Cell Stem Cell

A mitochondrial NADPH-cholesterol axis regulates
extracellular vesicle biogenesis to support
hematopoietic stem cell fate

Graphical abstract Authors

Massimo Bonora, Claudia Morganti,

LT-HSC ST-HSC Nick van Gastel, ..., Chiara Romualdi,
C D David T. Scadden, Keisuke Ito
[NADPH]m 1 [NADPH]m |

Q.

3
Cholesterol
biosynthesis

Correspondence
keisuke.ito@einsteinmed.edu

In brief
squat Ito et al. investigate the mechanism by
NADPH! =" » NADEH TLis l MABRH =y which mitochondrial metabolism controls
TTm?,sfz l hematopoietic stem cell (HSC) fate. They
TMs:nm ! reveal that FAO (fatty acid oxidation)-
4 generated NADPH fuels cholesterol
RGP ) re ! NADP* biosynthesis in HSCs. A mitochondrial
T ! NADPH-cholesterol axis controls the
< biogenesis of extracellular vesicles that is
required for proper HSC self-renewal and
EV hematopoietic homeostasis.
release Extracellular
vesicle (EV)
biogenesis

Highlights
e HSCs have high mitochondrial NADPH that fuels cholesterol
biosynthesis

e High NADPH and cholesterol synthesis in HSCs are
dependent on FAO

e The NADPH-cholesterol axis supports proper HSC self-
renewal and homeostasis

e HSC cholesterol levels impact autocrine EV signaling

Bonora et al., 2024, Cell Stem Cell 31, 359-377
March 7, 2024 © 2024 The Author(s). Published by Elsevier Inc. 35
https://doi.org/10.1016/j.stem.2024.02.004 é CellPress



mailto:keisuke.ito@einsteinmed.�edu
https://doi.org/10.1016/j.stem.2024.02.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.stem.2024.02.004&domain=pdf

Cell Stem Cell ¢? CellP’ress

OPEN ACCESS

A mitochondrial NADPH-cholesterol axis
regulates extracellular vesicle biogenesis
to support hematopoietic stem cell fate

Massimo Bonora,-2-323 Claudia Morganti,’-%32% Nick van Gastel,*>6:23 Kyoko Ito,"-%% Enrica Calura,” llaria Zanolla,®
Letizia Ferroni,® Yang Zhang,'° Yookyung Jung,'%'".12 Gabriele Sales,” Paolo Martini,'® Takahisa Nakamura,’4:15.16
Francesco Massimo Lasorsa,’” Toren Finkel,'® Charles P. Lin,'° Barbara Zavan,®2%2! Paolo Pinton,8:9-20

Irene Georgakoudi,’® Chiara Romualdi,” David T. Scadden,*5 and Keisuke Ito':2:3:22,24,*

1Ruth L. and David S. Gottesman Institute for Stem Cell and Regenerative Medicine Research, Albert Einstein College of Medicine, 1300
Morris Park Avenue, Bronx, NY 10461, USA

2Department of Cell Biology, Albert Einstein College of Medicine, Bronx, NY 10461, USA

3Departments of Oncology and Medicine, Albert Einstein College of Medicine-Montefiore Health System, Bronx, NY 10461, USA
4Department of Stem Cell and Regenerative Biology, Harvard Stem Cell Institute, Harvard University, Cambridge, MA, USA

5Center for Regenerative Medicine, Massachusetts General Hospital, Boston, MA, USA

8de Duve Institute, UCLouvain, 1200 Brussels, Belgium

7Department of Biology, University of Padova, 35121 Padua, ltaly

8Department of Medical Sciences, University of Ferrara, 44121 Ferrara, Italy

9Maria Cecilia Hospital, GVM Care & Research, Cotignola, 48033 Ravenna, Italy

10Department of Biomedical Engineering, Tufts University, 4 Colby St, Medford, MA 02155, USA

1Department of Pathology, Albert Einstein College of Medicine, Bronx, NY 10461, USA

12Gruss-Lipper Biophotonics Center, Albert Einstein College of Medicine, Bronx, NY 10461, USA

13Department of Molecular and Translational Medicine, University of Brescia, 25121 Brescia, Italy

14Divisions of Endocrinology and Developmental Biology, Cincinnati Children’s Hospital Medical Center, Cincinnati, OH 45229, USA
15Department of Pediatrics, University of Cincinnati College of Medicine, Cincinnati, OH 45229, USA

16Department of Metabolic Bioregulation, Institute of Development, Aging and Cancer, Tohoku University, Sendai 980-8575, Japan
17Department of Biosciences Biotechnologies and Environment University of Bari and Institute of Biomembranes Bioenergetics and
Molecular Biotechnologies, Consiglio Nazionale delle Ricerche, 70125 Bari, ltaly

18Aging Institute and Department of Medicine, University of Pittsburgh School of Medicine/University of Pittsburgh Medical Center,
Pittsburgh, PA 15261, USA

19Center for Systems Biology and Wellman Center for Photomedicine, Massachusetts General Hospital, Harvard Medical School, Boston, MA
02114, USA

20 aboratory for Technologies of Advanced Therapies (LTTA), University of Ferrara, 44121 Ferrara, Italy

21Translational Medicine Department, University of Ferrara, 44121 Ferrara, Italy

22Montefiore Einstein Comprehensive Cancer Center and Diabetes Research Center, Albert Einstein College of Medicine, Bronx, NY
10461, USA

23These authors contributed equally

24 ead contact

*Correspondence: keisuke.ito@einsteinmed.edu

https://doi.org/10.1016/j.stem.2024.02.004

SUMMARY

Mitochondrial fatty acid oxidation (FAO) is essential for hematopoietic stem cell (HSC) self-renewal; however,
the mechanism by which mitochondrial metabolism controls HSC fate remains unknown. Here, we show that
within the hematopoietic lineage, HSCs have the largest mitochondrial NADPH pools, which are required for
proper HSC cell fate and homeostasis. Bioinformatic analysis of the HSC transcriptome, biochemical assays,
and genetic inactivation of FAO all indicate that FAO-generated NADPH fuels cholesterol synthesis in HSCs.
Interference with FAO disturbs the segregation of mitochondrial NADPH toward corresponding daughter
cells upon single HSC division. Importantly, we have found that the FAO-NADPH-cholesterol axis drives
extracellular vesicle (EV) biogenesis and release in HSCs, while inhibition of EV signaling impairs HSC self-
renewal. These data reveal the existence of a mitochondrial NADPH-cholesterol axis for EV biogenesis
that is required for hematopoietic homeostasis and highlight the non-stochastic nature of HSC fate determi-
nation.
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INTRODUCTION

Cellular metabolism in hematopoietic stem cells (HSCs) has
recently become the focus of intense research interest.' Mito-
chondria participate in multiple cellular functions, including regu-
lation of cell metabolism, through the tricarboxylic acid (TCA) cy-
cle and the respiratory chain.? In this multifaceted biochemical
process, the 4 respiratory complexes in the inner mitochondrial
membrane transport electrons from nicotinamide adenine dinu-
cleotide (NADH)/flavin adenine dinucleotide (FADH,) to oxygen
in an electron transport chain (ETC), which generates a proton
gradient across the mitochondrial membrane.

Early evidence indicated that HSC mitochondria are function-
ally dispensable and activated only when commitment is de-
manded.*® However, deeper investigation into HSC function
has revealed its dependence on mitochondrial fatty acid oxida-
tion (FAO)—the catabolism of fatty acids in the mitochondrial ma-
trix that feeds the TCA cycle®’ —or the expression of subunits of
respiratory complex Il (Uqgcrfs1) or complex Il (SdhD).%° Recent
research has also highlighted the necessity of using a dye-inde-
pendent method to improve the accuracy of assessment of HSC
mitochondria,'®"" and multiple studies have since confirmed that
mitochondrial content and membrane potential in hematopoietic
stem and progenitor cells (HSPCs) has been consistently under-
estimated in a manner that can correlate with assessments of
stem cell function.'®"®

FAO also produces metabolites required to re-model the lipid
landscape of HSCs. Some lipid species such as sphingolipids,
glycolipids, and sterols are known to contribute to hematopoie-
sis."* Genetic loss of cholesterol efflux transporter has been
shown to regulate mobilization’>'® and expansion’’ of the
HSPC pool by enhancing the signaling for critical cytokines
(e.g., interleukin-3[IL-3]/granulocyte-macrophage colony-stimu-
lating factor [GM-CSF] receptor).'®

These observations imply the possibility that mitochondria
play previously unappreciated roles in HSC biology. How exactly
mitochondrial respiration and FAO steer HSC fate decisions,
however, remains unclear.

RESULTS

HSCs have high mitochondrial NADPH

FAO feeds mitochondrial metabolism, which reduces NADH,
FADH,, and nicotinamide adenine dinucleotide phosphate
(NADPH) to drive redox reactions in the ETC and support multi-
ple biosynthetic processes. We have observed that HSCs have
limited expression of complex | while relying on complex Il to
support ETC activity,'®?° supporting the idea that HSCs accu-
mulate high levels of reduced cofactors.

Taking advantage of these spectral properties of NAD(P)H, we
observed that NAD(P)H autofluorescence appeared brighter in
CD150*CD48°CD135 Lin"Sca-1*c-Kit* cells (hereafter, HSCs)
and displayed a dimming trend with hematopoietic differentia-
tion (Figures 1A and S1A). Fully differentiated myeloid cells
apparently deviate from this trend. As these populations dramat-
ically vary in size®’ (Figures S1B and S1C), we corrected NAD(P)
H autofluorescence for forward scatter area (FSC-A, used as re-
porter of cell size, Figure S1B). The resulting readout of NAD(P)H
density per cell (labeled as nNAD(P)H) confirms the dimming
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trend of NAD(P)H levels with differentiation, which reaches lower
levels in fully differentiated cells (Figure S1D).

Higher autofluorescence was observed in more primitive
CD34™ HSCs compared to CD34* HSCs (Figures 1B and 1C),
and endothelial protein C receptor (EPCR) positivity>>>* corre-
lated with higher NAD(P)H levels in both HSCs and CD34~
HSCs (Figures S1E).

Co-staining with the mitochondrial marker tetramethylrhod-
amine, methyl ester (TMRM) confirmed the mitochondrial locali-
zation of NAD(P)H (Figure 1C). To assess whether the high mito-
chondrial NAD(P)H levels in primitive HSCs were mainly due to
NADH or NADPH pools, we leverage the differing sensitivities
of the NAD(P)H pool to the mitochondrial uncoupler carbonyl cy-
anide-p-trifluoromethoxyphenylhydrazone (FCCP), the oxidizer
H,0,, and the ETC inhibitor rotenone.?® This analysis suggests
that CD34~ HSCs have a significant enrichment of mitochondrial
NADPH compared to CD34* HSCs (Figures S1J and S1L).

Fluorescence lifetime imaging (FLIM) has enabled the in situ
determination of NAD(P)H lifetime pools in living cells, thanks
to the different fluorescence time decay of NADPH and
NADH.?>"?" FLIM assay confirmed that CD34~ HSC mitochon-
dria display a higher NADPH/NADH ratio than the mitochondria
of CD34" HSCs (Figure S1M). Further, NADPH- and NADH-
dependent bioluminescent enzymatic systems (Figures 1E and
1F) corroborated that cytosolic NADPH ([INADPH].) was compa-
rable (Figure S1N), and no significant differences were observed
in either mitochondrial or cytosolic NADH levels (Figures 1G
and S10).

Collectively, these data show that long-term HSCs (CD34~
and/or EPCR*) have significantly higher levels of mitochondrial
NADPH than CD34* HSCs (and/or EPCR").

NAD(P)H autofluorescence marks HSC capacity

To assess the association between NADPH and HSC functions,
CD34~ HSCs were divided into two fractions reflecting high and
low levels of NAD(P)H (Figures 1H and S2A and STAR Methods).
Approximately 60% of CD34~ HSCs were included in the NAD(P)
H™ gate, and a downward trend in NAD(P)H levels correlated
with hematopoietic differentiation (Figure S2B). The percentage
of NAD(P)H' cells was significantly higher in EPCR* HSCs
or EPCR*CD34~ HSCs compared to EPCR™ (Figures S2C).
In agreement, NAD(P)H" bone marrow mononuclear cells
(BMMNCs) displayed higher percentages of cKit*Sca-1*,
CD150*CD48~, and EPCR* cells compared to the NAD(P)H-°
counterpart (Figures S2D).

Both NAD(P)H"" and NAD(P)H-° CD34~ HSCs are quiescent
as the two populations displayed no significant differences in
the timing of first division (Figure S2E) or positivity for the pro-
liferation marker ki67 (Figure S2F) or in the GO fraction deter-
mined by Pyronin Y (Figure S2G). Interestingly, active (Pyronin
Y*) HSCs displayed a moderate reduction in NAD(P)H
autofluorescence when compared to dormant (Pyronin Y7)
HSCs (Figure S2H). When HSCs are forced to exit quiescence
by in vivo stimulation with pl:pC, we observed a reduction
in NAD(P)H autofluorescence (Figure S2I), possibly reflecting
the stimulation in mitochondrial maturation previously
reported.”®

Neither features of mitochondrial morphology such as volume,
elongation, compactness, or ultrastructure (cristae content or
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Figure 1. Mitochondrial NADPH levels mark stem cell capacity

(A) Flow cytometric histogram of the normalized NAD(P)H autofluorescence in HSCs, FKSL, and Lin™ cells (also see Figure S1A).

(B) Normalized NAD(P)H autofluorescence levels in CD34~ and CD34* HSCs.

(C) Fluorescence microscopy images of NAD(P)H autofluorescence (top) and co-localization with the mitochondrial marker TMRM (bottom) obtained from CD34~
and CD34* HSCs. Scale bar, 5um.

(D) Mitochondrial NAD(P)H determined as the difference of NAD(P)H autofluorescence after exposure to FCCP 1 uM in the HSPC populations investigated.

© Experimental design for the enzymatic determination of mitochondrial NADPH and NADH. Sorted CD34~ or CD34* HSCs were exposed in vitro to FCCP 1 uM to
dissipate mitochondrial NAD(P)H.

(legend continued on next page)
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morphology) nor reactive oxygen species (ROS) production were
found to be altered in NAD(P)H™ versus NAD(P)H° HSCs
(Figures S2J-S2L), indicating that low levels of NAD(P)H are
not dependent on the extra physiologic oxygen shock/stress
induced in HSCs during isolation from bone marrow.?®

In vitro long-term culture-initiating cell (LTC-IC) capacity was
enriched in the NAD(P)HM fraction (Figure S2M). In competitive
bone marrow transplantation (BMT) settings, NAD(P)H"' CD34-
HSCs exhibited higher reconstitution capacity compared to
NAD(P)H-° CD34~ HSCs (Figure 11). NAD(P)H™ cells gave rise
to higher levels of chimerism in HSPCs and Lin~ cells as well
as mature cells without lineage bias (B, T, and myeloid cells) (Fig-
ure 1J). Taken together, these results suggest that high NAD(P)H
levels as measured by autofluorescence can serve as a marker
for HSC capacity. Further, CD34~ HSCs derived from NAD(P)
H™ donors maintained a level of NAD(P)H autofluorescence
comparable to that of competitor HSCs. In contrast, CD34~
HSCs derived from NAD(P)H-° donors had much lower NAD(P)
H levels when compared to both NAD(P)H"-derived HSCs or
competitor HSCs (Figure 1K). This indicates that NAD(P)H-°
HSCs are defective in their reconstitution potential as well in
the capacity to generate their physiological NAD(P)H pool.

To confirm the compartmentalization of NADPH, untargeted
triphosphopyridine nucleotide oxidase (TPNOX), which de-
creases cytosolic NADPH, or mitochondria-targeted TPNOX (mi-
toTPNOX), which specifically consumes intra-mitochondrial
NADPH, was utilized to manipulate cellular NADPH levels, a sys-
tem under the control of the doxycycline (Dox)-inducible pro-
moter®® (Figures 1L, S2N, and S20). Both TPNOX and mitoTP-
NOX decreased colony-replating capacity after long-term
culture (Figure S2N, left). Critically, mitoTPNOX significantly
decreased LTC-IC capacity in vitro and mitochondrial NAD(P)H
autofluorescence (Figures S2N, right and S20) to a much greater
extent than TPNOX, suggesting that mitochondrial NADPH is
critical to regulate HSC function. We thus tested in vivo expres-
sion of mitoTPNOX in a transplantation setting, where it was
induced with Dox 3 weeks after BMT. The mitoTPNOX, but not
TPNOX, reduced hematopoietic contributions of donor cells
from 4 weeks after induction, while no significant changes in
chimerism were found 2 weeks after induction in either case (Fig-
ure 1M). These data further support the important roles played by
mitochondrial NADPH in hematopoietic homeostasis.

Cell Stem Cell

Mitochondrial NADPH segregation controls HSC fate
determination

We next measured the kinetics of mitochondrial NAD(P)H levels
in HSCs during cell division in vitro. Single CD34~ HSCs were
cultured and visually tracked until their first division. Corre-
sponding daughter cells were stained with TMRM to perform
3D quantitation of NAD(P)H per single mitochondria (Figure 2A).
We used a statistical approach to determine symmetric or asym-
metric distribution of mitochondria between corresponding
daughters (Figures 2A and S3A and STAR methods). With this
strategy, 33% of divisions were labeled as asymmetric divisions,
36% as symmetric high, and the remaining 31% as symmetric
low (Figure 2B), proportions similar to those obtained by paired
daughter cell assays.®”

We speculated that mitochondria can be asymmetrically in-
herited by daughter cells during HSC mitosis. NAD(P)H'
CD34™ HSCs were isolated and subjected to cell-tracer staining
followed by quantitative live imaging to track NAD(P)H inheri-
tance during division. First division occurs at ~38 h from isolation
(Figures S3B), consistent with cumulative division frequency
analysis (Figures S2E). We observed that daughter cells can
exhibit either the same NAD(P)H level as the mother or a signifi-
cantly lower NAD(P)H level, but no daughter received a higher
NAD(P)H level than its related mother cell (Figure 2C). We classi-
fied three distinct outputs of cell division (Figures 2D and S3C): a
symmetric high where the two daughters have NAD(P)H compa-
rable to the mother (41.5%); a symmetric low, with both daugh-
ters having lower NAD(P)H than the mother (28%); and an asym-
metric output, where the daughters have different NAD(P)H
levels (30.5%). The ratio of NAD(P)H intensity between two
daughters confirmed the distribution pattern of NAD(P)H in those
divisions’ outputs determined as in Figure 2B (Figure S3D). A sto-
chastic-segregation mitochondria during division should lead to
cases of asymmetric segregation where one daughter cell has
higher NADP(P)H than the mother cell. Critically, none of the
daughter cells (236 cells) exhibited higher NAD(P)H than the
mother at a level of statistical significance (Figures 2C and 2D),
supporting the notion that asymmetry in NAD(P)H levels between
corresponding daughter cells is the result of a regulated/non-
stochastic process.

To further understand the significance of different levels of
NADPH inherited by HSCs, we isolated daughter after first

(F and G) Enzymatic determination of levels of mitochondrial NADPH (F) and NADH (G) in CD34~ and CD34* HSCs.

(H) Gating strategy to define NAD(P)H™ (red box) and NAD(P)H° (black box) CD34~ HSCs. Images of NAD(P)H autofluorescence of NAD(P)H™ CD34~ HSCs,
NAD(P)H-° CD34~ HSCs, or FCCP-exposed CD34~ HSCs are also shown (bottom). Scale bar, 5um.

() Hematopoietic contribution of donor cells in peripheral blood of recipient mice during competitive BMT. Five NAD(P)H™ or NAD(P)H-° CD34~ HSCs were
isolated and then transplanted to the irradiated recipient mice with 4.0 x 10° competitor bone marrow mononuclear cells (BMMNCs).

(J) Percentages of donor-derived cells in the indicate fractions of the bone marrow of the recipient mice 6 months after BMT.

(K) Schematic representation (top) and quantitation (bottom) of the percentage of nNAD(P)H'' cells in donor-derived (filled bars) and competitor-derived (open
bars) CD34~ HSCs, 6 months after BMT.

(L) Schematic representation of the plasmid encoding for tetracycline (TET)-inducible expression of TPNOX or mitoTPNOX and their effect on cytoplasmic or
mitochondrial NADPH after the induction with doxycycline (Dox).

(M) In vivo repopulation capacity of mitoTPNOX-infected HSPCs. 1,000 KSL (Ly5.2) infected with mitoTPNOX (light blue), TPNOX (dark blue), or empty vector
(gray) was transplanted into the irradiated recipient mice (Ly5.1) with competitor cells (4.0 x 10° BMMNCs). Percentage of donor-derived cells in the peripheral
blood the indicated weeks after Dox induction (black arrow) were shown. HSCs, Lin"Sca-1*c-Kit*CD135"CD150*CD487; KSL, c-Kit*Sca-1*Lin~; FKSL, CD1357c-
Kit*Sca-1*Lin~; A.U., arbitrary unit; A.L.u., arbitrary luminescent units; MTS, mitochondrial targeting sequence; PB, peripheral blood; w, week. Bar graphs
represent means + SEM, circles represent each replicate. (B), (F), and (G): Student’s paired t test. (l), (J), and (M): two-way ANOVA with Sidak’s multiple com-
parison test. (K): one-way ANOVA with Dunnet’s multiple comparison test. ***, p < 0.0001; ***,0.0001 < p <0.001; **,0.001 < p<0.01;* 0.01 < p<0.05;N.S.,
not significant, p > 0.05. See also Figures S1 and S2.
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Figure 2. Mitochondrial NADPH levels mark HSC fate determination

(A) Experimental strategy for the determination of symmetric or asymmetric segregation of mitochondrial NAD(P)H after first division in the cultured CD34~ HSCs.
Fluorescence microscopic analysis was performed to determine NAD(P)H autofluorescence intensity in the individual mitochondrion of each daughter cell.
NAD(P)H intensities were subsequently compared between paired daughter cells by Mann-Whitney U test. (also see Figure S3A).

(B) Proportion of distribution of mitochondrial NAD(P)H after first
daughter cells are also shown (left). Scale bar, 5um.

(C and D) Determination of NAD(P)H segregation by live imaging.

division of the cultured CD34~ HSCs (n = 36, right). Images of NAD(P)H of the corresponding

(legend continued on next page)
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division that displayed NAD(P)H" or NAD(P)H"° cells and per-
formed functional assays. After first division (Div 1), the self-
renewal capacity, measured by single-cell colony-replating abil-
ity after in vitro long-term culture (Figure 2E) and reconstitution
capacity after single-cell transplantation (Figure 2F), was signifi-
cantly enriched in NAD(P)H™ cells, supporting that NAD(P)H™
acts as a marker of HSC capacity during HSC division.

In vivo paired daughter cell (PDC) assay can determine the di-
vision patterns of HSCs retrospectively by assessing the recon-
stitution capacity of each daughter cell (Figure 2G).>"*' PDC
assay revealed that daughter cells receiving symmetrically high
NAD(P)H levels exhibited significant reconstitution potential,
indicative of a symmetric division (30%). Division where
NAD(P)H levels differ from between the two daughters also re-
turned asymmetric reconstitution (40%). Ultimately, daughters
that shared a low NAD(P)H level also shared a defective repopu-
lation capacity (symmetric commitment, 30%). The percentage
of the division patterns calculated by PDC assay overlapped
with those obtained by live imaging of NAD(P)H (Figure 2H).
Overall, these confirmed that NAD(P)H segregation upon Div 1
corresponds to the segregation of HSC function and their fate
determination.

The intensity of TMRM was comparable in both NAD(P)H™ or
NAD(P)H"° daughters, suggesting no major alterations in their
respiration (Figure S3E) and corroborating the initial hypothesis
that NAD(P)H levels in HSCs depend on FAO. Rate-limiting steps
in FAO are represented by carnitine O-palmitoyltransferases 1
and 2 (Cpt1 and Cpt2).*? HSC daughters who retained NAD(P)
H™ (Div 1) not only had higher expression of Cpt1a compared
to NAD(P)H™° but also had no observed alterations of gene
expression for Ndufv1, the subunit of respiratory complex |
responsible for NADH binding (Figure S3F). Most strikingly,
Cptla enabled us to clearly distinguish NADP)H™ cells from
NAD(P)H™® cells at a single-cell level (Figure S3F). This observa-
tion indicates that during HSC division, daughter cells can differ-
entially segregate their FAO capacity, which ultimately results in
the asymmetry of NAD(P)H levels.

NADPH sustains cholesterol biosynthesis in HSCs

To identify biochemical pathways supported by NADPH in
HSCs, we used 3 public datasets to investigate gene expression
variation between mouse CD34~ and CD34* HSCs***°
(Figures S4A and S4B). We identified 77 NADPH-related path-
ways and compared their gene expression levels by Reactome

Cell Stem Cell

database (Figure 3A). Then we used the protein-metabolite
Graphite networks®® to retain NADPH metabolites in pathway-
derived graphs. The resulting list of the NADPH-dependent path-
ways enriched in HSCs included the detoxification of ROS and
linoleic acid metabolism, pathways already considered relevant
for HSC maintenance (Figure 3B).

We selected the cholesterol biosynthesis pathway as that of
greatest interest.’>'®°” Four genes involved in this pathway
(Lss, Tm7sf2, Msmo1, and Hsd17b7) had significantly higher
expression in CD34~ compared to CD34* HSCs, with 3 of them
catalyzing NADPH-dependent reactions (Figures 3B, 3C, and
S4C). We confirmed the increased expression of Tm7sf2,
Msmo1, and Hsd17b7 in sorted CD34~ compared to CD34*
HSCs (Figure 3D).

To confirm the bioinformatic predictions, untargeted metabo-
lomic analysis was performed. Metabolic pathway enrichment
analysis highlighted the differential contribution of pathways
linked to lipid synthesis (especially phospholipid and phosphati-
dylcholine biosynthesis), carbohydrate metabolism, and others
(Figure S5A and Table S38). Steroid synthesis is also found among
the enriched pathways, although it is not one of most prominent.
This is most likely because we performed our untargeted metab-
olomics on the polar phase, while sterols are non-polar
metabolites.

To overcome this limitation, we subjected the non-polar
metabolite extracts of separated NAD(P)H™" and NAD(P)H-°
CD34~ HSCs to a sterol analysis by gas chromatography-
coupled mass spectrometry. We detected cholesterol and 12
other sterol species. We clustered 2 groups based on their spe-
cific sterol signature by partial least squares-discriminant
analysis (PLS-DA) (Figure 4A, left). The levels of cholesterol
were significantly lower in NAD(P)H"° compared to NAD(P)H™
CD34™ HSCs (Figure 4A, right; Table S4).

We used staining of fixed cells with filipin Ill (hereafter referred
to as filipin) and flow cytometry to confirm cholesterol levels.®®
CD34~ HSCs showed higher intensity of filipin compared to
CD34* HSCs (Figure S5B). Further, fluorescence microscopy
analysis of sorted HSCs indicated that NAD(P)H"' CD34~ HSCs
have higher filipin intensity than NAD(P)H-> CD34~ HSCs (Fig-
ure 4B). Enzymatic determination of total intracellular cholesterol
confirmed its enrichment in NAD(P)H™ CD34~ HSCs compared
to NAD(P)H"° (Figure 4C). Consistently, long-term HSC purifica-
tion based on EPCR positivity displayed the same trend
(Figure S5C).

(C) Volcano plot relating the difference in NAD(P)H intensity between each daughter and its mother. (n = 3 independent experiments). Red box: daughters with not
statistically different from the mother; gray box: daughter with NAD(P)H significantly lower than the mother; green box: daughter with NAD(P)H significantly higher
than the mother.

(D) Timelapse traces of NAD(P)H intensity for each class of division. Cytokinesis is marked by a black arrow; the x axis represents hours of time-lapse imaging
since the start of tracking of each mother cell.

(E and F) HSC capacity is enriched in NAD(P)H™ cells of Div 1 cells. 36 h after in vitro culture of CD34~ HSCs, single NAD(P)H" or NAD(P)H° Div 1 cells were
isolated onto 96-well plate (also see Figure 2A) then followed by a long-term cultu®(E) or single-cell transplantation with 4.0 x 10° competitor BMMNCs (F).
Colony replating capacity of these single cells (E, n = 48 cells) and the frequency of successful engraftment (>1% donor contribution in multi-lineage hemato-
poiesis) (F, n = 20) were determined.

(G and H) Percentages of hematopoietic contribution in peripheral blood of recipient mice transplanted with paired daughter cells. Single CD34~ HSC division was
identified in vitro and then each daughter was imaged to determine NAD(P)H levels and individually transplanted with 2 x 10° competitor BMMNCs into irradiated
recipient mice. Chimerism was evaluated at 4 months after BMT (10 divisions, for a total of 20 daughter cells analyzed). The division patterns of the investigated
division based on donor contribution (H).

BMMNCs, bone marrow mononuclear cells; HSC, Lin"Sca-1*c-Kit*CD135"CD150*CD48". (E): Student’s paired t test. (F): nonparametric Kolmogorov-Smirnov
test. ***, p < 0.0001; *, 0.01 < p < 0.05; N.S., not significant, p > 0.05. See also Figure S3.

364 Cell Stem Cell 37, 359-377, March 7, 2024



Cell Stem Cell

Farnesyl pyrophosphate, an intermediate of the cholesterol
pathway, can be a substrate for protein prenylation as well.*°
Results obtained from NAD(P)H™ and NAD(P)H"° CD34~ HSCs
indicate that high NAD(P)H correlates with high levels of protein
farnesylation (Figure S5D), confirming the higher flux through the
mevalonate pathway. Finally, sorted NAD(P)H" CD34~ HSCs
exposed to FCCP or H,O, display a cholesterol content compa-
rable to the NAD(P)H-° counterparts (Figure S5E).

Next, we isolated HSPCs and then induced TPNOX and mi-
toTPNOX expression as previously described (Figures 1L, S2N,
and S20). After 2 weeks of culture, filipin staining indicates
that mitoTPNOX, but not cytosolic TPNOX, significantly reduces
cholesterol levels (Figure 4D).

Cholesterol biosynthesis requires cytosolic acetyl-CoA as a
carbon source. We speculated that in HSCs, FAO supports
cholesterol biosynthesis also by providing acetyl-CoA. Mito-
chondrial acetyl-CoA is transported to the cytosol in form of cit-
rate by the mitochondrial citrate transport protein (CTP, coded
by Sic25a1), which is then converted to acetyl CoA by ATP cit-
rate lyase (ACLY).“>*' CD34~ HSCs displayed significantly
higher expression of Sic25a1 compared to CD34* HSCs (Fig-
ure S5F), and NAD(P)HM CD34~ HSCs, exposed in vitro to inhib-
itors of SLC25A1 or ACLY (BTC and BMS-303141, respectively),
reduced cholesterol synthesis (Figure S5G). Similar to Cpt1
levels, single-cell gPCR has confirmed that Sic25a1 expression
correlates with NAD(P)H levels in single HSC daughter cells
(Figures S3F and S5H). These results suggest that NAD(P)H pro-
duction (via FAQO) and citrate shuttling undergo the same mech-
anism of segregation during HSC division.

Both the in vitro administration of BIBB-515 (inhibitor of 2,3-
oxidosqualene cyclase [OSC], catalyst of a mandatory step of
cholesterol biosynthesis)*? and the exposure to methyl-g-cyclo-
dextrin (MBCD, an oligosaccharide able to extract cholesterol
from the plasma membrane)*® significantly reduced LTC-IC
capacity of NAD(P)H" but not NAD(P)H-> CD34~ HSCs
(Figures S51 and S5J).

These data prompted us to test cholesterol inhibition on an
in vivo setting. Statins are inhibitors of B-hydroxy B-methylglu-
taryl-CoA (HMG-CoA)-synthase widely tested in mice and hu-
mans. The in vitro treatment with lovastatin reduced filipin inten-
sity in NAD(P)H™" CD34~ HSCs to levels comparable to those of
NAD(P)HH CD34~ HSCs exposed to MBCD or NAD(P)H-°
CD34™ HSCs (Figure 4E). Low dosage of lovastatin reduced
in vitro LTC-IC capacity of NAD(P)H™ CD34~ HSCs (Figure S5K)
and significantly impaired the in vivo reconstitution capacity of
NAD(P)HH CD34~ HSCs in competitive reconstitution assays
(Figures 4F and 4G). Further, HSC cholesterol deprivation via
MBCD also significantly impaired the in vivo reconstitution ca-
pacity of NAD(P)H™ CD34™ HSCs (Figures 4F and 4G). The incu-
bation with cholesterol-saturated MBCD (MBCD:Chol) increases
cholesterol content in NAD(P)H"° CD34~ HSCs** (Figure 4H),
leading to enhanced colony-replating capacity of CD34~ HSCs
after long-term culture (Figure 4l).

The observations prompted us to test the impact of media
composition on the NADPH-FAO-cholesterol axis. Reference
media was supplemented with 1% BSA and 50 ng/mL stem
cell factor (SCF)/thrombopoietin (TPO) (see STAR Methods and
Figure S5L), and we tested the dilution or substitution of BSA
as well as lowered the concentration of SCF/TPO to 1 ng/ml (Fig-
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ure S5L). In sorted CD34~ Lin"Sca-1*c-Kit* (KSL) cells, only low
BSA concentration or its substitution with polyvinyl alcohol (PVA)
potentiated the NADPH-cholesterol axis (Figures S5M and S5N).
These observations are consistent with previous data showing
that a low BSA concentration in the media supports HSC main-
tenance in vitro*>“® and stimulates the synthesis of cholesterol
and fatty acids.*’

Altogether, these data indicate that in vitro manipulation of
cholesterol levels directly impacts the function of HSCs.

FAO sustains NADPH and cholesterol synthesis

We hypothesized that most of the electrons required to reduce
the NAD(P)H pool in NAD(P)H"" CD34~ HSCs are derived from
FAO.*” In agreement, NAD(P)H™ CD34~ HSCs exposed in vitro
to the Cpt1 inhibitor etomoxir display reduced cholesterol levels
(Figure 5A). We thus decided to genetically inactivate FAO. Cpt1
is reported to be sensitive to adenosine monophosphate-acti-
vated protein kinase (AMPK) activity,”® a known regulator of
HSCs,*?™*" and pharmacological inhibition of Cpt1 can induce
oligomerization of the pro-apoptotic members of the Bcl-2 family
Bax and Bak."?°® Because of these connections between Cpt1
and factors external to FAO that could bias the data interpreta-
tion, we decided to develop Cpt2 conditional knockout mice
(Cpt2™ Vav-iCre* or Cpt2 cKO). At steady state, Cpt2™ Vav-
iCre* mice displayed a reduced frequency of CD34~ HSCs (Fig-
ure S6A) and a significantly diminished proportion of CD34™ in
the NADPH™ gate (Figure 5B), while no alterations of mitochon-
drial mass (Figure S6B) were detected. Reduced intensity of
filipin staining was also found in CD34~ HSCs from Cpt2"”
Vav-iCre* mice (Figure 5C). Enrichment of cholesterol by
MBCD:Chol restores the colony-forming capacity of Cpt2-
deleted HSCs after long-term culture (Figures 5D and 5E). We
then tested the self-renewal capacity of HSCs from Cpt2 cKO
mice. We first analyzed the cell fate impact of NAD(P)H per single
mitochondria segregation on the first division of single NAD(P)
HM CD34~ HSCs from Cpt2” Vav-iCre™ and Vav-iCre* mice, as
described in Figure 2A. The proportions of asymmetric, symmet-
ric high, and symmetric low distribution in NAD(P)H™ CD34~
Cpt2"" Vav-iCre™ were comparable to that observed in control
mice (Figures 2B and 5F). Interestingly, no symmetric high divi-
sion was observed for NAD(P)H™" CD34~ HSCs from Cpt2”"
Vav-iCre* (0 out of 23), while the proportion of symmetric low
rose from 36% (8 out of 22) in the Cpt2”" Vav-iCre™ to 70% (16
out of 23) upon deletion of Cpt2. Consistently, competitive
reconstitution and serial transplantation assays confirmed
reconstitution impairment in recipients of HSCs from Cpt2 cKO
mice (Figures S5G-S5I and S6C).

Cholesterol synthesis regulated by PPAR-FAO
contributed to HSC capacity

Peroxisome proliferator-activated receptor-delta (PPARS)-spe-
cific agonist GW501516, which enhances FAO, was utilized to
assess the impact of targeting the FAO-NADPH-cholesterol
axis on HSC capacity. Exposure to GW501516 can potently in-
crease cholesterol levels in NAD(P)H° CD34~ HSCs (Fig-
ure S6D). We then assessed cKO mice for Ppar gamma coacti-
vator 1-alpha (Ppargc1a) in hematopoietic tissues. The Ppargc1a
gene (or Pgcia) is a co-activator stimulating PPAR factors to
induce mitochondrial biogenesis and favor multiple catabolic
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(A) Flow diagram of the pathway analysis used to identify NADPH-dependent reactions differentially regulated in CD34* compared to CD34~ HSCs.
(B) NADPH-dependent pathway enriched in the CD34~ HSCs and ranked after their Graphite score. Dot size represents the number of NADPH-related differ-

entially expressed genes (DEGs) identified.

(C) Schematic representation of the cholesterol biosynthesis pathway derived from the pathway analysis. Green nodes are differentially expressed genes (all

upregulated in CD34~ compared to CD34* HSCs). Orange arrows highlight NADPH-dependent reactions.

(D) Levels of Hsd17b7, MSMO, and Tm7sf2 in sorted CD34~ and CD34* HSCs quantified by gPCR relative to ActB. HSC, Lin"Sca-1*c-Kit*
CD135"CD150*CD487; DEG, differentially expressed genes. Bar graphs represent means + SEM, circles represent each replicate. (D): unpaired Student’s t test.

***0.0001 < p <0.001; * 0.01 < p <0.05. See also Figure S4.
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(B) Quantitation (left) and staining (right) of the cholesterol sensitive dye filipin in NAD(P)H™ and NAD(P)H-° CD34~ HSCs (n = NAD(P)H"": 85 cells, NADPH"°:
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(legend continued on next page)
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reactions.’**®> Pgc1a deletion induces significant reduction of
FAO rates, which can be rescued by administration of
GW501516.%° Although Ppargc1a” Vav-iCre* mice showed no
alterations in bone marrow composition or mitochondria
numbers (Figures S6E and S6F), CD34~ HSCs from Ppargc1af”
Vav-iCre* mice showed lower NAD(P)H autofluorescence and
cholesterol levels than littermate controls (Figures S6G and
S6H). In vitro GW501516 exposure restored the cholesterol con-
tent of Pgc1a-depleted HSCs, an effect overcome by forcing
NADPH consumption via co-exposure to both FCCP or H,0,
(Figures S6H). In a competitive BMT setting (Figure S6l),
Pgc1a-deleted HSCs showed impaired reconstitution capacity,
which was partially but significantly rescued by GW501516
(Figure S6l).

NADPH supports the biogenesis of EVs in HSCs

Our results indicate that proper levels of NADPH support the
synthesis of cholesterol, suggesting a role for NADPH in the
biogenesis of the plasma membrane or other components of
the endomembrane system. Because NAD(P)H™ and NAD(P)
H-° CD34~ HSCs are both quiescent (Figures S2E-S2G), indi-
cating no demand for membrane biogenesis to support cell di-
vision, we hypothesized that higher cholesterol synthesis
would be required for the biogenesis of extracellular vesi-
cles (EVs).”’

Thus, we cultured HSCs in fetal bovine serum (FBS)-free me-
dia to allow the enrichment in the media of any spontaneously
released EVs. Nanoparticle tracking analysis (NTA) identifies a
significant amount of EVs released by HSCs, with an average
diameter of ~95 nm (Figure 6A) confirmed by a tunable resistive
pulse-sensing (TRPS) system (median diameter of ~112 nm)
(Figure S7A). Finally, we used transmission electron microscopy
to confirm that EVs from HSCs exhibit a cup-like morphology
typical of exosomes (Figure S7B).

Next, we tested whether HSCs could produce transferable
EVs using PKH26, a lipid-specific fluorescent marker, which in-
corporates with double-layered membranes and is retained by
EVs after their release (Figure 6B, top). As a negative control,
the same number of compensation beads (with no EV release)
were processed in parallel (Figure 6B, bottom). HSCs exposed
to PKH26-stained EVs only displayed a marked PKH26 signal
at the cell edge and in the cytosol (Figure 6C).

NTA further showed that other bone marrow populations,
including Nestin® mesenchymal stem cells (MSCs), could also
produce EVs (Figure S7C).

Cell Stem Cell

To determine the impact of defects in the NADPH-cholesterol
axis on EV biogenesis, CD34~ HSCs were isolated from Cpt2”"
Vav-iCre™ or Vav-iCre* mice and cultured for 48 h. The condi-
tional deletion of Cpt2 significantly affected the number of EVs
retrieved, but this was partially recovered by exposure of
HSCs to MBCD:Chol (Figure 6D). The diameter of these EVs
was not affected (Figure S7D).

Tetraspanins are a family of transmembrane proteins found in
EVs that participate in their biogenesis and cargo selection.”®
Cholesterol metabolism supports the cycling of tetraspanins
(including CD9 and CD63) within the endomembrane system,
and inhibition of cholesterol biosynthesis impairs tetraspanin
loading into EVs.*™®? Thus, we investigated the expression of
CD63 and CD9 on EVs derived from Cpt2-deleted HSCs using
a flow cytometry and immunomagnetic beads-based methodol-
ogy. We confirmed that genetic inactivation of FAO resulted in
the drastic reduction of CD63 and CD9 in EVs from HSCs
(Figures S7E and S7F), and these defects can be reverted by
the replenishment of intracellular cholesterol (Figures S7E
and S7F).

Magnetic enrichment of EVs cannot resolve marker expres-
sion for single EVs but rather provides its expression for the
whole EV population. To test the content of EV markers at sin-
gle EV levels, we used enhanced super-resolution radial fluctu-
ations (eSRRF) microscopy that has been demonstrated to
resolve structure close to 100 nm.®® We used commercially
available fluorescent beads, which confirmed that eSRRF im-
aging is in a resolution domain compatible with EV investigation
(Figures S7G and S7H). Next, HSC-derived EVs were immuno-
stained for CD63 and imaged using eSRRF microscopy
(Figure S7I).

This single-EV technique suggests that conditional Cpt2 dele-
tion affects CD63 levels in EVs, which were partially recovered by
the replenishment of intracellular cholesterol (Figure 6E). Finally,
we use a recently developed high-resolution single-particle plat-
form, NanoFCM NanoAnalyzer (nFCM), to investigate the
expression of CD63 on HSC-derived EVs.®* The nFCM analysis
confirmed that CD63 loading into EVs is dependent on the
FAO-cholesterol axis and that external supplementation of
cholesterol can partially recover CD63 loading in FAO-deficient
HSCs (Figure 6F).

Because HSCs actively produce EVs and their biology de-
pends on FAO and cholesterol, we investigated the impact of
EVs on HSC function. We measured NAD(P)H levels and mito-
chondrial mass of CD34~ HSCs cultured in the presence of

(D) Quantitation (left) and images (right) of filipin staining in the cultured KSL expressing TPNOX, mitoTPNOX, or empty vector (mock) after 2 weeks of culture with
doxycycline (mock, n = 551 cells; TPNOX, n = 119 cells; mitoTPNOX, n = 140 cells).

(E) Quantitation (left) and images of filipin (right) in sorted NAD(P)H"" and NAD(P)H-° CD34~ HSCs then cultured for 24 h with 37.5 nM lovastatin, an inhibitor of
cholesterol synthessis, or for 2 h after cholesterol sequestration by 1.5 mM methyl-p-cyclodextrin (NAD(P)H™, n = 141 cells; NAD(P)H™ + Lovastatin, n = 137 cells;
NAD(P)HH + MBCD, n = 102 cells; NAD(P)H™°, n = 107 cells).

(F and G) Analysis of BMT of five NAD(P)H™ CD34~ HSCs exposed to 37.5 nM lovastatin (for 24 h in vitro), 1.5 mM MBCD (2 h in vitro) or Vehicle (Ctrl), with 4.0 x 10°
competitor BMMNC:s. (F) Percentages of donor-derived cells in the peripheral blood of recipient mice. (G) Percentages of donor-derived cells in HSPCs (left) or
mature cells (right) from the bone marrow of recipient mice at 6 months after BMT.

(H) Quantitation (left) and images (right) of filipin staining in NAD(P)H-° CD34~ HSCs exposed to cholesterol-saturated MBCD. n > 12 replicates, 3 independent
experiments. (I) LTC-IC capacity of CD34~ HSCs exposed to cholesterol-saturated MBCD (Ctrl, n = 29, MBCD:Chol, n = 64). PLS-DA, Partial least squares-
discriminant analysis; Lov, Lovastatin; HSC, Lin"Sca-1*c-Kit*CD135"CD150*CD48~; MBCD, methyl-B-cyclodextrin. Scale bars, 5um. Bar graphs represent
means = SEM, circles represent each replicate. (A): nonparametric Mann-Whitney U test. (B) and (H): unpaired Student’s t test. (C) and (I): Student’s paired t test.
(D) and (E): one-way ANOVA with Dunnet’s multiple comparison test. (F) and (G): two-way ANOVA with Sidak’s multiple comparison test. ***, p < 0.0001; ***,
0.0001 < p <0.001; **,0.001 < p<0.01; * 0.01 < p<0.05; N.S., not significant, p > 0.05. See also Figure S5.
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Figure 5. FAO sustains NADPH and cholesterol axis

(A) Quantitation of filipin staining in NAD(P)HH CD34~ HSCs exposed to etomoxir for 24 h in vitro (vehicle, n = 30 cells; etomoxir, n = 31 cells).
(B) Proportion of NAD(P)H™ cells in CD34~ HSCs from Cpt2 7' Vav-iCre™ and Vav-iCre* mice. NAD(P)H" gate was defined as in Figure 1H.

(C) Quantitation (left) and images (right) of filipin staining in CD34~ HSCs from

Cpt2"" Vav-iCre™ and Vav-iCre* mice (Vav-iCre™, n = 40 cells; Vav-iCre*, n = 56).

(legend continued on next page)
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HSC-derived EVs or compensation bead-derived negative con-
trols. EV exposure elevates NAD(P)H levels in acceptor HSCs
while lowering their mitochondrial mass (Figures S7J and S7K),
two features of mitochondrial physiology that distinguish HSCs
from committed progenitors, as indicated by our observation
(Figures 1A-1J) and multiple reports.” %5 In addition, the expo-
sure of HSCs to HSC-derived EVs significantly increased the
expression of SCF. This effect was not observed when EVs
were obtained from committed progenitor (FKSL or Lin™) cells
or MSCs (Figures S7L), although HSCs do appear to actively
take up EVs from these other origins (Figures S7L and S7M).

We then test whether EV supplementation regulated HSC
function by measuring the reconstitution potential in vivo.
CD34~ HSCs were isolated and cultured for 48 h with HSC-
derived EVs or vehicle and then subjected to competitive BMT
(Figure 6G, left). Strikingly, HSCs supplemented with EVs dis-
played a higher capacity to reconstitute the hematopoietic sys-
tem without lineage bias compared to HSCs receiving vehicle
in both peripheral blood (Figure 6G) and bone marrow (Fig-
ure 6H). These results confirm that HSCs can stimulate their
self-renewal potential in an autocrine manner through EV-medi-
ated signaling.

To confirm this new paradigm, we inhibited EV formation
in vitro by treating HSPCs with GW4869 (inhibitor of neutral
sphingomyelinase, widely used to block EV generation)®® and
then measuring their colony-forming capacity upon serial replat-
ing. While vehicle-treated HSPCs were able to produce colonies
after three re-platings, cells treated with GW4869 only formed
colonies in the first two re-platings, indicating loss of self-
renewal (Figure S7N).

Rab27a regulates EV secretion by promoting multivesicular en-
dosome docking at the plasma membrane.®” To confirm in vivo
the inhibition of EV formation on HSC function, we used a Dox-
inducible short hairpin RNA (shRNA) for Rab27a, able to reduce
the production of EVs in vitro (Figure S70). Sorted FKSL cells
were infected in vitro and selected with G418 (1 ng/mL) before un-
dergoing competitive BMT (Figure 6l, left). Dox induction (per-
formed 2 weeks after BMT) resulted in a dramatic loss of reconsti-
tution potential without lineage bias in both peripheral blood
(Figure 6l) and bone marrow (Figure 6J) 2 weeks after Dox admin-
istration and remained stable up to 18 weeks. These findings
prompted us to investigate the impact of Rab27a downregulation
on HSPCs. We replicated the competitive BMT with infected
FKSL cells (as in Figure 6l), focusing the follow-up during the first
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3 weeks of Dox induction. In peripheral blood, the effect was
visible a week after and became progressively more obvious in
the following weeks (Figure S7P). After 3 weeks of Dox induction,
mice were euthanized, and defective reconstitution was observed
in all the populations tested (Figure S7Q). These results imply that
downregulation of Rab27a had a specific impact not only on HSCs
but also potentially on the function of progenitor cells.

HSCs reside in a special microenvironment in the bone
marrow called the HSC niche (or the niche) that maintains he-
matopoietic homeostasis through interactions between various
niche cells/factors and HSCs.®® It has been proposed that EVs
participate in this complex microenvironment.®®~"" Although
our data propose that HSC-derived EVs stimulate HSC function
in an autocrine manner, we hypothesized that this process could
also involve the participation of supporting stromal cells.

Thus, we isolated EVs from HSCs, FKSL cells, and Lin™ cells
stained with PKH26, as described in Figure 6B. Fluorescently
labeled EVs were next administered to bone marrow stromal
cells in vitro, and the uptake of EVs was evaluated by fluores-
cence microscopy. Stromal cells preferentially take up EVs
released by HSCs compared to those obtained from committed
progenitors (Figure S7R). Interestingly, EVs derived from HSCs,
but not from committed bone marrow progenitors, were able
to potently stimulate SCF expression in stromal cells (Fig-
ure S7S). This suggests that EV-mediated signaling instructs
stromal cells to provide a microenvironment favorable for HSC
maintenance.

To finally corroborate this model, we measured the colony-
forming ability of CD34™ HSCs after 6 weeks of co-culture with
stromal cells in the presence of GW4869. We observed that
GW4869 significantly impairs HSC maintenance in vitro, confirm-
ing the importance of EV biogenesis in hematopoietic homeosta-
sis (Figure S7T).

Overall, these data show that an NADPH-cholesterol axis con-
trols the biogenesis of EVs in HSCs that participate in HSC main-
tenance through both autocrine- and paracrine-signaling
mechanisms.

DISCUSSION

In the current study, we propose that mitochondria can directly
support cholesterol synthesis under specific non-respiratory
conditions in HSCs. Cholesterol is not synthesized in mitochon-
dria, but we expect that the elevation of TCA cycle metabolites

(D and E) Quantification of filipin staining in NAD(P)H" CD34~ HSCs (D; Cpt2” Vav-iCre™, n = 34, Cpt2” Vav-iCre*, n = 47, Cpt2" Vav-iCre* MBCD:Chol, n = 99)
and LTC-IC capacity of CD34~ HSCs from the indicated genotyped mice (E, n > 12 replicates, 3 independent experiments) exposed to cholesterol-satu-
rated MBCD.

(F) Proportion of symmetric high (Sym High), asymmetric (Asym), or symmetric low (Sym low) distribution of mitochondrial NAD(P)H after first division of the
cultured CD34~ HSCs from Cpt2"f Vav-iCre™ and Cpt2"f Vav-iCre* mice (left). Asymmetric distribution of NAD(P)H was determined as in Figure 2G (Vav-iCre™, n =
22; Vav-iCre*, n = 23). Images of TMRM and NAD(P)H of pair daughter cells are also shown (right).

(G) Experimental design for serial transplantation with Cpt2” Vav-iCre™ and Vav-iCre* CD34~ HSCs. Five CD34~ HSCs from Cpt2” Vav-iCre™ or Vav-iCre* were
transplanted into lethally irradiated Ly5.1 recipient mice together with 5x10° competitor BMMNGs (15t BMT). After 6 months of follow up, BMMNC were isolated
from each recipient mouse with positive reconstitution and transplanted into secondary recipient mice (1 x 105 BMMNCs/secondary recipient mouse). The
hematopoiesis of the recipient mice was followed for 16 weeks.

(H and F) Percentages of donor-derived cells in peripheral blood (H) or bone marrow HSPCs (F) of recipient mice at the indicated weeks after 15 BMT (also see
Figure S6C).

BMT, bone marrow transplantation. Scale bar, 5um. Bar graphs represent means + SEM, circles represent each replicate. (A) and (E): Student’s paired t test.
(B) and (C): unpaired Student’s t test. (D): one-way ANOVA with Dunnet’s multiple comparison test. (F), x° test. (H) and (I): two-way ANOVA with Sidak’s multiple
comparison test. ****, p < 0.0001; ***, 0.0001 < p < 0.001; **, 0.001 < p <0.01;*, 0.01 < p < 0.05; N.S., not significant, p > 0.05. See also Figure S6.
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and mitochondrial NADH (driven by the high rate of FAO in HSCs)
promote the elevation of NADPH through mitochondrial shuttle
systems and the redundant reactions that keep NADH and
NADPH in equilibrium.”® Mitochondrial metabolism in HSCs
may generate an outward flux of reduced nicotinamide cofactors
and metabolites (e.g., citrate), which would then become avail-
able for the synthesis of cholesterol in the cytosol and the endo-
plasmic reticulum (ER) membrane. Exchange of NADPH be-
tween the mitochondria and ER could be favored by their sites
of close association, which have been reported to be enriched
in cholesterol.”® Also, genetic lowering of these contacts has
been shown to affect HSC self-renewal capacity.”*

A recent study described the impact of citrate conversion to
acetyl-CoA in HSCs after 5-fluorouracil (5-FU) induced myeloabla-
tion in mouse.”® In this report, in the first days after 5-FU adminis-
tration, HSCs undergo expansion, and in a subsequent phase,
they change fate toward differentiation. In this setting, citrate-
derived acetyl-CoA supports both self-renewal and differentiation
by regulating the histone acetylation landscape and gene tran-
scription.”® Our study offers a deeper insight into this mechanism,
reporting that in HSCs, citrate and acetyl-CoA derived from FAO
are required for cholesterol synthesis (Figure S5G), which is instru-
mental for self-renewal. This also implies that regulation of histone
acetylation might be relevant for HSC differentiation more than
self-renewal. In support, our data show that inhibition of the me-
valonate pathway by lovastatin or BIBB-515 (expected to boost
acetyl-CoA levels) causes HSC exhaustion, strongly deteriorating
long-term reconstitution capacity rather than supporting self-
renewal capacity (Figures 4F, 4G, S5I, and S5J).

Previous reports have indicated that cholesterol efflux regu-
lates HSC maintenance and that elevation of cholesterol plas-
matic levels or inhibition of its efflux induces proliferation and
mobilization of HSCs and progenitor cells via increased expres-
sion of the IL-3/GM-CSF receptor'® or the production of
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G-CSF.”® Despite these reports, cholesterol levels in purified
HSCs and their functional role had yet to be determined. Here,
we define that HSCs exhibit high cholesterol synthesis, which fa-
vors their self-renewal through a cell-autonomous function. Our
results suggest, however, that this is (at least in part) mediated by
an NADPH-cholesterol axis supporting the biogenesis of EVs,
most likely exosomes.

EVs regulate cell-to-cell communication,”” and multiple evi-
dences indicate that some EVs can promote HSC maintenance
by several mechanisms.”®’® We discovered that HSCs actively
release EVs and that EV biogenesis supports the proper mainte-
nance of HSC capacity in concert with the NADPH-cholesterol
axis. Most interestingly, we observed that the NADPH-choles-
terol axis is required for the proper loading of CD9 and CD63
into HSC-derived EVs. This speculation is confirmed by an early
study reporting asymmetric partitioning of the tetraspanins
CD53 and CD63 in human cord blood-derived HSCs upon cell
division in vitro®® and is further supported by a recent study
that demonstrated that murine HSCs have heterogeneous levels
of CD63. The long-term in vivo repopulation capacities are en-
riched in CD63-high HSCs when compared to their CD63-low
counterparts.®’

Together with our in vitro findings, this evidence suggests that
EVs released from HSCs support self-renewal via an autocrine-
signaling mechanism. In addition, we observed that other bone
marrow populations can produce EVs at levels comparable to
HSCs. These include progenitor cells (FKSL), more differentiated
precursor cells (Lin7), and MSCs. We showed that while HSCs
can take up EVs released from all these cells, only HSC-derived
EVs can significantly stimulate the expression of SCF in HSCs.
Critically, we found that bone marrow stromal cells also prefer-
entially take up EVs isolated from HSCs compared to the ones
isolated from more differentiated cells, again inducing a potent
expression of SCF. This observation opens the possibility

Figure 6. NADPH supports the biogenesis of extracellular vesicles (EVs) in HSC
(A) Distribution of the diameter of EVs derived from HSCs determined by nanoparticle tracking analysis (NTA).

(B) Experimental strategy of EV transfer between donor and acceptor HSCs. Donor CD34™ HSCs (black) or compensation beads (white) were sorted into FBS-free
media, and stained with the lipid marker, PKH26 (orange). EVs were isolated and supplemented to freshly isolated acceptor HSCs, then EV-related PKH26 signal
(orange) was determined by fluorescence microscopy.

(C) Images (left) and quantitation (right) of PKH26 staining in acceptor CD34~ HSCs exposed to HSC-derived EVs (HSC-EV) or negative control (bead) (HSC-EV,
n = 14 cells; bead, n = 11 cells).

(D) Particle size distributions of EVs from CD34~ HSCs, measured by TRPS system. CD34~ HSCs isolated from Cpt2"' Vav-iCre™ and Vav-iCre* mice were cultured
in vitro for 48 h. A fraction of cells from Cpt2"" Vav-iCre* mice were exposed to cholesterol-enriched methyl-B-cyclodextrin (MBCD:Chol). EVs were isolated and
analyzed by TRPS (n = 5 independent experiments), frequency distribution of the diameter (top) and average concentration (bottom) are shown.

(E) The expression of EV marker CD63 at single EV level was determined by enhanced super-resolution radial fluctuation (eSRRF). Images of CD63 in CD34~
HSCs-derived EVs (top) and quantitation of CD63 (bottom) in each (Cpt2™ Vav-iCre™, n = 87; Cpt2™ Vav-iCre*, n = 332; Cpt2"” Vav-iCre* + MBCD:Chol, n = 138;
PBS, n = 10; beads, n = 83). See also Figures S7G-S7I.

(F) Nanometric flow cytometry analysis of HSC-derived EVs immunostained for CD63 and investigated by NanoFCM NanoAnalyzer.

(G) Experimental design (left) and percentages of donor-derived cells (right) in various lineages of peripheral blood of recipient mice transplanted with HSCs
supplemented with HSC-derived EVs. Per each recipient mouse, 25 CD34~ HSCs were sorted and cultured for 48 h. During this period, HSCs were supplemented
with HSC-derived EVs (+HSC-EV; 1.5 x 10° EV per single HSC). EV-free PBS was used as a vehicle. After 48 h of culture, the whole culture was transplanted into
lethally irradiated Ly5.1 recipient mice together with 4 x 10° competitor BMMNCs.

(H) Percentages of donor-derived cells in the indicate fractions of the bone marrow of the recipient mice 28 weeks after BMT.

(I) Experimental design (left) and percentages of donor-derived cells (right) in various lineages of peripheral blood of recipient mice after Rab27a interfering. After
infection and selection with G418, 2,000 live FKSL cells were transplanted into lethally irradiated Ly5.1 recipient mice together with 1 x 10° competitor BMMNCs.
Doxycycline was supplemented in water starting at week 2 after BMT. The x axis represents weeks after doxycycline administration.

(J) Percentages of donor-derived cells in the indicated fractions of the bone marrow of the recipient mice 20 weeks after BMT.

EV, extracellular vesicles; HSC-EV, HSC-derived extracellular vesicles; FKSL, CD135 ¢c-Kit*Sca-1*Lin". Scale bar, 5um. Bar graphs represent means + S.E.M,
circles represent each replicate. (C): Unpaired Student’s t test. (D) and (E): one-way ANOVA with Dunnet’s multiple comparison test. (G), (H), (I), and (J): two-way
ANOVA with Sidak’s multiple comparison test. ***, p < 0.0001; ***, 0.0001 < p <0.001;**,0.001 < p<0.01;* 0.01 < p<0.05; N.S., not significant, p > 0.05. See
also Figure S7.
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that HSC-derived EVs might regulate HSC self-renewal also
by activating paracrine signaling within the complex bone
marrow environment where HSCs reside.®®%%%% EV-mediated
communications among bone marrow cells could lead distinct
outcomes influenced by the administration of GW4869. For
instance, the study by Hurwitz et al.®* focused primarily on
HSPCs and short-term exposure to GW4869 and reported that
short-term ex vivo exposure of HSPCs to GW4869 had an impact
on multipotent progenitor (MPP) expansion and potentiated
in vivo reconstitution (although this was biased toward myeloid
lineages).®* Our study likewise demonstrated that ex vivo expo-
sure of HSPCs to GW4869 increased the number of colonies af-
ter initial replating. However, we found that prolonged exposure
to GW4869 affected HSC activity, and the GW4869-treated col-
onies exhausted more rapidly than those produced by vehicle-
treated cells, resulting in reduced numbers of colonies formed
in subsequent replatings. We speculate that the discrepancies
between the experimental designs and the observed results
may highlight the existence of EV-mediated communications im-
pacting MPP and possibly HSC function.

In summary, we propose that mitochondria maintain a pool of
reduced NADPH in HSCs, which sustains cholesterol biosyn-
thesis and EV biogenesis for proper HSC fate decision and ho-
meostasis. Further studies will evaluate the potential application
of this concept to HSC-related diseases and the improvement of
HSC-transplantation techniques.

Limitations of the study

The pharmacological or genetic inhibition of EV biogenesis (by
means of GW4869 or Rab27a downregulation, respectively)
demonstrated the importance of proper EV biogenesis in the
maintenance of HSCs and its potential impacts on the function
of progenitor cells. We therefore cannot fully exclude the possi-
bility that GW4869- or Rab27a-mediated EVs from HSCs may
affect not only HSCs but also the function of progenitor cells or
differentiated blood cells. Our experiments likewise cannot
exclude that GW4869 exposure or knockdown of Rab27a affects
the EV supply from committed hematopoietic cells. Rab27a and
the target of GW4869 (neutral sphingomyelinase) are widely
recognized as tools for blocking EV biogenesis®’#>-%%; however,
Rab27a is also a regulator of the late endocytic pathway, while
neutral sphingomyelinase is important in lipidome regulation.
Our data cannot fully exclude a cell-intrinsic role for Rab27a or
neutral sphingomyelinase in HSC function. However, we
reached the same conclusions from multiple experimental set-
tings/conditions that produced results supporting a positive cor-
relation between EV levels and HSC function. Importantly, the ef-
fects of GW4869 and EV supplementation are mediated by
mechanisms that are distinct from those of Rab27a inhibition.
We expect that future mechanistic exploration of cargo selection
in HSCs and progenitor cells will yield new insights at the single-
cell level into the specific communications (e.g., autocrine, and
paracrine) involved in HSC retention and/or self-renewal capac-
ity within the physiological microenvironment.
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Bovine Serum Albumin Sigma-Aldrich Cat# A4503
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FCCP (carbonilcyanide p-triflouromethoxy- Millipore-Sigma Cat# C2920; CAS: 370-86-5

phenylhydrazone)
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Hydrogen peroxide (H2O,)
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MethoCult GF M3434
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StemSpan™ SFEM
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Capricorn scientific
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Thermo Fisher Scientific
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Cayman Chemical
Sigma-Aldrich

PeproTech
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Thermo Fisher Scientific
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Cat# 332615; CAS: 128446-36-6
Cat# 13995 CAS: 83-79-4

Cat# 341584; CAS: 9002-89-5
Cat# 250-03

Cat# 09600

Cat# T668

Verapamil Millipore-Sigma Cat# V4629; CAS: 152-11-4
Pyronin Y Merk Cat# 213519; CAS: 92-32-0
PEG 8000 Merk Cat# 89510; CAS: 25322-68-3
PKH26 Sigma-Aldrich Cat# MINI26-1KT

Critical commercial assays

RNAeasy Mini kit QIAGEN Cat# 74104

Cholesterol Assay Kit (Cell based) Abcam Cat# ab133116

Total Cholesterol Assay Kits Cell Biolabs Cat# STA-384
NADP/NADPH-Glo Promega Cat# G9081
NAD/NADH-Glo Promega Cat# G9071

SPHERO™ Particle Size Standard Kit #PPS-6K Spherotech Cat# PPS-6K

Experimental models: Cell lines

OP-9 ATCC ATCC: CRL-2749

Deposited data

Mendeley data Source data https://data.mendeley.com/preview/3g6snt5yzr?
a=67b3935a-4810-4a22-af31-7336351b6dcf

MetaboLights Raw metabolomic data MTBLS6401
Experimental models: Organisms/strains
B6.SJL-Ptprca Pepcb/BoyJ The Jackson lab JAX: 002014
B6N.Cg-Commd10Tg(Vav1-iCre)A2Kio/J The Jackson lab JAX: 008610
B6N.129(FVB)-Ppargciatm2.1Brsp/J The Jackson lab JAX: 009666
C57BL/6 The Jackson lab JAX: 000664
C57BL/6 Cpt2f/f T. Finkel Lab, University of Pittsburgh n.a.

Nomura et al.®®
Nes-Gfp transgenic mice S. Frenette Lab, Albert Einstein College  n.a.

of Medicine Mendez-Ferrer et a

Recombinant DNA

pLKO-Tet-On-shRab27a
pUC57-TPNOX

Yang et al.”"

Cracan et al.*°

Addgene 120930
Addgene 87853

(Continued on next page)

Cell Stem Cell 37, 359-377.e1-e10, March 7, 2024 e2


https://data.mendeley.com/preview/3g6snt5yzr?a=67b3935a-4810-4a22-af31-7336351b6dcf
https://data.mendeley.com/preview/3g6snt5yzr?a=67b3935a-4810-4a22-af31-7336351b6dcf

¢? CellPress

OPEN ACCESS

Cell Stem Cell

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pUC57-mitoTPNOX Cracan et al.*° Addgene 87854

Oligonucleotides

Scf F- CCTCTCGCAATGCAAAGAAGG This paper N/A

Scf R- GAGGTCGGTAGCATATTTGGAAG This paper N/A

Msmo1 F- AAACAAAAGTGTTGGCGTGTTC This paper N/A

Msmo1 R- AAGCATTCTTAAAGGGCTCCTG This paper N/A

Tm7sf2 F- GTCGCGGCTTTACTGATCCT This paper N/A

Tm7sf2 R- CAGGCAGATAGGCCGGTAG This paper N/A

Hsd17b7 F- CCTCTCGCAATGCAAAGAAGG This paper N/A

Hsd17b7 R- GAGGTCGGTAGCATATTTGGAAG  This paper N/A

ActB F- GGCTGTATTCCCCTCCATCG This paper N/A

ActB R- CCAGTTGGTAACAATGCCATGT This paper N/A

Software and algorithms

GraphPad Prism GraphPad https://www.graphpad.com/

Fiji - ImageJ Schindelin et al.” Fiji (imagej.net)

NanoJ-eSRRF Gustafsson et al.®® https://github.com/HenriquesLab/NanoJ-eSRRF
CellProfiler McQuin et al.®* https://cellprofiler.org/

Graphite Sales et al.*® Graphite Web (unipd.it)

FlowJo BD https://www.flowjo.com/

L-CALC STEMCELL Technologies https://www.stemcell.com/I-calc-software.html
Olympus - scanR EVIDENT scientific https://lifescience.evidentscientific.com.cn/

Compound Discoverer 3.0

MetaboAnalyst
I1zon Control Suite Software (V3.4)

ThermoFisher Scientific

Xia et al.®®

Izon Science

en/video/scanr-product-overview/

https://thermo.flexnetoperations.com/
control/thmo/login

https://www.metaboanalyst.ca/
https://support.izon.com/gnano-control-

suite-software

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents (including mouse strains, cell lines and plasmids) should be directed to
and will be fulfilled by the lead contact, Keisuke Ito (keisuke.ito@einsteinmed.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Source data have been deposited to Mendeley Data and are available at https://data.mendeley.com/preview/3g6snt5yzr?
a=67b3935a-4810-4a22-af31-7336351b6dcf. The raw metabolomics data are deposited to MetabolLights (reference number
MTBLS6401). Any additional information required to reanalyze the data reported in this paper is available from the lead contact
upon request.

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

C57BL/6 mice (B6-CD45.2, or Ly5.2), B6N.Cg-Commd10Tg(Vav1-iCre)A2Kio/J (Vav-iCre), B6N.129(FVB)-Ppargc1atm2.1Brsp/J
(Ppargciaf/f) and B6.SJL-Ptprca Pepcb/BoyJ (B6-CD45.1, or Ly5.1) were purchased from The Jackson Laboratory. C57BL/6
Cpt2f/f were kindly gifted by Dr. Finkel.®® Nes-Gfp transgenic mice were kindly gifted by Dr. Frenette.”® GW-501516 was adminis-
tered at 5 mg per kg body weight per day by oral gavage.’ All animal experiments were approved by the Institutional Animal Care
and Use Committee of the Albert Einstein College of Medicine. All mice were 2-4 month old at the time of their utilization. Both
male and female mice were used.
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METHOD DETAILS

Flow cytometry and cell sorting

Bone marrow mononuclear cells (BMMNCs) were isolated by the flushing technique. Briefly, bone marrow from the femora and tibia
was flushed in FACS buffer (PBS +2% FBS). After red blood cells lysis with ACK Lysing Buffer (Gibco), the bone marrow was filtered
using 75mm cell-strainer cap (Falcon). After isolation, BMMNCs were incubated with the following mix of monoclonal antibodies
against lineage: Ly6G/Ly6C (Gr-1)-biotin (Cat# 108404) from Biolegend; CD11b-biotin (Cat# BDB553309), CD19-biotin (Cat#
BDB553784), CD45R/B220-biotin (Cat# BDB553086), CD4-biotin (Cat# BDB553782), NK-1.1-biotin (Cat# BDB553163) and TER-
119-biotin (Cat# BDB553672) from Fisher Scientific; CD135 (FIt3)-biotin (Cat# 13-1351-82) from eBioscience; CD127-biotin (Cat#
13-1271-85), CD3e-biotin (Cat# 13-0031-85), CD8a-biotin (Cat# 13-0081-85), Mouse IgM-biotin (Cat# 13-5790-85) from Life Tech-
nologies, and then resuspended in 2% FBS-PBS for 30 min in ice. Lineage antibody staining was followed by incubation with anti-
body mix for the following HSPC markers: CD117 (c-kit)-APC/CY7 (Cat# 105826) or CD117 (c-kit)-PE (Cat# 105808), CD150 (SLAM)-
PerCp/Cy5.5 (Cat# 115922), CD48-Pacific Blue (Cat# 103418) from Biolegend; CD201(EPCR)- APC (17-2012-82), CD34-APC (Cat#
50-0341-82) or CD34-FITC (Cat# 11-0341-85), CD48-APC (Cat# 17-0481-82), Ly-6A/E (Sca-1)-PE/Cy7 (Cat# 25-5981-81),
Streptavidin-APC (Cat# 17-4317-82) or Streptavidin-Pacific Blue (Cat# 48-4317-82) from eBioscience; resuspended in 2% FBS-
PBS for 30 min in ice. All antibodies were used at a 1:100 dilution.

Samples were acquired on an LSR Il flow cytometer (Becton Dickinson) then data was analyzed using FlowJo 10 (Becton Dick-
inson). For Pyronin Y, freshly isolated BM stained for surface markers were stained with Pyronin Y 1 uM (Sigma-Aldrich) at 37°C
for 20 min and analyzed by flow cytometry. For cell sorting, BMMNCs stained with antibody mix were sorted directly into
StemSpan SFEM (STEMCELL Technologies, Cat# 09600). Stem and progenitors cell fractions were isolated from lineage-depleted
samples, as necessary. Cell sorting of CD34~ HSC was performed on a BD FACSARIA Il (Becton Dickinson). To sort NAD(P)H versus
NAD(P)H-° CD34~ HSC were sorted using MoFlo XDP (Beckman Coulter). Briefly, BMMNCs stained for surface markers were sub-
divided into two aliquots then incubated for 5 min at 37°C in 2% FBS-PBS in presence or absence of FCCP 1uM. To ensure the con-
sistency of our strategy, we confirmed that this gating process identified <2% of FCCP-exposed CD34~ HSCs as NAD(P)H™
(Figures 1H and S2A), while ~60% of untreated CD34~ HSCs were included in the NAD(P)H gate.

For MSC sorting, BM primary cells were isolated from femurs and tibia of Nes-Gfp transgenic mice. BM were crushed and digested
with 2 mg/mL Collagenase type IV (Gibco, 17104-019) and 4 mg/mL Dispase (Gibco, 17105-041) in HBSS (Gibco) for 30 min at 37°C,
following erythrocyte lysis. For flow cytometry sorting, cells were stained and enriched by immunomagnetic depletion using anti-
biotin magnetic beads (Miltenyi Biotec) binding CD45-biotin (BD Biosciences, 553077) and Ter119-biotin (BD Biosciences,
553672), according to the manufacturer’s recommendations. Cells were stained by Streptavidin-PE (Biolegend, 405203), CD31-
APC (Biolegend, 102409), and sorted on a FACSAria (BD) to >95% purity using Nes-Gfp as MSC marker.?°

NAD(P)H analysis by flow cytometry

BMMNCs were isolated and stained for surface markers as described above. After staining, samples were subdivided in 3-5 frac-
tions, each of them was incubated for 5 min at 37°C in 2% FBS-PBS in presence of FCCP 1uM, or H,O, 100 uM or rotenone
100 nM. After incubation, samples were recorded at LSRII, NAD(P)H autofluorescence was detected in the Indo-Violet channel (exci-
tation laser at 350 nm, band-pass emission 450/50 nm). When indicated, samples exposed with FCCP or H,O, were eventually incu-
bated with H,O, 100uM or rotenone 100nM (respectively) at 37°C for additional 5 min then acquired at LSRIl. To compensate for
artifact related to cell size, autofluorescence intensity was normalized on FSC-A values, then scaled by multiplying for 10*. This index
was utilized as a reporter of NAD(P)H concentration (Figure S1D). The use of size calibration beads (SPHERO Particle Size Standard
Kit #PPS-6K, Spherotech, Lake Forest, IL, USA) confirms that the FSC-A can be used as a readout of cell size.

HSCP culture conditions

Sorted HSC or KSL were cultured in StemSpan SFEM (STEMCELL Technologies, Cat# 09600) supplemented with SCF (PeproTech,
Cat# 250-03) and TPO (PeproTech, Cat# AF-315-14) at 50 ng/mL unless otherwise described. According to the experimental need,
the media could be supplemented with one of the following chemicals: Etomoxir 10 uM (Merk, #Cat E1905), Lovastatin 37.5 nM
(United State Pharmacopoea, #Cat 1370600), GW4869 10 uM (Merk, #Cat D1692), GW501516 0.1 uM (Santa Cruz Biotechnology,
#Cat sc-202642), BIBB 515 12.5 M (Cayman Chemical, #Cat 10010517), BTC 5 mM (Merk, #Cat 115983), BMS-303141 1 mM (Merk,
#Cat SML0784), MBCD 1.5mM (Sigma- Aldrich, #Cat 332615). For media testing (Figure S5L-S5N) sorted CD34~ KSL were cultured
with a handmade media adapted from.“® Briefly the media was composed of F12, 1% ITSX, 1% (Thermo Fisher Scientific, Cat#
51500056), 10 mM HEPES, 1% P/S/G. This base media was further supplemented with bovine serum albumin (1% or 0.1%;
Sigma-Aldrich, Cat# A4503), or poly(vinyl alcohol) 0.1% (Sigma-Aldrich, Cat# 341584), or exosome free-FBS 1% (Capricorn scien-
tific, Cat# FBS-ED-12F), and SCF and TPO (50 ng/mL or 1 ng/mL).

Imaging of mitochondrial markers

Sorted cells were centrifuged at 400 g for 3 min at 4°C, resuspended in 30 ul of StemSpan SFEM, then seeded on a Lab-Tek Il Cham-
ber Slide (Thermo Fisher Scientific, Cat # 154534PK) coated with Retronectin (Takahara Bio, Cat# T100B), stained with TMRM 2 nM,
and incubated for 60 min to let cells adhere.
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Each cell was acquired on a Delta Vision Core (GE Healthcare Life Sciences) epifluorescence microscope equipped with a 60X oil
immersion lens (NA 1.4). The nicotinamide moiety of NADH absorbs light at approximately 340 nm, and emits fluorescence at
460 nm.”® The intensity of this fluorescence reflects NADH and/or NADPH (cumulatively referred to as NAD(P)H hereafter) and it
was collected using excitation filter 377/50nm and emission filter 447/60 nm. For NAD(P)H analysis in Figure S7J, single planes
were acquired. After flat field correction and background subtraction, the average intensity of NAD(P)H for each cell was collected.
For 3D imaging in Figures 1C, 1H, 2A, 2B, 5F, S2J, S6B, and S6E z stack were acquired with a z spacing of 0.3 um and pixel size of
107nm. After acquisition, stacks were reconstructed by digital deconvolution using the Richardson-Lucy algorithm implemented in
the DeconvolutionLab2 plugin available for Fiji.°> PSFs were manually measured by imaging PS-Speck Microscope Point Source Kit
(Thermo Fisher Scientific, Cat# P7220).

After deconvolution, TMRM and Autofluorescence signals were segmented to identify mitochondria using a custom macro for Fiji.
Briefly, to compensate for variation in expression levels, the histogram was stretched setting a maximal value for the top 0.1% of the
original values. TMRM signal was emphasized by a 3D Top Hat filter (kernel 8 x 8 x 2 pixel), then thresholded using Yen algorithm.
Segmentation objects were identified and measured for fluorescence intensities and shape using the 3D suite.”” Representative im-
age renderings were obtained by Fiji.

3D imaging of mitochondrial NAD(P)H symmetry between daughter cells

Single CD34™ HSC were sorted and cultured as above mentioned. At 24 h after sorting, cells were visually inspected on an hourly
basis for the occurrence of first division. Daughter cells were then moved to a RetroNectin-coated 35 mm glass bottom dish (Thermo
Fisher Scientific, Cat# 150680), resuspended in 50 pL of StemSpan SFEM media supplemented with TMRM 2 nM and verapamil
50 uM. After 60 min of incubation 3D images were acquired, processed, and quantified as previously described. Average autofluor-
escence intensities for each mitochondrial particle were grouped for each daughter and compared with the values obtained from the
paired daughter by Mann-Whitney U test. This offered a statistical comparison of mitochondrial autofluorescence distribution be-
tween paired daughters. Those pairs whose test provided a p value <0.05 were considered the result of an asymmetric segregation.
The remaining were labeled symmetric. Those symmetric paired daughters whose median NAD(P)H intensity was above the median
value of the whole dataset were considered symmetric high, on opposite, those symmetric paired daughters whose median NAD(P)H
intensity was below the median value of the whole dataset were considered symmetric low (Figure S3A). The proportion of division
between the genetic background described in Figure 5F was evaluated for statistical significance using % test.

Live NAD(P)H imaging during HSC first division

For NAD(P)H imaging in Figures 2C and 2D, and 3B-3D CD34~ HSC were sorted, and culture as described above. At 24 h from isola-
tion, cells were imaged on a Delta Vision Core using a 40x/1.35 oil immersion lens (UAPON40X0340-2, Olympus) under controlled
environmental conditions (temperature at 37°C and CO2 at 5%). Images were acquired every ~40 min to minimize toxicity, for
approximately 20 h. For every time point brightfield images were acquired to correct focus drifts. Images were corrected for shading
and background, then cell divisions were manually tracked. NAD(P)H images were thresholded to collect only mitochondrial signal
then average intensity was collected per each cell at each time point. Image processing and quantitation was obtained via FIJI soft-
ware.”” The NAD(P)H intensity of each tracked daughter and its related mother was compared by 1-way ANOVA. Divisions where only
one daughter was significantly different from the mother was classified as asymmetric. Those divisions with both daughters signif-
icantly different from mother were classified as symmetric low, and the remaining division were classified as symmetric high.

Enzymatic NADH and NADPH assay

4000-5000 CD34~ and CD34* HSC were sorted as aforementioned. Samples were centrifuged at 400g for 3 min, deprived of the su-
pernatant, then washed once in ice-cold PBS. After washing samples were split into two parts, and one exposed to FCCP 1uM,
NADPH and NADH were analyzed using the NADP/NADPH-Glo or NAD/NADH-Glo enzymatical kit (Promega, Cat# G9081, and
Cat# G9071) as described by the manufacturer. Final luminometric readings were normalized on the number of cells sorted for
each sample.

FLIM analysis

Images were acquired using a Leica TCS SP8 confocal microscope equipped with a tunable (680-1300 nm) femtosecond laser
(InSight Deep See; Spectra-Physics) and an oil-immersion 40x objective (NA 1.3). TPEF images of the TMRM signal (1024 x 1024
pixels, 290.6 x 290.6 um) from the fractions of interest were acquired at 720 nm excitation and 624 + 20 nm emission ranges. Loca-
tion co-registered NAD(P)H lifetime data were then acquired at 720 nm excitation and 460 + 25 nm emission ranges with 2 min inte-
gration time (512 x 512 pixels) using a Picoquant Picoharp 300 time-correlated single photon counter and SymPhoTime analysis soft-
ware. A combination of two-dimensional (2D) discrete Fourier transform and power spectral density (PSD) methods were applied on
binarized images to segment out the whole cell regions.?” Roundness (4*pi*area/perimeter2) of each segmented object was calcu-
lated and only the ones that above 0.6 were considered as cells to avoid taking debris or cell fragments into account. Afterward, for
each cell, a three-level global Otsu’s threshold was applied on the TMRM intensity images, and the pixels above the second threshold
level were considered as mitochondria regions. Binary masks for whole cell region and mitochondria region were then saved for the
following lifetime analyses. FLIMJ (Imaged plugin) and MATLAB were used for lifetime analysis. A kernel size of four and an MLE
(maximum likelihood estimation) noise model were used for pixel-wised 2-component lifetime curve fittings in the FLIMJ. The

e5 Cell Stem Cell 31, 359-377.e1-e10, March 7, 2024



Cell Stem Cell ¢ CelPress

OPEN ACCESS

resultant longer lifetime T bound maps were calculated and exported. The pixel-wise NADPH/NADH ratio values were calculated
based on method previously published.?® For each cell, the averaged NADPH/NADH ratio values from all pixels in the mitochondria
and whole cell regions were calculated in MATLAB based on the corresponding segmented binary masks.

Transmission electron microscopy
For mitochondrial analysis, 5000 sorted stem and progenitor cells were fixed in 2.5% glutaraldehyde, 2% paraformaldehyde in so-
dium cacodylate buffer 0.1 M, pH 7.4 for 3 h at 4°C. Samples were post-fixed in 1.0% aqueous osmium tetroxide (pH 7.4) followed by
1% uranyl acetate, dehydrated in a graded series of ethanol, and embedded in Lx112 resin (LADD Research Industries). Ultrathin
(80nm) sections were cut on a Leica UC7, contrasted with uranyl acetate followed by lead citrate, and viewed on a JEOL 1200EX
transmission electron microscope (Jeol Ltd.) at 80 kV. Images were manually segmented by the TrakEM2 plugin available on Fiji.”®
For isolated EVs. EVs were deposited on carbonated grids, fixed in 2% PFA and stained with a contrasting solution of methyl-cel-
lulose — as reported by Corona M.L. and colleagues.®® Samples were then imaged with a TEM Zeiss EM 910 microscope (Zeiss).

Competitive reconstitution assay

Sorted HSC fractions from Ly5.2 donor were transplanted into lethally irradiated Ly5.1 congenic mice in competition with BMMNC.
Reconstitution of donor (Ly5.2) cells and repopulation of donor myeloid and lymphoid cells were monitored by staining blood cells
with antibodies against CD45.1-PE (Biolegend, Cat# 110707), CD45.2-PE-Cy7 (Biolegend, Cat# 109830), CD3e-APC (for T cell, Bio-
legend, Cat# 100312), B220-PacificBlue (Biolegend, Cat# 560472), CD11b-FITC and Gr-1-FITC (for myeloid cells, Ebioscience, Cat#
53-0112-82, and Biolegend, Cat# 108405 respectively). Analysis of chimerism in HSPC and fully differentiated hematopoietic cells in
the bone marrow was obtained at 24 weeks after BMT. Isolation, staining and analysis of BMMNC at this stage was obtained as
described in the ‘flow cytometry and cell sorting’ section.

To assess the roles of mitochondrial NADPH in a transplantation setting (Figure 1M), KSL (Ly5.2) cells were infected with mitoTP-
NOX, TPNOX or vector control. After puromycin selection, the infected 1000 KSL cells were transplanted into the irradiated recipient
mice (Ly5.2) with 4x10° competitor BMMNCs (Ly5.1). Then after 3 weeks after transplantation, mice were kept with Doxycycline (1%
in 5% sucrose water) to induce transgene expression. In some experiments, donor contribution in the immature hematopoietic lin-
eages was also evaluated. For the serial transplantation assay, donor-derived cells were collected from recipient mice 6 months after
BMT and transplanted into the recipient mice.®’

To assess EV functionality in vivo (Figure 6G), 125 sorted CD34 HSC (Ly5.2) were cultured in vitro in StemSpan SFEM media sup-
plemented with SCF and TPO (both at 50 ng/mL). Immediately after sorting, cells were supplemented with a bolus of HSC-derived EV
(+HSC-EV). After 24 h of culture a second bolus of HSC-derived EV was administered to the same cultured HSC. Each bolus con-
tained 0.4x10° EV resuspended in 10 uL of filtered PBS, so to have approximately 1.5x108 EV per HSC. In parallel, a second group of
HSCs were treated with the same volume of filtered PBS free from EV (vehicle). After 48 h from sorting the culture of donor cells was
split into 5 parts, and each of them (estimated 45 donor cells) transplanted into one lethally irradiated Ly5.1 recipient mouse together
with 4x10° competitor BMMNCs (Ly5.1).

To confirm in vivo the effect of the inhibition of EV formation on HSC function (Figure 6l), we used a Doxycycline inducible shRNA for
Rab27a. Sorted FKSL (Ly5.2) cells were cultured in StemSpan SFEM media supplemented with SCF and TPO (both at 50 ng/mL) and
infected with shRab27a inducible lentivirus (diluted 1:500). After 48 h of G418 (1 mg/ml) selection, 2000 live FKSL/mouse were trans-
planted in lethality irradiated recipient mice in competition with 1x10° BMMNCs (Ly5.1). After 2 weeks from BMT, mice were kept with
1% Doxycycline to induce transgene expression.

Lentiviral particle production and infection

pUC57-TPNOX and pUC57-mitoTPNOX were gifted from Vamsi Mootha (Addgene plasmid # 87853; http://n2t.net/addgene:87853;
RRID:Addgene_87853 and plasmid # 87854; http://n2t.net/addgene:87854; RRID:Addgene_87854).°° For expression in mammalian
cells synthetic TPNOX and mitoTPNOX genes were subcloned into a pLVX-TetOne vector (Clontech, Cat# 631844) using BamHI and
Agel restriction sites. pLKO-Tet-On-shRab27a was a gift from Mien-Chie Hung (Addgene plasmid # 120930; http://n2t.net/
addgene:120930; RRID:Addgene_120930).'%°

For particles production, 5 x10° HEK293T cells were seeded in a 10 cm dish 24 h before transfection and cultured in DMEM me-
dium. Cells were then transfected with 3 png of VSVG, 5 ng of pMDL, 2.5 pg of pRev, and 10 pg of Transfer Plasmid with 30 pL of
lipofectamine 2000 (Thermo Fisher Scientific, Cat# 11668019). At 24 h after transfection media was refreshed and supplemented
with sodium butyrate 1mM. At 24 h after media change, the lentivirus-enriched media was collected and filtered through a
0.45 uM filter and stored at —80°C. the procedure as repeated twice.

Collected media was ultracentrifuged at 90000 x g at 4°C in an SW40 Ti rotor (Beckman Coulter, Cat# 331301) for 90 min. After
spinning, the supernatant was discarded, and the pellet gently resuspended in 300 uL of PBS for 16 h at 4°C upon gentle shaking.
Lentiviral particle batches were all stored at —80°C.

Optimal infection was experimentally determined for each lentiviral batch. 1000 FKSL cells were sorted into StemSpan SFEM and
infected with 50; 25; 12.5; or 6.12 L of lentiviral preparation. At 24 h after infection cell toxicity was determined by trypan blue incor-
poration. The maximum amount of lentiviral preparation with minimal toxicity was chosen for subsequent experiments. Infected cells
used then selected with puromycin (1 pg/mL) or G418 (1 mg/mL) for 48h before BMT.
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Colony-forming assays

Frequencies of LTC-ICs were calculated using a limiting-dilution method (maximum likelihood from the proportion of negative wells
measured for each input dilution of cells assessed). In each experiment, at least 12 (LTC-IC) replicates of each dilution were per-
formed, and a split-plot analysis of variance was used to investigate the difference between the two conditions. The analysis was
performed using L-CALC software (STEMCELL Technologies, https://www.stemcell.com/I-calc-software.html). 12.5 uM BIBB 515
and 1.5mM MBCD (Sigma- Aldrich, 332615, 2 h exposure/week) was added to the media where indicated.

The colony formation assay was performed using MethoCult GF M3434 (STEMCELL Technologies, Cat# 03434) according to the
manufacturer’s instructions. Briefly, Lin—-Sca-1+c-Kit+ cells (300 cells/plate, triplicate culture) were sorted and seeded into methyl-
cellulose-based medium. Colonies were counted under microscope after 7 days incubation at 37C°, 5% CO.. For replating assay
with infected cells, sorted KSL were seeded in StemSpan SFEM to run infection and selection as described above before seeding
into MethoCult GF M3434.Where indicated liquid or semisolid media were supplemented with reagents to induce Tet-On system
(Dox 300 ng/mL) or manipulating cholesterol or exosome biogenesis.

Paired daughter cell assays

Single CD34~ HSC were sorted and cultured to track first division as described above. Daughter cells derived from a single parent cell
were separated and were subjected to the competitive transplantation assay.® "' After initial division, daughter cells from the same
parent cell were separated, and NAD(P)H intensity was determined by fluorescence microscopy. After checking NAD(P)H intensity, a
single daughter cell (Ly5.2) was transplanted into lethally irradiated recipient mice (Ly5.1) in a competitive assay. Donor chimerism
was analyzed periodically. Long-term repopulation was achieved when more than 1% of the contribution in the peripheral blood of
recipient mice was observed at the indicated time after transplantation.

Identification of NADPH dependent pathways

Initially, all mouse pathways containing NADPH (CHEBI: 16474; 57783; 77177; 77312) were collected from the Reactome database.**
Topological pathway analysis was used to analyze the 77 collected NADPH pathways and compare the gene expression in ST and
LT-HSCs. For this purpose, 3 public expression datasets were collected and re-analyzed (GSE94663,>* GSE77098,%° GSE15907°").
Datasets were chosen by similarity of sample preparation. Only genes common to all 3 datasets were considered, with a resulting
matrix of 17592 genes of which 3737 displayed significant variations. Gene expression was corrected to avoid batch effects using
the ComBat method.'”"

Normalized expression matrix was used to screen the NADPH pathways using Clipper methods, (details in'%;'%%) and protein-
metabolite Graphite networks®® modified to retain NADPH metabolites in pathway-derived graphs. The results of this analysis
were (i) a new pathway (represented in Figures 3C and S4C), obtained by merging all the chains of reactions involving NADPH
that are differentially regulated between the two class of samples (CD34" and CD34"), and (ii) a rank of the studied chains of reactions
utilizing their clipper max score (Figure 3B). Differentially expressed genes were identified with the Samr package in R software once
the data were normalized and mapped on the network with different node colors.

Metabolomic analysis

10000 to 20000 NAD(P)HM and NAD(P)H-° CD34~ HSC were sorted directly into 500 pL 80% ice-cold methanol supplemented with
13C-labeled cholesterol (400nM 23,24,25,26,27-13C5-cholesterol, Cambridge Isotope Laboratories, Cat# CLM-9587). Polar and
non-polar metabolites were extracted using methanol-chloroform phase separation.

For untargeted metabolomics analysis, polar phases were dried under nitrogen gas, resuspended in 120 uL 70% acetonitrile in
water containing 2.5 mM of an internal standard (13C-, 15N-labeled amino acid mix; Cambridge Isotope Laboratories, Cat# CLM-
9587), transferred to glass vial with microinserts, re-dried and finally resuspended in 25 pL 70% acetonitrile in water. Samples
were run on a ThermoFisher Q-Exactive Orbitrap mass spectrometer equipped with Zic-pHILIC column (150 x 2.1 mm, 5 um; Merck).
A volume of 5 uL was injected and metabolites were monitored in full-scan, polarity-switching, mode (0-45 min, resolution 70,000,
AGC target 3x10°, m/z range 66.7-1000). Mobile phase A for chromatography consisted of 20 mM ammonium carbonate, 0.1%
ammonium hydroxide, in water and mobile phase B of 97% acetonitrile in water. A pooled sample was created from all samples
and used for MS/MS runs. Metabolite measurements were normalized to the internal 13C/15N-labelled amino acid standard.
Data were processed with Compound Discoverer 3.0 (ThermoFisher Scientific), among all detected compounds (2965), 100 were
identified based on their mass spectra using the mzCloud database. Another 643 could be putatively identified using their molecular
weight by searching the Human Metabolome database and Kyoto Encyclopedia of Genes and Genomes (KEGG) Compound data-
base (Table S1). The metabolomics data were then further analyzed using the MetaboAnalyst software. Statistically, 32 compounds
differed significantly between the groups (t-test, p < 0.01; Table S2).

For sterol analysis, the non-polar phases were dried under nitrogen gas and resuspended in 500 pL transesterification solution
(methanol:acetyl chloride in a 9:1 ratio). 300 uL hexane was added, samples were vortexed and incubated at 95°C for 10 min. Sam-
ples were then supplemented with 1 mL water and 500 pL hexane, vortexed for 1 min and centrifuged at 14,000 x g for 15 min. The
upper phase was transferred in a glass vial, dried under nitrogen gas, resuspended in 500 pL of —20°C chloroform, vortexed for 1 min
and centrifuged. The bottom phase was then transferred to a new glass vial, and samples were extracted in chloroform a second time
and re-dried. Samples were finally resuspended in 25 L hexane to which 25 pL derivatization agent (N-Methyl-N-(trimethylsilyl)
trifluoroacetamide +1% trimethylchlorosilane) was added, vortexed for 1 min and incubated at 80°C for 40 min. Samples were
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transferred to glass inserts and analyzed on a Q-Exactive mass spectrometer (Thermo Fisher Scientific) equipped with an Agilent DB-
5MS 30m, 0.25mm, 0.25um column. Injection parameters: automatic injection, 1 uL, 300°C, splitless for 1.5 min before purge at
50 mL/min. Gas chromatography parameters: oven at 60°C for 5 min, then to 300 °C at 16 °C/min, final temperature for 30 min; col-
umn in constant flow mode at 1 mL/min, all transfer lines at 350°C. Mass spectrometry parameters: El + ion source at 350°C, full MS,
60,000 resolution, AGC target 1e6, autolT, scan range 66.7-1000 m/z, 7.5 min solvent delay. Data were analyzed in Compound
Discoverer (version 3.0) and normalized to the 13C-labeled cholesterol internal standard. Of the sterols identified, only those specific
to animal cells and detectable in all replicates were kept for analysis.

Filipin staining

Sorted NAD(P)HH and NAD(P)H"° CD34™ cells were centrifuged at 400 g for 3 min at 4°C, resuspended in 30 pl of StemSpan SFEM
then seeded on Lab-Tek Il Chamber Slide (Thermo Fisher Scientific, Cat# 154526) coated with Fibronectin (Sigma-Aldrich, Cat#
F1141) and incubated for 30 min to let cells adhere. After incubation cells were fixed and stained with filipin according to the Choles-
terol Assay Kit (Cell based) (Abcam, Cat# ab133116) protocol. Stained cells were mounted in freshly prepared mounting media and
imaged using a ZEISS AXIO examiner D1 microscope (Zeiss) equipped with a 40x oil Plan-APOCHROMAT objective and a Coolsnap
HQ2 camera (Photometrics). Fluorescence detection was performed using a conventional DAPI filter set as recommended by the
manufacturer (excitation filter 377/50nm and emission filter 447/60 nm). Images were processed and analyzed by CellProfiler
(https://cellprofiler.org/)®* using a customized pipeline. Briefly, images were subtracted from the background, segmented via the
Otsu algorithm, then average intensity was collected for each cell per field of view and used as readout of cholesterol content.

Enzymatic cholesterol analysis

2000-3000 sorted NAD(P)H" and NAD(P)H"° CD34~ cells were centrifuged at 400 G for 3 min at 4°C, then washed one time in ice-cold
PBS. Subsequently, cholesterol was extracted and detected using the Total Cholesterol Assay Kits (Cell Biolabs, Cat# STA-384) ac-
cording to manufacturer instructions. Final fluorescence reading was normalized based on the number of cells sorted for each
sample.

Cholesterol enrichment

To force elevation of cholesterol in HSC plasma membrane, a cholesterol saturated MBCD (MBCD:chol) was prepared as following:
MBCD 5 mM was solved in StemSpan SFEM media then incubated with cholesterol at a molar ratio 10:1 for 24 h at 37°C. Sorted
HSCs were incubated with MBCD:chol for 60 min at 37°C then washed twice with StemSpan SFEM.

RT-qPCR

RNA from HSCs sorted from two-month-old mouse bone marrow were isolated using Qiagen RNeasy Kit and subjected to cDNA
synthesis using Superscript lll First-Strand synthesis system (Invitrogen, Cat# 18080051) or QuantiNova Reverse Transcription Kit
(Qiagen, Cat# 205413). Real time quantitative PCR for Sic25a1, Cpt1a, Ndufv1, and ActB was performed using TagMan Assay
Mix (Applied Biosystems, Cat # 4304437) in QuantStudio 6 Flex Real-Time PCR with the dedicated Tagman probes (Slc25a1:
MmO00467666_m1; Cpt1a: Mm01231183_m1; Ndufv1: Mm00504941_m1; ActB: Mm02619580_g1). Real time quantitative PCR for
Hsd17b7, Msmo1, Tm7sf2, Scf and ActB was performed using Quantinova SYBR Green PCR Kit (Qiagen, Cat# 208056) in a
Rotor-Gene Q (Qiagen, Cat# 9001862) using the following oligonucleotides.

Gene Sequences
Scf F- CCTCTCGCAATGCAAAGAAGG

R- GAGGTCGGTAGCATATTTGGAAG
Msmo1 F- AAACAAAAGTGTTGGCGTGTTC

R- AAGCATTCTTAAAGGGCTCCTG
Tm7sf2 F- GTCGCGGCTTTACTGATCCT

R- CAGGCAGATAGGCCGGTAG
Hsd17b7 F- CCTCTCGCAATGCAAAGAAGG

R- GAGGTCGGTAGCATATTTGGAAG
ActB F- GGCTGTATTCCCCTCCATCG

R- CCAGTTGGTAACAATGCCATGT

The PCR profile included a 10 min, 95°C hot-start to activate the Taq polymerase, followed by 40 cycles of a two-step program:
15 s at 95°C (denaturation) and 60 s at 60°C (annealing and extension). Relative gene expression level was analyzed by comparative
Ct method and was normalized to ActB, as mentioned in the figure legends.

EVs isolation
3000 HSC or FKSL or Lin~ Nestin* mesenchymal stem cells were sorted and cultured in StemSpan SFEM (STEMCELL Technologies)
supplemented with 50 ng/mL stem cell factor (PeproTech, Cat# 250-03) and 50 ng/mL thrombopoietin (PeproTech, Cat# AF-315-14)
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48 h. EVs were isolated by a modified PEG based method. EV-enriched media were exposed to 8% PEG 8000 (Merk, Cat# 89510) at
4°C for 24 h, then EVs were centrifuged at 3214 g for 1 h at 4°C. Supernatant was discarded and EV pellet resuspended in 30 pL of
particle-free PBS.'%*

Tunable resistive pulse sensing (TRPS)

EVs concentration and size distribution were assessed using a gNano instrument (Izon Science) equipped with an NP150 nanopore
(70-420 nm). 35 pL of each sample were loaded in the upper fluid cell, and voltage, pressure and stretch of the system were adjusted
accordingly. TRPS (Tunable resistive pulse sensing) measurements as well as data analysis were performed with the Izon Control
Suite Software (V3.4).

Nanoparticle tracking analysis

Nanoparticle tracking analysis (NTA) uses laser light scattering and Brownian motion to determine EVs size and concentration. This
allows determining the size of particles in a suspension that flows through a focused laser beam. The light scattered by individual
particles is recorded over time to visualize and track their movement. The mean square displacement for each particle along its track
allows to calculate individual particle sizes using the Stokes-Einstein equation.'®® Measurement of particle size and particle size dis-
tribution was performed with Nanosight NS300 (Malvern) instrument equipped with a 488 nm laser. All samples were diluted in filtered
PBS to a final volume of 1 mL. Ideal measurement concentrations were found by pre-testing the ideal particle per frame value (20-100
particles/frame). For each measurement, four to five 1-min videos were captured under temperature 25°C and syringe pump speed
30. Data are represented as averaged finite track length adjustment (FTLA) concentration/size.

EV immunomagnetic isolation and flow cytometry

35 uL of EVs suspension was incubated with CD63 magnetic beads (Thermo Fisher Scientific, Cat# 10606D). Isolated CD63-positive
EVs were then labeled with an anti-CD63 monoclonal antibody (PE mouse anti-human CD63; eBioscience, Cat# 12-0639-42) or anti-
CD9 monoclonal antibody (PerCP/Cyanine5.5 anti-human CD9, BioLegend, Cat# 312109). Negative control was performed by stain-
ing PBS (vehicle) instead of EVs. Flow cytometric experiments were conducted with Attune NxT Acoustic Focusing Cytometer (Life
Technologies), and data were analyzed using FlowJo 10 (Becton Dickinson, Mountain View, CA, USA).

EV transfer

Sorted CD34™ HSC were stained with 2 pM PKH26 (Sigma-Aldrich, Cat# MINI26-1KT) for 2 min at room temperature, then washed
three times with StemSpan SFEM. PKH26-stained cells were plated in a 96 well plate and cultured in StemSpan SFEM medium as
described above. After 48 h, the media was collected and EVs isolated as described above. Isolated EVs were administered to freshly
isolated CD34~ HSC every 24 h for 48 h.

Super-resolution radial fluctuation imaging of EVs markers

Isolated EVs were seeded on a coverslip cleaned by acid wash and coated with poly-lysine for 60 min at 37C to allow adhesion. EVs
were then fixed with filtered 2% PFA for 10 min then blocked with filtered 5% BSA for 60 min at room temperature. Anti-CD63 (Ab-
cam, Cat# ab134045) antibody was diluted 1:100 in filtered 5% BSA and incubated overnight at 4°C. After primary antibody hybrid-
ization, samples were washed three time with filtered PBS, then incubated with secondary antibodies goat anti-rabbit conjugated
with Alexa 488 (Thermo Fisher Scientific, Cat# A32731). A coverslip containing fluorescent beads (TetraSpeck, Thermo Fisher Sci-
entific, Cat# T7279) or PBS only were used as a positive and negative references for EVs detection.

Imaging was performed using a Nikon ECLIPSE Ti inverted widefield microscope equipped with 60x objective (CFI Plan Apo
Lambda 60x/1.4 oil) and an additional 1.5x magnification was used to collect fluorescence onto an EMCCD camera (iXonEM+
885, Andor), yielding a pixel size of 88 nm. Excitation was provided by a Lambda LS Stand-Alone 175W Xenon Arc Lamp filtered
through a FITC excitation filter (FFO1-494/20, Semrock) and a neutral density filter (ND8, Nikon). For each field of view was acquired
a 200 frames stack with exposure of 164 ms.

Images were processed through the eSRRF plugin on ImageJ (https://github.com/HenriquesLab/NanoJ-eSRRF).%* Before pro-
cessing the whole dataset, parameter sweep function was used then radius value was set at 4, sensitivity was set to 4. The processed
eSRRF images were then analyzed using Olympus scanR. Briefly, spots were identified in all images using the edge detection func-
tion. For each spot, area, circularity and CD63 total intensity were collected. The gating strategy was also applied for analysis using
Olympus scanR. Representative gating for Figure S71 was obtained using FlowJo 10 (Becton Dickinson).

nFCM analysis

For each staining reaction, 2 x 108-2 x 10° of purified EVs were incubated with CD63-APC (a15712, life technologies) primary an-
tibodies for 1 h at 37°C under shaking, protected from light. Unbound antibodies were removed by repeated washing (6-8 times) with
500 puL PBS prior to analysis. Samples were next acquired using the NanoAnalyzer (nanoFCM Inc.).

Before each experiment, the NanoAnalyzer was aligned using polystyrene QC beads (nanoFCM Inc.). Size and concentration stan-
dard nanospheres (nanoFCM Inc.) were read directly after to calibrate the instrument for EV analysis. Once nFCM was aligned and
calibrated, EV samples were diluted in filtered PBS (blank) to the optimal range for measurement (108 particles/mL). Samples and
blanks (200-800 events) were measured for 1 min, applying a laser power of 15 mW as excitation source, constant pressure of
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1 kPa, and at an event rate between 2500 and 12,000 events/min (as recommended by manufacturers). SSC was set as the trigger
channel, each particle that generated a signal above the SSC threshold was acquired as an event. For each event that also generated
asignal above thresholds set in the fluorescent channels, the fluorescence intensity was registered. Empty staining reactions (without
EVs) were performed as a control for all fluorescent reagents and measured under the same conditions as complete reactions (with
EVs). Data analysis was performed using FlowJo 10 (Becton Dickinson).

Immunostaining

Sorted cells were resuspended in 30 pL of StemSpan SFEM supplemented with 50 ng/mL SCF and 50 ng/mL thrombopoietin
(PeproTech) and then seeded on Lab-Tek Il Chamber Slide (Thermo Fisher Scientific, Cat# 154526) coated with Fibronectin
(Sigma-Aldrich, Cat# F1141). Samples were then immunostained as described above. Anti-Farnesyl, rabbit polyclonal antibody
(Sigma-Aldrich, Cat# 341286, dilution 1:100) or Anti-Ki-67 (D3B5) rabbit monoclonal antibody were used for detection of protein far-
nesylation or ki67 respectively. After primary antibody hybridization, samples were washed three time with filtered PBS, then incu-
bated with secondary antibodies goat anti-rabbit conjugated with Alexa Fluor 488 (Thermo Fisher Scientific, Cat# A32731) or anti-
rabbit conjugated with Alexa Fluor 594 (Thermo Fisher Scientific, Cat# A11037). Images were acquired using a ZEISS AXIO examiner
D1 microscope (Zeiss) equipped with a 40x oil Plan-APOCHROMAT objective and a Coolsnap HQ2 camera (Photometrics). Next
were processed and analyzed by CellProfiler (https://cellprofiler.org/)®* using a customized pipeline. Briefly, images were subtracted
from the background, segmented via the Otsu algorithm, then average intensity was then collected for each cell per field of view and
used as readout of protein farnesylation.

QUANTIFICATION AND STATISTICAL ANALYSIS

For each dataset, the normality assumption was verified with the D’Agostino-Pearson Omnibus Test. Sample sizes and reproduc-
ibility for each figure are denoted in the figure legends. For mouse experiments, no statistical method was used to predetermine sam-
ple size. Experiments were not randomized, and the investigators were not blinded to allocation during experiments and outcome
assessment. All data were collected and analyzed by Prism 7 (GraphPad). Samples that satisfied the normality assumption were eval-
uated through T-test, one-way or two-way ANOVA, appropriate multiple comparison correction is indicated in the figure legend for
each data. When was not satisfied they were tested by Wilcoxon signed rank test or Kruskal-Wallis test. The used test is indicated in
the figure legend for each data. All graphs show mean values. Error bars indicate +/— SEM, unless otherwise indicated.
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