Wildtype recipient mice were lethally irradiated and 

transplanted with BM derived from mitoQC mice. Transplanted mice received diet supplemented 

with NR during throughout the post-transplant recovery period. Mitophagy rate was measured by 

FACS at 35 days post-transplant in the different hematopoietic progenitor and stem cell 

compartments. F, NSG humanized mice were produced by intrahepatic injection of human 

CD34+ cells in adult NSG mice. Human CD3+ T lymphocyte levels were assessed in humanized 

mice after 7 day treatment with control (ctrl) or NR diet (12mg NR /mouse/day). For each mouse 

the change in % CD3+ cells within the HuCD45+ population following 7d treatment was 

calculated as fold increase relative to d0, n=5.    Student’s t test *p<0.05, **p<0.01, 

***p<0.001. See also Figue S7. 
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STAR METHODS : 

CONTACT FOR REAGENT AND RESOURCE SHARING 

Further information and requests for reagents may be directed to and will be fulfilled by the  co-

corresponding authors olaia.naveiras@epfl.ch (Lead Contact) and nicola.vannini@unil.ch. 

 

EXPERIMENTAL MODEL AND SUBJECT DETAILS 

Study design 

HSC function is strongly regulated by their metabolic state. In this study we aimed to test the 

modulation of intracellular NAD as a possible strategy to influence HSC fate. In the first part of 

the study we analyzed the effect of NR on the hematopoietic stem and progenitor compartments. 

The phenotypic analysis was performed by FACS while functional analysis consisted of CFU 

colony assay and BM transplantation.  

In the second part we evaluated the effect of NR on mitochondrial metabolism. As readout we 

chose TMRM staining for FACS, a rhodamine based that is absorbed by the mitochondria based 

on a functional membrane potential, as well as mitochondrial dye MitoTracker Deep Red and 

JC1 for confocal microscopy. Unfortunately other type of analysis (i.e., proteomics or use of 

Seahorse metabolic analysers) was not technically possible due to the limited number of cells 

(LT-HSCs ≈ 1000/mouse and ST-HSCs ≈ 2500/mouse). 

In the third part we evaluated the activation of autophagy/mitophagy and mitochondrial stress 

response as candidate pathways for the reduction in mitochondrial activity. The analysis was 

performed by RNA sequencing (in vitro NR-treated HSCs) and quantitative RT-PCR (in vivo 

NR-treated HSCs) in order to assess changes in gene expression for the components of these 

mailto:olaia.naveiras@epfl.ch
mailto:nicola.vannini@unil.ch
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pathways. As above, RNA transcription analysis is one of the few methods that allows the 

analysis of molecular mechanism in such rare populations. Mitonuclear imbalance was validated 

at the protein level by Western blotting of FACS-sorted LT-HSCs.   

In the fourth part we assessed asymmetrical HSC division via confocal microscopy analysis of 

paired-daughter cells, to evaluate asymmetrical distribution of active mitochondria immediately 

after cell division. 

In the last section we translated our findings to a clinically relevant scenario. Due to the effect of 

NR on the hematopoietic progenitor compartments, we investigated the capacity of NR to boost 

blood cell production in post-transplant mice and to improve the survival of mice transplanted 

with a limited number of BM cells. 

Mice 

C57Bl/6J and C57Bl/6J Ly5.1 were purchased from Charles River Laboratories 

International and maintained at the Center for Studying Living System (CAV) at the EPFL in 

microisolator cages. Mito-QC mice in C57Bl/6J background were provided by P.C. Ho, bred at 

the Ludwig Institute for Cancer Research Lausanne and their BM analyzed at EPFL. Mito-eGFP 

mice in C57Bl/6J background ubiquitously expressing enhanced green fluorescent protein 

(EGFP) in the mitochondria of each cell (R26R/R26‐Mito‐EGFP) (Abe et al. 2011) were 

provided by M.P. Lutolf Lab and bred at EPFL. Nrk1-/-;Nrk2-/- mice, also in C57Bl/6 

background, were provided by C. Cantó, then bred and analyzed at EPFL. Mice were provided 

continuously with sterile food, water and bedding. All in vivo procedures were carried out in 

accordance with the Swiss law after approval from the local authorities (Service Vétérinaire de 

l’Etat de Vaud). All experiments were designed according to the ARRIVE guidelines. NSG mice 

were purchased from Jackson Laboratory, bred and maintained under pathogen-free conditions 



 
 

 40 

in-house. Animal experimentation followed protocols approved by the Service Vétérinaire de 

l’Etat de Vaud. 

Food preparation 

NR diet was prepared by mixing NR triflate (custom synthesized by Novalix, beta form isomer 

purity > 95%) dissolved in water with 2916 powder diet (Charles River) and air dried into pellets 

in sterile conditions. The NR dosage in the mix was calculated by taking into account the 

average mouse food intake per day (5g food/ mouse/ day) for a calculated intake of 12mg NR 

triflate /mouse/day (=7.57mg/mouse/day of NR+). NA and NAM were provided at the same 

dose, that is, 480mg/kg of food chow (Cantó et al. 2012). The food was provided ad libitum 

during the entire period of the experiment. As previously described, food consumption is higher 

in NR-treated mice in baseline conditions. Food consumption is significantly reduced after BM 

transplantion; we found no difference in NR versus control food consumption post-transplant. 

Niagen was purchased from Live Cell Research; NR dose was calculated based on the 

manufacturer’s report of NR chloride content, and capsules were then opened and their full 

powder content (containing cellulose and silicon dioxide as excipients) was mixed with “2916” 

powder diet as for custom-synthesized NR triflate.  

Murine HSC extraction and culture 

Hematopoietic stem cells were isolated from crushed bone marrow of 8- to 12-week old female 

C57Bl/6J mice. Red blood cells were removed by incubation with a lysis buffer (BioLegend). 

Lineage positive cells were eliminated using a magnetic lineage depletion kit (Miltenya Biotech). 

Cells in suspension were stained with SAV-PO or SAV-TxRed, Kit-PE-CY7, Sca1-PE, CD150-

BV784 or CD150-PE or CD150-PE-CY5, CD48-PB, CD34-eF660 or CD34-FITC and FACs-

sorted using a FACSAria II,  FACSAria Fusion (BD) or MoFlo Astrios (Beckman Coulter) cell 
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sorter. LT-HSC compartment was defined as Lin− C-kit+ Sca1+ CD150+ CD48− CD34−. ST-

HSC compartment was defined as Lin− C-kit+ Sca1+ CD150+ CD48− CD34+. MMP 

compartment was defined as Lin− C-kit+ Sca1+ CD150−. CP compartment was defined as Lin− 

C-kit+ Sca1−. MEP compartment was defined as Lin− C-kit+ Sca1+ CD150−. CP compartment 

was defined as Lin− C-kit+ Sca1−. MEP compartment was defined as Lin− C-kit+ Sca1− CD34−.  

HSCs were sorted and cultured for 2 or 5 days. Cultures were maintained in Stemline II (Sigma) 

supplemented with 100ng/ml SCF (R&D) and 2ng/ml Flt3 (R&D), +/ - 500M NR or increasing 

concentrations up to 2mM for the dose-response curves. NR and NMN were replenished every 

24h (2 day cultures) or 48h (5 day cultures) into the culture media.  

Human hematopoietic cells 

Cord blood, fetal liver and adult bone marrow (hip replacement surgery) came from consent 

donors. Collection and experimental procedures were carried out in accordance with the Swiss 

law after approval from the pertinent local authorities: Swiss Ethics Commissions on research 

involving humans (Vaud canton protocol number VD2797 and 336/1 to G.C. for fetal liver, 

CER-VD2017-00846 to O.N. for adult bone marrow, and Zurich canton protocol number 

Stv22/2006 to M.E. for non-commercial cord blood). Human CD34+ cord blood were 

alternatively purified from a cord blood bag provided by the “Etablissement de Transfusion 

Sanguine Bourgogne Franche-Comté” (Besançon). 

In vitro culture of human CD34+ hematopoietic progenitor/stem cells 

Human CD34+ cells were isolated from fetal liver, cord blood or adult bone marrow by human 

CD34 positive selection (StemCell Technologies #18056), then cultured either directly after 

isolation or after cryopreservation in StemSpan media (StemCell Technologies, #09600) 
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supplemented with SCF (100ng/ml), FLT3L (100ng/ml), TPO (50ng/ml), LDLP (10ug/ml) and 

different concentrations of NR. Each well of a 96-round-well plate contained 90,000 CD34+ 

progenitors in 200 µl of media. The culture media was supplemented with fresh NR every 24 

hours. After the indicated culture period the cells were stained, washed and analyzed by flow 

cytometry.  

Murine bone marrow transplantation 

C57Bl/6 Ly5.2 mice were lethally irradiated with a total 850 rad dose in a X-ray radiator (RS-

2000, RAD SOURCE) 24h before transplant. The dose was split in two doses of 425 rads 

separated by a 4-hour interval. Mice were injected with donor cells derived from C57Bl/6 Ly5.1 

mice and competitor cells derived from C57Bl/6 Ly5.1/5.2 mice, via tail-vein injection. For the 

7-day NR treatment, donors received 150*103 total BM donor cells together with 150*103  total 

BM competitor cells. For at least two weeks after lethal irradiation mice were treated with 

paracetamol and antibiotics in the form of either Bactrim for the limiting-dose transplantation 

studies (Sulfa and TMP 60mg/Kg/day: 250ml of water with 2.5ml of Bactrim (200mg Sulfa 

/40mg TMP)) or Baytril/Co-amoxiciline (300 ul of Baytril 10% solution plus 2.5 ml of 

Amoxymepha to 250 ml of drinking water) for all other transplants. Peripheral blood was 

collected at 1,2 and 4 months to determine the percentage of chimerism by FACS analysis. For 

the limiting transplant experiments, mice received 75*103  total BM donor cells and the health 

status of the animals was monitored twice daily. For the blood recovery curves mice were 

transplanted with150*103  total BM donor cells. Blood was collected twice per week (blood 

volume 50 microliters) and analyzed by standard veterinarian blood cell counter (ABCtm). 

Transplantation of human CD34+ hematopoietic progenitor/stem cells 
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For transplantation, one day old NSG pups were irradiated with 1Gy and few hours later injected 

intrahepatically with in vitro expanded hCD34+ HSPCs. Each pup was injected with a cell mass 

containing 50,000 CD34+ cells after thawing and in vitro culture. Mice were bled, via tail vein, 

every 4 weeks, starting from 8 weeks until 36 weeks to quantify human reconstitution levels (% 

human CD45+ cells) in the peripheral blood. Antibody combinations were used to further 

estimate human B cells, T cells, Monocytes, Neutrophils and NK cells. At the endpoint (36 

weeks), BM and spleen were isolated to determine the level of human reconstitution at these two 

sites. 

For secondary transplantation, adult (8-10 weeks) NSG mice were irradiated with 2Gy and one 

day later injected intravenously with bone marrow cells isolated from primary recipients. Bone 

marrow from each primary recipient was injected in 3 secondary recipients (8 million cells per 

mouse). Mice were bled, via tail vein, every 4 weeks, starting from 8 weeks until 24 weeks to 

estimate human reconstitution levels (% human CD45+ cells) in peripheral blood. Antibody 

combinations were used to further estimate human B cells, T cells, Monocytes, Neutrophils and 

NK cells. At the endpoint (24 weeks), bone marrow and spleen were isolated to determine the 

level of human reconstitution at these two sites. 

Flow cytometry 

Flow cytometry analysis of stem and progenitor hematopoietic compartments was performed on 

freshly isolated bone marrow (BM). BM was extracted from crushed femora and tibia. Cells 

suspension was filtered through 70m cell strainer and erythroid cells were eliminated by 

incubation with red blood cells lysis buffer (eBioscences). Isolation and stains were performed in 

ice-cold PBS 1mM EDTA. Lineage positive cells were then removed with a magnetic lineage 

depletion kit (Milteny Biotechnology). Cells suspension were then stained with specific 
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antibodies for stem/progenitor compartments and analyzed or sorted respectively on BD LSR2 

and BD FACS Aria 2. 

Analysis of mitochondrial activity  

Freshly isolated BM cells were incubated at 37°C for 1 hour with 200nM TMRM (Invitrogen) 

and subsequently stained with specific antibodies for different hematopoietic compartments. 

Cells were then analyzed or sorted by flow cytometry. For confocal imaging, LT-HSC and ST-

HSC were sorted into StemLine II supplemented with SCF+Flt3L +/- NR as for HSC culture, 

and let adhere on a poly-lysine coated slide for 6 hour. JC-1 was then added in the cell media 

according to the manufacturer instructions (Cayman Chemical) and live cell images were 

acquired on a Leica SP5.  

Analysis of autophagy flux 

Sorted LT and ST cells were cultured in complete growth medium in presence or absence of 

±500µM NR for 24hours and treated with 5nM Bafilomycin or PBS for additional 12 hours. The 

cells were treated with Mitotracker Deep Red (Thermo Scientific), fixed with PFA 4%, stained 

for Lc3b (Cell Signaling) and mounted using Prolong mounting medium with DAPI (Thermo 

Scientific). For Lc3b, we used donkey anti-rabbit 555 secondary antibody (Alexa). The 

fluorescent pictures were taken using Zeiss 880LSM Airyscan. 3D whole cell reconstructions 

were analyzed using Imaris software (Bitplane) to calculate Lc3b punctae number and 

mitochondria surface, utilizing dot and surface analyses functions.   

CFUs assay 

12500 total bone marrow cells were isolated from the legs and hips of C57Bl/6J mice and 

cultured in MethoCult (StemCell technology) containing recombinant SCF, EPO, IL-3 and IL-6. 
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Number and morphology of the colonies were analyzed with phase contrast microscope after 7 

days of culture. 

CFSE 

 Freshly sorted LT-HSCs were incubated for 20 min at 37°C with 1:400 CFSE stock solution  

(Cayman chemicals; CFSE cell division assay kit). The cells were pelleted and re-suspended in 

1ml of Stemline II (Sigma) containing 10% FBS for 20 min at 37°C. Thereafter, the cells were 

washed twice with 1ml of Stemline II (Sigma) and put in culture as described above. 

KLSCD150- cells were sorted with LT- and ST-HSCs and, given their higher frequency and 

higher proliferative state, used as controls for determining the peaks of CFSE intensity 

corresponding to 0 and 1 divisions. 

Seahorse Oxygen Respiration Rate (OCR) measurement 

OT-1 splenocytes were stimulated in vitro with SIINFEKL peptide and IL-2 for in the presence 

of NR or Ctrl treatment. Cells were plated at equivalent cell number, and ECAR and OCR 

measurements were assayed upon stimulation in the Seahorse XF24 bioanalyzer (Seahorse 

Bioscience). Cells were washed and resuspended in serum-free unbuffered KHB medium 

containing 25mM Glucose, 2mM Glutamine, 1mM pyruvate, 150μM Oleate and 1.5mM 

Carnitine. The cells were then were plated onto Seahorse cell plates (4 × 105 cells per well) 

coated with Cell-Tak (BD Bioscience) to allow their attachment. Perturbation profiling of 

substrate was achieved by addition of oligomycin (1 μg/ml), FCCP (1.5 μM), Etomoxir 

(200μM), rotenone (100nM) and Antimycin A (1μM; all from Sigma-Aldrich). 

Experiments with the Seahorse apparatus were done with the following assay 

conditions: 2-3 min mixture; 2 minutes wait; and 3-4 min measurement.  
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RNA preparation 

LT-HSC and ST-HSCs were FACS sorted (>104cells per sample), cultured for two days in 

presence or absence of NR as indicated above, then resuspended in RNA lysis buffer (Zymo 

Research) and total RNAs extracted using the Quick-RNA Microprep Kit (R1050, Zymo 

Reseach) following the manufacturer’s instructions. The extraction included a DNA-digestion 

step and was finally reconstituted in 12.5 µl ddH2O. In parallel, and as a quality control, some 

cells were stained with TMRM and analyzed by flow cytometry to verify a significant decrease 

in m upon NR-treatment. 

Total RNA content was quantified using the Qubit 3 Fluorometer (Invitrogen), and RNA quality 

control was performed by profile analysis on a TapeStation 4200 system (Agilent) following the 

manufacturer’s protocol. The cDNAs were prepared from 2.5 ng RNA per sample with the 

"SMART-seq v4 Ultra Low Input RNA Kit for Sequencing" (Clontech), and subsequently 

processed into sequencing libraries with the Nextera XT kit (Illumina FC-131-1096), in both 

cases following manufacturer’s instructions. The resulting libraries were quantified using a Qubit 

3 Fluorometer and their profile monitored on a TapeStation 4200 system.  

RNA-seq 

Sequencing was performed on a NextSeq 500 system (Illumina) using a High Output cartridge 

with up to 4*108 Single-End 75 nt reads , following manufacturer’s instructions. 

The fastq files were evaluated using FastQC v0.11.2 and aligned to the Ensembl-91 gene 

annotation of GRCm81 using STAR v2.5.0b. The number of tags belonging to each gene was 

then counted using HTSeq v0.6.1 with the following parameters “htseq-count -s no -m union -f 

bam”. A good quality of mapping was reached since a sufficient proportion of reads (from 60% 
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to 80%) were uniquely mapped to exonic regions. Raw counts for each gene were expressed in 

counts per million (cpm) for filtering. Only genes expressed in at least three samples with a cpm 

greater than 0.5 were kept for the rest of the analysis, resulting in a filtered data set of 14034 

genes expressed across 12 samples. After this step the 6 replicates (3 control and 3 NR treated, 

corresponding to three separate FACS isolation and culture batches) for LT or ST-HSCs were 

processed separately. As a first step the raw counts were normalized using VOOM from Limma 

v3.34.9 and corrected for batch effect using ComBat. NR-treatment became significantly 

correlated with the first principal component (PC) of the PC analysis. At this stage, the batches 

were not significant anymore, meaning that the batch correction was successful. The 

differentially expression analysis between NR treated cells versus control was performed using 

Limma pipeline with a cutoff of 2-Fold increase and FDR > 0.05. Finally, we used Gene Set 

Enrichment Analysis (GSEA software from Broad Institute v3.0) to determine whether some 

specific gene sets revealed significant difference upon NR treatment. We tested five gene sets 

defined in the Gene Ontology Consortium: Autophagy (GO:0006914), Oxidative 

Phosphorylation (GO:0006119), Fatty acid oxidation (GO:0019395), Tricarboxylic Acid Cycle 

(GO:0006099) and Mitophagy (GO:000423) as well as two manually defined genes sets, since 

they were not defined by any GO term: NAD salvage and de novo synthesis pathway (Nmnat1, 

Nmnat2, Nmnat3, Nampt, Nmrk1, Nmrk2, Naprt, Nadsyn1, Tdo2, Afmid, Kmo, Kynu, Haao, Qprt 

and Ido1) from (Bogan KL and Brenner C, 2008) and mitochondrial unfolded protein response 

(Hsp60, mt-Hsp70, Hsp10, ClpP, Lonp1, Jnk2, c-Jun, Chop, Cebp-beta, Yme1l1, Afg3l2, Spg7, 

Sirt1 and Ubl5; from Jovaisaite V. and Auwerx J. ,2015; D’Amico D et al., 2017).   
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The differences between the means of the conditions were used to calculate the fold changes and 

the enrichment score was estimated using the weighted statistical approach and evaluated for 

significance by doing 20000 genes set based permutations. 

Q-RT-PCR 

 1,000-50,000 LT-HSCs and ST-HSCs were sorted directly in lysis buffer from ZR RNA 

MicroPrep (Zymo Research) and RNA extraction was performed accordingly to the 

manufacturer instructions. RNA was eluted and re-suspended in 6l of H2O. 2l of RNA was 

retro-transcribed to cDNA with Vilo Script system (Invitrogen). Subsequently cDNA was diluted 

5 times in water. For QPCR 1.5l of cDNA, 5l of Power Syber Green mastermix (Applied 

Biosystem) and 200nM of primers were used to a final volume of 10l for each reaction. The 

reactions were performed on the 7900HT system (Applied Biosystem).  

Gene expression was normalized to Arbp as housekeeping control. Amplification of the template 

at more than 40 cycles (Ct>40) was considered as indeterminate expression of the gene of 

interest. 

Western blotting 

For murine mitonuclear imbalance assessment, 30,000 LT- or 30,000 ST-HSCs were FACS 

sorted from Lineage depleted bone marrow from 32 mice after 7 day NR- or control diet 

treatment. Cells were directly sorted in urea lysis buffer [20 mM HEPES pH 8, 9 M Urea, 1 mM 

sodium orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, and 1X 

protease inhibitor cocktail (Roche)]. Proteins were separated by SDS-PAGE and transferred to a 

PVDF membrane (0.45 μm). Blocking and antibody incubations were performed in 3% BSA in 
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Tris-buffered saline with Tween 20 (TBS-T). The following primary antibodies were used 

against MTCO1 (Abcam, ab14705) and ATP5A (abcam, ab14748). 

For mitonuclear imbalance assessment in human cells, K562 cells were cultured with RPMI 10% 

FCS 1% Penicillin/Streptomycin in 96 well plates. K562 cells were then treated with NR in a 

dose-response for 2 days, with a replenishment dose after 24h. Total cell lysates were prepared 

using a lysis buffer [20 mM Tris-HCl (pH7.5), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% 

Triton X-100, 2.5 mM Sodium pyrophosphate, 1 mM β-Glycerrophosphate, and 1X protease 

inhibitor cocktail (Thermo, Cat. 78430)], proteins were then normalized by a DC protein assay 

(BIO-RAD, Cat. 500-0116). Western blotting was performed with antibodies against MTCO1 

(Abcam, ab14705), SDHA (Abcam, ab14715), ATP5A (abcam, ab14748), HSP60 (Santa Cruz, 

sc-1052). 

Hydrogel microwell array production and single cell cycle kinetics 

Hydrogel microwell arrays were directly casted within individual wells of a 96-well plate as 

described (Kobel et al., 2009). Briefly, stoichiometrically balanced aqueous solutions of multi-

arm poly(ethylene glycol) (PEG), end-functionalized with thiol and vinylsulfone groups were 

mixed and molded against a PDMS microstamp. Upon completion of crosslinking, the stamp 

was removed and the hydrogel microwell array was hydrated overnight at 4 °C and then 

sterilized with ultraviolet light. To follow the behavior of HSCs at single cell level, cells were 

sorted directly into 96-well plates coated with microwell arrays. Microwells containing a single 

cell at the time of plating were tracked by time-lapse microscopy. Cells were cultured in basal 

medium (Stemline II containing 2ng/ml Flt3 and 100ng/ml SCF) supplemented with or without 

500µM NR. Proliferation kinetics were assessed using a Zeiss Axio Observer microscope 

equipped with an incubator chamber, temperature and CO2 control. Images were automatically 
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acquired every three hours over five days using the imaging analysis software of MetaMorph 

(Visitron, Germany). 

Imaging and analysis for asymmetric divisions 
 
Freshly isolated LT-HSCs were directly seeded onto a platform containing rectangular cavities 

(grooves) enabling single cell tracking during culture. The platform was immersed in serum free 

medium (Sigma-Aldrich, St. Louis, USA) supplemented with 100ng/ml stem cell factor (SCF) and 

2ng/ml Flt-3 ligand  (R&D Systems, Minneapolis, USA). To track precisely each cells, brightfield 

images were acquired every 30mn. After 35 hours of culture, TMRM was added to a final 

concentration of 20nM. Mitochondrial mass and potential were acquired by performing z-stacking 

on live cells on a Visitron CSU-W1 microscope. Paired-daughter cells asymmetry was quantified 

as the difference of their respective potential normalized by their mitochondrial mass (intensity 

thresholded TMRM signal divided by thresholded EGFP signal).  

In vivo NR treatment of adult humanized NSG mice 

Cryopreserved mobilized CD34+ cells from healthy donors (purified CD34+ from mobilized 

blood, Cellsystems Biotechnologie GmbH, Troisdorf, DE or STEMCELL Technologies, SARL) 

were thawed and used immediately for transplantation. 

NSG mice were purchased from The Jackson Laboratory and bred, treated, and maintained under 

pathogen-free conditions in-house. Animal experimentation followed protocols approved by the 

Service Vétérinaire de l’Etat de Vaud. Nine to ten week-old NSG mice were irradiated with 

1.8Gy and 6 hours later injected intravenously with 106 human CD34+ HSC (purified CD34+ 

from mobilized blood, Cellsystems Biotechnologie GmbH, Troisdorf, DE or STEMCELL 

Technologies, SARL). The level of human reconstitution  (% human CD45+ cells) was analyzed 

12 weeks later by FACS staining of tail vein blood samples. Mice were regrouped based on level 
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of reconstitution into two comparable cohorts of 5 mice each. The following day and for a total 

of 7 days, cohorts received 2916 powder chow diet supplemented or not with NR, as for 

C57BL/6 mice. After 7 days tail vein blood was collected in EDTA tubes and mice sacrificed for 

BM analysis. BM cells were collected as described for C57BL/6 mice, and both blood and BM 

cells stained and analyzed for a panel of human lineage specific antibodies as described above. 

QUANTIFICATION AND STATISTICAL ANALYSIS 

Statistics 

Data were statistically analyzed by Student’s t test, one and two way ANOVA as specified in 

each figure legend with Prism GraphPad software. The modified Z Score was used to test for 

outliers.  

DATA AND SOFTWARE AVAILABILITY 

Primary data is accessible in Mendeley Data with repository number: (awaiting link). The 

RNAseq data discussed in this publication have been deposited in NCBI's Gene Expression 

Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number 

GSE125211 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE125211 ).   
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Figure S1. Transcriptome analysis of NAD pathway genes and influence of NR on 

the hematopoietic system, related to Figure 1. A, Normalized expression for key 

genes of the NAD salvage pathway in LT-HSCs and ST-HSCs freshly sorted from the 

bone marrow of 10 week-old C57BL6 females. n=3.  B, BM cellularity of mice fed for 

1 week with ctrl or NR diet (legs and hips), n=5. C , Blood chimerism of mice 

transplanted with BM derived from ctrl or NR fed mice was assessed at 4, 8 and 16 

weeks, n=10. Readings at 16 weeks show no significant difference, indicating that the 

LT-HSC pool is neither expanded nor exhausted after NR treatment, n=10. D, Analysis 

of peripheral blood for Lymphocytes, Red blood cells (RBC) and hemoglobin (HGB) 

in mice fed with ctrl, Niagen or NR diet, n=5. Student’s t test *P<0.05, **P<0.01, 

***P<0.001. 



 
 
 

 
 

Figure S2. NA/NAM-supplementation does not cause hematopoietic progenitor 

expansion, related to Figure 1.  A, Mice were fed 1 week with control or NA diet, 

mice were sacrificed for BM analysis and primary transplant. B, Phenotypic analysis 

of the different BM hematopoietic stem/progenitor compartments from ctrl or NA fed 

mice by flow cytometry, n=5. C , LT and ST-HSC mitochondrial potential measured 

by TMRM staining from BM of ctrl or NR diet fed mice, n=5. D, Blood chimerism of 

mice transplanted with BM derived from ctrl or NA fed mice was assessed at 4, 8 and 

16 weeks, n=10. E, 12,500 BM cells from ctrl- or NA-fed mice were plated in 

Methocult for colony forming CFUs analysis 8 days after plating, n=5. F, Mice were 

fed 1 week with control or NAM diet, mice were sacrificed for BM analysis and 

secondary transplants. G, 12,500 BM cells from ctrl- or NAM-fed mice were plated in 

Methocult for colony forming CFUs analysis 8 days after plating, n=5. H, Phenotypic 



analysis of the different BM hematopoietic stem/progenitor compartments from ctrl or 

NAM fed mice by flow cytometry, n=5. .. Student’s t test *P<0.05, **P<0.01, 

***P<0.001. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

Figure S3. NR exerts its effect through the NR/Nrk/NMN axis, related to Figure 

1.  A, Mice were fed 1 week with control or NMN diet, mice were sacrificed for BM 

analysis and secondary transplants. B, Blood chimerism of mice transplanted with BM 

derived from ctrl or NMN fed mice was assessed at 4 weeks, n=10. C, 12,500 BM cells 

from ctrl- or NMN-fed mice were plated in Methocult for colony forming CFUs 

analysis 8 days after plating, n=5. .  D, Nrk1-/-;Nrk2-/- double KO mice were fed 1 

week with control or NR diet, mice were sacrificed for BM analysis and secondary 

transplants. E, Blood chimerism of mice transplanted with BM derived from wt or 

Nrk1/2 KO mice fed with ctrl or NR diet was assessed at 4 weeks, n=10. F, 12,500 BM 



cells from wt or Nrk1/2 KO mice fed with ctrl or NR diet were plated in Methocult for 

colony forming CFUs analysis 8 days after plating, n=5. Student’s t test *P<0.05, 

**P<0.01, ***P<0.001. 

 

  



 

 

 

 

 

 

 

 

	

	

	

	

	

	

	

	

	

	

	

	

	

	

	

 

 

 

Figure S4. NR in vitro affects mitochondrial mass and DYm in HSCs, related to 

Figures 2-3.  

A, LT- and ST-HSCs were FACS sorted and treated in vitro for 48 hours with 0.5 

mM NR (A,) or increasing concentrations of NR or NMN (B,), then stained with 

TMRM and analyzed by FACS. C, HSCs were cultured for 48h with NR. The  

calcium dependent ABC pump inhibitor verapamil was added at 50µM 1 h before 

TMRM staining and subsequent flow cytometric analysis. There was no significant 



difference on the NR-mediated decrease in TMRM signal in presence or absence of 

verapamil. D, HSCs cultured with NR for 48h, were plated in M3434 methylcellulose 

and their long-term colony-forming capacity was analyzed in secondary CFU assays. 

CFUs were scored using the StemVision software (StemCell Technologies). Colony 

type depends on the colony size and cell density, with Type 1 being the smallest and 

less dense colony. Note that there is no differences in the primary CFU and that the 

highest NR concentration of 2mM was toxic to murine HSCs, but not to human 

CD34+ progenitors (Figure 3A). E, HSCs cultured with NR or NMN at different 

concentrations, stained with DAPI and Annexin V, and analyzed by FACS. F, Cord 

blood derived human CD34+ cells were cultured for 2 days in the presence or absence 

of NR as in Fig. 3A. Shown is the experimental replicate for cord blood in a different 

laboratory with completely independent donors (upper panel & lower panel). Both the 

fold change in the TMRMlow population (labeled in blue) and the TMRM MFI of total 

CD34+ were quantified. n=3.Student’s t test *P<0.05, **P<0.01, ***P<0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 Supplementary Figure S5: NR improves blood reconstitution and stem cell 

function of human CD34+ cells, related to Figure 3. Fetal derived human CD34+ 

cells were cultured for 5 days in the presence or absence of NR and transplanted in 

irradiated NSG mice. Reconstitution of different blood lineages (Blood panels) was 

followed over time in primary (10 Transplant) and secondary (20 Transplant) recipient 

mice. At the endpoint hematopoietic progenitors (CD34+ and CD34+CD38-) and blood 

lineages were quantified in the bone marrow and spleen of recipients’ mice 

respectively. n=6 & n=12  . Student’s t test *P<0.05, **P<0.01, ***P<0.001. 

 

 

 

 



  

 

 
Figure S6. NR induces autophagy, mitophagy, increased OCR and mitochondrial 

stress; related to Figures 4-5. A, Confocal analysis of HSCs exposed to NR, 

autophagy blocker Bafilomycin, or both. Cells were stained with Lc3B antibody and 

number and size of autophagosomes was measured. (Upper panels LT-HSCs; Lower 



panel ST-HSCs). B, LT-HSCs (CD45.1) were cultured for 2 days in the presence of 

absence of NR and Bafilomycin (Baf). DYm of HSCs was then analyzed by flow 

cytometry with TMRM staining in presence or absence of bafilomycin (lower left, n=4). 

LT-HSCs were cultured for a total of two days and transplanted into lethally irradiated 

mice (CD45.2) together with total bone marrow competitor cells (CD45.1/2). 

Engraftment capability was measured by blood analysis in 2 independent experiments 

(lower right). Statistics are for the combined experiments, which are shown separately 

because the baseline engraftment was very different for both cohorts. C, Splenocyte-

derived cells were cultured with NR over 3 days. Oxygen consumption rate (OCR) of 

splenocyte-derived cells was measured at basal level and in response to oligomycin 

(Oligo), FCCP, etomoxir (Eto) and antimycin (Anti) in combination with rotenone 

(Rot) (left panel); and DYm was measured by TMRM staining and analyzed by FACS 

(right panel). D, Mito-QC mice were fed for 1 week with control or NR diet. Percentage 

of cells undergoing mitophagy was quantified. Downstream hematopoietic progenitors, 

MPPs (KLS CD150-) and CPs (Lin- cKit+) showed lower mitophagy rates as compared 

to the most primitive hematopoietic compartments and most importantly, their 

mitophagy rates were not affected by NR supplementation. E, Backgating analysis of 

Mito-QC cells. In the Mitophagy analysis of LT and ST-HSCs the mCherryhigh 

population (left panels) was excluded, as it represented PIinterm cells which backgated 

away from the core HSC population both in the FSC and KLS gates. F, Gene expression 

analysis of ST or LT-HSCs isolated from the BM of NR or control diet fed C57BL6 

mice, n=4. G, Mito-nuclear protein imbalance in HSCs FACS sorted from mice fed 

control vs. NR diet for 7 day. Western blotting protein analysis of mitochondrial 

proteins encoded by nuclear subunit (ATP5a) and mitochondrial subunit (MTCO1) of 

the oxidative phosphorylation complex (see text for interpretation, data derived from 

the pooled bone marrow of 32 mice). G, Cell cycle analysis of ST-HSCs derived from 

NR or control diet fed mice, n=5. Student’s t test *P<0.05, **P<0.01, ***P<0.001. 

 

 

 

 

 



 

 

 

 

 

 

 

 

	

	

	

	

	

 

 

 

 

Supplementary Figure S7: NR induces mitochondrial stress in K562 cells in a 

dose dependent manner and does not exhaust HSC function in secondary 

transplantation, related to Figure 7.  

A, Cell death was assessed by flow cytometry using annexin V (ANXA5)  and 7AA 

D double staining after 48 hours of NR exposure. Absolute cell number was 

determined by flow cytometry using absolute counting beads. B, western blot 

quantification of NR-driven mito-nuclear protein unbalance (MTCO1/SDHA) and 

NR-driven induction of UPRmt chaperone HSP60. C, Mito-EGFP derived 

hematopoietic stem and progenitor cells were analyzed for their mitochondrial 

content. Confocal analysis of single cell integrated EGFP signal was used to quantify 

mitochondrial area (upper panel). Mitochondrial DNA content was analyzed by 

QPCR targeting 2 different mitochondrial genes (Cox1 and Cox3). Values are 



expressed as normalized ct that inversely correlated to the DNA content (lower 

panel). D, Analysis of radioresistant BM (recipient, CD 45.2+) of transplanted mice 

with BM derived from ctrl or NR diet fed mice, n=10.. E, Secondary transplants were 

performed with total bone marrow from mice having received limiting-dose 

transplantation while treated with NR or control diet (Figure 7C-D), then analyzed at 

16 weeks for persistence of donor CD45.1 stem cell function. F, Analysis of CD14+ 

CD16- monocytes of peripheral blood of humanized mice fed for 7 days with ctrl or 

NR diet (gated on hCD45), n=5.  Student’s t test *P<0.05, **P<0.01, ***P<0.001 

and Two-way ANOVA *P<0.05, **P<0.01, ***P<0.001. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



Oligonucleotides 

Sirt1-F AGTTCCAGCCGTCTCTGTGT 

Sirt1-R CTCCACGAACAGCTTCACAA 

Hsp60-F GCTGTAGCTGTTACAATGGGG 

Hsp60-R TGACTTTGCAACAGTGACCC 

Hspa9-F AATGAGAGCGCTCCTTGCTG 

Hspa9-R CTGTTCCCCAGTGCCAGAAC 

LonP1-F ATGACCGTCCCGGATGTGT 

LonP1-R CCTCCACGATCTTGATAAAGCG 

Atg5-F AAGTCT GTCCTTCCGCAGTC 

Atg5-R TGAAGAAAGTTATCTGGGTAGCTCA 

Arbp-F AGATTCGGGATATGCTGTTGG 

Arbp-R AAAGCCTGGAAGAAGGAGGTC 
 

 

Supplementary Table 1: Oligonucleotide Reference List, related to STAR Methods. 



STARMETHODS 
 
Detailed methods are provided in the online version of this paper and include the following: 
 
KEY RESOURCES TABLE 
CONTACT FOR REAGENT AND RESOURCE SHARING 
EXPERIMENTAL MODEL AND SUBJECT DETAILS 
Study design 
Mice 
Food preparation 
Murine HSC extraction and culture 
Human hematopoietic cells 
In vitro culture of human CD34+ hematopoietic progenitor/stem cells 
Murine bone marrow transplantation 
Transplantation of human CD34+ hematopoietic progenitor/stem cells 
Flow cytometry 
Analysis of mitochondrial activity  
Analysis of autophagy flux 
CFUs assay 
CFSE assay 
Seahorse Oxygen Respiration Rate (OCR) measurement 
RNA preparation 
RNA-seq 
Q-RT-PCR 
Western blotting 
Hydrogel microwell array production and single cell cycle kinetics 
Imaging and analysis for asymmetric divisions 
In vivo NR treatment of adult humanized NSG mice 
QUANTIFICATION AND STATISTICAL ANALYSIS 
DATA AND SOFTWARE AVAILABILITY 
 

Inventory of Resources



REAGENTS
Antibodies
Mouse 

cKit (2B8) PE/Cy7
Sca1 (D7) APC
Sca1 (D7) PE
CD150 (TC-15-12F12.2) PE
CD150 (TC-15-12F12.2) PE/Cy5
CD150 (TC-15-12F12.2) BV784
CD48 (HM48-1) PB
CD45 (30-F11)
CD45.2 (104) PB
CD45.1 (A20) FITC
CD34 (RAM) FITC
CD34 (RAM) eF660
Gr1 (RB6-8C5) APC
F4/80 (BM8) APC
CD19 (6D5) PE
CD3 (17A2)
CD16/CD32 (2.4G2)
Biotynilated Lineage Coktail
LC3B
MTCO1
ATP5A
SDHA
HSP 60



Human

hCD56 (NCAM16.2) FITC
hCD16 (3G8) PerCP-Cy5.5
hCD45 (HI30) PE
hCD19 (HIB19) APC
hCD4 (RPA-T4) APC-H7
hCD3 (SK7) eFluor450
hCD14 (M5E2) V500
hCD8b (SIDI8BEE) PE-Cy7
hCD34 (8G12) FITC
hCD38 (HB-7) APC

Biological samples
Cord blood CD34+ cells
Cord blood CD34+ cells
Fetal derived CD34+ cells
Adult derived CD34+ cells

Culture Media and cytokines
Stemline II
StemSpan
RPMI
FCS
Pen/Strep
mouse SCF
mouse Flt3



human SCF
human FLT3L
human TPO
human LDL
MethoCult M3434

Mitochondrial staining & others
TMRM
JC-1
Mitotracker Deep Red
DAPI
PI
CFSE
SAV-PO
SAV-TxRed* not in paper

Reagents
NR triflate
NA
NAM
NMN
ZR RNA MicroPrep
Vilo Script
Power Syber Green mastermix 
Protease inhibitor coktails



DC protein assay
Cell Tak
oligomycin
FCCP
rotenone
antimycin
etomoxir
verapamyl
bafilomycin
RBC lysis buffer
human CD34+ selection

Experimental models/ strain
C67Bl/6 J
NSG
MitoQC 
Mito-eGFP
NRK1/2 ko

Diet
Chow diet

Treatment of transplanted mice
Amoxicillin (Amoxi-Mepha)
Enrofloxacin (Baytril)
Bactrim (Sufamethoxazole, Trimethoprim)



Paracetamol (Dafalgan®) 

Cell lines
K562

RNA-seq
Quick-RNA Microprep Kit
SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing
Nextera XT DNA Library Preparation Kit

Softwares
Flowjo Software 
FACSDIVA
GraphPad Prism 7
ImageJ
Imaris version 9.2
R

Deposited data
RNA-seq data



SOURCE IDENTIFIER

Biolegend 105814
Biolegend 108112
Biolegend 108108
Biolegend 115904
Biolegend 115912
Biolegend 115904
Biolegend 103418
Biolegend 103147
Biolegend 109820
Biolegend 110706
eBioscience 11-0341-85
eBioscience 50-0341-82
Biolegend 108412
Biolegend 123116
Biolegend 115507
Biolegend 100206
BD 553141
BD 558451
Cell Signaling 2775
Abcam ab14705
Abcam ab14748
Abcam ab14715
Santa Cruz sc-1052



BD 345811
BD 560717
BD 555483
BD 555415
BD 560251
Thermo Fisher 48-0036-42
BD 561392
Thermo Fisher 25-5273-42
BD 345801
BD 345807

n/a
Zürich University Hospitaln/a
"Etablissement de Transfusion Sanguine Bourgogne Franche-Comté” (Besançon)n/a
CHUV (Lausanne) n/a
CHUV (Lausanne) n/a

Sigma S0192
StemCell Technologies 9600
Gibco 11875093
Gibco 10270
Gibco 15140
R&D systems 455-MC-050
R&D systems 427-FL-025



Miltenyi 130-096-694
Miltenyi 130-096-477
Peprotech AF-300-18
StemCell Technologies 2698
StemCell Technologies 3434

Invitrogen T-668
Cayman Chemical 10009172
Thermo Fisher M22426
Thermo Fisher D1306
Sigma 81845
Cayman Chemical 10009853
Thermofisher S32365
Invitrogen S872

Novalix custom synthesis
Sigma N4126
Sigma 72345
Sigma N3501
Zymo Research R1060

Thermo Fisher 11754050
Applied Biosystem 4367659
Thermo Scientific 78430



BIO-RAD 500-0116
BD CB40240
Sigma O4876
Sigma C2920
Sigma R8875
Sigma A8674
Sigma 30740
Sigma V4629
Sigma B1793
BioLegend 420301
StemCell technologies 18056

Charles River n/a
Harlan/Coukos lab n/a
Ping Chih Lab n/a
Lutolf Lab n/a
Canto lab n/a

Envigo 2916

Mepha Pharma AG n/a
Bayer n/a
Roche n/a

https://www.fishersci.ca/shop/products/corning-cell-tak-cell-tissue-adhesive-3/cb40240
https://www.sigmaaldrich.com/catalog/product/sigma/o4876?lang=fr&region=CH
https://www.sigmaaldrich.com/catalog/product/sigma/a8674?lang=fr&region=CH
https://www.sigmaaldrich.com/catalog/product/sigma/b1793?lang=fr&region=CH


UPSA n/a

Douchosal lab n/a

Zymo Research R1050
Takara Bio 634891
Illumina FC-131-1096

Flowjo n/a
BD n/a
GraphPad Sotfware n/a
www.imagej.net n/a
Bitplane n/a
www.r-project.org n/a

National Center for Biotechnolongy Information (NCBI) Gene Expression Omnibus (GEO)GEO: [...]




