Article

i EMBO

OPEN
ACCESS

reports

Pyruvate metabolism guides definitive lineage
specification during hematopoietic emergence
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Abstract

During embryonic development, hematopoiesis occurs through
primitive and definitive waves, giving rise to distinct blood line-
ages. Hematopoietic stem cells (HSCs) emerge from hemogenic
endothelial (HE) cells, through endothelial-to-hematopoietic tran-
sition (EHT). In the adult, HSC quiescence, maintenance, and differ-
entiation are closely linked to changes in metabolism. However,
metabolic processes underlying the emergence of HSCs from HE
cells remain unclear. Here, we show that the emergence of blood
is regulated by multiple metabolic pathways that induce or modu-
late the differentiation toward specific hematopoietic lineages
during human EHT. In both in vitro and in vivo settings, steering
pyruvate use toward glycolysis or OXPHOS differentially skews the
hematopoietic output of HE cells toward either an erythroid fate
with primitive phenotype, or a definitive lymphoid fate, respec-
tively. We demonstrate that glycolysis-mediated differentiation of
HE toward primitive erythroid hematopoiesis is dependent on the
epigenetic regulator LSD1. In contrast, OXPHOS-mediated differen-
tiation of HE toward definitive hematopoiesis is dependent on cho-
lesterol metabolism. Our findings reveal that during EHT,
metabolism is a major regulator of primitive versus definitive
hematopoietic differentiation.
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Introduction

In the developing embryo, primitive hematopoiesis gives rise to
erythrocytes, megakaryocytes, and macrophages in the blood
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islands of the yolk sac (YS) (Palis et al, 1999). Next, a definitive
wave of hematopoiesis produces more mature erythro-myeloid
(Palis et al, 1999) and lymphoid (Yoder et al, 1997; Boiers et al,
2013) progenitors. Around Carnegie stage (CS) 12-13, hematopoi-
etic stem cells (HSCs) emerge in the aorta-gonad-mesonephros
(AGM) region through a second definitive hematopoietic wave
(Medvinsky & Dzierzak, 1996; Ivanovs et al, 2011). Primitive
erythrocytes, erythro-myeloid progenitors (EMPs), and HSCs derive
from a hemogenic endothelial (HE) cell (Lancrin et al, 2009; Frame
et al, 2016; Stefanska et al, 2017) by a process known as
endothelial-to-hematopoietic transition (EHT) (Boisset et al, 2010;
Kissa & Herbomel, 2010). Studies on hematopoietic emergence
during embryonic development have not only described EHT in
spatial and temporal contexts in several animal models (Boisset
et al, 2010; Kissa & Herbomel, 2010) but also led to a deep under-
standing of the growth and transcription factors regulating this
process (Chen et al, 2009; Swiers et al, 2013; Zhou et al, 2016).
Some studies of the transcriptional landscape in mouse models
have hinted toward an increase in metabolic processes during HSC
emergence (Zhou et al, 2016; Gao et al, 2020; Oatley et al, 2020).
However, the role of metabolites and metabolic pathways in the
emergence of hematopoietic cells has not been evaluated at length
during development.

Growing evidence points to the fact that metabolic pathways can
control cell fate (Folmes et al, 2011; Oburoglu et al, 2014; Mous-
saieff et al, 2015). Specifically, the fate of bone marrow (BM) HSCs
is regulated by several metabolic pathways. The hypoxic niche of
the BM pushes HSCs to activate a minimal energy-providing path-
way, anaerobic glycolysis, and ensures their quiescent state
(Takubo et al, 2013). HSC self-renewal and maintenance rely on
fatty acid oxidation (Ito et al, 2012) and differentiating HSCs switch
to oxidative phosphorylation (OXPHOS) to meet their energetic
requirements (Simsek et al, 2010; Yu et al, 2013).

The EHT process has been modelled extensively in vitro using
pluripotent stem cells (PSCs) and the HE intermediate which
arises in this context can give rise to both primitive and definitive
hematopoietic cells (Garcia-Alegria et al, 2018). Several studies

1 Molecular Medicine and Gene Therapy, Lund Stem Cell Center, Lund University, Lund, Sweden

N

Neurology, Lund Stem Cell Center, Lund University, Lund, Sweden
3 Molecular Hematology, Lund Stem Cell Center, Lund University, Lund, Sweden
*Corresponding authors. Tel: +46 46 222 0590; e-mail: leal.oburoglu@med.lu.se

**Corresponding authors. Tel: +46 46 222 3762; e-mail: niels-bjarne.woods@med.lu.se

TPresent address: Sahlgrenska Center for Cancer Research, Department of Microbiology and Immunology, Institute of Biomedicine, University of Gothenburg, Gothenburg,

Sweden

© 2021 The Authors. Published under the terms of the CC BY NC ND 4.0 license

EMBO reports 23: e54384 (2022 1 of 20


https://orcid.org/0000-0003-0130-6602
https://orcid.org/0000-0003-0130-6602
https://orcid.org/0000-0003-0130-6602
https://orcid.org/0000-0002-2689-268X
https://orcid.org/0000-0002-2689-268X
https://orcid.org/0000-0002-2689-268X
https://orcid.org/0000-0001-6052-922X
https://orcid.org/0000-0001-6052-922X
https://orcid.org/0000-0001-6052-922X

EMBO reports

have focused on obtaining HE with definitive potential in vitro
(Kennedy et al, 2012; Sturgeon et al, 2014; Ng et al, 2016; Sugi-
mura et al, 2017), by modulating various signaling pathways, in
an effort to gain further insight into definitive hematopoietic cell
development to ultimately produce functional and transplantable
HSCs for therapeutic use. In this study, we set out to uncover
whether metabolic modulations could prompt HE cells to prefer-
entially adopt a definitive hematopoietic fate.

As EHT implicates tight-junction dissolution, gain of stem cell-
like properties and leads to extensive transcriptional and phenotypic
changes in the transitioning cell (Swiers et al, 2013; Zhou et al,
2016; Guibentif et al, 2017), we hypothesized that metabolism con-
tributes to regulating these processes. Previously, in animal models,
the emergence of HSCs was shown to be regulated by adenosine sig-
naling and the PKA-CREB pathway (Jing et al, 2015; Kim et al,
2015), which are tightly controlled by ATP levels and availability;
suggesting a change in energy demand during EHT. Moreover, glu-
cose metabolism was shown to induce HSC emergence in zebrafish
(Harris et al, 2013). Here, we show a gradual and global increase in
metabolism during human EHT, fueled by glucose and pyruvate. By
dissecting the use of these nutrients, we uncover their roles in
hematopoietic lineage specification.

Leal Oburoglu et al

Results

Recapitulation of human EHT and hematopoietic differentiation
in vitro

In an effort to obtain both primitive and definitive hematopoietic
waves in our cultures, we combined the use of two previously
described small molecules during human iPSC differentiation
(Fig EV1A): CHIR99021, a WNT pathway agonist which supports
definitive hematopoiesis (Ng et al, 2016) and Activin A, which pro-
motes primitive hematopoiesis (Kennedy et al, 2012). After integrat-
ing these modifications to a previously described hematopoietic
differentiation protocol (Ditadi & Sturgeon, 2016), we obtained
hemogenic endothelial cells (HE), transitioning cells which express
CD43 at intermediate levels (EHT) (Guibentif et al, 2017), and
hematopoietic stem-like cells (HSC-like) (for gating strategies, see
Fig EV1B). The HSC-like cells were termed as such as these cells are
immunophenotypically similar to HSCs, but do not possess engraft-
ment potential as demonstrated in previous studies (Kennedy et al,
2012; Doulatov et al, 2013; Elcheva et al, 2014; Ditadi et al, 2015).
We characterized these three populations transcriptionally using
single-cell RNA sequencing (scRNAseq). The UMAP visualization
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Figure 1. iPSC-derived cells match primary human EHT populations.
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iPSC-derived HE, EHT, and HSC-like cells were sorted, cultured for 1 day, and analyzed by scRNAseq.

A UMAP visualization of scRNAseq data from HE, EHT, and HSC-like cells, colored by sorting phenotype.

B Heatmap showing expression levels of endothelial and hematopoietic genes in HE, EHT, and HSC-like populations.

C UMAP showing AEC/Hem cluster cells from Carnegie stage (CS) 13 (Zeng et al, 2019) matched against the HE, EHT, and HSC-like populations in Fig 1A.

D Heatmap showing expression levels of endothelial and hematopoietic genes in AEC/Hem cluster cells which have mapped to the HE, EHT, and HSC-like populations

as shown in Fig 1C.
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placed the HE cells distally from HSC-like cells, with EHT cells
bridging these two populations, confirming the expected sequential
EHT process (Fig 1A). Additionally, we performed a pseudotime
analysis of the differentiation process in our dataset. We observed
that the HSC-like cell population presented both GO and S/G2M
states and therefore, to provide a complete analysis, the pseudotime
analysis was performed for both GO and S/G2M states (Fig EVIC
and D; respectively). In both cases, we observed an abundance of
HE cells at the start, EHT cells in the middle, and HSC-like cells at
the end of the differentiation trajectory (Fig EV1C and D; bar
graphs), regardless of the cell cycle state of the cells. HE cells
expressed endothelial markers, such as KDR, FLTI, CDHS but no
hematopoietic markers; in contrast, EHT cells expressed both endo-
thelial and hematopoietic markers and HSC-like cells only expressed
hematopoietic markers, such as RUNXI, TALI, WAS, and SPN
(Fig 1B), as shown previously in other EHT systems (Swiers et al,
2013; Zhou et al, 2016; Guibentif et al, 2017). We generated an iso-
lated cord blood CD34" cells dataset and projected it onto our EHT
process dataset using the scCoGAPS package and observed that the
highest pattern weights were for pattern 1 and part of pattern 3,
both encompassing our HSC-like cluster (Fig EV1E), demonstrating
that cord blood CD34" cells share the most transcripts with our
iPSC-derived HSC-like cells. We compared our EHT process data to
a recently published scRNAseq analysis of primary human embry-
onic cells at Carnegie stage (CS) 13 (Zeng et al, 2019). Of the 99 cells
in the arterial endothelial and hematopoietic (AEC/Hem) clusters,
50, 36, and 13 cells mapped to our HE, EHT, and HSC-like popula-
tions, respectively (Fig 1C); and they clustered similar to our EHT
dataset in Fig 1A. Furthermore, similar to our EHT dataset, AEC/
Hem cluster cells mapped to HE expressed endothelial markers,
such as KDR, FLT1, CDHS, and cells mapped to HSC-like cells
expressed hematopoietic markers like RUNX1, TAL1, WAS, and SPN
(Fig 1D). To rule out any bias in the data, we mapped the complete
human CS 13 dorsal aorta population dataset from Zeng et al (2019)
onto our dataset using the scCoGAPS package. We classified the
resulting patterns according to the cell types described by Zeng et al
(2019) (Table EV1) and the resulting similarity scores showed that
the CS 13 endothelial cell (EC2) population mapped close to our HE
cells and the CS 13 Hema cluster mapped close to both our EHT and
HSC-like cells (Fig EV1F). When we assessed the relative abundance
of each cell type mapping to our dataset, we observed that 58.14%
of CS 13 cells clustering to our HE cells were endothelial cells (EC2)
and 19.38% were hematopoietic cells (Fig EV1G). In contrast,
62.28% of CS 13 cells mapping to our EHT cells were hematopoietic
cells and 25.61% were endothelial cells (EC2). Lastly, almost all
cells mapping to our HSC-like cells were hematopoietic cells
(92.37%). Thus, our system successfully recapitulates the human
EHT process and the HE, EHT, and HSC-like populations we obtain
possess hemato-endothelial transcriptional signatures equivalent to
that of the cell types that occur in the human embryo at CS 13.
Next, we verified the hematopoietic potential of both HE and
EHT populations. Both cell types gave rise to hematopoietic cells
(CD43") (Fig EV2A). At day 6 of subculture, almost all cells
(> 96%) deriving from HE or EHT cells were CD43" and the major-
ity had lost CD34 expression (> 86%), pointing to their maturation.
In both cell cultures, spindle-shaped endothelial cells changed their
morphology to round hematopoietic cells (Fig EV2B). In both HE
and EHT-derived subcultures, an erythroid (CD43'GPA") cell

© 2021 The Authors

EMBO reports

population and a non-erythroid pan-hematopoietic CD43"CD45" cell
population were clearly discernible at days 3 and 6, respectively
(Fig EV2C). According to the model described by Kennedy et al
(2012), the timeframes in which the CD43'GPA" and the
CD43°CDA45" cell populations are generated suggest their primitive
and definitive natures, respectively. Moreover, the presence of
embryonic (HBZ, HBEI), fetal (HBA1, HBA2, HBG1, HBG2), and
adult (HBD, HBB) globin upregulation in subcultured HSC-like cells
further supports that, in this setting, we obtain both primitive and
definitive hematopoietic cells (Fig EV2D). Altogether, our results
show that this differentiation system allows to accurately model
the human EHT process and subculturing the resulting HE cells effi-
ciently gives rise to primitive and definitive hematopoietic
populations.

Glycolysis fuels distinct processes during EHT

In order to describe the metabolic processes occurring in EHT popu-
lations, we first assessed glycolysis in HE, EHT, and HSC-like cells.
We observed a gradual increase in glycolytic capacity and glycolysis
with differentiation (Figs 2A and EV3A). Moreover, expression of
the glycolytic enzymes HKI, PFKFB2, TPI1, GAPDH, PKLR, ENO3,
LDHA, and LDHB as assessed by scRNAseq also increased during
EHT (Fig 2B). We also observed an increase in the majority of these
glycolytic enzymes during EHT in human primary cells from CS 13
(Zeng et al, 2019), confirming our in vitro results (Fig EV3B).

To understand whether glycolytic activity is required during
EHT, we treated HE cells with a glucose analog, 2-Deoxy-D-glucose
(2-DG), which blocks glycolysis (Fig EV3C). This treatment signifi-
cantly reduced CD43" cell output from HE cells at day 3 of subcul-
ture (Figs 2C and EV3D). Moreover, in the presence of 2-DG,
generation of the CD43"GPA" cell population at day 3 and the
CD43"CD45" cell population at day 6 was significantly impaired,
dropping to < 50% of the control (Figs 2D and EV3E). Intriguingly,
proliferation rates of EHT or HSC-like cells, but not HE, were signifi-
cantly reduced in the presence of 2-DG (Figs 2E and EV3F). These
results suggest that glycolysis is important for proliferation during
the EHT process and as such, the use of glycolysis is required to
induce hematopoietic differentiation from HE cells.

Mitochondrial respiration gradually increases during the
EHT process

Along with increased glycolysis and proliferation, HSC-like cells also
had increased glucose uptake compared to HE and EHT cells
(Fig 2F). Interestingly, even though glycolytic flux was higher in
EHT cells as compared to HE cells, glucose uptake was comparable
in these two cell types. Previously, we had observed that basal res-
piration was higher in EHT cells compared to HE cells (Oburoglu et
al, 2021). This result prompted us to perform a complete analysis of
OXPHOS in HE versus EHT cells. We found that EHT cells displayed
higher levels of not only basal respiration, but also ATP production
and maximal respiration as compared to HE cells (Figs 2G and
EV4A). Moreover, mitochondrial activity measured by TMRE
staining was significantly increased in individually analyzed EHT
cells compared to HE cells and we observed an even higher rate in
the case of HSC-like cells (Fig 2H). Treatment with FCCP, which
depolarizes mitochondria, abrogated the TMRE signal in all cell
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types, suggesting that OXPHOS was active in these populations
(Fig 2H). In line with the TMRE staining, the highest basal respira-
tion rates we detected were in HSC-like cells (Fig 2I). Using live cell
imaging by confocal microscopy, we compared mitochondrial activ-
ity in spindle-shaped HE cells versus their newly formed round

>

ECAR (mpH/min/10* cells)
relative to HE

Control
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hematopoietic progeny in the same well. The TMRE staining inten-
sity measurements showed a 2-fold higher mitochondrial activity in
round as compared to spindle-shaped cells in HE wells and this
value was similar to the levels detected in HSC-like cells (Fig 2J).
Moreover, we observed a gradual increase in the expression of
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Figure 2. Glycolysis, oxygen consumption, and mitochondrial activity increase during EHT.

A Extracellular acidification rate (ECAR) was measured in HE (n = 7 biological replicates with 2-5 technical replicates each), EHT (n = 7 biological replicates with 1-3
technical replicates each), and HSC-like (n = 3 biological replicates with 2—4 technical replicates each) cells and glycolytic flux was assessed by extracellular flux
analysis. Bar graphs show relative levels + SEM of the indicated processes (from 7 (HE, EHT) or 3 (HSC-like) independent experiments, unpaired t-tests).

B Dot plots showing gene expression levels of glycolytic enzymes detected by scRNAseq and based on percent expressed (size of the dots) and average level of

expression (color intensity).

C FACS-sorted HE cells were subcultured with or without 2-DG (1 mM). Subculture day 3 representative FSC-A/CD43 plots are shown (n = 7 biological replicates, see

Fig EV3D for bar graphs).

D Subculture day 3 representative GPA/CD43 plots and subculture day 6 CD45/CD43 plots are shown (n = 6 and n = 5 biological replicates, respectively, see Fig EV3E for

bar graphs).

E Subculture day 3 CellTrace Violet (CTV) fluorescence was assessed by flow cytometry (representative of n = 4 biological replicates).
F 2-NBDG uptake was measured by flow cytometry on day 10 for HE, EHT, and HSC-like cells and mean MFI levels + SEM are shown (n = 4 biological replicates,

paired t-tests).

G Oxygen consumption rate (OCR) was measured in HE and EHT cells (n = 3 biological replicates with 2-3 technical replicates each) and oxidative phosphorylation was
assessed by extracellular flux analysis. Bar graphs show relative levels + SEM of the indicated processes (from three independent experiments; unpaired t-tests).
H TMRE fluorescence, with or without 100 uM FCCP treatment, was measured by flow cytometry on day 10 for HE, EHT, and HSC-like cells and MFI-MFI FMO

levels 4+ SEM relative to HE are shown (n = 5 biological replicates, paired t-tests).

| Basal OCR was measured in day 10 HE (n = 6 biological replicates), EHT (n = 5 biological replicates), and HSC-like (n = 4 biological replicates) cells and bar graphs

show mean levels = SEM relative to HE (paired t-tests).

) Live cell imaging of HE and HSC-like cells stained with TMRE (red) at day 3 of subculture. Representative merged brightfield/TMRE and TMRE images are shown.
Scale bars, 100 pm. Bar graphs show means of TMRE staining intensity from all replicate wells across all experiments (HE spindle and HE round, n = 3 biological
replicates with three technical replicates each; HSC-like, n = 2 biological replicates with three technical replicates each, Kruskal-Wallis test with multiple

comparisons).

K Dot plots showing gene expression levels of TCA cycle enzymes detected by scRNAseq and based on percent expressed (size of the dots) and average level of

expression (color intensity).

Data information: ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

several genes implicated in OXPHOS, including subunits of Complex
I (genes termed NDUF), II (SDHA), IV (genes termed COX), and V
(genes termed ATPS) in HE, EHT, and HSC-like populations by
scRNAseq (Fig EV4B). This result was accompanied by a progres-
sive increase in TCA cycle enzymes during EHT (Fig 2K). We
observed a gradual increase in both OXPHOS-related genes and TCA
cycle enzymes during EHT in human primary cells at CS 13 (Zeng
et al, 2019), confirming our in vitro findings (Fig EV4C and D).
Taken together, these results show that TCA cycle activity, mito-
chondrial respiration, and OXPHOS gradually increase during the
EHT process.

Modulation of pyruvate use biases HE toward differing
hematopoietic lineage outputs

As we have shown that HE cells take up glucose at similar levels as
EHT cells (Fig 2F) even though their glycolytic rates are lower, we
investigated whether pyruvate oxidation is important for the hema-
topoietic differentiation of HE cells. Pyruvate is taken up by mito-
chondria via the mitochondrial pyruvate carrier complex (MPC) and
can be converted to acetyl-coA by the PDH enzyme to replenish the
TCA cycle (Fig 3A). We blocked pyruvate entry into mitochondria
using a specific MPC inhibitor called UK5099 (Fig 3A). In HE cells,
unlike in EHT or HSC-like cells, MPC inhibition led to a striking
increase in CD43*GPA™ cell output at day 3 of subculture (Figs 3B
and EV5A). To confirm this result, we treated HE cells with an alter-
native molecule that also blocks pyruvate use in the TCA cycle, a
PDH inhibitor (Takubo et al, 2013) (Fig 3A) and observed a signifi-
cant increase in GPA" cell output compared to the control
(Fig EV5B). Furthermore, we downregulated the expression of both
MPC subunits, MPCI1 and MPC2, using lentiviral vectors expressing
shRNAs (Fig EVSC) and observed once more a 2.7-fold increase
in CD43"GPA" cell output at day 3 of subculture (Fig EV5D),

© 2021 The Authors

confirming our results with UK5099. We did not observe any differ-
ences in the proliferation of the GPA™ population deriving from HE
in the presence of UK5099 as compared to the control (Fig EVSE).
These results demonstrate that the use of glucose for glycolysis is
sufficient to drive erythroid cell formation and that inhibiting pyru-
vate entry into mitochondria leads to an increased differentiation of
HE cells toward the erythroid lineage. Furthermore, this biasing
occurs on HE cells prior to full hematopoietic cell commitment, as
demonstrated by the absence of bias when using cells downstream
of the HE, such as the EHT and HSC-like populations (Fig EV5A).

Although the levels of total CD43" cells were unchanged between
UKS5099-treated and untreated conditions at day 6 (Fig EVSF), we
observed a 2-fold decrease in the CD43"CD45" populations deriving
from both HE and EHT cells, but not from HSC-like cells (Figs 3C
and EV5G). Similarly, 1-AA treatment led to a significant decrease
in HE-derived CD45" cell population, even though total CD43" cell
levels were unchanged (Fig EVSH). It is important to note that
UK5099 did not have an effect on the proliferation of CD45" cells or
on the frequency of HSC-like cells, both deriving from HE (Fig EV5I
and J). These results indicate that blocking pyruvate entry into mito-
chondria impairs differentiation toward a CD45" hematopoietic fate
during EHT.

To complement these findings, we sought to induce an opposite
effect by increasing pyruvate flux into mitochondria to promote
TCA cycle activity and OXPHOS. Using DCA, we blocked PDKs
which repress the PDH complex: this allows pyruvate to be
converted to acetyl-coA and potentially fuel the TCA cycle (Fig 3A).
Although the formation of CD43"GPA™ cells was not significantly
altered by DCA at day 3 of HE subculture (Fig EV5K), we observed
a 50% decrease in this population at day 6 in the treated condition
(Figs 3D and EV5L). Thus, as DCA does not directly block glycoly-
sis, it does not affect primitive erythroid differentiation from HE
cells. Indeed, the proliferation of the GPA™ population deriving from
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Figure 3. Increasing pyruvate flux into mitochondria in HE cells favors definitive hematopoietic differentiation.

A Pyruvate is transported into mitochondria via the mitochondrial pyruvate carrier (MPC, inhibitor: UK5099) and converted to acetyl-coA by pyruvate dehydrogenase
complex (PDH, inhibitor: 1-AA). Pyruvate dehydrogenase kinases (PDKs, inhibitor: DCA) negatively regulate PDH activity.

B-E FACS-sorted HE cells were subcultured with or without UK5099 (10 uM) or DCA (3 mM). Subculture day 3 representative GPA/CD43 plots (B, D) and subculture day
6 representative CD45/CD43 plots (C, E) are shown (see Fig EV5A and G, and L and N for corresponding bar graphs).

F Ratio of CFU-E to CFU-G, M, GM colonies + SEM relative to the control condition obtained from HE cells subcultured with the indicated compounds for 6 days, see
Fig EVSS for percentages (n = 5 biological replicates with 1-2 technical replicates each, paired t-test).

G Fold change in the expression of HBEI or HBGI-2 transcripts + SEM normalized to KLF1 in CFUs obtained from HE cells treated with UK5099 (10 pM) or DCA
(3 mM) relative to non-treated cells (n = 3 biological replicates, paired t-test).

H Percentages of CD45"CD56" + SEM cells obtained following 35-day co-culture of 3-day subcultured HE cells with OP9-DL1 stroma. During the 3-day subculture, HE
cells were treated with the indicated compounds. (n = 3 biological replicates, one-way ANOVA test, see Fig EV5V for plots).

I-K  Pregnant mice were injected with UK5099 or DCA at E9.5 and fetal livers were analyzed at E14.5 by flow cytometry. FL, fetal liver. Levels of T and B cells (I) and LT-
HSCs (J) as percentages in fetal liver are shown for control (n = 10 biological replicates), UK5099-treated (n = 14 biological replicates), and DCA-treated (n = 16
biological replicates) conditions (one-way ANOVA test). (K) The ratio of BFU-E to CFU-GM colonies obtained from sorted LT-HSCs is shown (see also data in
Appendix Fig S6F) (one-way ANOVA test). CFU, colony-forming unit; BFU, burst-forming unit; E, erythroid; M, macrophage; G, granulocyte.

L-P HE cells co-cultured with OP9-DL1 stroma were treated with DCA for 3 days and transplanted into irradiated NSG mice. Bone marrow (BM) and thymi were
harvested on week 12. (L) The percentages + SEM of human CD4"CD8" double-positive thymocytes in huCD45" cells from the thymus are shown (Control, n = 6
biological replicates; DCA, n = 7 biological replicates; unpaired t-tests). The percentages + SEM of human B cells (M), CLPs (N) from the BM at week 12, as well as
myeloid cells from PB at week 8 (0) and myeloid cells from BM at week 12 (P) in huCD45" cells are shown (Control, n = 6 biological replicates; DCA, n = 7 biological
replicates; unpaired t-tests). PB, peripheral blood.

Data information: ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001.
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the HE subculture was not affected by DCA at day 3 of subculture
(Fig EV5M). Importantly, at day 6 of subculture with DCA, we
observed an 80% increase in the percentage of CD43°CD45" cells
deriving from HE, but not EHT cells (Figs 3E and EV5N). More-
over, to validate this result, we downregulated the expression of
PDKs using shRNAs (Fig EV50) and while we did not note a signif-
icant effect of PDKI, PDK2, or PDK3 downregulation, we observed
a 75% increase in CD43°CD45" cell output at day 6 of subculture
following PDK4 downregulation (Fig EVSP). This confirms our
results with DCA and furthermore shows that its effect is related to
blocking PDK4 specifically. The proliferation of CD45" cells or the
frequency of HSC-like cells deriving from HE was not affected by
DCA (Fig EV5Q and R). To assess if the changes in lineage biasing
seen with the metabolic regulators was due to changes in prolifera-
tion, we also performed EdU incorporation at early time points of
subculture (days 1 and 2). We found no differences in proliferation
due to UK5099 or DCA treatments (Fig EVSS), further suggesting
that the changes in lineage outcomes are the result of changes in
the lineage potential in the HE. Taken together, these results show
that when glycolysis is promoted via inhibition of pyruvate entry
into the TCA cycle, HE cells preferentially give rise to erythroid
cells; conversely, when pyruvate is pushed toward oxidation in
mitochondria, the increased TCA cycle fueling favors CD45™ differ-
entiation of HE cells.

Following 3 or 6 days of MPC inhibition with UK5099 in HE
cells, we found that erythroid colony (CFU-E) formation was signifi-
cantly increased compared to the untreated condition, while granu-
locyte and macrophage colonies were decreased (CFU-G, GM, and
M) (Fig EV5T and U). In contrast, while a 3-day PDK inhibition with
DCA did not have an effect on CFUs (Fig EV5U), a 6-day DCA treat-
ment led to a decrease in CFU-Es and a significant increase in CFU-
M colonies (Fig EVST). The ratio of CFU-E colonies to the sum of
CFU-G, CFU-GM, and CFU-M colonies was 20-fold higher in
UKS5099-treated cells and more than 3-fold lower in DCA-treated
cells, as compared to the control (Fig 3F). In all conditions, we
observed both bright red primitive (EryP) and brownish definitive
erythroid (EryD) colonies (Fig EV5V). However, while UK5099 or
DCA did not have an effect on HBAI-2 (adult globin) expression
(Fig EV5W), we observed a significant increase in HBEI (embry-
onic) and HBGI-2 (fetal) globin transcripts in colonies obtained from
UKS099-treated HE cells (Fig 3G), confirming that MPC inhibition
increases generation of erythroid cells with globin gene expression
associated with primitive hematopoiesis.

On the other hand, to understand whether DCA induces the for-
mation of definitive hematopoietic cells, we induced lymphoid dif-
ferentiation of day 3 HE cells in OP9-DL1 stroma co-cultures. While
UKS5099 treatment impaired NK cell formation, DCA treatment sig-
nificantly increased NK cell differentiation as compared to untreated
HE cells (Figs 3H and EV5X). Altogether, these results demonstrate
that HE cells can be directed toward differing hematopoietic lineage
outcomes whereby promoting pyruvate use in glycolysis (using
UK5099) increases erythropoiesis with embryonic and fetal globin
expression, and conversely promoting pyruvate use for OXPHOS
(using DCA) increases lymphoid lineage output.

To verify these findings in an in vivo setting, we injected preg-
nant mice with UK5099 or DCA at embryonic day (E) 9.5 (Appendix
Fig S1A), to influence hemogenic endothelium which gives rise to
definitive hematopoiesis (both the second and third waves)

© 2021 The Authors
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occurring at E9-9.5 and E10.5, but not primitive hematopoiesis
which takes place at E7-7.25 (Medvinsky & Dzierzak, 1996; Palis
et al, 1999). We assessed blood lineage output in embryos by char-
acterizing the cellular composition of fetal liver (FL) at E14.5 when
the FL is the prime site of hematopoiesis. We observed that hemato-
poietic progenitor cells (HPC)-1, which are restricted progenitors
with lymphoid/myeloid potential and HPC-2, which mainly give rise
to megakaryocytic progeny were significantly increased in embryos
from DCA-injected mice, as compared to the control and UK5099-
injected conditions (Appendix Fig S1B). In line with this, both T-
and B-cell levels were increased in DCA versus control and UK5099-
injected embryos (Fig 3I), supporting our in vitro results showing
an increased CD45" output with DCA. Moreover, DCA treatment led
to significant decreases in stage 0, 4, and 5 erythroid populations in
the FL, with no significant differences in stages 1, 2, and 3 as com-
pared to the control and UK5099 conditions (Appendix Fig S1C and
D). This profile suggests an impairment in definitive erythroid cell
production (decrease in S0), while primitive erythrocytes that have
formed prior to the injection are in late maturation stages in the
FL (S1, 2 and 3) or have exited from the FL into the circulation
(decrease in S4 and 5), as described previously (Fraser et al, 2007;
Isern et al, 2008).

Furthermore, while the frequency of phenotypic long-term HSCs
(LT-HSCs) defined as LSK CD48 CD150" (Appendix Fig S1E) from
the treated embryos was not significantly affected by UK5099 or
DCA (Fig 3J), confirming our in vitro findings (Fig EV5J and R), LT-
HSCs from DCA-treated embryos, did give rise to significantly more
CFU-GM colonies and fewer BFU-E colonies (Appendix Fig S1F)
with an 80% decrease in the BFU-E to CFU-GM ratio (Fig 3K), as
compared to the control and UK5099-treated conditions. We did not
see a significant effect on in vivo EHT and hematopoiesis by UK5099
(Fig 3I-K), confirming that MPC inhibition preferably affects the
primitive hematopoietic wave. Thus, analogous to our results in
vitro, promoting pyruvate entry to the TCA cycle by DCA increases
the frequency of lymphoid/myeloid cells at the expense of mature
erythroid cells in vivo.

In order to assess definitive hematopoietic potential of iPSC-
derived cells, we intravenously injected 3-day DCA-treated HE cells
co-cultured with OP9-DL1 stroma into irradiated NSG mice (Appen-
dix Fig S1G). We obtained engraftment levels comparable to previ-
ous studies (Rahman et al, 2017), with around 1% human CD45"
cells in the peripheral blood (PB) at week 8 (Appendix Fig S1H).
Intriguingly, at 12 weeks, we detected significantly more CD4"CD8"
DP thymocytes in the thymi of NSG mice injected with DCA-treated
HE cells (Figs 3L and Appendix Fig S1I). Furthermore, with DCA-
treated cells, we detected significantly more human B cells in the PB
and BM of the NSG mice at weeks 8 and 12, respectively (Fig 3M
and Appendix Fig S1J). In agreement with this, analysis of week 12
BM revealed a significant increase in the common lymphoid
progenitor (CLP) population in the DCA-treated condition (Fig 3N)
despite similar levels of phenotypic human HSCs (defined as
CD34°CD38 CD90"CD49f"CD45RA™) in both conditions (Appendix
Fig S1K). In contrast, the frequencies of the CD11b" myeloid
lineage cell were similar between the conditions (Fig 30 and P).
Taken together, these transplantation results show that promoting
OXPHOS by increasing pyruvate flux into mitochondria with DCA
pushes HE cells toward a definitive hematopoietic phenotype with T
and B potential.
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Since we did not see a difference in the frequency of HSC-like
cells in vitro (Fig EVSR), LT-HSCs in vivo (Fig 3J) or human HSCs
deriving from transplanted HE cells in vivo (Appendix Fig S1K) fol-
lowing DCA treatment, we next sought to understand whether DCA
could have an effect directly on the EHT process by affecting the
numbers of resulting hematopoietic stem and progenitor cells
(HSPCs). As this process takes place at E10.5 in the AGM region
(Medvinsky & Dzierzak, 1996), we treated pregnant mice with DCA
at E8.5 and assessed HSPC cell numbers (cKit"CD45" cells) in the
AGM regions of embryos at E10.5 (Appendix Fig SI1L). We found
that the numbers of cKit"CD45" cells in control and DCA-treated
embryos were similar and in the same range as previously described
(Morgan et al, 2008) (Appendix Fig S1M). This result confirms our
in vitro and in vivo results and suggests that the modulation of pyru-
vate metabolism has an intrinsic effect on HE cells which is inher-
ited by HSPCs without affecting their numbers.

Pyruvate fate dictates hematopoietic lineage specification of HE
cells at the single-cell level

In order to dissect the molecular effects of pyruvate manipulation
on HE cells, we assessed the transcriptomic profiles of these cells at
an early time point of treatment (day 2), at the single-cell level, in
control and UK5099- or DCA-treated cells. First, we grouped all con-
ditions together and separated the cells into seven clusters (Fig 4A).
The majority of HE cells expressed endothelial markers, including
ENG, CDHS5, PROCR, and ANGPT2 (Appendix Fig S2A) and their
expression was mostly confined to clusters 1 through 5 (Fig 4B). In
contrast, cells in clusters 6 and 7 expressed hematopoietic genes,
including RUNX1, GATA2, MYB, and SPN (Fig 4B and Appendix Fig
S2B). Thus, this time point most likely captures the commitment of
HE cells to hematopoietic cells which occurs within clusters 6 and 7.

Focusing on isolated clusters 6 and 7 (Fig 4C), we found that an
early erythropoiesis regulator, RYK, and erythroid-specific KLF3
were already expressed in cluster 6 at high levels, while several
other members of the erythroid transcription factor network, such
as TAL1, GATA2, ZFPM1, KLF1, NFE2, ANKI, and HBQ1, were more
highly expressed in cluster 7 (Erythroid markers; Fig 4C). Early lym-
phoid cell fate regulators POU2F2 (B cell) and GATA3 (T cell) as
well as myeloid markers SWAP?70 and IRF8 were expressed at higher
levels in cluster 6, while T lymphoid BCLI1B, myelo-monocytic
CSFIR, CEBPE, and megakaryocytic PF4 were highest in cluster 7
(Lymphoid/myeloid markers; Fig 4C). Thus, while cluster 6 cells
expressed early regulators of specific lineages, cluster 7 cells started
expressing transcription factors, which are part of lineage-specific
transcription factor networks characteristic of more mature hemato-
poietic cells. Moreover, in cluster 7, the percentage of cells expres-
sing erythroid transcription factors was > 75%, while cells
expressing lymphoid or myeloid markers represented < 20% of total
(Fig 4C), in accordance with the early and late emergence of GPA*
and CD45" cells, respectively, from HE.

We found that while the percentage of cells in cluster 6 was con-
stant between conditions, there were 38 % more UK5099-treated HE
cells and 35% less DCA-treated HE cells in cluster 7 compared to
the control (Appendix Fig S2C). This result shows that pyruvate
modulation does not affect early hematopoietic commitment (cluster
6). However, it seems to have an effect on lineage specification
(cluster 7).
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We then confirmed that, in clusters 6 and 7, the average expres-
sion levels of erythroid lineage genes RYK, KLF3, TALI1, GATA2,
ZFPM1, KLF1, NFE2, ANKI1, and HBQI were higher in UK5099-
treated HE cells as compared to the untreated HE cells and these fac-
tors were nearly absent in DCA-treated HE cells (left-hand dot plot,
Fig 4D). In contrast, DCA-treated HE cells expressed higher levels of
lymphoid/myeloid transcription factors SWAP70, POU2F2, GATA3,
CSFIR, PF4, BCL11B, CEBPE, and IRF8 compared to control and
UKS099-treated HE cells (right-hand dot plot, Fig 4D). To further
assess the effect of pyruvate manipulation on a single-cell level, we
sorted single HE cells onto OP9-DL1 stroma and scored GPA" clones
at day 14. From a total of 552 single cells per condition, we detected
12 GPA" clones in the UK5099-treated condition and 7 GPA" clones
in the DCA-treated condition as compared to 9 GPA™ clones in the
control (Appendix Fig S2D). This result highly suggests the preferen-
tial differentiation of HE cells to the erythroid lineage in the pres-
ence of UK5099. Taken together, these results show that at early
stages of HE differentiation, modulation of pyruvate use directly
impacts the expression of lineage-specific transcription factors and
affects the resulting lineage specification of HE cells.

Primitive erythroid biasing of HE during MPC inhibition relies
on LSD1

Previous studies have shown that Lysine-Specific Demethylase 1
(LSD1) is essential for EHT and particularly the erythroid lineage
(Takeuchi et al, 2015; Thambyrajah et al, 2016). During EHT, LSD1
acts in concert with HDAC1/2 (Thambyrajah et al, 2018) and GFI1/
GFI1B (Thambyrajah et al, 2016) to induce epigenetic changes. We
confirmed that HDACs are essential for EHT using an HDAC1/2
inhibitor (Trichostatin A, TSA) which impaired the emergence of
CD43" hematopoietic cells, as CD43 levels only reached an interme-
diate level, suggesting a block during EHT (Fig 5A). Moreover, we
observed that LSDI, GFI1, and GFIIB are expressed at higher levels
in UK5099-treated cells as compared to DCA-treated cells (Fig 5B),
suggesting that the erythroid differentiation bias by pyruvate catabo-
lism modulation may be LSD1 dependent. Strikingly, under condi-
tions where LSD1 was blocked with Tranylcypromine (TCP), or
downregulated by shRNAs expressed within a lentiviral vector
(Appendix Fig S3A), we could not detect an increase in CD43"GPA™
cell frequency at day 3 following UK5099 treatment of HE cells
(Fig 5C and D). On the other hand, TCP-treated HE cells gave rise to
more CD43*CD45" cells at day 6 similar to DCA treatment (Appen-
dix Fig S3B); however, we determined that unlike DCA, TCP specifi-
cally increased myeloid differentiation (Appendix Fig S3C), as
previously described in the literature (Schenk et al, 2012). Thus,
mechanistically, the induction of primitive erythropoiesis through
MPC inhibition is dependent on epigenetic regulation by LSD1 in
HE cells.

DCA-dependent definitive hematopoiesis is promoted by
cholesterol metabolism

Dichloroacetate may be directly used as a precursor of acetylation
marks: acetate is converted to acetyl-coA by ACSS2 and transferred
onto histones via histone acetyltransferases (HATs) (Fig 5E). Inhi-
biting ACSS2 did not perturb the DCA effect on CD43"CD45" cells at
day 6 of HE subculture (Fig SF), showing that DCA is not directly
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Figure 4. Modulation of pyruvate catabolism affects HE commitment at the single-cell level.

A Control, UK5099-treated, and DCA-treated HE cells were visualized together by UMAP and divided into seven clusters.

B Heatmap showing scRNAseq data of endothelial or hematopoietic genes expressed in the seven clusters.

C Clusters 6 (559 cells) and 7 (280 cells) were assessed independently and dot plots show expression levels of the indicated genes detected by scRNAseq and based on
percent expressed (size of the dots) and average level of expression (color intensity).

D Dot plots show expression levels of the indicated hematopoietic transcription factors in clusters 6 and 7 for HE ctrl, HE + UK5099, and HE + DCA conditions, detected
by scRNAseq and based on percent expressed (size of the dots) and average level of expression (color intensity).

converted to acetyl-coA. Moreover, blocking HATs with C646 alone
did not have an effect on HE cells; however, C646 + DCA treatment
boosted the increase in CD43"CD45" cells 2-fold compared to DCA
alone (Fig 5G). As blocking HATs did not inhibit the DCA effect, it
was not surprising to find no changes in global acetylation of H3K9

© 2021 The Authors

or H4 with DCA (Fig 5H). Thus, inhibiting HATs together with
enhancing PDH activity might promote acetyl-coA availability for
other metabolic processes, leading to the increase in CD45" cells.
Acetyl-coA is a precursor for both lipid biosynthesis (via ACC) and
for the mevalonate pathway (via HMGCR) which produces
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cholesterol (Fig 5I). Blocking ACC with CP-640186 (CP) had the
same effect as DCA and combined treatment with both CP and DCA
further increased the frequency of CD43"CD45" cells at day 6 com-
pared to DCA alone (Fig 5J). Thus, preventing lipid biosynthesis
may increase acetyl-coA availability for cholesterol production.
Indeed, in DCA-treated HE cells, we detected an increase in choles-
terol content both by imaging (Fig 5K) and flow cytometry (Fig 5L)

Leal Oburoglu et al

and the latter experiment showed a dose-dependent effect of DCA
on cholesterol content. Moreover, we observed higher levels of cho-
lesterol efflux genes at day 2 in DCA-treated cells (Appendix Fig
S3D), suggesting their upregulation due to the higher cholesterol
content in these cells. Strikingly, treating HE cells with DCA in com-
bination with atorvastatin (Ato) (inhibitor of the mevalonate path-
way which is responsible for cholesterol biosynthesis) abrogated the

A B Average Eercent ; C D
Expression: Expressed:
15000 - A . .. 6-. 15 *ik *k 3 20 * dede
*k [7] Control A0aPePg.0 4060 80 § I §
T [T 1sA . g, 1.54
= 10000+ =€ 10 s0
B '| HE + DCA 85 845
Q <0 < £ 1.0
Lo
. HE + UK5099] @ ° 02 62
2 4 o g 0.5 wE
g 3o & e 059
HE ctrl L . Q O
@ [se]
| ’ Y T F 00 & 004
N CcD43 N N \ a a
S P & c§<\\ 0«\\“\«6@0@@@ GG
v
S & SN TSy
N Q Sy
e é\@v&o
)
F G =~ H 15- 1.5+
Acetate 2 404 < 501 5" 2
. g *k ns g kil 5 g’
| ACSS2 |-ACSS2i 7 r— 8 404 6 g
E 304 = T 40 |
Acetyl-coA 3 £ s 35 10 e 1.0
| HATs |—C646 : o 1 5 e
9 204 g ns 2 5
Ac Ac Ac Ac a | = ®
3 RS E F 05 805
(3]
g 109 é 104 =z 2
. . Q X =
Histone acetylation ° ol (% ol 2 00, T o0l
= & P F b o S % ¥ P S % S v
SFFEF S&EF S S
e © ¥ e ©
(ol <
Y\
CP kkkk
I 1 J — K .- L M 25,
z © S 0.0633 4000 i 9] 1
ACC Lipid ] *okok * “g = 1 3 204 |
=] * 1] .
ACSHCOA — hiosynthesis & | ] 55 3000{ 3 eg !
HMGCRlI—Ato % 30 £ 104 T 53 154 H
oL ke |
Mevalonate o 5 gE g 2000 2l q1p; |
pathway 2 o & i 28 I
o {gu’,:,_: 1000 8% 05 |
5 5 08 8 |
Cholesterol ° 3 0 O 0.0
> 0 - S & S Ok
8 S&F& > F St S TS
oﬂ‘“‘ T 0 Sy Od?*ov < ©
< o ey Q As
Q
N Average O 25001 . P Glucose Glucose
Expression: R | Glycolysis DCA
I 2000 1 |—| Lactate «—Pyniate Pyruvate shPDK4
55 * =
1500 4 UKS5099
HE+DCA{ @ o » 60°® g sniapC 2 PDH'_PDK
65 ® Z 10004 1
HE ctrl 70 @ s E‘Zé’:
. Y - 75 500+ Primitive
\,:\ C‘r\ o . Erythropoiesis
0’\0 N2 *<\<" 0 Defintive
Aoety#ooA—)Choleﬁeml—p
(&}00‘” Mevalonate
[ pathway
Figure 5.
10 of 20  EMBO reports  23: €54384 | 2022 © 2021 The Authors



Leal Oburoglu et al

Figure 5. Pyruvate catabolism affects EHT via distinct mechanisms.

EMBO reports

A FACS-sorted HE cells were subcultured with or without TSA (60 nM). Subculture day 3 CD43 MFI levels + SEM and a representative CD43 histogram are shown

(n = 3 biological replicates 1-2 technical replicates each, paired t-test).

B Dot plots showing gene expression levels of LSD1, GFI1, and GFI1B detected by scRNAseq and based on percent expressed (size of the dots) and average level of

expression (color intensity).

C FACS-sorted HE cells were subcultured with TCP (300 nM), UK5099 (10 pM), or both and day 3 CD43"GPA" cell frequencies & SEM relative to the control are

shown (n = 4 biological replicates, one-way ANOVA test).

D HE cells were transduced with shScrambled (shScr) or shLSD1 with or without UK5099 (10 uM) the day after the sort and day 3 CD43"/GPA" cell
frequencies + SEM relative to shScr are presented (n = 3 biological replicates 1-2 technical replicates each, one-way ANOVA test).
E Acetate can be directly converted to acetyl-coA by ACSS2 (inhibitor: ACSS2i). Acetyl-coA is the precursor of acetylation marks, transferred onto histones via histone

acetyltransferases (HATSs, inhibitor: C646).

F, G FACS-sorted HE cells were subcultured with ACSS2i (5 uM), DCA (3 mM), or both (n = 5 biological replicates, one-way ANOVA test) (F) or with C646 (10 pM), DCA
(3 mM), or both (n = 3 biological replicates, one-way ANOVA test) (G) and day 6 CD43°CD45" cell frequencies + SEM are shown.

H FACS-sorted HE cells were subcultured with or without DCA (3 mM) for 2 days on coverslips. Staining intensities of H3K9 acetylation and H4KS, 8, 12, 16 acetylation
were assessed by confocal microscopy imaging and fold change + SEM compared to the control is shown (n = 3 biological replicates).

| Acetyl-coA can be a precursor for lipid biosynthesis via ACC (inhibitor: CP-640186 or CP) or for the mevalonate pathway/cholesterol biosynthesis via HMGCR

(inhibitor: Atorvastatin or Ato).

J FACS-sorted HE cells were subcultured with CP (5 pM), DCA (3 mM), or both and day 6 CD43"CD45" cell frequencies 4+ SEM relative to the control are shown

(n = 4 biological replicates, one-way ANOVA test).

K Cholesterol content + SEM in HE cells was measured by confocal microscopy at day 2 of DCA (3 mM) treatment by filipin 11l staining (n = 3 biological replicates,

paired t-test).

L Cholesterol content + SEM in HE cells was assessed by flow cytometry after intracellular staining with filipin 11l at day 3 of DCA treatment (n = 3 biological

replicates, one-way ANOVA test).

M FACS-sorted HE cells were subcultured with Ato (0.5 uM), DCA (3 mM), or both and day 3 CD43"CD45" cell frequencies + SEM relative to the control are shown
(n = 3 biological replicates for control/DCA, n = 2 biological replicates with two technical replicates for Ato/Ato+DCA, one-way ANOVA test).
N Dot plots showing gene expression levels of NOTCHI, JAG1, and HESI detected by scRNAseq and based on percent expressed (size of the dots) and average level of

expression (color intensity).

(o] Notch1 expression (MFI = SEM) in HE-derived CD43"CD45" cells at day 3 of subculture with or without DCA (3 mM) was assessed by flow cytometry (n = 2

biological replicates with 1-2 technical replicates, unpaired t-test).

P Glycolysis is essential for hematopoietic differentiation of HE cells and inhibiting pyruvate entry into mitochondria (via UK5099 or shMPC1/2) favors a primitive
erythroid fate. Increasing pyruvate flux into mitochondria (via DCA or shPDK4) amplifies acetyl-coA production which fuels cholesterol biosynthesis and promotes

definitive hematopoietic differentiation of HE cells.

Data information: ns, not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

effect of DCA (Fig 5M). Similarly, in zebrafish, cholesterol biosyn-
thesis was shown to activate hematopoiesis via Notch signaling (Gu
et al, 2019). Therefore, we assessed the expression of genes impli-
cated in the Notch signaling pathway and observed that NOTCHI,
JAGI1, and HESI levels were higher in DCA-treated cells compared
to the control (Fig 5N). Moreover, we evaluated Notchl expression
during HE subculture and strikingly, we detected an increased level
of Notchl in DCA-treated HE-derived CD43°CD45" cells as compared
to the control (Fig 50). Taken together, our results show that DCA
promotes cholesterol biosynthesis via Notchl, which favors defini-
tive hematopoietic differentiation of HE cells (Fig 5P).

Discussion

We show here that during EHT, transitioning cells go through sub-
stantial changes in energy use and metabolism, with simultaneous
increases in glycolysis and TCA cycle/OXPHOS. Previous studies in
mouse models have briefly mentioned changes in metabolism when
comparing endothelial cells with HSCs (Zhou et al, 2016; Gao et al,
2020; Oatley et al, 2020). Their findings confirm our data showing
that both glycolysis and OXPHOS levels increase during EHT and
suggest that this is conserved in mouse models.

We describe here a role for glucose in both glycolysis and the
TCA cycle. Blocking its use with 2-DG impairs hematopoietic differ-
entiation of HE cells. In quiescent HSCs, glycolysis was shown to be
regulated by hypoxia through the stabilization of hypoxia-inducible
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factor-1o (HIF-1a) (Takubo et al, 2010). Interestingly, the transition
from HE to HSCs was also shown to be regulated by HIF-1a (Harris
et al, 2013; Imanirad et al, 2014). Thus, a HIF-1a-dependent induc-
tion of glycolysis may be required for EHT.

We show here that glycolysis is sufficient to provide energy for
primitive hematopoiesis. Indeed, at early embryonic stages, oxygen
is not systemically available and glycolysis is the pathway of choice
to produce energy (Gardner et al, 2000). In developing embryos,
primitive erythroid cells were shown to perform high rates of glycol-
ysis to fuel their rapid proliferation (Baron et al, 2012). Indeed,
boosting glycolysis by blocking pyruvate entry into the mitochon-
dria redirects HE differentiation toward primitive erythropoiesis at a
very early stage of EHT, as shown by an increased frequency of ery-
throid transcription factor-expressing cells at the single-cell level as
well as higher levels of erythroid factors and embryonic/fetal-
specific globins.

In a recent study, we have shown that anaplerotic fueling of the
TCA cycle by glutamine during the EHT process facilitates the differ-
entiation of HE cells toward non-erythroid hematopoietic cells
(Oburoglu et al, 2021). However, it remained unclear whether prim-
itive versus definitive fate decisions were influenced or not by meta-
bolic pathways. In this study, we have focused on pyruvate
metabolism and we now unravel a role for the TCA cycle and
OXPHOS in preferentially inducing definitive hematopoietic identity.
We demonstrate that fueling the TCA cycle with DCA treatment
leads to an increased differentiation of HE cells toward a definitive
CD45" lineage. While PDK inhibition with DCA does not affect
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primitive erythroid cell formation, it induces definitive hematopoie-
sis, as measured by increased lymphoid lineage biases which we
have shown both in vitro and in vivo. Remarkably, DCA treatment
of HE cells leads to an increased lymphoid reconstitution, including
T cells in NSG mice, confirming our hypothesis of pyruvate use
being able to not only modulate erythroid and lymphoid lineage out-
puts but also primitive and definitive states of HE-derived cells. Our
results are in agreement with previous findings in Pdk2/Pdk4 dou-
ble knockout mice, which were shown to be anemic but retained
normal frequencies of T, B, and myeloid populations (Takubo et al,
2013). Furthermore, we show here that DCA promotes Notchl-
dependent CD45" cell formation by fueling cholesterol biosynthesis
in HE cells. This result is corroborated by an elegant study in zebra-
fish demonstrating that Notch1l-dependent regulation of cholesterol
biosynthesis is essential for HSC emergence (Gu et al, 2019). More-
over, we observed that the accumulation of cholesterol in HE cells
led to an increase in the expression of cholesterol efflux genes.
Indeed, cholesterol efflux mechanisms have been previously shown
to regulate HSPC proliferation (Yvan-Charvet et al, 2010), and there-
fore, HE cells transitioning to become HSPCs may express higher
levels of cholesterol efflux genes. Thus, we now demonstrate that a
direct metabolic change in HE cells, namely, increased acetyl-coA
content, can promote cholesterol metabolism and control definitive
hematopoietic output.

We and others have reported previously that distinct EHT cell
subsets or pre-HSCs can present different lineage propensities (Zhou
et al, 2016; Guibentif et al, 2017). We now demonstrate that metab-
olism can influence the differentiation of HE cells, suggesting that

Materials and Methods
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lineage propensities may be decided at the HE level. In line with our
results, a recent study combining scRNAseq with lentiviral lineage
tracing revealed that cell fate biases appear at a much earlier stage
during hematopoietic development than previously described with
conventional methods (Weinreb et al, 2020). Furthermore, murine
HSCs were shown to present lymphoid or myeloid hematopoietic
lineage biases due to epigenetic priming which is established prior
to their formation (Yu et al, 2016). In effect, linking epigenetic
changes to metabolism is a newly emerging field which reconciliates
metabolic alterations with transcriptional regulation of cellular pro-
cesses. In accordance, we show here that erythroid fate induction
by MPC inhibition is dependent on an epigenetic factor, LSD1. It will
be of great interest to explore additional epigenetic modifications
that are occurring concomitantly to the metabolic changes in EHT
and how these factors contribute to specify cell fate.

To conclude, this study suggests that the lineage propensities of
primitive and definitive hematopoietic waves are shaped by nutrient
availability in the YS and AGM niches. Due to scarcity of oxygen in
early embryonic stages, the primitive hematopoietic wave depends
on glycolysis to form erythroid cells expressing embryonic globins
with high affinity for oxygen (Fig 5P). This allows an efficient distri-
bution of oxygen to newly forming tissues and promotes the use of
OXPHOS, which initiates the emergence of the definitive hematopoi-
etic waves (Fig 5P).

Ultimately, using metabolic modulators to direct definitive HSC
development in vitro from PSCs would pave the way to produce
transplantable cells, able to reconstitute the hematopoietic system of
patients with hematological malignancies and disorders.

Identifier

Taqman probes

HBA1/2 Thermo Fisher Scientific Hs00361191_g1

HBE1 Thermo Fisher Scientific Hs00362216_m1
HBG2/1 Thermo Fisher Scientific Hs00361131_g1

KLF1 Thermo Fisher Scientific Hs00610592_m1
MPC1 Thermo Fisher Scientific Hs00211484_m1
MPC2 Thermo Fisher Scientific Hs00967250_m1
PDK1 Thermo Fisher Scientific Hs01561847_m1
PDK2 Thermo Fisher Scientific Hs00176865_m1
PDK3 Thermo Fisher Scientific Hs00178440_m1
PDK4 Thermo Fisher Scientific Hs01037712_m1
HPRT1 Thermo Fisher Scientific Hs02800695_m1

Biological samples

Human Umbilical Cord Blood samples (informed consents
according to guidelines approved by the regional ethical
committee)

Skane University Hospital N/A
(Lund and Malmg) and
Helsingborg Hospital

Chemicals, peptides, and recombinant proteins

Tetramethylrhodamine, Ethyl Ester, Perchlorate (TMRE)

Thermo Fisher Scientific

Cat# T669
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Reagent or resource

Source

Identifier

2-NBD-Glucose, Fluorescent glucose uptake probe

Abcam

Cat# ab146200

7-AAD

Sigma-Aldrich (Merck)

Cat# A9400

CHIR99021

R&D Systems

Cat# 4423/10

Activin A

R&D Systems

Cat# 338-AC

Hyclone Penicillin-Streptomycin Solution

Thermo Fisher Scientific

Cat# SV30010

UltraPure BSA

Thermo Fisher Scientific

Cat# AM2616

UK5099

Tocris (R&D Systems)

Cat# 4186

Aminoethylphosphinic acid (1-AA)

AH DIAGNOSTICS AB

Cat# SC-491938

Sodium dichloroacetate (DCA) Sigma-Aldrich (Merck) Cat# 347795
Trichostatin A (TSA) Sigma-Aldrich (Merck) Cat# T8552
trans-2-Phenylcyclopropylamine hydrochloride (TCP) Sigma-Aldrich (Merck) Cat# P8511

Ac-CoA Synthase Inhibitor (ACSS2i) Sigma-Aldrich (Merck) Cat# 5337560001
C646 Sigma-Aldrich (Merck) Cat# SML0002
CP-640186 Cat# PZ0362

Atorvastatin calcium salt trihydrate

Sigma-Aldrich (Merck)

Cat# PZ0001

(
(
(
(
(
Sigma-Aldrich (Merck)
(
(
(
(
(
(

Oligomycin Sigma-Aldrich (Merck) Cat# 04876
2-Deoxy-D-glucose (2-DG) Sigma-Aldrich (Merck) Cat# D6134
Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone Sigma-Aldrich (Merck) Cat# C2920
Rotenone Sigma-Aldrich (Merck) Cat# R8875
Antimycin A Sigma-Aldrich (Merck) Cat# A8674
Filipin 11 Sigma-Aldrich (Merck) Cat# F4767
Ammonium chloride solution STEMCELL technologies Cat# 07850
StemPro Accutase Cell Dissociation Reagent Thermo Fisher Scientific Cat# A1110501

Hyclone Penicillin-Streptomycin Solution

Thermo Fisher Scientific

Cat# SV30010

GlutaMAX Supplement

Thermo Fisher Scientific

Cat# 35050038

Recombinant Human SCF Peprotech Cat# 300-07
Recombinant Human IL6 Peprotech Cat# 200-06
Recombinant Human BMP4 Peprotech Cat# AF-120-05ET
Recombinant Human VEGF 165 Peprotech Cat# AF-100-20
Recombinant Human GM-CSF Peprotech Cat# 300-03
Recombinant Human IL-3 Peprotech Cat# 200-03
Recombinant Human FGF-basic Peprotech Cat# 100-18B
Recombinant Human IL-15 Peprotech Cat# 200-15
Recombinant Human IL-7 Peprotech Cat# 200-07
Recombinant Human IL-2 Peprotech Cat# 200-02
Recombinant Human Flt3-L Peprotech Cat# 300-19
Recombinant Human IGF-I Peprotech Cat# 100-11
Recombinant Human IL-11 Peprotech Cat# AF-200-11

Retacrit 10,000 1U/1 ml solution (EPO)

Hospira UK Ltd

DMEM-F12

Thermo Fisher Scientific

Cat# 31330

StemPro-34 SFM (1X)

Thermo Fisher Scientific

Cat# 10639011

Opti-MEM Reduced Serum Medium

Thermo Fisher Scientific

Cat# 51985026

Ascorbic Acid

Sigma-Aldrich (Merck)

Cat# A4544

2-Mercaptoethanol (50 mM)

Thermo Fisher Scientific

Cat# 31350010

N2 (100x)

Thermo Fisher Scientific

Cat# 17502048
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Reagent or resource

Source

Identifier

B27 minus VitA (50x)

Thermo Fisher Scientific

Cat# 12587010

holo-Transferrin human Sigma-Aldrich (Merck) Cat# T0665
Losartan potassium Tocris (R&D Systems) Cat# 3798
Angiotensin Il human Sigma-Aldrich (Merck) Cat# A9525

Recombinant Human Sonic Hedgehog/Shh

R&D Systems

Cat# 1314-SH-025/CF

FBS

Thermo Fisher Scientific

Cat# SV30160

Matrigel Matrix

Corning

Cat# 354230

TrypLE Express

Thermo Fisher Scientific

Cat# 12604-013

HyClone Phosphate Buffered Saline (PBS)

Thermo Fisher Scientific

Cat# 10462372

Critical commercial assays

CD34 MicroBead Kit, human

Miltenyi Biotec

Cat# 130-046-703

CellTrace Violet Cell Proliferation Kit

Thermo Fisher Scientific

Cat# (34571

Chromium Single Cell 3' Reagent kit v3

10x Genomics

Cat# PN-1000075

Click-iT EAU Alexa Fluor 647 Flow Cytometry Assay Kit

Thermo Fisher Scientific

Cat# C10424

Methocult STEMCELL Technologies Cat# H4230
Seahorse XFe96 FluxPak mini Agilent Cat# 102601-100
RNeasy Mini Kit QIAGEN Cat# 74104

TagMan Gene Expression Master Mix

Thermo Fisher Scientific

Cat# 4369542

NucleoBond Xtra Midi prep kit

Macherey-Nagel

Cat# 740410.50

Deposited data

The single cell RNA sequencing data presented in this paper is

available in the GEO database.

Accession number GSE141189

Experimental models: cell lines

iPSC-CB1RB9 cell line, human (RB9-CBiPS2)

Woods et al (2011) STEM
CELLS

PMID: 21544903

Mouse Embryonic Fibroblasts

Merck-Millipore

Cat# PMEF-NL

OP9-DL1 stroma cell line, mouse

Provided by E. Sitnicka-
Quinn, Lund University,
Sweden

PMID: 26287684

Experimental models: organisms/strains

Species: Mus Musculus, strain: C57BL/6xB6.S)L, female, age: 10-
14 weeks

The Jackson Laboratory

Species: Mus Musculus, strain: C57BL/6xB6.SJL, male, age: 12-
18 weeks

The Jackson Laboratory

Species: Mus Musculus, strain: B6.SJL, male, age: 12-18 weeks The Jackson Laboratory

Species: Mus Musculus, strain: C57BL/6xB6.S)L x B6.S|L and C57BL/ The Jackson Laboratory
6xB6.5)L x C57BL/6xB6.SJL, female and male foetuses at E14.5 from
breeding set up between the females and males specified above.

Species: Mus Musculus, strain: NOD/Cg-Prkdcscid 112rgtm1Wjl/Sz), The Jackson Laboratory
female, age: 8 weeks (NSG)

Software and algorithms

Flow)o BD Life Sciences https://www.flowjo.com/solutions/flowjo/ downloads

Wave Desktop Agilent https://www.agilent.com/en/products/cell-analysis/
software- download-for-wave-desktop

GraphPad Prism 6 GraphPad http://www.graphpad.com/support/faqid/%201952

FACSDiva v8.0.1 https://www.bdbiosciences.com/en-us/instruments/
research-instruments/research-software/flow-

cytometry-acquisition/facsdiva-software

BD Bioscience

Fiji Image | https://imagej.net/Fiji/Downloads
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Reagent or resource

Source

Identifier

ZEN Zeiss

https://www.zeiss.com/microscopy/int/products/
microscope-software/zen-lite.html

Adobe lllustrator CS6

Adobe Systems Inc

https://www.adobe.com/cn/products/cs6/illustrator.html

RStudio (v1.2.1578)

https://rstudio.com/about/

Seurat package v3.1.0

Cell

Butler et al (2018) Nat
Biotech; Stuart et al (2019)

PMID: 29608179
PMID: 31178118

Slingshot package

Street et al (2018) BMC
Genomics

PMID: 29914354

SCMAP package

Kiselev et al (2018) Nat
Methods

PMID: 29608555

scCoGAPS package

Stein-O’Brien et al (2019)
Cell Syst

PMID: 31121116

ca package for R (v0.71.1)

http://www.carme-n.org/

Methods and Protocols

hiPSC culture, hematopoietic differentiation, and cell isolation

The RB9-CB1 human iPSC line (Woods et al, 2011) was co-cultured
with mouse embryonic fibroblasts (MEFs, Millipore), passaged
every 6 days and processed to form embryoid bodies (EBs) as
described previously (Guibentif et al, 2017). The differentiation pro-
tocol used in this study was previously described (Ditadi & Stur-
geon, 2016); however, small modifications were made to induce
both primitive and definitive hematopoiesis, as indicated below and
in Fig EVIA. Newly formed EBs were first kept in SFD medium
supplemented with 1 ng/ml Activin A (on days 0-2) and 3 pM
CHIR99021 (on day 2 only). At day 3, media were switched to “Day
3-SP34” medium supplemented with 1 ng/ml Activin A (on day 3
only) and 3 uM CHIR99021 (on day 3 only) until day 6. On day 6,
media were replaced by “Day 6-SP34” medium, until day 8. In some
experiments where indicated, to obtain a higher yield of HSC-like
cells, EBs were kept until day 10: in this case, EBs were plated onto
Matrigel (8 pg/cm?, Corning)-coated dishes on day 8 and kept until
day 10. Media were changed every day, except on days 5 and 7. On
day 8 or 10 (as indicated), EBs were singularized with 5-6 rounds
of 5-min incubations with TryPLE Express (Thermo Fisher Scien-
tific). CD34" cells were selected using the human CD34 MicroBead
kit (Miltenyi Biotec) and stained with CD34-FITC, CD73-PE, VECad-
PerCPCy5.5, CD38-PC7, CD184-APC, CD45-AF700, CD43-APCH?7,
GPA-eF450, CD90-BV60S5, and the viability marker 7AAD in order
to sort HE (CD34"CD43 CXCR4 CD73 CD90'VECad"), EHT(CD34"
CD43™CXCR4~CD73CD90"VECad"), and HSC-like (CD34'CD43"
CD90°CD387) cells, according to previously described markers
(Choi et al, 2012; Ditadi et al, 2015; Guibentif et al, 2017).

HE, EHT, and HSC-like subculture

Sorted HE (40,000), EHT (30,000), and HSC-like (5-20,000) cells
were plated onto Matrigel (16 pg/cm?, Corning)-coated 96-well flat
bottom plates in HE medium (Ditadi & Sturgeon, 2016) with 1%
penicillin—streptomycin and kept in a humidified incubator at 37°C,
5% CO,, 4% O, overnight. The following day (day 0), wells were
washed twice with PBS and fresh HE medium was added, together
with 2-DG (1 mM), UK5099 (10 uM), DCA (3 mM), TSA (60 nM),

© 2021 The Authors

TCP (300 nM), ACSS2i (5 uM), C646 (10 uM), CP-640186 (5 uM),
or Atorvastatin (0.5 uM), where indicated. Media were changed and
drugs were added every 2 days and cells were kept in a humidified
incubator at 37°C, 5% CO,, 20% O, for 6-7 days. Pictures were
taken using an Olympus IX70 microscope equipped with a CellSens
DP72 camera and CellSens Standard 1.6 software (Olympus). For
single-cell subcultures, single HE cells were directly sorted with a
BD FACSArialll onto OP9-DL1 stroma in flat-bottom 96-well plates
with 120 pl OP9 medium (OptiMEM medium with Glutamax
(Invitrogen) with 10% FCS, 1% penicillin—streptomycin solution
(Thermo Fisher Scientific) and 1% 2-mercaptoethanol (Invitrogen))
with SCF, IL-6, IL-11, IGF1, and EPO, and with or without 10 uM
UK or 3 mM DCA. The cells were kept in a humidified incubator at
37°C, 5% CO,, 4% O, and media were replaced every 4 days. At
day 14, the wells were collected and scored for GPA™ clones by flow
cytometry, using a BD LSRII.

Extracellular flux analyses

For comparisons among HE, EHT, and HSC-like cells, day 10 FACS-
sorted cells (>40,000) were directly plated onto Seahorse XF96 Cell
Culture Microplate wells coated with CellTak (0.56 pg/well) in 2-4
replicates and extracellular flux was assessed immediately on a
Seahorse XF96 analyzer. For comparisons between HE and EHT
cells, day 8 FACS-sorted cells (> 40,000) were plated onto Matrigel
(16 p,g/sz, Corning)-coated Seahorse XF96 Cell Culture Microplate
wells in 3—4 replicates and extracellular flux was assessed 2 days
after plating, on a Seahorse XF96 analyzer. To assess glycolytic flux,
ECAR was measured in XF medium with 2 mM glutamine under
basal conditions (after 1-h glucose starvation as per manufacturer’s
instructions) as well as after the addition of 25 mM glucose, 4 uM
oligomycin, and 50 mM 2-DG and data were normalized to cell
number. The levels of glycolytic capacity (ECARgjigomycin — ECAR2.pg)
and glycolysis (ECARgucose — ECAR;.pe) were calculated. To assess
oxidative phosphorylation, OCR was measured in XF medium with
10 mM glucose, 2 mM glutamine, and 1 mM sodium pyruvate
under basal conditions as well as after the addition of 4 pM oligo-
mycin, 2 pM Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone
(FCCP), and 1 uM rotenone/40 uM Antimycin A and data were
normalized to cell number. The levels of basal respiration
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(OCRbasal - OCRRotenone/AmimycinA): ATP PFOdUCtiOH (OCRbasal -
OCRoiigomycin)> and maximal respiration (OCRpccp — OCRRgotenone/Antimycina)
were calculated.

Flow cytometry analyses

On days 3 and 6 of subculture, cells were collected after a 2-min
incubation at 37°C with StemPro Accutase Cell Dissociation Reagent
and stained with CD34-FITC, CD14-PE, CD33-PC7, CDI11b-APC,
CD45-AF700, CD43-APCH7, GPA-eF450, CD90-BV605, and the via-
bility marker 7AAD and fluorescence was measured on a BD LSRII.
To measure mitochondrial activity, cells were incubated with Tetra-
methylrhodamine ethyl ester (TMRE, 20 nM) for 30 min at 37°C.
Negative controls were incubated with 100 uM FCCP for 30 min at
37°C, prior to TMRE staining. Fluorescence was measured on a BD
FACSARIA III and levels of MFI-MFI FMO were calculated. To mea-
sure glucose uptake, cells were incubated with 2-(N-(7-Nitrobenz-2-
oxa-1,3-diazol-4-yl) Amino)-2-Deoxyglucose (2-NBDG) for 30 min at
37°C and fluorescence was measured on a BD FACSARIA III. To
measure proliferation, cells were processed with the CellTrace Violet
(CTV) kit according to the manufacturer’s instructions (10-min incu-
bation) and fluorescence was measured on a BD LSRFortessa. To
measure EQU incorporation, HE cells were assessed on day 1 or 2 of
subculture after 24-h EdU pulses, using Click-iT EdU Flow Cyto-
metry Cell Proliferation Assay (Thermo Fisher Scientific, C10424),
according to the manufacturer’s instructions. Flow cytometry out-
puts were analyzed on FlowJo Software, with initial gatings on SSC-
A/FSC-A, FSC-H/FSC-A, SSC-H/SSC-A, and 7-AAD to exclude dou-
blets and dead cells in all experiments.

Colony-forming unit assay

Subcultured HE cells were treated with StemPro Accutase Cell Dis-
sociation Reagent for 2 min at 37°C and dissociated cells were resus-
pended in 3-ml Methocult H4230 (STEMCELL Technologies, France)
(prepared according to the manufacturer’s instructions, with 20-ml
Iscove’s Modified Dulbecco’s Medium containing 2.5 ug hSCF, 5 ug
GM-CSF, 2.5 pg IL-3, and 500 U EPO). Each mixture was divided
onto two wells of a non-tissue culture treated six-well plate. Follow-
ing a 12-day incubation in a humidified incubator at 37°C, 5% CO,,
20% O,, colonies were morphologically distinguished and scored.
For globin analysis, colonies in Methocult wells were harvested
with PBS, washed thoroughly, and frozen in RLT buffer with B-
mercaptoethanol. Following RNA extraction and RT (Qiagen),
gene expression was assessed with tagman probes by g-PCR. The
tagman probes used for this assay are HBA1/2 (Hs00361191_gl),
HBE1 (Hs00362216_m1), HBG2/1 (Hs00361131_gl), and KLF1
(Hs00610592_m1).

Lymphoid differentiation assay on OP9-DL1 stroma

Subculture day 3 HE cells cultured in the presence of UK5099
(10 uM) or DCA (3 mM), as indicated, were collected after a 2-min
incubation at 37°C with StemPro Accutase Cell Dissociation Reagent
and seeded onto 80% confluent OP9-DL1 stroma. Cells were cul-
tured in OP9 medium (OptiMEM medium with Glutamax (Invi-
trogen) with 10% FCS, 1% penicillin-streptomycin solution
(Thermo Fisher Scientific) and 1% 2-mercaptoethanol (Invitrogen))
with SCF (10 ng/ml), FLT3-L (10 ng/ml), IL-2 (5 ng/ml), IL-7
(5 ng/ml, first 15 days only), and IL-15 (10 ng/ml) with passaging
onto new OP9-DL1 stroma every week, as described previously
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(Renoux et al, 2015). At day 35 of co-culture, cells were analyzed
on a BD LSRFortessa.

Single-cell RNAseq library preparation and sequencing

Sorted HE, EHT, and HSC-like cells as well as magnetically selected
(Miltenyi Biotec) cord blood CD34" cells were plated onto Matrigel
(16 pg/cm"‘, Corning)-coated 96-well flat bottom plates in HE
medium (Ditadi & Sturgeon, 2016) with 1% penicillin—streptomycin
and kept in a humidified incubator at 37°C, 5% CO,, 4% O, over-
night. The following day (day 0), wells were washed twice with PBS
and fresh HE medium was added, together with UK5099 (10 pM) or
DCA (3 mM), where indicated. On day 1 and day 2 (as indicated),
cells were washed twice with PBS 0.04% UltraPure BSA and col-
lected after a 2-min incubation at 37°C with StemPro Accutase Cell
Dissociation Reagent. Cells were spun down, resuspended in PBS
0.04% UltraPure BSA, counted (yield between 8,000 and 18,000
cells), and library preparation was conducted according to the Chro-
mium Single Cell 3’ Reagent kit v3 instructions (10x Genomics).
Sequencing was performed on a NOVASeq 6000 from Illumina with
the run parameters (28-8-0-91) recommended by 10x Genomics with
a final loading concentration of 300 pM of the pooled libraries.
Human Umbilical Cord Blood samples were collected from Skane
University Hospital (Lund and Malmdé) and Helsingborg Hospital
with informed consents according to the guidelines approved by the
regional ethical committee.

Single-cell RNAseq analysis

The data were processed and analyzed using Seurat v3.1.0, where
cells were allowed to have up to 20% mitochondrial reads prior to
log normalization and finding the top 500 variable genes using the
“vst” method. Cell cycle scores were calculated and the data were
scaled regressing on mitochondrial content and the difference of the
S and G2M score. Principal components were calculated prior to cal-
culating a UMAP. Cell IDs, the UMAP, phase, and cell type are pro-
vided in Dataset EV1. Pseudotime trajectories describing two
developmental routes were identified in our EHT dataset using
Slingshot (Street et al, 2018) along which the cells were ordered.
The cells were then binned along each trajectory where the cell-type
composition of each bin was calculated as percentages. Cord blood
CD34" cells were mapped to our data and labeled using scCoGAPS
(Stein-O’Brien et al, 2019). CS13 data from Zeng et al (2019) were
read and processed to make a UMAP from which the cells they
name as “AEC” and “Hem” were identified. These 99 cells were
mapped to our data and labeled using SCMAP (Kiselev et al, 2018).
Carnegie Stage 13 data from Zeng et al (2019) were mapped to our
EHT dataset using scCoOGAPS where 10 patterns were identified,
named according to their respective weights (as shown in
Table EV1) and then projected using projectR. Each cell was
assigned to the group that achieved the highest weight. An overview
showing the relationship between cell types and patterns was done
by forming a contingency table on which correspondence analysis
was performed using the ca package for R. Differentially expressed
genes were found using the FindAllMarkers function. Cell numbers
for day 1 samples are as follows: HE = 1,451, EHT = 1,523, HSC-
like = 732. Cell numbers for day 2 samples are as follows: HE
ctrl = 1,195, HE + UK5099 = 718, HE + DCA = 2,309. All assessed
endothelial and hematopoietic genes were previously used in sev-
eral publications to validate the EHT process (Swiers et al, 2013; Ng
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et al, 2016; Zhou et al, 2016; Guibentif et al, 2017). For gene expres-
sion analyses, gene sets for glycolysis, oxidative phosphorylation,
and cholesterol efflux were downloaded from The Molecular Signa-
tures Database (MSigDB).

Downregulation via shRNAs

Short-hairpin sequences recognizing the genes of interest were
cloned into GFP-expressing pRRL-SFFV vectors, embedded in a
microRNA context for minimal toxicity, as described previously
(Fellmann et al, 2013). Each lentivirus batch was produced in two
T175 flasks of HEK 293T cells by co-transfecting 22 pg of pMD2.G,
15 pg of pRSV-Rev, 30 pg of pMDLg/pRRE, and 75 pg of the shRNA
vector using 2.5 M CaCl,. Medium was changed 16 h after transfec-
tion and viruses were harvested 48 h after transfection, pelleted at
20,000 g for 2 h at 4°C, resuspended in 100 pl DMEM, aliquoted,
and kept at —80°C. The downregulation efficiency of each shRNA
was measured by assessing the corresponding gene expression by
gPCR in sorted GFP" cells, 3 days after lentiviral transduction of
cord blood CD34" HSPCs. The tagman probes used for this assay
are MPC1  (Hs00211484_m1), MPC2 (Hs00967250_m1), PDK1
(Hs01561847_m1), PDK2 (Hs00176865_m1), PDK3 (Hs00178440_m1),
PDK4 (Hs01037712_m1), LSD1/KDMI1A (Hs01002741_m1), and
HPRT1 (Hs02800695_m1). HE cells were transduced by direct addi-
tion of lentivirus particles into the culture medium on the day after
the sort.

In vivo compound injections and murine

hematopoiesis assessment

For fetal liver analysis, pregnant female C57Bl/6xB6.SJL mice were
injected intraperitoneally at E9.5 with UK5099 (4 mg/kg) or DCA
(200 mg/kg) or PBS (control). Embryos were harvested at E14.5
and individually weighed and processed. Fetal livers were dissected
and homogenized in 800-uL ice-cold PBS supplemented with 2%
fetal bovine serum (FBS) and FL cells were washed in PBS with 2%
FBS. For the differentiated lineage panel, cells were stained with
B220 and CD19 (B-cell markers)- PE, CD3e-APC, Ter119-PeCy7, and
CD71-FITC and analyzed on a BD FACSARIA III. For the HSC panel,
samples were first treated with ammonium chloride solution (STEM-
CELL Technologies, France) to lyse red blood cells, washed twice in
ice-cold PBS with 2% FBS, stained with CD3e, B220, Terl19, Grl
(Lineage)- PeCyS5, c-Kit-Efluor780, Scal-BV421, CD48-FITC, CD150-
BV605, and 7-AAD (for dead cell exclusion), and analyzed on a BD
FACSARIA III. Flow cytometry outputs were analyzed on FlowJo
Software, with initial gatings on SSC-A/FSC-A and FSC-H/FSC-A to
exclude doublets. For plating of CFU assays, 100 LT-HSCs were
sorted (gating strategy shown in Appendix Fig S1E) and resus-
pended in 3.0 ml Methocult M3434 (STEMCELL Technologies,
France). Each mixture was divided onto two wells of a non-tissue
culture treated six-well plate. Following a 14-day incubation in a
humidified incubator at 37°C, 5% CO,, 20% O,, colonies were mor-
phologically distinguished and scored. For AGM analysis, pregnant
female C57Bl/6xB6.SJL mice were injected intraperitoneally at E8.5
with DCA (200 mg/kg) or PBS (control). Embryos were harvested at
E10.5 and their AGM regions were individually processed as
described previously (Fang et al, 2016). Briefly, AGM regions were
dissected and digested with Collagenase II (Life Technologies) in
PBS supplemented with 10% fetal bovine serum (FBS) and cells in
single-cell suspension were washed in PBS with 10% FBS. Cells
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were stained with anti-cKit and anti-CD45 antibodies and analyzed
on a BD LSRFortessa. Experiments and animal care were performed
in accordance with the Lund University Animal Ethical Committee.

NSG mice transplantations

Sorted human HE cells (350,000) were mixed with OP9-DL1 stroma
(60,000) and subcultured for 3 days with or without DCA (3 mM)
on Matrigel (16 pg/cm?, Corning)-coated 12-well plates in HE
medium (Ditadi & Sturgeon, 2016). Between 100,000 and 150,000
cells from control or DCA samples were transplanted into sub-
lethally irradiated (300 cGy) 8-week-old female NOD/Cg-Prkdc*
112rg"™Wil/Sz] mice (NSG, The Jackson Laboratory) together with
20,000 whole BM support cells from C57Bl/6.SJL mice (CD45.1"/
CD45.2", in house breeding). Cells were transplanted in single-cell
solution in 250-pl PBS with 2% FBS through intravenous tail vein
injection. Drinking water of transplanted NSG mice was supple-
mented with ciprofloxacin (125 mg/l, HEXAL) for 3 weeks after
transplantation to prevent infection. Mice were housed in a con-
trolled environment with 12-h light-dark cycles with chow and
water provided ad libitum. Experiments and animal care were
performed in accordance with the Lund University Animal Ethical
Committee.

Peripheral blood analysis after NSG mice transplantations
Peripheral blood (PB) was collected from the tail vein into EDTA-
coated microvette tubes (Sarstedt, Cat# 20.1341.100). Peripheral
blood was lysed for mature erythrocytes in ammonium chloride
solution (STEMCELL technologies) for 10 min at room temperature,
washed and stained for cell surface antibodies for 45 min at 4°C,
washed, and filtered prior to flow cytometry analysis on the FACS
Arialll (BD). Flow cytometry outputs were analyzed on FlowJo Soft-
ware, with initial gatings on SSC-A/FSC-A and FSC-H/FSC-A for
doublet exclusion, on DAPI for dead cell exclusion and on huCD45/
muCD45.1 for murine cell exclusion.

Bone marrow analysis after NSG mice transplantations

Bone marrow was analyzed at the 12-week transplantation end-
point. Mice were euthanized by spinal dislocation followed by the
dissection of both right and left femurs, tibias. and iliac bones. Bone
marrow was harvested through crushing with a pestle and mortar
and cells were collected in 20-ml ice-cold PBS with 2% FBS, filtered,
and washed (350 g, 5 min). Bone marrow cells were lysed for red
blood cells (ammonium chloride solution, STEMCELL technologies)
for 10 min at room temperature, washed and stained for cell surface
antibodies for 45 min at 4°C, washed, and filtered prior to FACS
analysis on the FACS Arialll (BD). Flow cytometry outputs were
analyzed on FlowJo Software, with initial gatings on SSC-A/FSC-A
and FSC-H/FSC-A for doublet exclusion, on DAPI or 7AAD for dead
cell exclusion and on huCD45/muCD45.1 for murine cell exclusion.

Thymus analysis after NSG mice transplantations

Whole thymus was harvested at the 12-week transplantation end-
point. The thymocytes were mechanically dissociated from connec-
tive tissue in the thymus by pipetting up and down in PBS with 2%
FBS, followed by filtration through a 50-um sterile filter. Erythrocyte
contamination was removed by lysing the sample in ammonium
chloride solution (STEMCELL technologies) for 10 min at room tem-
perature. Samples were washed and spun down after and the pellet
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of thymocytes was resuspended in FACS buffer and stained for cell
surface antibodies for 45 min at 4°C, washed, and filtered prior to
FACS analysis on the FACS Arialll (BD). Flow cytometry outputs
were analyzed on FlowJo Software, with initial gatings on SSC-A/
FSC-A and FSC-H/FSC-A for doublet exclusion, on DAPI for dead
cell exclusion and on huCD45/muCD45.1 for murine cell exclusion.

Confocal microscopy imaging and quantification

For TMRE staining, on day 3 of subculture, half of the culture
medium was removed and cells were stained with 20 nM TMRE
(Thermo Fisher Scientific, T669) by direct addition into the culture
medium of a 2x concentrated solution. After a 20-min incubation at
37°C, wells were carefully washed with PBS and fresh HE medium
was added. During acquisition, cells were kept in a humidified incu-
bator at 37°C, 5% C0O2, 20% O,. For immunocytochemistry, subcul-
ture day 2 HE cells (plated on coverslips) were washed twice in
PBS, fixed with 4% PFA for 15 min at RT, and washed three times
with PBS. For filipin staining, fixed cells were incubated with
100 pg/ml filipin III (Sigma-Aldrich, F4767) for 1 h, washed three
times with PBS, and rinsed with distilled water before mounting
with PVA/DABCO. For H3K9 and H4 acetylation staining, fixed cells
were permeabilized and blocked 1 h at RT with PBS + 0.25% Triton
X-100 + 5% normal donkey serum (blocking solution) followed by
incubation overnight at 4°C with primary antibodies diluted in
blocking solution. Cells were then washed 2 x 5 min with
PBS + 0.25% Triton X-100 (TPBS) and 5 min with blocking solution
before incubation with secondary antibodies 2 h at RT diluted in
blocking solution. Cells were later washed 5 min with TPBS
containing 1 pg/ml Hoechst and twice with PBS before being rinsed
with distilled water and mounted with PVA:DABCO. Images were
obtained with the 10x (TMRE) or 20x (Filipin and acetylation)
objective of a Zeiss LSM 780 confocal microscope using the Zen soft-
ware and a 1.5x zoom (TMRE) or 0.6x zoom (Filipin and acetyla-
tion). Acquisition settings were the same for all images of each
experiment, taking the same number of stacks. Intensity quantifica-
tion was performed using the Fiji software as follows. For TMRE,
using the brightfield channel, ROIs were selected for five spindle-
shaped and five round cells (randomly chosen) and average inten-
sity for each ROI was calculated in a summatory Z-stack of the
TMRE channel. For filipin and acetylation, the summatory Z-stack
for the filipin channel was obtained and average intensity calcu-
lated. A total of 2-3 independent experiments with 2-3 replicate
wells were quantified. For each replicate well, 4-6 images were
acquired.

Statistical analyses

Significance of differences between conditions were calculated using
paired/unpaired t-tests, one/two-way analysis of variance (ANOVA)
tests, or Kruskal-Wallis tests with multiple comparisons in
GraphPad Prism 6 software, as indicated. P values are indicated in
figures with the following abbreviations: ns, not significant,
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data availability

The single-cell RNA sequencing data presented in this paper are
publicly available in the GEO database under the accession number
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GSE141189 and using the following link: https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc = GSE141189.

Expanded View for this article is available online.
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