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SUMMARY
To generate sufficient numbers of transplantable hematopoietic stem cells (HSCs) in vitro, a detailed understanding of how this process

takes place in vivo is essential. The endothelial-to-hematopoietic transition (EHT), which culminates in the production of the first HSCs, is

a highly complex process duringwhich key regulators are switched on and off at precisemoments, and that is embedded into amyriad of

microenvironmental signals from surrounding cells and tissues. We have previously demonstrated an HSC-supportive function for

GATA3 within the sympathetic nervous system and the sub-aortic mesenchyme, but show here that it also plays a cell-intrinsic role dur-

ing the EHT. It is expressed in hemogenic endothelial cells and earlyHSCprecursors, where its expression correlateswith amore quiescent

state. Importantly, endothelial-specific deletion ofGata3 shows that it is functionally required for these cells tomature intoHSCs, placing

GATA3 at the core of the EHT regulatory network.
INTRODUCTION

The generation of the first transplantable hematopoietic

stem cells (HSCs) initiates in the dorsal aorta of the aorta-

gonad-mesonephros (AGM) region at embryonic day 10.5

(E10.5) in mouse embryos (de Bruijn et al., 2000; Medvin-

sky and Dzierzak, 1996). It involves activating a hemato-

poietic transcriptional program in a subset of endothelial

cells (ECs), as a result of a number of internal and external

signals, which drives these cells to adopting a hematopoiet-

ic fate (Ottersbach, 2019). These so-called hemogenic

endothelial cells (HECs) undergo major morphological

changes, resulting in the appearance of intra-aortic cell

clusters in which HECs further mature from pro-HSCs to

type I and type II pre-HSCs, before becoming fully mature

HSCs (Rybtsov et al., 2014). While it is known that the

two transcription factors RUNX1 and GATA2 are essential

for the endothelial-to-hematopoietic transition (EHT)

(Chen et al., 2009; de Pater et al., 2013), it is clear that

they do not act alone. For example, SOX17 is required up-

stream for arterial fate and HEC specification (Clarke et al.,

2013; Corada et al., 2013), while GFI1 andGFI1B are down-

stream targets of RUNX1, necessary for EHT completion

(Thambyrajah et al., 2016). How all of these transcription

factors interact and whether they form multi-component

complexes, however, remains unknown.

In this study, we reveal the transcription factor GATA3 as

another important regulator of the EHT. Its expression is

upregulated in HECs and early HSC precursors, thereby en-

riching for hemogenic potential, but is downregulated
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before fully mature HSCs are formed. Through RNA

sequencing (RNA-seq) analysis, we show co-expression of

Gata3 with many important EHT regulators and have

been able to link Gata3 expression with a more quiescent

cell state. Importantly, endothelial-specific deletion of

Gata3 significantly reduces hematopoietic stem and pro-

genitor cell (HSPC) formation, which, together with its

hematopoiesis-supportive role in the co-developing sym-

pathetic nervous system (SNS) (Fitch et al., 2012) and the

sub-aortic mesenchyme (Fitch et al., 2020), gives GATA3 a

multi-faceted, central role in HSC generation.
RESULTS

GATA3 is expressed in a subset of endothelial and

hematopoietic cells

We had previously detected GATA3 expression in a subset

of ECs (Fitch et al., 2012) (Figure 1A, red arrowheads), often

in the vicinity of intra-aortic cell clusters (Figure 1A, yellow

arrowheads), which suggested that GATA3 may be ex-

pressed in HECs. We carried out a more careful analysis us-

ing a Gata3-GFP reporter mouse line (Grote et al., 2006).

Immunohistochemical co-staining for GATA3 with an

anti-GATA3 and an anti-GFP antibody confirmed this

construct to be a faithful reporter (Figures S1A–S1F), that

recapitulated the expression of Gata3 in individual ECs

(Figure 1B, arrows) and at the base of intra-aortic clusters

(Figure 1B, yellow arrowhead), but not within clusters.

Flow cytometry analysis confirmed that a fraction (6.4%)
Author(s).
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Figure 1. GATA3 is expressed in a subset of endothelial and hematopoietic cells
(A) Cryosections of E10.5 Gata3lz/+ embryos with Gata3-LacZ expression in blue and counterstained with Neutral Red. Yellow arrowheads
point to Gata3+ cells near intra-aortic clusters, red arrowheads highlight Gata3+ ECs.

(legend continued on next page)
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of ECs (VE-CADHERIN [VEC]+) expressGata3-GFP at E10.5

when HEC frequency is at its highest (Figure 1C). Interest-

ingly, more than 40% of these Gata3-GFP+ ECs also express

the hematopoietic markers CD45 (late hematopoietic

marker) and/or CD41 (early marker), with 17% expressing

both (Figure 1D). The percentage of CD45+ Gata3-GFP+

cells was much lower within the VEC� fraction, suggesting

that the majority are VEC+ HSPCs or HSC precursors. This

percentage increases substantially at E11.5 (Figures 1E–

1G). To further investigate whether the Gata3-GFP+ frac-

tion contains phenotypic HSC precursors, we used the

nomenclature developed by the Medvinsky lab (Rybtsov

et al., 2014), with pro-HSCs defined as VEC+CD41+

CD43�CD45�, pre-HSC type I as VEC+CD41+CD43+CD

45�and pre-HSC type II as VEC+CD41+CD43+CD45+ (Fig-

ure S1G). All three populations were present in the Gata3-

GFP+ fraction (Figure 1H).

To determine if the Gata3-GFP+ hematopoietic pop-

ulation at E10.5 contains HSPCs, we sorted them (Fig-

ure S1H) and plated them directly in colony-forming

(CFU-C) assays alongside Gata3-GFP- hematopoietic cells

(HCs) and Gata3-GFP+/� ECs. As expected, ECs do not pro-

duce hematopoietic colonies when plated directly in

methylcellulose (Figure 1I). Interestingly, only the Gata3-

GFP� HCs gave rise to colonies, but not the GFP+ fraction,

suggesting that the latter consists either of mature hemato-

poietic cells or very early precursors that require further

maturation toward the hematopoietic fate.

Gata3 expression enriches for hemogenic endothelial

activity

Inherent hemogenic potential can be revealed via a co-cul-

ture step on OP9 stromal cells (Swiers et al., 2013). Gata3-

GFP+/� ECs were sorted (Figure S1H) and cultured with

OP9 cells. Cells were then assessed for hematopoietic

marker expression and progenitor potential (Figure 2A).

Both EC populations were able to give rise to HCs (Fig-

ure 2B), with a trend toward higher production of CD45+

cells from Gata3-GFP+ ECs (Figure 2C). In CFU-C assays,
(B–F) Section from a Gata3-GFP+ E11.5 embryo stained with CD34 (gr
area shown at higher magnification on the right. The yellow arrowhea
orange arrows in the higher magnification image highlight Gata3+ ECs
mesonephric duct. Flow cytometry analysis of Gata3-GFP+ E10.5 AGM
shown in (C) and results from three biological replicates shown in (D).
VEC, CD41, and CD45. Representative flow plots shown in (E) and re
replicate = 1 embryo.
(G) Increase of VEC+GFP+CD41+CD45+ cells from E10.5 to E11.5.
(H) Percentage of pro-HSCs (VEC+CD41+CD43�CD45�), pre-H
(VEC+CD41+CD43+CD45+) within the Gata3-GFP+ fraction of E10.5 AG
*p < 0.05; **p < 0.01; ***p < 0.001.
(I) CFU-C assay of freshly sorted and directly plated G3-EC: CD41/45�

G3+HC: CD41/45+GFP+; three technical replicates of one biological re
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however, Gata3-GFP+ ECs had a noticeably higher colony

output (Figure 2D), which was highly significant for all col-

ony types.

Gata3 marks HSC precursors

We also tested the potential of the Gata3-GFP+/� HC

populations (Figures 2A and S1H) in co-cultures. Unsurpris-

ingly, they gave an almost entirely CD45+ output (Fig-

ure 2E). Interestingly, while overall progenitor potential

was higher in theGata3-GFP� fraction (Figure 2F), splitting

this into individual progenitor types revealed that Gata3

expression enriches specifically for the most immature

CFU-GEMM progenitor (Figures 2G–2I), suggesting that

Gata3-GFP may mark HSC precursors.

The intermediate steps involved in the maturation of

HECs into transplantable HSCs have been dissected with

the help of a culture system developed in the Medvinsky

lab (Rybtsov et al., 2011, 2014). It involves aggregation of

sorted cell populations with OP9 cells and culturing these

co-aggregates in the presence of cytokines. The potential

of the initial populations is then assessed by flow cytome-

try and transplantations (Figure 2J). Pro-HSCs emerge

from E9 in the AGM region, while type I pre-HSCs are de-

tected at E10–11. Pre-HSC type II emerge toward E11 (Rybt-

sov et al., 2014). Gata3-GFP+/� ECs and HCs were sorted

(Figure S2A) and cultured as OP9 co-aggregates (Figure 2J).

All four populationswere able to generate CD45+HCs, with

the sorted HC fractions producing substantially more

CD45+ cells than the EC populations (Figure 2K). ECs are

unable to transdifferentiate into transplantable HSCs in

these culture conditions (Rybtsov et al., 2014), and indeed

neither Gata3-GFP+ nor Gata3-GFP� ECs produced any

detectable chimerism in transplant recipients (Figures 2L

and 2M). Intriguingly, repopulation activity at E9.5 to

E10.5 was restricted to the Gata3-GFP+ HC fraction, which

completely shifted to the Gata3-GFP� fraction at E11.5. All

of the results taken together with our previous data (Fitch

et al., 2012) imply that Gata3 expression is switched on

in HECs, with Gata3 expression continuing during the
een), Gata3-GFP (magenta) and TH (yellow). Orange box indicates
d points to a Gata3+ cell at the base of an intra-aortic cluster. The
. AG, adrenal anlage, DA, dorsal aorta, SG, sympathetic ganglia, MD,
s, stained for GFP, VEC, CD41, and CD45. Representative flow plots
Flow cytometry analysis of Gata3-GFP+ E11.5 AGMs, stained for GFP,
sults from four biological replicates shown in (F). One biological

SC type I (VEC+CD41+CD43+CD45�) and pre-HSC type II
Ms. n = 3; three embryos used. An unpaired t test was performed;

GFP�VEC+, G3+EC: CD41/45�GFP+VEC+, G3-HC: CD41/45+GFP�, and
plicate. See also Figure S1.



Figure 2. Gata3 enriches for HECs and marks early HSC precursors
(A) Outline of co-culture experiments.
(B–D) Flow cytometry analysis of hematopoietic output from Gata3-GFP+/� ECs. Total CD45+ cells (flow cytometry) (C) and hematopoietic
progenitors (CFU-C) (D) produced by Gata3-GFP+/� ECs; n = 4, with pooled and sorted cells from 8 to 12 embryos used per experiment.
(E–I) Flow cytometry analysis of CD45+ cells produced from Gata3-GFP+/� HCs from three independent experiments (n = 3). Total progen-
itors (F), CFU-M (G), CFU-GM (H), and CFU-GEMM (I) produced by Gata3-GFP+/� HCs; n = 3, with pooled and sorted cells from 8 to 12 em-
bryos used per experiment. ***p < 0.001; ****p < 0.0001; Mann-Whitney test.
(J) Outline of co-aggregate experiments.
(K–M) Total CD45+ cell output (flow cytometry) from E9.5–10.5 Gata3-GFP+/� ECs and HCs. Percent donor contribution after 4 months in
recipients of co-aggregates from E9.5–10.5 (L) and E11.5 (M) Gata3-GFP+/� ECs and HCs. Arrow highlights data point from analysis after
1 month as this recipient died unexpectedly before the 4-month analysis. n = 7 for E9.5–10.5. Cells were sorted from 7 to 13 embryos into
the four populations, which were co-aggregated as one embryo equivalent (ee), with one co-aggregate transplanted per recipient (28 re-
cipients in total; seven per cell population); n = 4–5 for E11.5. Cells were sorted from six to 10 embryos into the indicated populations,
which were co-aggregated as one ee (four co-aggregates per EC population; five co-aggregates per HC population), with one co-aggregate
transplanted per recipient (18 recipients in total). See also Figures S1 and S2.
early stages of HSC maturation, but being switched off at

the pre-HSC type II stage and remaining off in emerging

HSCs (Figure S2B).

Gata3-expressing cells show an enrichment for key

regulators of EHT

To get a better understanding of how GATA3 may be

involved in the EHT, we performed RNA-seq on small
pools (20 cells/pool; 20 pools/population) of sorted

Gata3-GFP+ ECs and HCs and compared their transcrip-

tome to the Gata3-GFP� fractions (Figures 3A and S1H).

Principal-component analysis showed a clear separation

of ECs from HCs along component 1, with each popula-

tion displaying a distinct subdivision according to Gata3

expression along component 2 (Figure 3B). Differential

expression analysis revealed a higher number of genes
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Figure 3. Gata3 expression correlates with other EHT regulators and marks quiescent cells
(A) Cell populations analyzed by RNA-seq.
(B) Principal-component analysis of individual samples of the four populations. Cells were from three to five biological replicates, with
cells from two to six GFP+ embryos pooled per replicate.
(C) Venn diagrams of genes upregulated and downregulated in Gata3-GFP+ ECs and HCs.
(D) tSNE plots of the four cell populations colored for the expression of the indicated genes.
(E) Cell cycle regulators differentially expressed in Gata3-GFP+ ECs and HCs.
(F) Percentage of quiescent cells in the Gata3-GFP+/� EC and HC populations, with representative flow cytometry plots. n = 4, with cells
from 2 to 10 GFP+ embryos pooled per independent experiment. *p < 0.05; **p < 0.01; paired t test.
(G) tSNE plot colored for Cdkn1c expression.
(H) Percentage of Cdkn1cwild-type (Wt) and knockout (KO) ECs and HCs in the different cell cycle phases. n = 3, using a total of 11 Wt (4, 4,
3) and 11 KO (4, 4, 3) embryos. *p < 0.05; paired t test.
(I) Expression of RUNX1C and GATA3 by qPCR in hiPSCs with (+) and without (�) RUNX1C-activating gRNA as part of the UniSam endog-
enous gene activation system. n = 3. *p < 0.05; ***p < 0.001; Mann-Whitney test. See also Figures S2 and S3.
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being upregulated in Gata3-GFP+ cells (EC: 557; HC: 1527)

than were downregulated (EC: 253; HC: 232), with some

overlap between the two cell types (Figure 3C; Table S1).

Gene ontology analysis of the upregulated genes saw a

significant enrichment of processes associated with stem

cell development and differentiation and migration in

both cell populations, which may be a reflection of these

cells undergoing morphological changes during EHT

(Figure S3). Genes that were downregulated in the

Gata3-GFP+ HC fraction were largely associated with

differentiated blood lineages (e.g., Icos, Irf8, Klf4, Ccl3,

and Il6ra), which reflects the HSC precursor status of the

Gata3-GFP+ cells. Interestingly, Gata3-GFP+ ECs displayed

a downregulation of genes linked to the positive regula-

tion of cell cycle and proliferation.

To understand the position of GATA3 in the network of

EHT regulators, we analyzed the expression of regulators

that mark key stages of HSC generation (Ottersbach,

2019) (Figure S2B). Sox17 is upregulated in arterial ECs

and required for HEC specification, but subsequently needs

to be downregulated for the EHT to proceed. This is

confirmed in our dataset, where it is absent in HCs, but up-

regulated inGata3-GFP+ ECs (Figure 3D). Runx1,Gata2, and

Gfi1 are key transcription factors for initiating the hemato-

poietic transcriptional program in HEC, which is reflected

in their upregulation in Gata3-GFP+ ECs, with Gata2

showing the most widespread expression. Runx1 is much

more highly expressed in HCs (Gata3-GFP+ and –HCs),

while Gata2 and Gfi1 become downregulated, which is

consistent with the literature (Ottersbach, 2019). Gfi1b is

involved in the final stages of the EHT, with expression

restricted to intra-aortic clusters. Accordingly, its expres-

sion was confined to the Gata3-GFP+ HC population.

Among the genes commonly upregulated in Gata3-

GFP+ ECs and HCs (Table S1, Figure 3D) were well-known

HSC regulators such as Hoxa10, which was shown to drive

the transition of HECs into HSCs derived from human

iPSCs (Sugimura et al., 2017), Meis1, which promotes

the reprogramming of hematopoietic progenitors to

HSCs (Riddell et al., 2014), and Mllt3, which is essential

for human HSC self-renewal (Calvanese et al., 2019) and

was reported to be upregulated in cells undergoing EHT

(Oatley et al., 2020). Mecom, a transcription factor essen-

tial for fetal and adult HSC function (Kumano and Kuro-

kawa, 2010), that was recently, together with Hoxa10

and Meis1, described as a marker for E9.5 HECs (Gao

et al., 2018), was upregulated in Gata3-GFP+ ECs. The

Notch signaling pathway is essential for the EHT; howev-

er, its activity needs to be downregulated for HSCs to

emerge (Gama-Norton et al., 2015), which is reminiscent

of the downregulation of Gata3. Indeed, both Notch1 and

one of its important downstream targets, Hey2, were upre-

gulated in Gata3-GFP+ ECs.
Gata3 expression correlates with amore quiescent cell

state

Among the most prominent gene ontology terms associ-

ated with the genes downregulated in Gata3-GFP+ ECs

were proliferation and positive regulation of the cell cycle

(Figure S3). We interrogated the differentially expressed

genes specifically for cell cycle regulators and uncovered

as a general trend an upregulation of cell cycle inhibitors

and a downregulation of cell cycle promoters in Gata3-

GFP+ cells (Figure 3E). Furthermore, we observed a

significant enrichment of quiescent cells in the Gata3-

GFP+ subsets (Figure 3F). Since the cell cycle inhibitor

Cdkn1c was upregulated in both Gata3-GFP+ cell types

(Figures 3E and 3G; Table S1), we hypothesized that it

was responsible for the quiescent phenotype. Indeed, there

was a decrease in Gata3-GFP+ ECs and HCs in the G0/G1

cell cycle phase fromCdkn1c-deficient embryos (Figure 3H).

We also noticed that Gata3-GFP+ ECs were generally more

quiescent than HCs, suggesting that HECs may exit the

cell cycle to undergo the massive morphological changes

required for their transition into HCs, with emerging HCs

then starting to proliferate to expand the pre-HSC pool,

as reported by others (Batsivari et al., 2017; Oatley et al.,

2020; Rybtsov et al., 2016). Interestingly, an upregulation

of RUNX1C, which is normally upregulated toward the

end of EHT, has been associated with an exit from the cell

cycle in undifferentiated human pluripotent stem cells (Fi-

danza et al., 2017). These cells, in which RUNX1 was

activated via dCAS9 promoter targeting (UniSam system)

also had higher levels of GATA3 (Figure 3I). This not only

confirms the association of Gata3 expression with a more

quiescent state in different models and species, but may

also point to a direct link between these two EHT-associated

genes.

GATA3 function in ECs is required for normal HSPC

numbers

To confirm a functional role for GATA3 in the EHT, we

crossed a conditional Gata3 knockout line (Zhu et al.,

2004) with a VEC-Cre line (Chen et al., 2009) to delete

Gata3 specifically within the endothelial lineage and its de-

rivatives and assessed how this affected HSPC numbers in

the AGM (Figure 4A). Heterozygous and homozygous dele-

tion of Gata3 significantly reduced progenitor numbers at

both E10.5 and E11.5, demonstrating that EC-specific

Gata3 expression is required for HSPC formation and that

this is dose dependent (Figures 4B and 4C). A complete

knockout of Gata3 resulted in a very similar reduction of

progenitors, showing that it is the expression of Gata3 in

ECs that is important in this context (Figures S4A and

S4B). We had previously reported that explant-culturing

of AGMs rescued theHSC defect inGata3+/� embryos (Fitch

et al., 2012). To see if that could also rescue the progenitor
Stem Cell Reports j Vol. 17 j 1788–1798 j August 9, 2022 1793



Figure 4. GATA3 function in endothelial cells is required for normal HSPC numbers
(A–E) Outline of experiments performed with EC-specific (VEC-Cre) Gata3 knockout embryos. Colony numbers obtained with E10.5 (B) and
E11.5 (C) uncultured AGMs of the indicated genotypes. Colony numbers obtained with E10.5 (D) and E11.5 (E) AGMs of the indicated
genotypes after explant culture. n = 3–4, one embryo per replicate. **p < 0.01; ***p < 0.001; ****p < 0.0001; two-way ANOVA.
(F) Percent donor contribution 4 months post-transplant with E11.5 AGM cells of the indicated genotypes. f/f or f/+ n = 13, f/+:+/Cre n =
10, f/f:+/Cre n = 11, one ee per recipient. *p < 0.05; Mann-Whitney test. See also Figure S4.
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defect, we added a 3-day explant culture step. Progenitor

numbers in VEC-Cre+ Gata3+/� AGMs recovered slightly,

as there was now a statistically significant difference be-

tween heterozygous and homozygous knockout AGMs

(Figures 4D and 4E). This was also the case with germline-

deleted embryos (Figures S4C and S4D). A substantial num-

ber of progenitors remain in AGMs where both copies of

Gata3 were deleted from ECs (Figures 4B–4E); however,

genotyping of individual colonies revealed that seven of

20 progenitors had escaped deletion (Figure S4E). This sug-

gests that the effect on progenitors shown here is likely an

underestimate, although germline-deleted embryos also re-

tained some GATA3-independent progenitors (Figures

S4A–S4D).

AGMs were also transplanted to determine the effect of

endothelial-specific Gata3 deletion on HSC numbers. Re-

population activity was significantly reduced in homozy-

gous knockout AGMs, demonstrating that Gata3 expres-

sion in the aortic endothelium is required for HSC

generation (Figure 4F).
DISCUSSION

This newly described cell-intrinsic role of GATA3 in the

EHT adds another facet to the complex way in which

GATA3 promotes HSC production in the AGM. We have

previously demonstrated that GATA3 is expressed in two

AGM niche compartments, the SNS (Fitch et al., 2012)

and the sub-aortic mesenchyme (Fitch et al., 2020), from

where it also supports emerging HSCs. The relative contri-

bution to AGM hematopoiesis of GATA3 in these three

different compartments requires further dissection,

although its role in HECs is likely to be dominant as the ef-

fect of the EC-specific knockout on HSPC numbers closely

mirrors that of the germline knockout (Fitch et al., 2012,

and this manuscript). Yet, this defect was rescued through

the administration of catecholamine derivatives (Fitch

et al., 2012), which could be explained by the fact that

HSC production in Gata3-null AGMs is not entirely disrup-

ted, with the remaining HSC activity being amplified

through catecholamine addition. The function of GATA3

in HECs is also likely to temporally precede its role in sup-

porting HSCs via catecholamine production. As we show

here, Gata3 is already expressed at E9.5 in pro-HSCs, while

the maturation of neural crest cells into catecholamine-

secreting SNS cells only commences from E10.5. Further-

more, we have previously unveiled a reduction in HECs

and intra-aortic cluster formation in the absence of

GATA3 (Fitch et al., 2012), suggesting a role for GATA3 at

the early stages of EHT initiation.

Another interesting question is the relationship of

GATA3 with the other two major regulators of HSC emer-
gence, GATA2 and RUNX1. We showed that GATA3 is

required for Gata2 expression in the SNS, but not in the

endothelium, and the expression of Runx1 in the AGM is

reduced by half in Gata3-null embryos (Fitch et al., 2012,

2020); however, deletion of RUNX1 and GATA2 from ECs

has a much more profound negative impact on HSPC

numbers (Chen et al., 2009; de Pater et al., 2013). Data

from a recent single-cell RNA-seq (scRNA-seq) analysis of

aortic EC subpopulations show an earlier upregulation of

Gata3 in arterial ECs as compared with Runx1, Gata2, and

Gfi1 (Hou et al., 2020). Instead, it seems to closely mirror

the expression pattern of Hey2, Sox7, and Sox17, which

need to be downregulated for HSCs to mature (Lizama

et al., 2015). This expression pattern of Gata3 is conserved

in humans (Calvanese et al., 2022).

Gata3 has been shown to be expressed in adult quiescent

LT-HSCswhere it regulates their entry into the cell cycle (Fre-

lin et al., 2013; Ku et al., 2012). scRNA-seq datasets from

mouse embryos and human PSCs revealed that EC and

HEC are more quiescent, but enter the cell cycle at the end

of the EHT process (Canu et al., 2020; Fadlullah et al.,

2022; Oatley et al., 2020; Zeng et al., 2019). The subsequent

increase in cycling as HSC precursors mature is also sup-

ported by data from a cell cycle reporter mouse (Batsivari

et al., 2017) and coincides with the stage at whichGata3 be-

comes downregulated. Importantly,when cell cycle progres-

sion of PSC-derived ECs was chemically blocked, these cells

could no longer generateHSPCs, implying that cell cycle en-

try is required to complete EHT. Taking all of these data into

account, GATA3 may thus keep ECs/HECs quiescent while

they undergo the major morphological changes required

for the transdifferentiation into HCs, and then, in analogy

to its reported role inadultHSCs,maypromote their re-entry

into the cell cycle for completion of the EHT.
EXPERIMENTAL PROCEDURES

Mice
All animal work was carried out under a UK Home Office-approved

license and following local ethical approval. Males and females of

Gata3-LacZ knockin mice (van Doorninck et al., 1999), Gata3-GFP

knockin mice (Grote et al., 2006), conditional Gata3 knockout

mice (Zhu et al., 2004), p57Kip2 knockout mice (Zhang et al.,

1997), VEC-Cre transgenic mice (Chen et al., 2009), and C57BL/6J

mice were crossed to obtain embryos of the desired stage and geno-

type. The day of vaginal plug detection was considered as E0.5. The

developmental stage of embryos was specified by either counting

somite pairs (E9.5–E10.5) or by eye pigmentation (E11.5). Embryos

smaller than their littermates or lacking a heartbeat were excluded.
AGM explant cultures
AGMs were dissected and cultured on Durapore filters (Millipore)

on M5300 long-term culture medium (Stem Cell Technologies)
Stem Cell Reports j Vol. 17 j 1788–1798 j August 9, 2022 1795



supplemented with 10�6 M hydrocortisone (Sigma). After 3 days,

AGMs were dissociated with 0.125% collagenase (Alfa Aesar).
OP9 co-cultures
These were carried out according to Swiers et al. (2013), with

further details provided in the supplemental experimental

procedures.
Co-aggregation cultures
AGM cells from E9.5–11.5 embryos were sorted and co-aggregated

as one ee with OP9 cells according to Rybtsov et al. (2011).

Cultured aggregates were dissociated using collagenase and either

analyzed by flow cytometry or transplanted into irradiated mouse

recipients.
Colony-forming assays
Dissociated AGM cells were plated in triplicate (65,000 cells/plate)

in methylcellulose (M3434; Stem Cell Technologies), incubated at

37�C, and colonies scored 7 days later.

To detect Gata3 deletion by VEC-Cre, individual colonies were

picked and analyzed by PCR, using the following primers: forward,

CAGTCTCTGGTATTGATCTGCTTCTT; and reverse, GTGCAGCA

GAGCAGGAAACTCTCAC.
Transplantations
Single-cell suspensions were injected intravenously into irradiated

(split dose of 460–475 rad, Cesium source) recipients together with

2 3 105 spleen cells (for direct transplantations) or 2 3 104 bone

marrow cells (for co-aggregates). Recipients were CD45.1/.2 or

CD45.1/.1 and the donors were CD45.2/.2 on a C57BL6J back-

ground. Recipient blood was analyzed at 1 and 4 months post-

transplantation.
Flow cytometry
Antibody stainings were performed 30min on ice in the dark, with

further details on antibodies, controls, and equipment provided in

the supplemental experimental procedures.

For cell cycle analysis, sorted cells were incubated for 1 min at

room temperature 1:1 with DAPI staining solution (5 mg/mL

DAPI [Sigma] and 1% [v/v] Nonidet P40 [Sigma] in dH2O) and

analyzed on an LSRFortessa (BD Bioscience).
Immunohistochemistry
Cryosections were prepared and stained as described previously

(Fitch et al., 2012), with further details provided in the supple-

mental experimental procedures.
X-gal staining
Gata3lz/+ embryos were fixed for 1 h with PBS/10% Formal Saline/

0.2% Glutaraldehyde/2 mM MgCl2/5 mM EGTA/0.02% NP40 at

4�C and stained overnight at room temperature with 5 mM

K3Fe(CN)6/5 mM K4Fe(CN)6/2 mM MgCl2/0.01% Nadeoxycho-

late/0.02% NP40/0.1% X-gal (all in PBS). Stained embryos were

cryopreserved and sectioned as above and sections counterstained

with Neutral Red.
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Endogenous gene activation in human iPSCs
Human iPSCs were cultured and transfected with the RUNX1C-

activating UniSAM system as described previously (Fidanza et al.,

2017), with experimental details and qPCR primers provided in

the supplemental experimental procedures.

RNA sequencing
Libraries for RNA-seq were prepared according to the protocol by

Picelli et al. (2014). Cells were initially sorted from three to five bio-

logical replicates into tubes based on their populations: Gata3-

GFP+ EC, Gata3-GFP� EC, Gata3-GFP+ HC and Gata3-GFP� HC.

Each population was then sorted again into a 96-well plate, 20

cells/well (20 pools per population), containing 2.3 mL of lysis

buffer (0.2% RNase inhibitor [Ambion, Thermo Fisher Scientific]

in Triton X-100 [Sigma]). Details on the reverse transcription,

PCR pre-amplification, library preparation steps and data analysis

are provided in the supplemental experimental procedures.

Statistical analysis
Graph preparations and statistical analysis were performed using

GraphPad Prism. The Mann-Whitney test was used for transplan-

tation experiments, paired t test for colony-forming assay

following OP9 co-culture and co-aggregates, and two-way

ANOVA test for colony-forming assays.

Data availability
The data have been deposited inNCBI’s Gene ExpressionOmnibus

(GEO) repository under accession number GSE114926.
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