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SUMMARY
Hematopoietic stem cells (HSCs) emerge during development from the vascular wall of the main embryonic
arteries. The onset of circulation triggers several processes that provide critical external factors for HSC gen-
eration. Nevertheless, it is not fully understood how and when the onset of circulation affects HSC emer-
gence. Here we show that in Ncx1�/� mouse embryos devoid of circulation the HSC lineage develops until
the phenotypic pro-HSC stage. However, these cells reside in an abnormal microenvironment, fail to activate
the hematopoietic program downstream of Runx1, and are functionally impaired. Single-cell transcriptomics
shows that during the endothelial-to-hematopoietic transition, Ncx1�/� cells fail to undergo a glycolysis to
oxidative phosphorylation metabolic switch present in wild-type cells. Interestingly, experimental activation
of glycolysis results in decreased intraembryonic hematopoiesis. Our results suggest that the onset of circu-
lation triggers metabolic changes that allow HSC generation to proceed.
INTRODUCTION

Hematopoietic stem cells (HSCs) have the capacity to maintain

all blood cell lineages during adult life. In the vertebrate embryo

they are first and autonomously generated from a specialized

subset of arterial endothelial cells, the hemogenic endothelium

(HE), through a endothelial-to-hematopoietic transition (EHT)

(de Bruijn et al., 2000; Ivanovs et al., 2011; Medvinsky and Dzier-

zak, 1996; Bertrand et al., 2010; Boisset et al., 2010; Kissa and

Herbomel, 2010). The transcription factor Runx1 is critically

required for, and expressed during EHT starting from the HE

(reviewed in (de Bruijn and Dzierzak, 2017). The HSC lineage di-

verges from the HE with the emergence of pro-HSC at E9.5,
Ce
This is an open access article und
which develop via pre-HSC type I and II into fully functional defin-

itive HSCs at E11.5 (Rybtsov et al., 2014; Rybtsov et al., 2011;

Taoudi et al., 2008). This places the specification of the HSC line-

age around E9.5 (Rybtsov et al., 2014; Swiers et al., 2013), a time

point that coincides withmajor changes in the developingmouse

embryo, including the establishment of unidirectional blood flow

(McGrath et al., 2003). Indeed, the onset of circulation is an

important extrinsic regulator of blood cell generation in vitro

and in vivo (Adamo et al., 2009; Lundin et al., 2020; North

et al., 2009).

Circulation can affect HSC development in multiple ways.

Shear stress sensing in the endothelium increases extracellular

adenosine levels, which through the cAMP-PKA-CREB axis
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modulate the expression of several hematopoietic related genes,

such as CXCL8- and BMP-related genes (Jing et al., 2015) (Kim

et al., 2015). The cAMP-PKA-CREB axis can alternatively be

stimulated by prostaglandin E2, also controlled by blood flow

(Diaz et al., 2015). Blood flow is also associated with nitric oxide

signaling (Adamo et al., 2009; North et al., 2009; Wang et al.,

2011) and the modulation of several signaling pathways impor-

tant for HSCs. Indeed, ex vivo induction of shear stress in

aorta-gonad-mesonephros (AGM)-derived cells upregulates he-

matopoietic genes along with prostaglandin, Wnt, and Notch

genes (Diaz et al., 2015). Finally, cyclic stretch associated with

blood flow activates Rho-Yap mechanotransduction, promoting

hematopoietic stem and progenitor cell (HSPC) production

in vitro and in vivo (Lundin et al., 2020). It is unclear whether cir-

culation induces the initial specification of the mammalian HSC

lineage from HE, or acts at later stages on specified HSC precur-

sors to induce their maturation into functional HSCs and/or

downstream progeny (Adamo et al., 2009; North et al., 2009;

Wang et al., 2011). Indeed, direct analysis of emerging HSCs in

mice devoid of circulation has been hampered by their lethality

prior to the emergence of transplantable definitive HSCs (Jones

et al., 2008; Wakimoto et al., 2001; Wakimoto et al., 2000; Xu

et al., 2011).

Here, we investigated the earliest steps of HSC lineage spec-

ification in the Ncx1�/� embryo that lacks the heart-specific

Na2+/Ca2+ exchanger geneSlc8a1 and fails to initiate a heartbeat

and circulation (Koushik et al., 2001; Wakimoto et al., 2001; Wa-

kimoto et al., 2000). Crossing this mouse line with our Runx1 +23

enhancer-reporter line (23GFP) (Bee et al., 2010; Swiers et al.,

2013) allowed assessment and isolation of cells undergoing

EHT in the absence of circulation. We found that in Ncx1�/�

embryos, phenotypic HE and pro-HSC did emerge, but failed

to upregulate key hematopoietic genes and did not mature into

functional HSCs upon ex vivo culture. Single-cell transcriptomics

showed that the Ncx1�/� HSC lineage was specified in an aber-

rant microenvironment enriched in hematopoiesis-inhibitory sig-

nals, and analysis of the EHT trajectory placed the block at the

level of the HE to pro-HSC transition. Differential gene expres-

sion analysis implicated metabolic changes in the process.

Interestingly, progression through EHT in the wild-type was

associated with a downregulation of glycolysis, while Ncx1�/�

cells showed a hypoxia-mediated upregulation of glycolysis

genes. Through in vivo and ex vivo perturbation of glycolysis,

we demonstrated that this metabolic switch is required for

normal differentiation of intraembryonic hematopoietic progeni-

tors. Our findings suggest that metabolic changes associated

with the onset of circulation promote HSC development and

bear relevance for the improvement of current protocols aimed

at generating HSCs in vitro.

RESULTS

Phenotypic pro-HSCs emerge in the main arteries of
Ncx1�/� embryos
To assess whether the HSC lineage is specified normally in the

absence of circulation, we examined the emergence of HE and

pro-HSCs in Ncx1�/� embryos. Runx1 expression marks HE

and emerging HSPCs in the developing embryo (de Bruijn and
2 Cell Reports 37, 110103, December 14, 2021
Dzierzak, 2017; North et al., 1999; North et al., 2002). At E8.25

(4-7sp), the time point at which circulation commences (Ji et al.,

2003; Lucitti et al., 2007; McGrath et al., 2003), Runx1 was de-

tected in just a few cells of the wild-type posterior paired dorsal

aortae (Figure 1A). A similar pattern of Runx1 expression was

seen in Ncx1�/� embryos, which at this point show normal

vascular morphology and expression of the arterial marker Dll4

(Figure 1A). By E9.5, Runx1 expression had extended along the

dorsal aorta in the AGM region and in the proximal parts of the vi-

telline and umbilical arteries of both wild-type and Ncx1�/� em-

bryos (Figure 1B). In spite of severe vascular defects in Ncx1�/�

embryos (Hwa et al., 2017), Dll4 expressionwas still detected (Fig-

ures 1A and 1C), in line with previous reports that blood flow does

not influence the expression of early arterial markers (Chong et al.,

2011). To quantify HE, the Ncx1�/� line was crossed with the

23GFP transgenic reporter mouse line in which the Runx1 +23

enhancermediates expression of aGFP reporter to all cells under-

going EHT, including pre-HE and HE (Bee et al., 2010; Swiers

et al., 2013). At E8.25, Ter119- CD45- VE-Cadherin+ CD41-

23GFP+ pre-HE was present at normal frequency in Ncx1�/� em-

bryos (Figures 1D, 1E, and S1A). At E9.5, Ter119- VE-Cadherin+

CD45- CD43- CD41- 23GFP+ HE and Ter119- CD45- CD43- VE-

Cadherin+ CD41low pro-HSCs (also expressing the 23GFP trans-

gene) were present at a normal (HE) or increased (pro-HSC) fre-

quency in the caudal part (CP) of Ncx1�/� embryos (Figures 1F

and 1G) though in decreased numbers, in line with the overall

reduced size of the mutant embryo at this developmental time

(Figures S1B and S1C). These data indicate that phenotypic HE

and pro-HSC are generated in the absence of circulation.

Ncx1�/� pro-HSCs lack markers of active hematopoietic
commitment
Immunofluorescence confirmed the presence of cells with pheno-

types consistent with HE and pro-HSCs in the dorsal aorta and

vitelline artery of wild-type and Ncx1�/� embryos (Figure 2A).

Transcript analysis of flow sorted pre-HE and nonhemogenic

endothelium (Figure S2A) at the mini-bulk level (25 cells/sample)

did not show widespread significant changes in endothelial and/

or hematopoietic-associated genes in E8.25 Ncx1�/� versus

wild-type samples (Figure S2C). By E9.5, Ncx1�/� HE showed

decreased Gata2 expression, which continued into the pro-HSC

population where Tal1 was also decreased and the endothelial

marker Kdr was increased. A trend in decreased Runx1, Gfi1,

and Myb expression was also seen (Figures S2B and S2C). Sin-

gle-cell qRT-PCR on HE and Pro-HSCs isolated from E9.5

Ncx1�/� and wild-type CPs confirmed the decreased Tal1,

Lmo2 expression in Ncx1�/� HE, and the decreased expression

of Gata2 and Runx1 in pro-HSCs, along with a reduction in the

Runx1 downstream targets Gfi1 and Myb (Figures 2B–2D), indic-

ative of a failure to establish the transcriptional programunderlying

hematopoietic commitment (Swiers et al., 2013). In line with this,

analyses of E10.5 Ncx1�/� embryos showed no signs of progres-

sion along theHSCpath, with a further reduction in pro-HSCs, and

no detectable pre-HSC type I or II (Figure S2D). Taken together,

our data show that in the absence of circulation, the emergence

of Runx1+/23GFP+ pre-HE in the E8.25 CP was relatively unaf-

fected. In contrast, E9.5 HE and pro-HSCs, while phenotypically

detectable, showed transcriptional changes culminating in a



Figure 1. Phenotypically defined pro-HSCs

are found in Ncx1�/� E9.5 embryos

(A) Confocal whole mount immunofluorescence

(WM-IF) of E8.25 (4-6sp) wild-type (+/+) and

Ncx1�/� embryos. Images show maximum in-

tensity projections. Left panel: Arrowheads indi-

cate VE-Cadherin+ Runx1+ cells in the paired

aortae (pa) or vitelline artery (va). N = 6 (+/+), N = 7

(Ncx1�/�) embryos analyzed. Right panel: N = 6

(+/+), N = 6 (Ncx1�/�) embryos analyzed. Scale

bars: 100 mm.

(B) Confocal WM-IF analysis of E9.5 (22-26sp) +/+

and Ncx1�/� embryos (maximum intensity pro-

jections). N = 6 (+/+), N = 8 (Ncx1�/�) embryos

analyzed. da: dorsal aorta; va: vitelline artery;

ua:umbilical artery. Scale bars: 100 mm.

(C) Confocal WM-IF analysis of E9.5 (22-26sp) +/+

and Ncx1�/� embryos. Arrowheads indicate ex-

amples of Dll4-expressing aortic endothelial cells.

N = 3 (+/+), N = 3 (Ncx1�/�) embryos analyzed.

Scale bars: 100 mm (3D), 30 mm (slice).

(D) Flow cytometric analysis of E8.25-E8.5 (3-11sp)

+/+ and Ncx1�/� embryos. Embryos of the same

genotype were pooled. Data are representative of

4 independent experiments of N = 3 (+/+), N = 5

(Ncx1�/�) samples of a total of 11 (+/+), 14

(Ncx1�/�) embryos. Endo: Ter119- VE-Cad+ CD45-

CD41- 23GFP- endothelium; HE: Ter119- VE-Cad+

CD45- CD41- 23GFP+.

(E) Graph showing quantification of flow cytometric

analysis in (D). Data are mean ± standard deviation

(SD).

(F) Flow cytometric analysis of E9.5 (21-26sp) +/+

and Ncx1�/� embryos. Embryos of the same ge-

notype were pooled. Data representative of 4 inde-

pendent experiments with N = 8 (+/+), N = 8

(Ncx1�/�) samples of a total of 26 (+/+), 24 (Ncx1�/�)
embryos. Endo: Ter119- VE-Cad+ CD45- CD43-

CD41- 23GFP- endothelium; HE: Ter119- VE-Cad+

CD45- CD43- CD41- 23GFP+; Prog: Ter119- VE-

Cad+ CD45- CD43+ CD41+ progenitor cells; Pro-

HSC: Ter119- VE-Cad+ CD45- CD43- CD41low.

(G) Graphs showing quantification of flow cyto-

metric analysis in (F). e.e.: embryo equivalent. Data

are mean ± SD.
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failure to initiate the hematopoietic program downstream Gata2

and Runx1 and did not mature into pre-HSCs in vivo.

Lack of circulation results in abnormal Jag1-mediated
Notch signaling in HE and pro-HSC
The Notch pathway is known to play a critical role in HSC emer-

gence (Kumano et al., 2003; Robert-Moreno et al., 2005; Robert-

Moreno et al., 2008; Souilhol et al., 2016b) and to respond directly

to changes in circulation (Fang et al., 2017; Mack et al., 2017). The
Cell
genes coding for the Notch receptors

Notch1 and Notch4 and the ligands Dll4,

Jag1, and Jag2 were previously detected

in the E9.5 aortic wall (Robert-Moreno

et al., 2005). Using single-cell and mini-

bulk qRT-PCR we consistently saw a

reduced expression of Jag1, Jag2 and

Hey1, Hey2 in sorted Ncx1�/� HE and
pro-HSCs, while Dll4 and Hes1 were not decreased (Figures 2C,

E2 and S3A). This was particularly evident in the cell clusters

showing higher Runx1 expression (boxes in Figures 2C and 2D).

The downregulation of Jag1 ligand and relatively unperturbed

expression of Dll4 was confirmed at the protein level (Figure 2F,

1A, and 1C). In line with the latter, Notch intracellular domain

(NICD), a mark of active Notch signaling, was still detected in the

nuclei of 23GFP+ EHT cells in the E9.5 Ncx1�/� aorta (Figure 2G).

In summary, these data indicate that lack of circulation impairs
Reports 37, 110103, December 14, 2021 3



Figure 2. Ncx1�/� pro-HSCs downregulate

key hematopoietic genes

(A) Confocal whole mount immunofluorescence

analysis (WM-IF) of E9.5 (21-26sp) wild-type (+/+)

and Ncx1�/� embryos. All panels show single

2.5 mm-thick optical slices representative of (left)

N = 3 (+/+), N = 2 (Ncx1�/�) embryos analyzed,

(middle left) N = 2 (+/+), N = 2 (Ncx1�/�) embryos,

(middle right) N = 4 (+/+), N = 2 (Ncx1�/�) em-

bryos, and (right) N = 3 (+/+), N = 2 (Ncx1�/�)
embryos. Scale bars: 30 mm. Arrowheads indicate

VE-Cad+ Runx1+/23GFP+ CD43- HE or CD31+

Runx1+ HE. Arrows indicate examples of CD41+

Runx1+ hematopoietic cells. Blue arrowheads

indicate examples of VE-Cad+ CD43+ Runx1+ he-

matopoietic cells in wild-type embryos; blue as-

terisks highlight the absence of CD43+ hemato-

poietic cluster cells inNcx1�/� embryos. da: dorsal

aorta; va: vitelline artery.

(B) Multiplexed single cell qRT-PCR analysis of HE

(Ter119- VE-Cad+ CD45- CD41- CD43- 23GFP+)

and pro-HSCs (Ter119- VE-Cad+ CD45- CD41low

CD43- 23GFP+), isolated from E9.5 embryos (22-

26sp). Sort gates as in Figure S2B. Samples from

two independent experiments (5 +/+, 10 Ncx1�/�

embryos total) with 52 +/+ and Ncx1�/� HE and

53 +/+ and Ncx1�/� pro-HSCs analyzed. Violin

plots represent the expression of selected genes;

black dots indicate average values. *p % 0.05;

**p % 0.01; ***p % 0.001.

(C and D) Clustered heatmaps showing multiplex

single cell qRT-PCR analysis of E9.5 +/+ or

Ncx1�/� HE (C) and pro-HSC (D). Columns repre-

sent single cells; rows represent genes. Column

dendrograms are ordered using hierarchical clus-

tering. Black boxes highlight groups of cells with

high Runx1 expression.

(E) Multiplexed single cell qRT-PCR analysis

showing expression of selected genes as in (B).

*p % 0.05; **p % 0.01; ***p % 0.001.

(F) Confocal WM-IF of E9.5 (21-24sp) +/+ and

Ncx1�/� embryos. Single 2.5 mm-thick slices are

shown. N = 3 (+/+), N = 3 (Ncx1�/�) embryos

analyzed. Arrowheads indicate examples of VE-

Cad+ Runx1+ Jag1+ cells. Asterisks highlight lack of

Jag1 expression in Ncx1�/� embryos. Scale bars:

30 mm.

(G) Confocal WM-IF of E9.5 (23-25sp) wild-type

(+/+) and Ncx1�/� embryos. Single 2.5 mm-thick

slices are shown. N = 4 (+/+), N = 4 (Ncx1�/�)
embryos analyzed. Arrowheads indicate examples

of CD31+ Runx1+ NICD+ cells. da: dorsal aorta.

Scale bars: 30 mm.
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Jag1-, but not Dll4-mediated Notch signaling in E9.5 HE and pro-

HSCs.

The hematopoietic microenvironment is perturbed in
Ncx1�/� embryos
Based on the results described above it was unlikely that the

defect in the HSC lineage was due to a disruption of the arterial

program. Indeed, other known HSC-generative niche compo-

nents may be affected by the lack of circulation. Peri-aortic

smoothmuscle cells (SMCs) havebeen implicated in AGMhema-

topoiesis, although their role remains debated (Mirshekar-Syah-
4 Cell Reports 37, 110103, December 14, 2021
kal et al., 2013; Richard et al., 2013) (). Strikingly, in E9.5Ncx1�/�

embryos, a�SMA+ cells were lost around the dorsal aorta (Fig-

ure 3A) and therewas a decrease in the thickness of the subaortic

mesenchyme (Figures 3A and 3B), another potential niche

component (Richard et al., 2013). Also macrophages, known to

play a role in the later HSCniche (Mariani et al., 2019; Travnickova

et al., 2015), were decreased in frequency in the E9.5 Ncx1�/�

versus wild-type CP and were not seen underlying Runx1+ cells

in the dorsal aorta (Figures 3C–3E). To begin to assess how

changes in the cellular components of the hematopoietic niche

might affect the signaling microenvironment, we performed



Figure 3. Ncx1�/� embryos display an aber-

rant peri-aortic microenvironment

(A) Confocal WM-IF analysis of E9.5 (22-25sp) +/+

andNcx1�/� embryos. Left panels showmaximum

intensity projections. Boxed area is magnified in

the middle and right panels (single 2.5 mm-thick

slices). Arrowheads indicate a-SMA+ peri-aortic

SMCs, absent from Ncx1�/� embryos (asterisks).

Yellow dashed arrow: distance between dorsal

aorta (da) and vitelline artery (va). N = 3 (+/+), N = 3

(Ncx1�/�) embryos analyzed. Scale bars: 300 mm

(3D), 50 mm (slice).

(B) Distance between dorsal aorta and vitelline

artery as a measurement of the sub-aortic

mesenchyme thickness. Measurements done on

images from N = 7 (+/+), N = 5 (Ncx1�/�) different
embryos (1-4 images/embryo; 5 measurements /

image; 16 (+/+), 17 (Ncx1�/�) different images

used. Data are mean ± SD.

(C) Flow cytometric analysis of macrophages

(Ter119- CD45+ F4/80+ CD11b+) in E9.5 (21-

25sp) +/+ and Ncx1�/� caudal part (CP). N = 3

(+/+), N = 3 (Ncx1�/�) embryos were analyzed

individually in 2 independent experiments.

(D) Quantification of flow cytometric analysis in (C).

Data are mean ± SD.

(E) Confocal WM-IF of E9.5 (21-24sp) +/+ and

Ncx1�/� embryos (single 2.5 mm-thick slice

representative of N = 4 (+/+), N = 4 (Ncx1�/�) em-

bryos). Arrowheads: peri-aortic F4/80+ macro-

phages. Scale bars: 30 mm.

(F) UniformManifold Approximation and Projection

(UMAP; (Becht et al., 2018)) of the E9.5 (20-

23sp) +/+ and Ncx1�/� PAS scRNA-Seq dataset.

Cells were isolated from 4 embryos for each

genotype.

(G) Percentage of cells in each PAS scRNA-Seq

cluster.

(H) Bubble plot showing marker genes for each

PAS scRNA-Seq cluster. Dot size indicates the

percentage of expressing cells; color intensity in-

dicates expression level.

(I) Bubble plot showing expression of genes en-

coding for hematopoietic niche signals in niche cell

subsets. Expression is shown separately for +/+

and Ncx1�/� cells.
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single-cell RNA sequencing (scRNA-seq; 10xGenomics) on E9.5

wild-type and Ncx1�/� CP. Cells clustered in 11 populations, the

identity of which was determined based on expression of marker

genes (Figures 3F–3H). While the observed reduction in Ncx1�/�

mesenchymewas reflected in the scRNA-seq dataset, the loss of

aortic SMCswas not captured transcriptionally in the absence of

spatial information. This is consistent with aSMA+ SMCs being

present around the Ncx1�/� vitelline and umbilical arteries, and

with the relative increase in endothelial cells (Figures 3A and

3G). Macrophages were not detected in the scRNA-seq dataset.

Analysis of signals implicated in the HSC-generative niche
Cell
showed that the pro-hematopoietic factor

Kit ligand (Kitl) (Azzoni et al., 2018) was

downregulated in Ncx1�/� endothelial

cells. In contrast, BMP4, Smad4, and
Smad7, members of the Tgfb pathway exerting an inhibitory ef-

fect on EHT (Souilhol et al., 2016a; Vargel et al., 2016), were

increased in Ncx1�/� mesenchyme and SMCs (Figure 3I). The

Hedgehog pathway genes Ptch1, Smo, and Gli3, also involved

in EHT (Crisan et al., 2016; Souilhol et al., 2016a), were upregu-

lated in the mutant (Figure 3I). These results show that in the

absence of circulation, the intricate balance of signals in the

HSC-generative niche was perturbed. Establishing precisely

which cellular components and signals are critical in this context

awaits a more detailed analysis of the HSC-generative niche in

general, as this is still poorly understood.
Reports 37, 110103, December 14, 2021 5



Figure 4. Ncx1�/� pro-HSCs fail to mature

into functional HSCs ex vivo

(A) Schematic of OP9 co-aggregate culture ex-

periments.

(B) Flow cytometric analysis of OP9 co-aggregates

with CP of E9.5 (23-28sp) control (+/+ or Ncx1+/�)
or Ncx1�/� embryos. Co-aggregates were

analyzed individually. N = 11 (+/+ orNcx1+/�), N = 7

(Ncx1�/�); 4 independent experiments.

(C) Quantification of flow cytometric analysis in (B).

Data are mean ± SD.

(D) Repopulation analysis of irradiated CD45.1

syngeneic mice transplanted with 1-3 e.e. of E9.5

(21-27sp) control (+/+ or Ncx1+/�) or Ncx1�/�

CD45.2+ CP (left) or YS (right) cells after culture.

Graphs shows peripheral blood (PB) chimerism

represented as % donor cells (CD45.2+) among

total CD45+ cells, 16 weeks after transplant. Data

from 5 independent experiments. Lines show the

mean.

(E) CFU-C per embryo equivalent (e.e.) of control

(+/+ or Ncx1+/�) or Ncx1�/� E9.5 (21-27sp) CP and

YS, after culture (left) or uncultured (right). N = 5

(+/+ or Ncx1+/�), N = 5 (Ncx1�/�) from 3 indepen-

dent experiments (co-aggregate). N = 6 (+/+ or

Ncx1+/�), N = 7 (Ncx1�/�) CP; N = 6 (+/+ or

Ncx1+/�), N = 6 (Ncx1�/�) YS from 2 independent

experiments (uncultured). GEMM: granulocyte,

erythroid, monocyte/macrophage, megakaryo-

cyte; G/M/GM: granulocyte, monocyte/macro-

phage; Ery: erythroid. Data are mean ± SD.
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Ncx1�/� pro-HSC do not develop into functional HSCs
ex vivo

Wenext askedwhetherNcx1�/� pro-HSCsmature into functional

HSCs when placed in a conducive environment ex vivo. The OP9

co-aggregation culture system (Figure 4A) supports the matura-

tion of pro-HSCs into definitive HSCs, even without endogenous
6 Cell Reports 37, 110103, December 14, 2021
cellular niche components (Batsivari et al.,

2017; Rybtsov et al., 2014). Of note, OP9

stromal cells express Jag1 (Huang et al.,

2013) (Figure S3B) and thus might

compensate for the decreased Jag1 in

Ncx1�/� cells. Similar to later stages

(Souilhol et al., 2016b), Notch signaling

was required for the maturation of HSCs,

but not CFU-Cs, in E9.5 co-aggregate cul-

tures (Figures S3C–S3G). Within Ncx1�/�

CP co-aggregates, total hematopoietic

output (VE-Cadherin+ CD45+) was

decreased in frequency and numbers

compared to wild-type, with phenotypic

HSC/progenitor cells (Ter119- VE-Cad-

herin+ CD45+ c-Kit+ Sca-1+) significantly

reduced in frequency (Figures 4B and

4C). This was corroborated at the func-

tional level, with co-aggregates of E9.5

Ncx1�/� CPs lacking short- and long-

term hematopoietic reconstitution poten-

tial upon transplantation into adult
irradiated recipients (Figures 4D, S4A, S4B, S4C, S4D, and

S4E). Interestingly, Ncx1�/� cultures did generate some

hematopoietic progenitor cells, though notably no CFU-GEMM

and very few CFU-E; virtually no CFU-C were detected in the

freshly isolated CP (Figure 4E). Control CP co-aggregates did

support the generation of HSCs with long-term multilineage
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reconstitution and also generated robust numbers of CFU-C (Fig-

ures 4D, 4E, S4A, S4B, S4C, S4D, and S4E). Co-aggregates of

Ncx1�/� YS showed near normal phenotypic hematopoietic

output (Figures S4F–S4H), however, no functional HSC activity

was detected in line with the absence of HSC potential in control

YS co-aggregates (Figures S4A and 4D; and previous reports Ga-

nuza et al., 2018; Rybtsov et al., 2014). CFU-C generation was

decreased by half in Ncx1�/� YS co-aggregates compared to

control. This was in contrast to the uncultured Ncx1�/� YS, which

as described (Lux et al., 2008) had normal numbers of CFU-C

(Figure 4E) and erythro-myeloid progenitors (EMP; Figure S1D),

suggesting that circulation affects the self-renewal potential of

YS CFU-C. In summary, our data demonstrate that phenotypic

Ncx1�/� pro-HSCs are unable to mature into functional, trans-

plantable HSCs when placed in a supportive environment

ex vivo, suggesting they are intrinsically impaired. Moreover, the

persistence of the defect despite the presence of an exogenous

Jag1 signal in culture suggests that the Jag1 downregulation in

Ncx1�/� HE and pro-HSC does not fully explain the phenotype,

and that there are other factors at play.

Single cell transcriptomics identifies dysregulated
metabolic pathways inHEandpro-HSC in the absence of
circulation
To explore the defects in the HSC lineage in more detail we per-

formed scRNA-seq (Smart-Seq2) on index-sorted E9.5wild-type

and Ncx1�/� 7-AAD- Ter119- VE-Cadherin+ 23GFP+ cells, con-

sisting of a mix of pro-HSC, HE, and hematopoietic progenitors.

To increase the number of pro-HSCs captured these were also

sorted directly; non-hemogenic endothelial cells were isolated

in parallel (Figure S5A). A total of 736 cells passed quality con-

trols, evenly divided between the two genotypes and with an

average of 8,045 genes detected per cell (Figures S5B and

S5C). We identified six cell clusters in the full dataset (Figure 5A).

Analysis of arterial (Dll4), venous (Nr2f2), and hematopoietic

(Runx1) gene expression (Figure 5B), along with Ter119, VE-

Cadherin, CD43, CD41, and CD45 surface marker expression

(Figure S5D), showed that clusters 1 and 2 represent a mix of

pro-HSCs, progenitors and arterial-associated HE from Ncx1�/�

and wild-type embryos, respectively (Figure S5E). This was

further corroborated by expression of CD44, recently reported

as a marker for EHT (Oatley et al., 2020), in clusters 1 and 2 (Fig-

ure 5B). Clusters 3 and 4 contained both genotypes and showed

high expression of the venous markers Nr2f2 (Figure 5B) and

Aplnr (Figure S5F) indicative of the presence of venous endothe-

lium, most likely representing cells from the cardinal and vitelline

veins and aberrant expression of venous markers in the mutant

(Hwa et al., 2017). Cluster 6 contained mostly Gata4-positive

Ncx1�/� cells (Figure S5F), likely representing heart cells

included due to the disorganized vasculature. Clusters 1 and 2,

representing the cells undergoing EHT, were selected for further

analysis.

We identified 700 differentially expressed (DE) genes between

Ncx1�/� and wild-type EHT cells (FDR < 0.1; 322 upregulated

and 378 downregulated in cluster 1 versus 2; Table S1), including

genes previously shown to respond to shear stress in hematopoi-

etic precursor cells in vitro or in vivo (Diaz et al., 2015; Jing et al.,

2015; Kim et al., 2015; North et al., 2009; Wang et al., 2011; Fig-
ure S5G). The top overrepresented Gene Ontology (GO) terms

and KEGG pathways among genes upregulated in the Ncx1�/�

cells were related to angiogenesis, glycolysis, and response to

hypoxia/HIF-1 signaling (Figure 5C). Gene set enrichment analysis

(GSEA) also identified hypoxia and glycolysis as the twomost sig-

nificant hallmarks in Ncx1�/� upregulated genes (Figure 5D). In

addition, therewas a downregulation of othermetabolic pathways

such as TCA and oxidative phosphorylation (OxPhos) in the

Ncx1�/� (Figure S5H). A link between hypoxia and glycolysis

has been well established in endothelial cells (reviewed in Li

et al., 2019). A strong indicator of such a link in Ncx1�/� HE and

pro-HSC was the overexpression of hypoxia-induced pyruvate

dehydrogenase kinase 1 (Pdk1), as Pdk1 decreases OxPhos by

limiting pyruvate entry into the TCA cycle (Kim et al., 2006; Fig-

ure S5H). Overall, these data point at metabolic changes driven

by oxygen sensing taking place during EHT in vivo.

Pseudotime analysis shows an impaired HE to pro-HSC
transition and a failure to downregulate glycolysis in
Ncx1�/� cells undergoing EHT
We next analyzed the wild-type cells separately to infer the

normal EHT trajectory. A diffusion map (Haghverdi et al., 2016)

generated from the 2,000 most variable genes showed the

wild-type trajectory, accompanied with increasing expression

of arterial (Dll4, Gja4, Vwf, Sox17) and hemogenic/hematopoietic

markers such as CD44 (), Foxc2 (Jang et al., 2015), Runx1,

Adgrg1 (Solaimani Kartalaei et al., 2015) and Nupr1 (Zhu et al.,

2020) (Figures 6A and S6A). Louvain clustering (Blondel et al.,

2008) distinguished 13 clusters among the wild-type cells (Fig-

ure 6B), the identities of whichwere determined based onmarker

gene expression (Table S2). Clusters describing the EHT trajec-

tory include the Dll4+ Cd44lo arterial endothelium (cluster 1),

different stages of Cd44+, Foxc2+, Sox17+, Runx1lo HE (clusters

3, 7, 8, 13), and Runx1+ pro-HSCs/progenitors (cluster 5). Next,

we assessed where along the EHT trajectory the Ncx1�/� cells

lie, by projecting them on the wild-type diffusionmap using near-

est neighbor regression. This showed that few Ncx1�/� cells

completed the EHT trajectory, with most cells not reaching the

Cd44+, Foxc2+, Sox17+, Runx1lo HE, and Runx1hi Adgrg1+ pro-

HSC stages (compare Figures 6A and 6C).

To identify changes in gene expression associated with EHT,

we fitted a pseudotime order to the Louvain clusters represent-

ing the wild-type EHT trajectory (clusters 1, 3, 13, 8, 7, 5) and

the corresponding projected Ncx1�/� cells. The resulting diffu-

sion pseudotime plot showed that Ncx1�/� cells accumulate in

the middle part of the pseudotime trajectory (Figure 6D). Cd44,

Sox17, Itgb3, and Meis1 expression levels were comparable to

wild-type, while only few Ncx1�/� cells expressed Foxc2,

Runx1, Nkx2-3, and Adgrg1; Gata2 expression was decreased

over the entire Ncx1�/� trajectory, and Vwf toward the end (Fig-

ures 6E and S6B). DE genes were identified over two pseudotime

intervals that, based on wild-type gene expression (Figure S6B)

represent arterial endothelium [0, 0.4] and HE transiting to pro-

HSCs [0.4, 0.8]. The top DE genes upregulated in the corre-

sponding Ncx1�/� intervals were enriched for hypoxia-induced

genes, including glycolysis, with focal adhesion enriched in the

HE interval only (Figures S6C and S6D; Table S3). Interestingly,

the hypoxia-induced gene Adm (Lanner et al., 2013) showed a
Cell Reports 37, 110103, December 14, 2021 7



Figure 5. Single cell RNA-seq of wild-type and Ncx1�/� cells undergoing EHT

(A) UMAP of 736 EHT cells (362 wild-type and 374 Ncx1�/�) analyzed by Smart-Seq2 scRNA-seq. Cl: cluster

(B) Expression of the venous marker Nr2f2 (COUP-TFII), the arterial marker Dll4, the HE marker CD44 and the master hematopoietic transcription factor Runx1,

super-imposed on the UMAP.

(C) Gene Ontology (GO) biological processes and KEGG pathways enriched in upregulated (red bars) or downregulated (blue bars) DE genes between cluster 1

(Ncx1�/�) and 2 (+/+).

(D) Gene set enrichment analysis (GSEA) of DE genes (FDR < 0.1) upregulated in cluster 1 compared to cluster 2. The top two gene sets are shown. NES:

normalized enrichment score.
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sharp downregulation over wild-type pseudotime, while it was

strongly upregulated in the Ncx1�/� (Figure 6E). Along with

expression of the genes coding for the Adm receptors, Ramp2

and Calcrl, this could provide an autoregulatory loop that pro-

tects the Ncx1�/� hypoxic HE and pro-HSCs from apoptosis,

as reported for other cell types (Oehler et al., 2001). As changes

in metabolism have been associated with cell fate changes, we

assessed metabolic gene expression over the EHT trajectory.

Critical regulators of glycolysis such as Pfkl, Pfkp, Pkm, and

others were significantly downregulated over pseudotime in

wild-type, but not Ncx1�/� cells (Figures 6F, and S6E; Table

S3). In contrast, the expression of several OxPhos genes

increased along the wild-type EHT trajectory, but not in the

Ncx1�/� (Table S3). Taken together, our data show that wild-
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type EHT is accompanied by a switch from glycolysis to OxPhos,

while in the Ncx1�/� embryo, the observed upregulation of

glycolysis is likely due to the severe hypoxia associated with a

lack of circulation.

Experimental induction of glycolysis results in reduced
hematopoietic output from intraembryonic EHT
To assess whether a glycolysis to OxPhos metabolic switch is

required for hematopoietic cell generation, we employed in vivo

and ex vivo perturbation approaches. Pregnant females were

treated at E9.25 with dofetilide, a drug that induces bradycardia

in embryos resulting in a transient block in circulation (Ritchie

et al., 2015). Six hours after treatment we observed activation

of hypoxia and glycolysis genes and the downregulation of



Figure 6. Mapping of Ncx1�/� cells on wild-type EHT diffusion trajectories shows their failure to develop past the Cd44+ Foxc2+ Sox17+

Runx1lo stage and to switch from glycolysis to OxPhos

(A) scRNA-seq diffusion maps of wild-type cells, showing expression of selected genes. Each dot represents an individual cell. Gene expression levels are shown

as Log (normalized counts). DC: diffusion component.

(B) Diffusion map of wild-type cells indicating 13 Louvain clusters. Clusters were assigned to cell types based on gene expression (Table S2). Clusters 1, 3, 13, 8,

7, 5 were used to compute EHT trajectory. A: arterial; V: venous; EC: endothelial cells; HE: hemogenic endothelium.

(C) Projection of Ncx1�/� cells on the wild-type diffusion map, computed using the Nearest Neighbors regression algorithm. The size of the red dots shows the

number of Ncx1�/� cells localizing to a particular point of the diffusion map.

(D) Beeswarm plots of wild-type and Ncx1�/� cells along the EHT differentiation trajectory, ordered by diffusion pseudotime. Each dot represents an individual cell.

(E and F). Scatterplots showing expression of selected genes along diffusion pseudotime. Genes in (E) are Runx1, the hypoxia responsive gene Adm and its

receptors; Genes in (F) are genes involved in glycolysis. Gene expression is shown in the y axis as Log (normalized counts). Lines fitting the expression of genes

over pseudotime were obtained by locally weighted linear regression.
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Figure 7. In vivo and in vitro activation of hypoxia and glycolysis during EHT reduce the hematopoietic output

(A) Schematic of dofetilide experiments.

(B) Schematic of explant cultures under hypoxia (1% O2) or normoxia (20% O2).

(C) Multiplexed mini-bulk qRT-PCR analysis on pools of 25 cells. Top row: data from Ter119- VE-Cad+ 23GFP+ cells isolated from E9.5 (21-27sp) embryos

harvested from control and dofetilide-treated females. N = 5 (control), N = 6 (dofetilide) from 2 independent experiments. Bottom row: data from Ter119- VE-Cad+

23GFP+ cells isolated from 13-24spCP explants cultured for 24h under hypoxia (1%O2). N = 5 (20%O2), N = 5 (1%O2), 4 independent experiments; samples from

(legend continued on next page)
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OxPhos/TCA genes in VE-Cad+ 23GFP+ CP cells undergoing

EHT (Figure 7A and 7C). These changes were comparable to

the metabolic response seen after 24h explant culture of E9.0-

E9.5 CPs under low oxygen (1% O2) (Figures 7B and 7C), further

supporting the efficacy of dofetilide treatment. Interestingly, the

metabolic changes were accompanied by an upregulation of

endothelial genes and downregulation of Jag1, Hey2, and

Runx1 (Figure 7D), similar to what was seen in Ncx1�/� embryos

(Figures 2B, 2E, and S3A). Although no changes in VE-Cad+

23GFP+ cell numbers were observed (Figure S7A), the transcrip-

tional response indicates impaired activation of the hematopoi-

etic program. As the transient effect of dofetilide and the

extensive cell death observed in 1% O2 cultures (Figure S7B)

hampered functional analyses, we next performed E9.5 CP

explant cultures in the presence of the pro-drug dimethyloxalyl-

glycine (DMOG) (Figure 7E). The hydrolysis product of DMOG in-

hibits prolyl hydroxylases thereby stabilizing HIFs (Fraisl et al.,

2009; Jaakkola et al., 2001), thus mimicking the transcriptional

response to hypoxia. Explant cultures with increasing concen-

trations of DMOG showed a dose-dependent decrease of

phenotypic and functional hematopoietic progenitor generation

from CPs, with a slight reduction in total cell numbers seen at

the highest DMOG concentration (Figures 7F, 7G, S7C, and

S7D). Strikingly, the effect of DMOGwas reversed in YS cultures,

in which we observed an increase in cell numbers, CFU-C and

VE-Cad+ CD45+ cells, though c-Kit+ Sca1+ hematopoietic pro-

genitors were also reduced in YS (Figures 7F, 7G, and S7D).

Overall, these results suggest that the modulation of metabolic

pathways in intraembryonic, but not YS, cells undergoing EHT,

likely driven by the onset of circulation, is required to achieve a

normal hematopoietic output.

DISCUSSION

The intraembryonic development of the HSC lineage coincides

with the establishment of blood circulation. While several studies

reported a role for blood flow in embryonic hematopoietic devel-

opment, its effect on the emerging mammalian HSC lineage was

not directly assessed (Adamo et al., 2009; Diaz et al., 2015; Jing

et al., 2015; Kim et al., 2015; Lundin et al., 2020; North et al.,

2009; Wang et al., 2011). Here, using in vivo and ex vivo

functional assays and single cell transcriptomics, we directly

examined the earliest stages of HSC development, the HE and

pro-HSC, in Ncx1�/� mouse embryos which lack a heartbeat

and functional circulation. Despite normal initiation of Runx1

expression in Ncx1�/� HE, pro-HSC showed a decrease in
the same experimental groups were pooled for analysis. Color code indicates Log

20% O2.

(D) Expression of endothelial and hematopoietic genes in Ter119- VE-Cad+ 23G

analyzed by multiplexed mini-bulk qRT-PCR on replicates of 25 cells. Data (mea

(E) Schematic of explant cultures of wild-type E9.5 (19-26sp) CPs and YSs cultu

(F) Flow cytometry analysis of DMOG CP explant cultures. N = 11 (DMSO); N =

independent experiments. Data are mean ± SD.

(G) Analysis of CFU-C in CP DMOG explant cultures. N = 14 (DMSO); N = 12 (D

experiments. Data are mean ± SD.

(H) Flow cytometry analysis of YS DMOG explant cultures. YS: N = 8 (DMSO); N

independent experiments. Data are mean ± SD.

(I) Analysis of CFU-C in YS DMOG explant cultures. Replicates are the same as
Runx1 and its downstream hematopoietic program, borne out

in the inability of the pro-HSCs to develop into pre-HSC in vivo

or fully functional HSCs ex vivo. Consistently, single-cell tran-

scriptomics analyses showed delayed progression of Ncx1�/�

HE and pro-HSCs along the EHT trajectory, with few cells pro-

gressing to Cd44+, Foxc2+, Sox17+, Runx1lo HE, and Runx1hi

Adgrg1+ pro-HSC stages. Therefore, our work identifies the HE

to pro-HSCs transition as the stage sensitive to circulation-

induced effects along the path to HSC emergence.

In contrast to HSCs, the generation of YS primitive erythro-

blasts (Lux et al., 2008), EMPs (Frame et al., 2016), B1 B and

T cell-restricted progenitors (Yoshimoto et al., 2011; Yoshimoto

et al., 2012), and placental multi-lineage progenitors (Rhodes

et al., 2008) was shown to be independent of circulation. The

presence of lymphoid potential in the absence of blood flow

has at times been interpreted to indicate that HSCs can emerge

de novo in these tissues and may, similar to EMPs (Lux et al.,

2008), colonize the embryo by circulation. The lack of functional

HSCs in our ex vivo cultures of Ncx1�/� YS argues against a YS

origin of HSCs, in line with previous reports (Rybtsov et al., 2014)

(Cumano et al., 2001; Ganuza et al., 2018). Interestingly, a recent

study reported two separate populations of CD45+ HSPCs in

E10.5 aortic cell clusters, reflecting an initial wave of lympho-

myeloid-biased progenitors, followed by precursors of hemato-

poietic stem cells (pre-HSCs), reinforcing that lymphoid potential

is not indicative of the presence of definitive HSCs (Zhu et al.,

2020).

We observed a strong downregulation of Jag1 mRNA in

Ncx1�/�HE and pro-HSC, while Dll4 expression was unaffected.

This changed Jag1/Dll4 ratio may be due to a lack of laminar

shear stress, as described for endothelial cells in vitro (Driessen

et al., 2018). In HSC development Jag1 acts antagonistic to Dll4

and elicits a low-strength Notch signal that induces the hemato-

poietic program; in the absence of Jag1, endothelial cells are

subject to a higher strength Dll4 signal which specifies the arte-

rial program and acts as a negative regulator of HSC formation

(Gama-Norton et al., 2015; Porcheri et al., 2020; Robert-Moreno

et al., 2008). Nevertheless, the inability of exogenous Jag1 to

rescue Ncx1�/� co-aggregate cultures suggests that, in addition

to Notch, circulation acts through other pathways to induce HSC

formation. This is in agreement with various pathways we and

others found affected in Ncx1�/� EHT and the multitude of me-

chanosensory pathways known for endothelial cells (Baratchi

et al., 2017; Chatterjee, 2018). Moreover, the pro-hematopoietic

action of circulation is likely a result of both cell-intrinsic and

extrinsic effects, as indicated by the alterations in the
FC (fold change) of dofetilide treated versus control (untreated) or 1%O2 versus

FP+ cells sorted from control and dofetilide-treated E9.5 (21-27sp) embryos,

n ± SD) from the same 2 independent experiments as in (C).

red in presence of DMOG. Explants were analyzed individually.

9 (DMOG 0.1 mM); N = 7 (DMOG 0.5 mM); N = 7 (DMOG 1mM). Data from 4

MOG 0.1 mM); N = 7 (DMOG 0.5 mM); N = 10 (DMOG 1mM), 5 independent

= 7 (DMOG 0.1 mM); N = 7 (DMOG 0.5 mM); N = 4 (DMOG 1mM). Data from 4

(H). Data are mean ± SD.
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microenvironment shown here. Interestingly, Jag1 may play a

role in this too, as conditional deletion of Jag1 in Tie2-expressing

cells resulted in a loss of peri-aortic SMCs (High et al., 2008), a

phenotype similar to that seen in Ncx1�/� embryos. Other niche

factors that may contribute to the Ncx1�/� phenotype are endo-

thelial Kit ligand, involved in pre-HSC maturation in vivo (Azzoni

et al., 2018), and BMP and Hedgehog, known to affect this pro-

cess ex vivo (Souilhol et al., 2016a). In addition, our single cell

transcriptomics analysis suggests an important role for hypox-

ia-induced changes in HSC development.

Under ‘physiologic hypoxia’ of the early embryo, the hypoxia

response pathway was shown to control HSPC emergence

(Adelman et al., 1999; Gerri et al., 2018; Harris et al., 2013; Ima-

nirad et al., 2014; Lim et al., 2017) alongside promoting endothe-

lial development that results in increased oxygen levels in the

embryo (Michiels et al., 2000; Wong et al., 2017). In the absence

of circulation these processes are perturbed, and oxygen levels

cannot rise. Indeed, transcriptomics analysis identified a clear

hypoxic signature in Ncx1�/� cells, including a strong upregula-

tion of the hypoxia-induced gene Adm, encoding a vasodilatory

peptide likely involved in the vasodilation seen in the absence of

blood flow. Adm also increases cAMP production, which plays a

role in HSC emergence (Diaz et al., 2015; Jing et al., 2015; Kim

et al., 2015). In addition, Adm itself and its receptor Ramp2

were recently implicated in HSPC emergence. Adm inhibition

decreased CFU-C in the E9.5 mouse aorta, but much less at

E10.5, implying an early role for this pathway (Yvernogeau

et al., 2020). Such an early role is supported by the sharp

decrease in Adm expression we observed at the E9.5 HE stage

of the wild-type pseudotime trajectory. Interestingly, Adm was

shown to induce Dll4 expression but not other Notch ligands

(Lanner et al., 2013). Our results suggest that the Adm-Ramp2

pathway plays an important role in sensing circulation-related

changes in embryonic endothelium and HSC precursors and

its downregulation may be key for EHT to proceed normally.

In the adult, HSC metabolism is subject to tight regulation and

is linked to HSC function (Chandel et al., 2016; Ito et al., 2019).

Our single-cell transcriptomics suggests that under normal con-

ditions cells undergoing EHT switch from glycolysis to OxPhos

as their main source of energy. This is likely to be part of the over-

all decrease in glycolysis and increase in OxPhos that occurs in

the mouse embryo between E8.5 to E10.5 (Bulusu et al., 2017;

Oginuma et al., 2017), concomitant with the onset of circulation.

A recent study also reported a decrease of glycolytic activity in

mouse HE (Oatley et al., 2020) and glucose metabolism was

shown to impact HSC development in zebrafish (Harris et al.,

2013). In the absence of circulation, the glycolysis to OxPhos

metabolic switch does not occur. To assess whether such a

metabolic switch plays a causal role in hematopoietic develop-

ment, separately from other effects of circulation, we experimen-

tally induced a hypoxic response in cells undergoing EHT.

Interestingly, we observed that induction of glycolysis at the

expense of OxPhos was associated with a decrease in hemato-

poietic progeny in cultures of intraembryonic, but not YS-

derived, cells. Thus, it will be of interest to further explore the

metabolic control of EHT as these pathways could be promising

targets to improve the generation of specific populations of

HSPC from pluripotent cells in vitro.
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In summary, our work provides insight into the events associ-

ated with the onset of circulation that promote embryonic HSC

development. We identified the relevant cellular targets, showed

that circulation shapes the hematopoietic microenvironment,

and suggest a functional role for the response to hypoxia and

metabolic pathways. Our transcriptomics data highlight the

complexity of the in vivo response to the onset of circulation.

Further work aimed at characterizing individual pathways and

their crosstalk, with the goal of obtaining a comprehensive un-

derstanding of embryonic HSC development, will guide the

future development of effective strategies to improve in vitro pro-

duction of HSPC for regenerative medicine.

Limitations of the study
While the Ncx1�/� mouse model enables analysis of the broad

effects of a lack of circulation on EHT, it does not discriminate

between the roles of specific biomechanical forces associated

with blood flow (i.e., wall shear stress, cyclic stretch, pulsation)

or the role of nutrients disseminated via the blood stream.

Different experimental models are needed to explore the func-

tions of each of these factors. Another layer of complexity in

the interpretation of the phenotype of Ncx1�/� embryos is linked

to the defects in the hematopoietic microenvironment that may

add to the severity of the phenotype. Single cell transcriptomics

comparing wild-type and Ncx1�/� microenvironment—as well

as the HE/pro-HSCs—identified, in addition to the hypoxia/

metabolic signature reported here, other molecular pathways

potentially involved in HSC generation. Future experiments are

required to establish the individual roles of each of these in the

EHT process.
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Antibodies

Mouse anti-mouse/rat/human a-SMA (Cy3 conjugate),

clone 1A4

Merck Cat# C6198; RRID:AB_476856

Rat anti-mouse/pig c-Kit, clone 2B8 eBioscience Cat# 14-1171-85; RRID:AB_467434

Goat anti-mouse CD31, polyclonal R&D Systems Cat# AF3628; RRID:AB_2161028

Rat anti-mouse CD41, clone MwReg30 BD Biosciences Cat# 553847; RRID:AB_395084

Goat anti-mouse CD43 (M-19), polyclonal Santa Cruz Cat# sc-7054; RRID:AB_2194195

Goat anti-mouse DLL4, polyclonal R&D Systems Cat# AF1389; RRID:AB_354770

Rat anti-mouse F4/80, clone CI:A3-1 Bio-Rad Cat# MCA497GA; RRID:AB_323806

Goat anti-mouse/rat Jagged-1, polyclonal R&D Systems Cat# AF599; RRID:AB_2128257

Rabbit anti-GFP ThermoFisher Cat# A-11122; RRID:AB_221569

Rabbit anti-human/rat/mouse NICD - Cleaved Notch1

(Val1744), clone D3B8

Cell Signaling Technology Cat# 4147; RRID:AB_2153348

Rabbit anti-mouse/rat/human Runx1, clone EPR3099 Abcam Cat# ab92336; RRID:AB_2049267

Rat anti-mouse VE-Cadherin, clone eBioBV13 eBioscience Cat# 15287227; RRID:AB_842767

Donkey anti-rabbit IgG (H+L) Alexa Fluor 488 ThermoFisher Cat# R37118; RRID:AB_2556546)

Donkey anti-rat IgG (H+L) Alexa Fluor 488 ThermoFisher Cat# A-21208; RRID:AB_2535794

Donkey anti-goat IgG (H+L) Alexa Fluor 555 ThermoFisher Cat# A-21432; RRID:AB_2535853

Donkey anti-rat IgG (H+L) Alexa Fluor 555 Abcam Cat# ab150154; RRID:AB_2813834

Donkey anti-goat IgG (H+L) Alexa Fluor 647 ThermoFisher Cat# A-21447; RRID:AB_2535864

Donkey anti-rat IgG (H+L) Alexa Fluor 647 ThermoFisher Cat# A48272; RRID:AB_2893138

Donkey anti-rabbit IgG (H+L) Alexa Fluor 647 ThermoFisher Cat# A-31573; RRID:AB_2536183

Rat anti-mouse/human CD45R/B220 PE-Cy5, clone RA3-6B2 BD Biosciences Cat# 553091; RRID:AB_394621

Rat anti-mouse/human CD45R/B220 PE-Cy7, clone RA3-6B2 BD Biosciences Cat# 552772; RRID:AB_394458

Rat anti-mouse/human CD11b BV421, clone M1/70 BD Biosciences Cat# 562605; RRID:AB_11152949

Rat anti-mouse/human CD11b PE-Cy5, clone M1/70 BioLegend Cat# 101210; RRID:AB_312793

Rat anti-mouse/human CD11b PE-Cy7, clone M1/70 BD Biosciences Cat# 552850; RRID:AB_394491

Rat anti-mouse CD3e PE, clone145-2C11 BD Biosciences Cat# 553064; RRID:AB_394597

Rat anti-mouse CD4 PE, clone RM4-5 BD Biosciences Cat# 553048; RRID:AB_394584

Rat anti-mouse CD16/CD32 antibody (Fc Block), clone 2.4G2 BD Biosciences Cat# 553142; RRID:AB_394657

Rat anti-mouse CD41 ef450, clone MWReg30 eBioscience Cat# 48-0411-82; RRID:AB_1582238

Rat anti-mouse CD41 PE, clone MWReg30 BD Biosciences Cat# 558040; RRID:AB_397004

Rat anti-mouse CD41 PE-Cy7, clone MWReg30 eBioscience Cat# 25-0411-80; RRID:AB_1234972

Rat anti-mouse CD43 Biotin, clone eBioR2/60 eBioscience Cat# 13-0431-82; RRID:AB_466439)

Rat anti-mouse CD43 PE, clone eBioR2/60 eBioscience Cat# 12-0431-82; RRID:AB_465659

Rat anti-mouse CD45 APC-Cy7, Clone 30-F11 BD Biosciences Cat# 557659; RRID:AB_396774

Rat anti-mouse CD45 ef450, Clone 30-F11 BD Biosciences Cat# 48-0451-82; RRID:AB_1518806

Rat anti-mouse CD45 PE-CF594, Clone 30-F11 BD Biosciences Cat# 562420; RRID:AB_11154401

Rat anti-mouse CD45 PE, Clone 30-F11 BD Biosciences Cat# 553081; RRID:AB_394611

Mouse anti-mouse CD45.1 APC, Clone A20 BD Biosciences Cat# 558701; RRID:AB_1645214

Mouse anti-mouse CD45.2 FITC, Clone 104 eBioscience Cat# 11-0454-82; RRID:AB_465061

Mouse anti-mouse CD45.2 bv421, Clone 104 BD Biosciences Cat# 562895; RRID:AB_2737873

Rat anti-mouse CD8a PE-Cy7, Clone 53-6.7 eBioscience Cat# 25-0081-81; RRID:AB_469583

Rat anti-mouse F4/80 PE, Clone T45-2342 BD Biosciences Cat# 565410; RRID:AB_2687527

(Continued on next page)

Cell Reports 37, 110103, December 14, 2021 e1



Continued

Reagent or resource Source Identifier

Rat anti- Gr1 (Ly6G) APC-Cy7, Clone RB6-8C5 BD Biosciences Cat# 557661; RRID:AB_396775

Rat anti-mouse c-Kit PE, Clone 2B8 BD Biosciences Cat# 553355; RRID:AB_394806

Rat anti-mouse c-Kit PE-Cy7, Clone 2B8 BD Biosciences Cat# 558163; RRID:AB_647250

Rat anti-mouse Ly-6A/E (Sca1) PE-Cy7, Clone D7 eBioscience Cat# 25-5981-82; RRID:AB_469669

Rat anti-mouse Ly-6A/E (Sca1) FITC, Clone E13-161.7 BioLegend Cat# 122505; RRID:AB_756190

Streptavidin PE Thermo Fisher Cat# 12-4317-87

Rat anti-mouse Ter119 APC-ef780, Clone TER-119 eBioscience Cat# 47-5921-80; RRID:AB_1548794

Rat anti-mouse Ter119 PE-Cy7, Clone TER-119 BD Biosciences Cat# 557853; RRID:AB_396898

Rat anti-mouse VE-Cadherin ef660, Clone eBioBV13 eBioscience Cat# 50-1441-82; RRID:AB_11219483

Bacterial and virus strains

Biological samples

Chemicals, peptides, and recombinant proteins

7-aminoactinomycin D (7-AAD) ThermoFisher Scientific Cat# A1310

eBioscience fixable viability dye eFluor 780 eBioscience Cat# 65-0865-14

Hoechst 33258 Merck Cat# 861405

Benzyl alcohol Merck Cat# 108006

Benzyl benzoate Merck Cat# B6630

Mouse SCF PeproTech Cat# 250-03-100ug

Mouse FLT3L PeproTech Cat#250-39L-100ug

Mouse IL-3 PeproTech Cat#213-13-100ug

Hyclone FCS Fisher Scientific Cat# SH30070.03HI

Collagenase I Merck Cat# C0130

Hot StartTaq Master Mix QIAGEN Cat# 203445

Iscove’s Modified Dulbecco’s Medium (IMDM) ThermoFisher Scientific Cat# 12440053

Dimethyloxalylglycine (DMOG) Merck Cat# D3695

DAPT Merck Cat# 565770

Dofetilide Merck Cat# PZ0016

RNaseOUT Recombinant Ribonuclease Inhibitor ThermoFisher Scientific Cat# 10777019

SUPERasedIn RNase Inhibitor (20 U/mL) ThermoFisher Scientific Cat # AM2694

BD Pharmlyse BD Biosciences RRID:AB_2869057

ERCC RNA Spike-In Mix ThermoFisher Scientific Cat #4456740

SMARTScribe Reverse Transcriptase Takara Cat #639538

SeqAmp DNA Polymerase Takara Cat #638509

AMPure XP Beckman Coulter Cat # A63881

dNTP set (100 mM) ThermoFisher Scientific Cat# 10297018

Magnesium chloride solution Merck Cat# M1028

Critical commercial assays

Taqman assay: Atp5a1 ThermoFisher Scientific Mm00431960_m1

Taqman assay: Dll4 ThermoFisher Scientific Mm00444619_m1

(Continued on next page)
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Taqman assay: Erg ThermoFisher Scientific Mm01214246_m1

Taqman assay: Etv2 ThermoFisher Scientific Mm00468389_m1

Taqman assay: Gata2 ThermoFisher Scientific Mm00492300_m1

Taqman assay: Gfi1 ThermoFisher Scientific Mm00515855_m1

Taqman assay: Gfi1b ThermoFisher Scientific Mm00492318_m1

Taqman assay: Hes1 ThermoFisher Scientific Mm01342805_m1

Taqman assay: Hey1 ThermoFisher Scientific Mm00468865_m1

Taqman assay: Hey2 ThermoFisher Scientific Mm00469280_m1

Taqman assay: Hprt1 ThermoFisher Scientific Mm01545399_m1

Taqman assay: Itga2b ThermoFisher Scientific Mm00439768_m1

Taqman assay: Jag1 ThermoFisher Scientific Mm00496902_m1

Taqman assay: Jag2 ThermoFisher Scientific Mm01325629_m1

Taqman assay: Kdr ThermoFisher Scientific Mm01222421_m1

Taqman assay: Klf2 ThermoFisher Scientific Mm00500486_g1

Taqman assay: Lyl1 ThermoFisher Scientific Mm00493219_m1

Taqman assay: Lmo2 ThermoFisher Scientific Mm01281680_m1

Taqman assay: Meis1 ThermoFisher Scientific Mm00487664_m1

Taqman assay: Myb ThermoFisher Scientific Mm00501741_m1

Taqman assay: Pu.1 ThermoFisher Scientific Mm00488142_m1

Taqman assay: Notch1 ThermoFisher Scientific Mm00435249_m1

Taqman assay: Notch4 ThermoFisher Scientific Mm00440525_m1

Taqman assay: Runx1 ThermoFisher Scientific Mm01213404_m1

Taqman assay: Tal1 ThermoFisher Scientific Mm01187033_m1

Taqman assay: Tek ThermoFisher Scientific Mm00443243_m1

Taqman assay: Ubc ThermoFisher Scientific Mm01201237_m1

Taqman assay: Pfkp ThermoFisher Scientific Mm00444792_m1

Taqman assay: Pkm ThermoFisher Scientific Mm00834102_gH

Taqman assay: Gapdh ThermoFisher Scientific Mm99999915_g1

Taqman assay: Pgk1 ThermoFisher Scientific Mm00435617_m1

Taqman assay: Ldha ThermoFisher Scientific Mm01612132_g1

Taqman assay: Eno1 ThermoFisher Scientific Mm01619597_g1

Taqman assay: b-Actin ThermoFisher Scientific Mm02619580_g1

Taqman assay: Adm ThermoFisher Scientific Mm01280689_g1

Taqman assay: Epor ThermoFisher Scientific Mm00833882_m1

Taqman assay: Slc2a1 (Glut1) ThermoFisher Scientific Mm00441480_m1

Taqman assay: HIF-1a ThermoFisher Scientific Mm00468869_m1

Taqman assay: Cav1 ThermoFisher Scientific Mm00483057_m1

Taqman assay: Ndufa1 ThermoFisher Scientific Mm00444593_m1

Taqman assay: Cox6c ThermoFisher Scientific Mm00835813_g1

Taqman assay: Cyc1 ThermoFisher Scientific Mm00470540_m1

Taqman assay: Nrf2 (Nfe2l2) ThermoFisher Scientific Mm00477784_m1

Taqman assay: Cox6a1 ThermoFisher Scientific Mm01612194_m1

Taqman assay: Cpt1a ThermoFisher Scientific Mm01231183_m1

Taqman assay: Pparg ThermoFisher Scientific Mm00440940_m1

Taqman assay: Ldlr ThermoFisher Scientific Mm01177349_m1

Taqman assay: Mdh1 ThermoFisher Scientific Mm00485106_m1

Taqman assay: Taldo1 ThermoFisher Scientific Mm00807080_g1

MethoCult GF M3434 STEMCELL Technologies Cat# 03434

(Continued on next page)
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Continued

Reagent or resource Source Identifier

Dead Cell Removal Kit Miltenyi Biotec Cat# 130-090-101

Chromium Next GEM Single Cell 30 v3.1 Kit 10x Genomics Cat# 1000269

NextSeq� 500/550 High Output Kit v2 (150 cycles) Illumina Cat# FC-404-2002

Nextera XT DNA Library Preparation Kit (96 samples) Illumina Cat# FC-131-1096

Nextera XT Index Kit v2 Set A (96 indexes, 384 samples) Illumina Cat # FC-131-2001

Nextera XT Index Kit v2 Set D (96 indexes, 384 samples) Illumina Cat # FC-131-2004

CellsDirect One-Step qRT-PCR Kit ThermoFisher Scientific Cat# 11753100

TaqMan Universal PCR Master Mix ThermoFisher Scientific Cat # 4304437

48.48 Dynamic Array IFC for Gene Expression Fluidigm SKU BMK-M-48.48

Control Line Fluid Kit—48.48 Fluidigm Cat# 89000020

20X GE Sample Loading Reagent Fluidigm Cat #100-7610

2X Assay Loading Reagent Fluidigm Cat # 100-7611

Deposited data

Smart-Seq2 single cell RNA sequencing data of

cells undergoing EHT in wild type and Ncx1�/�

mutant embryos

This paper ArrayExpress:E-MTAB-8362

10x single cell RNA sequencing data of whole

PAS in wild type and Ncx1�/� mutant embryos

This paper ArrayExpress:E-MTAB-10945

Experimental models: Cell lines

OP9 Gift from A. Medvinsky N/A

OP9-Jag1 Gift from Ana Bigas (Van de Walle et al., 2011)

Experimental models: Organisms/strains

Mouse: Ncx1 knockout Gift from Simon J. Conway (Koushik et al., 2001)

Mouse: 23GFP Our laboratory (Bee et al., 2010; Swiers et al., 2013)

Oligonucleotides

LacZL: GAC GTC TCG TTG CTG CAT AA IDT (Koushik et al., 2001)

LacZR: CAG CAG CAG ACC ATT TTC AA IDT (Koushik et al., 2001)

NCXSense: TGA TGA CCG GAG CTG GCA AC IDT (Koushik et al., 2001)

NCXAntisense:AGA TCA CAG TCC CTT CCG TG IDT (Koushik et al., 2001)

NeoInsert: CAG CGC ATC GCC TTC TAT CG IDT (Koushik et al., 2001)

GFP1: GAC GTG AAC GGC CAC AAG TTC A IDT (Bee et al., 2010)

GFP2: GTG GCG GAT CTT GAA GTT CAC C IDT (Bee et al., 2010)

Oligo-dt30VN (Custom made) IDT N/A

Recombinant DNA

Software and algorithms

Imaris Bitplane RRID:SCR_007370

Microsoft Excel Microsoft RRID:SCR_016137

GraphPad Prism GraphPad Software RRID:SCR_002798

FlowJo BD RRID:SCR_008520

Photoshop Adobe RRID:SCR_014199

(Continued on next page)
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Continued

Reagent or resource Source Identifier

Illustrator Adobe RRID:SCR_010279

Zeiss Zen Zeiss https://www.zeiss.com/microscopy/

int/products/microscope-

software/zen.html

R (R-3.2.3 – R-3.6.2) The R Foundation https://www.r-project.org

FastQC (Wingett and Andrews, 2018) N/A

Cutadapt (Martin, 2011) N/A

STAR (Dobin et al., 2013) N/A

Seurat

(Butler et al., 2018;

Hao et al., 2021;

Satija et al., 2015)

N/A

ToppGene (Chen et al., 2009) https://toppgene.cchmc.org/

GSEA (v 4.0.3) (Subramanian et al., 2005) https://www.gsea-msigdb.org/gsea/

index.jsp

Louvain (Blondel et al., 2008) N/A

Python https://www.python.org/ RRID:SCR_008394

SCANPY (Wolf et al., 2018) N/A

G:Profiler (Reimand et al., 2007) N/A

SINGuLAR Fluidigm https://www.fluidigm.com/products-

services/software/singular-

analysis-toolset

QoRTs (Hartley and Mullikin, 2015) N/A

KEGG (Kanehisa et al., 2017) N/A

SCTransform (Hafemeister and Satija, 2019) N/A

Canonical Correlation Analysis (CCA) (Stuart et al., 2019) N/A

CellRanger (v5.0.0) 10x Genomics https://support.10xgenomics.com

DoubletFinder (McGinnis et al., 2019) N/A

Other

Echo 525 Acoustic Liquid Handler Beckman Coulter https://www.beckman.com/liquid-

handlers/echo-525

Membrane Filter, Pores 0.8 mm, 25 mm Diameter Merck Cat# AAWP02500
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Marella

F.T.R. de Bruijn (marella.debruijn@imm.ox.ac.uk).

Materials availability
This study did not generate any new unique reagents.

Data and code availability

d The 10x single cell RNA sequencing (scRNA-seq) data of E9.5wild-type andNcx1�/� caudal parts (CPs) have been deposited in

the EMBL-EBI data repository with the accession number ArrayExpress: E-MTAB-10945. The Smart-Seq2 scRNA-seq data of

wild-type andNcx1�/� cells undergoing EHT have been deposited in the EMBL-EBI data repository with the accession number

ArrayExpress: E-MTAB-8362.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice and embryos
All procedures involving mice were in compliance with UK Home Office regulations and the Oxford University Clinical Medicine

Ethical Review Committee. Mice were housed in individually ventilated cages with free access to food and water and maintained

in a 12-hour light-dark cycle. Ncx1 knockout (Koushik et al., 2001) and 23GFP mice (Bee et al., 2010; Swiers et al., 2013) were main-

tained on a CD45.2 C57BL/6 genetic background. Primers used for genotyping are listed in the Key Resources Table. Embryos were

collected from timed pregnancies and dissected as previously described (Swiers et al., 2013). Ncx1�/� and wild-type embryos are

siblings obtained from crosses of Ncx1+/� mice. Embryos were staged by counting of somite pairs.

METHOD DETAILS

Immunofluorescence analysis and imaging
Embryos were processed for whole-mount immunofluorescence analysis as previously described (Yokomizo et al., 2012). Following

antibody labeling, yolk sacs (YS) were cleared in a 50% solution of glycerol in PBS at 4 degrees overnight and flat-mounted in the

same solution. Image acquisition was performed at room temperature, using a Zeiss AXIO Examiner.Z1 upright microscope equip-

pedwith a Zeiss LSM-780 confocal system, with a 25x NA:0.8 DIC ImmKor UV VIS-IR objective or a Zeiss AXIOObserver.Z1 inverted

microscope equippedwith a Zeiss LSM-880 confocal system using an 25x LDLCI PlnApoNA:0.8 DI or a 40x CApo 1.1WDICIII objec-

tive. Image processing was carried out using IMARIS software (Bitplane), Zeiss Zen and Adobe Photoshop. 3D reconstructions are

shown as maximum intensity projections. The Key Resources Table lists primary and secondary antibodies used for immunofluores-

cence analysis.

Flow cytometry and cell sorting
Single cell suspensions of embryos or YSwere generated and processed for flow cytometry analysis as previously described (Azzoni

et al., 2018; Swiers et al., 2013). Automatic compensation was initially set in the Diva software (BD) using CompBeads (BD) and single

stained controls, and subsequently manually checked and adjusted accordingly. Gates were set using unstained, single stained and

fluorescence-minus-one (FMO) controls. Dead cells were excluded based on Hoechst 33258 (Sigma) or 7-AAD (Sigma) incorpora-

tion. Data acquisition was carried out on BD LSR Fortessa, BD LSR Fortessa X-20 or BD LSR II analyzers. Cell sorting was performed

on a BD FACSAria Fusion sorter using a 100 mm nozzle. Flow cytometry data was analyzed using FlowJo software (BD). The Key

Resources Table lists antibodies, conjugates and viability dyes used for flow cytometry.

Co-aggregation cultures
Ex vivo co-aggregation cultures of E9.5 CP and YS were performed as described (Rybtsov et al., 2014). Briefly, CPs and YSs

dissected from E9.5 (23-27sp) concepti were processed into single cells as in (Swiers et al., 2013), and co-aggregated with

100,000 OP9 cells by centrifugation in 200 mL pipette tips sealed with parafilm. Co-aggregates were cultured for 7 days on top of

0.8 mm pore size mixed cellulose membranes (Millipore) at the gas-liquid interface, in Iscove’s modified Dulbecco’s medium

(IMDM) (GIBCO) supplemented with 20% HyClone FCS (Fisher Scientific) and in presence of SCF, FLT3L and IL-3 (100 ng/ml,

PeproTech). The culture medium was changed once after 24 hours from the beginning of the experiment. For the experiments

with the gamma secretase inhibitor DAPT, 50 mMDAPT or DMSOwere added to the culture media at the beginning of the experiment

and after 24 hours with the media change.

Explant cultures
CP and YS dissected from E9.0-E9.5 concepti were cultured for 1 to 7 days on top of 0.8 mm pore size mixed cellulose membranes

(Millipore) at the gas-liquid interface, in Iscove’s modified Dulbecco’s medium (IMDM) (GIBCO) supplemented with 20% HyClone

FCS (Fisher Scientific) and in presence of SCF, FLT3L and IL-3 (100 ng/ml, PeproTech). Explants cultured in a low oxygen environ-

ment were placed in special incubators with reduced oxygen concentration (1%O2). For the experiments with dimethyloxalylglycine

(DMOG), a range of concentrations of the inhibitor (0.1 mM, 0.5 mM, 1 mM) or DMSO were added to the culture media at the begin-

ning of the experiment.

Treatment of pregnant females with dofetilide
Dofetilide is an anti-arrhythmia drug that is able to induce embryonic bradycardia in animal studies (Ritchie et al., 2015). In previous

studies, the biggest effect of the drug on heart rate and rhythm was seen at 4h and 6h post administration (Ritchie et al., 2015). To

induce a temporary reduction in embryonic circulation, pregnant 23GFP transgenic females were administered dofetilide (2mg/kg) by

gavage, and embryos harvested 6 hours later.

Multiplex Quantitative Real-Time PCR (qRT-PCR)
Multiplex qRT-PCR was performed as previously described (Swiers et al., 2013). Single cells or pools of 25 cells were sorted directly

into –RT/preamplification mix and analyzed using 48.48 integrated fluidic circuits on a Biomark platform (Fluidigm). For bulk qRT-
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PCR, data was normalized according to expression of Atp5a1, Hprt and Ubc housekeeping genes and is shown as 2-DCt. For data

shown in Figure 7, data was normalized according to expression of b-Actin,Hprt andUbc. –RT samples were used as controls. Single

cell qRT-PCR data was analyzedwith SINGuLAR analysis toolkit, a dedicated R software package (Fluidigm). The default recommen-

ded value of 24 for limit of detection (LoD) was used, as determined in (Livak et al., 2013). Data is expressed as Log2(LoD –Ct) (i.e log2

of the Ct’s above the limit of detection), indicated as Log2Ex. Taqman probes used for qRT-PCR are listed in the Key Resources Ta-

ble. Statistical significance was calculated using ANOVA (*p % 0.05; **p % 0.01; ***p % 0.001).

CFU-C (Colony-forming unit-culture) assays
CFU-C assays were performed using Methocult M3434 (Stem Cell Technologies). Cells were plated in duplicate dishes and cultured

at 37�C, 5% CO2 in a humidified chamber. Colonies were scored after 7 days.

Repopulation assays of co-aggregate cultures
Co-aggregates were collected after 7 days of culture and dissociated to single cells with collagenase 0.125%. Single cell suspen-

sions containing CD45.2+ CP- or YS-derived cells were injected into CD45.1+ 8-week old adult 9Gy-conditioned recipients (split

dose; 137Cs) along with 200,000 CD45.1+ spleen carrier cells. Donor-derived chimerismwas determined by flow cytometry in periph-

eral blood (PB) at 6 and 16 weeks post transplantation. PB was treated with BD Pharmlyse (BD) prior to antibody labeling. Long-term

multi-lineage reconstitution levels in PB, bone marrow, spleen and thymus were determined at 16 weeks; antibodies used in repo-

pulation analysis are listed in the Key Resources Table. Recipients showing R 5% donor-derived cells were considered

reconstituted.

Single-cell RNA sequencing of E9.5 CP
CPs from E9 (20-23 sp) Ncx1�/� and wild-type (+/+) littermate controls (4 embryos/group) were dissected and processed into single

cell suspensions as described above. Dead cells were removed bymagnetic separation using DeadCell Removal Kit (Miltenyi Biotec)

as per manufacturer’s instructions. Resulting cell suspension from Ncx1�/� and control embryos (93% and 95% viability, respec-

tively) were counted and loaded onto independent channels of a Chromium chip before single cell partitioning and barcoding on

Chromium Controller (10x Genomics). Single-cell cDNA synthesis and sequencing libraries were generated using a Chromium

Next GEM Single Cell 30 v3.1 Kit (10x Genomics) as per manufacturer’s protocol and sequenced on Illumina NovaSeq 6000. Raw

sequencing data were processedwith Cell Ranger Software Suite (version 5.0.0, 10xGenomics) using theGRCm38mouse reference

genome. Further analysis was performed using Seurat package (version 4.0.4) (Hao et al., 2021) in R (version 3.6.1). Cells were filtered

out based on the number of detected genes (< 500 and > 7,500), UMI (< 500 and > 100,000) and the percent of expressed mitochon-

drial genes (< 5%). As a result, 4,256 cells (2,616median genes/cell) and 6,795 cells (1,682median genes/cell) were included in down-

stream analysis for Ncx1�/� and wild-type samples, respectively. Data normalization (including cell cycle-associated genes and

mitochondrial content regression), feature scaling and variable gene detection was perform using SCTransform (Hafemeister and

Satija, 2019). DoubletFinder (McGinnis et al., 2019) was used to identify and exclude doublets from each sample independently

(510 and 319 cells were removed from Ncx1+/+ and Ncx1�/�, respectively). The two samples were integrated using Canonical Cor-

relation Analysis (CCA) (Stuart et al., 2019) and cluster cell identity was assigned by manual annotation based on known markers

(Pijuan-Sala et al., 2019) combined with DEG analysis using the FindAllMarkers function (default settings).

Generation of single-cell cDNA libraries using modified Smart-Seq2 protocol
Smart-Seq2 single-cell cDNA libraries were prepared as previously described (Picelli et al., 2014). Briefly, single cells were FACS

sorted into 96 well plates containing 4 mL lysis buffer (0.4% Triton, 1U/ml RNaseOUT inhibitor, 2.5 mM dNTPs mix, 2.5 mM oligo-

dT30VN and ERCC spike-in at 5x107 final dilution). Plates were stored at �80�C until further use. Reverse transcription and PCR

amplification steps were performed following amodified Smart-Seq2 protocol using SmartScribe RT (Takara) and SeqAmp Polymer-

ase (Takara), respectively. 24 cycles were used for PCR amplification. cDNA libraries were purified twice with AMPure XP (Beckman)

magnetic beads (1st round of purification with 0.8 to 1 beads to cDNA ratio, followed by a 2nd round using 0.6 to 1 beads to cDNA

ratio) following manufacturer’s instructions. Each sample was eluted in 15 mL EB buffer (QIAGEN) and stored at �20�C. Concentra-
tion and quality of the cDNA libraries were assessed using Bioanalyzer (Agilent) and Fragment Analyzer (Agilent).

Illumina library preparation and sequencing
cDNA samples were batch-processed in 384-well plates (Labcyte and Biorad) and Nextera XT DNA Preparation Kit (Illumina) was

used for library preparation following a modified version of the manufacturer’s protocol with 20-fold volume reduction (final volume

2.5ul). Miniaturised reactions were pipetted using the Echo 525 liquid handler (Labcyte). 50pg of cDNA per sample were used for the

tagmentation followed by 13 cycles of amplification. 384 libraries were pooled using Echo 525 liquid handler and then purified with

AMPure XPmagnetic beads using 0.8 beads to 1 pool ratio. Pool was eluted in 25 mL EB buffer. Concentration was determined using

Qubit Fluorimeter (ThermoFisher Scientific) and quality of the pooled library was assessed on Bioanalyzer (Agilent). Pooled library

was diluted to a final concentration of 2pM and sequenced on the Illumina NextSeq 500 platform using NextSeq500/550 High Output

Kit v2.5 (2x76 paired end cycles).
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scRNA-Seq analysis
Fastq files from paired RNA sequencing reads were run through a quality control and adaptor trimming protocol using Trim Galore, a

wrapper script running FastQC (Wingett and Andrews, 2018) and cutadapt (Martin, 2011); the trimmed reads where then aligned to

reference indices generated from GRCm38 (‘‘Genome Reference Consortium,’’ n.d.) using STAR (Dobin et al., 2013). Aligned files

were run through quality control and counts for reads aligning to known genes were determined using QoRTs (Hartley and Mullikin,

2015). Post alignment analyses were run using Seurat (Butler et al., 2018; Satija et al., 2015). Gene list enrichment analyses were

performed using the ToppGene suite (Chen et al., 2009). GSEA (v 4.0.3) analyses (Subramanian et al., 2005) were performed using

the GseaPreranked option with genes ranked by logFC.

For diffusion pseudotime analysis, we performed PCA and computed diffusion maps (Coifman et al., 2005; Haghverdi et al., 2016)

on the top 2000 highly variable genes from the wild-type dataset (identified using Seurat (Butler et al., 2018; Satija et al., 2015)). We

performed clustering of the wild-type cells using the Louvain algorithm (Blondel et al., 2008) and identified the wild-type EHT trajec-

tory based on cluster identity. We projected Ncx1�/� cells onto this dataset using Nearest Neighbors regression (with 3 neighbors) in

the space of the 2000 selected genes, with wild-type diffusion pseudotime as the dependent variable. Differentially expressed genes

between wild-type and Ncx1�/� over pseudotime were found by dividing the pseudotime interval into two bins and compare loga-

rithmized normalized gene counts between genotypes using a Wilcoxon rank-sum test with FDR of 0.01 and identified KEGG path-

ways (Kanehisa et al., 2017). Analyses were carried out in Python, using publicly available packages scanpy (Wolf et al., 2018) for

single-cell gene expression analysis and g:Profiler (Reimand et al., 2007) for functional enrichment.

QUANTIFICATION AND STATISTICAL ANALYSIS

To determine the level of significance, unpaired two-tailed Student t test assuming equal variance was used for most experiments.

For single cell qRT-PCR analysis, one-way ANOVA was used. Repopulation levels in reconstituted mice were analyzed using Mann-

Whitney’s U test. p < 0.05 was considered statistically significant (indicated by an asterisk).
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