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Diana Sá da Bandeira,

Alastair Morris Kilpatrick,

Madalena Marques, ...,

Stuart John Forbes, Henar Cuervo,

Mihaela Crisan

Correspondence
mihaela.crisan@ed.ac.uk

In brief
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SUMMARY
Hematopoietic stem cell (HSC) generation in the aorta-gonad-mesonephros region requires HSC specifica-
tion signals from the surrounding microenvironment. In zebrafish, PDGF-B/PDGFRb signaling controls he-
matopoietic stem/progenitor cell (HSPC) generation and is required in the HSC specification niche. Little is
known about murine HSPC specification in vivo and whether PDGF-B/PDGFRb is involved. Here, we show
that PDGFRb is expressed in distinct perivascular stromal cell layers surrounding the mid-gestation dorsal
aorta, and its deletion impairs hematopoiesis. We demonstrate that PDGFRb+ cells play a dual role in murine
hematopoiesis. They act in the aortic niche to support HSPCs, and in addition, PDGFRb+ embryonic precur-
sors give rise to a subset of HSPCs that persist into adulthood. These findings provide crucial information for
the controlled production of HSPCs in vitro.
INTRODUCTION

Hematopoietic stem cells (HSCs) are indispensable for life. They

are first detected in the aorta-gonad-mesonephros (AGM) region

of the mouse embryo, at embryonic day (E)10.5 (Boisset et al.,

2010; Chen et al., 2009; Costa et al., 2012; Crisan and Dzierzak,

2016; de Bruijn et al., 2002; Jaffredo et al., 1998; Medvinsky and

Dzierzak, 1996; Oberlin et al., 2002; Tavian et al., 2001; Zovein

et al., 2008) These cells arise from hemogenic endothelial cells

(HECs) that undergo an endothelial-to-hematopoietic transition

(EHT). Shortly after, HSCs migrate to the fetal liver (FL), where

they expand and mature before permanently migrating to the

bonemarrow (BM) from E15.5 on (Ciriza et al., 2013). Other intra-

and extra-embryonic locations temporarily contain hematopoi-

etic stem and progenitor cells (HSPCs), such as the head (Li

et al., 2012, 2016), yolk sac (YS), and placenta (PL) (Gekas

et al., 2010; Ottersbach and Dzierzak, 2005).
This is an open access article und
Signals from the microenvironment are required for HSPC

generation. In vitro studies have shown that stromal cell lines

derived from E11 AGMs support hematopoiesis in co-cultures

with BM HSPCs (Oostendorp et al., 2002a, 2002b). This

was further confirmed in vivo in 2013, when Richard et al.

(2013) demonstrated that the interaction between the subaortic

mesenchyme and the endothelium in the chick embryo was

necessary to induce Runx1 expression, a transcription factor

required for HSPC generation (Chen et al., 2009). Altogether,

these studies suggest that mesenchymal stromal cells play a

role in the emergence of HSPCs. However, the nature of the cells

and signals involved remain poorly understood.

The HSPC microenvironment comprises pericytes/vascular

smooth muscle cells (PCs/VSMCs) and other cells. PCs are

known to support HSPCs in the adult BM (Corselli et al.,

2013; Ding et al., 2012; Sá da Bandeira et al., 2016). For

example, Sacchetti et al. (2007) demonstrated that CD146+
Cell Reports 40, 111114, July 19, 2022 ª 2022 The Author(s). 1
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).



Figure 1. Distinct phenotypic and transcriptomic perivascular cell subsets surround the midgestation DA

(A) Immunohistochemistry of E11 WT DA, showing NG2 (i, ii), PDGFRb (i, ii), and CD31 (ii) expression. Nuclei were counterstained with DAPI. CV, cardinal veins;

NC, notochord.

(legend continued on next page)
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perivascular cells express Jagged1, N-Cadherin, Cxcl12, and

Scf molecules, implicated in adult HSPC maintenance. More-

over, Corselli et al. (2013) showed that CD146+ but not

CD146� cells support transplantable human hematopoietic

stem cell potential in culture. In the mouse BM, pericytes ex-

pressing nestin, neural/glial antigen 2 (NG2), or leptin receptor

were found to support HSPCs and express supportive niche

genes such as Cxcl12, Adrb3, Scf, Angtp1, Vcam1, and Opn

(Ding et al., 2012; Kunisaki et al., 2013; Mendez-Ferrer et al.,

2010; Pinho et al., 2013).

Whether perivascular cells are also involved in embryonic

hematopoietic development in vivo is unknown. Pericytes are re-

cruited to the vascular wall via platelet-derived growth factor

(PDGF)-B/PDGF receptor (PDGFR)b signaling (Hellstrom et al.,

1999, 2001; Lindahl et al., 1997) and microarray screening of

HSPC-supportive AGM-derived stromal cell lines showed that

both Mcam (CD146) and Pdgfrb were expressed in these cells

(Charbord et al., 2014). In vivo, PDGFRb and CD146 are ex-

pressed by perivascular cells in close contact with the mid-

gestation dorsal aorta (DA) (Azzoni et al., 2018; Roostalu et al.,

2018). However, their role in hematopoietic cell development in

the AGM was never investigated. Moreover, in zebrafish,

PDGF signaling contributes to the HSC specification niche

(DammandClements, 2017) bymediating themigration of neural

crest cells to the DA, which in turn, specify HSCs. In addition,

morpholino knockdown of pdgfrb or dominant-negative pdgfrb

expression reduced AGM HSPCs (Lim et al., 2017).

We thus hypothesized that PDGFRb+ perivascular cells con-

trol hematopoietic development in the mouse AGM. To test

this, we characterized the perivascular cells surrounding the

mid-gestation DA, tested their niche activity, and traced them

throughout hematopoietic ontogeny. Our results demonstrate

that PDGFRb+ AGM cells support HSPC activity, and early em-

bryonic cells contribute to both endothelial and hematopoietic

cell lineages during ontogeny.

RESULTS

The embryonic DA is surrounded by phenotypically and
transcriptomically distinct perivascular cell layers
We characterized the AGM microenvironment by immunohisto-

chemistry using a combination of known endothelial and peri-

vascular cell markers. We found that the DA is surrounded by a

layer of perivascular cells co-expressing NG2, a proteoglycan

expressed by pericytes during vascular morphogenesis (Ozer-

dem et al., 2001), and PDGFRb, a receptor involved in pericyte

recruitment and blood vessel stabilization (Armulik et al., 2005)

and expressed in perivascular cells in the AGM (Azzoni et al.,

2018). These PCs/VSMCs, hereafter referred to as double-posi-
(B) t-distributed stochastic neighbor embedding (t-SNE) plots showing 12 E11 W

(C) Violin plots showing the expression of genes used to identify the cell clusters D

EryP, erythroid/progenitors; IAHC, intra-aortic hematopoietic clusters; HEC/EHT,

thelial cells; SNS, sympathetic nervous system; SkMP, skeletal muscle progenit

(D and E) Heatmaps showing gene expression of differentially expressed genes e

NG2+/�PDGFRb+/� populations.

(F) Isolation of perivascular cells.

(G) Fragments per kilobase of transcript per million mapped reads (FPKM) value
tive (DP, yellow, Figure 1Ai), do not express CD31, a marker

for ECs and the intra-aortic hematopoietic cluster (IAHC) (Fig-

ure 1Aii). Surrounding DP cells, we detected PDGFRb+NG2�

perivascular cells that we called PDGFRb-single (PDGFRb-S,

green, Figure 1Ai), and more distally, other stromal cells low/

negative for these markers, which we called double-negative

(DN) (Figure 1Ai). Cells expressing only NG2 were detected

around the notochord (star), mainly in the trunk, and were here

called NG2-single (NG2-S) (Figure 1Ai).

To better characterize these perivascular cells that compose

the HSPC-generating microenvironment, we performed single-

cell RNA sequencing (scRNA-seq) analysis of whole E11

AGMs. We used graph-based clustering and known marker

expression and identified 12 major populations in the E11 wild-

type (WT) AGM (Figure 1B). We confirmed the expression of

Pdgfrb and Cspg4 (NG2) in the 4 populations we identified by

immunohistochemistry that include DP (7), PDGFRb-S (8), DN

(9), and NG2-S cells (10) (Figure 1C). The cells associated with

IAHCs (cluster 4) were identified as Pecam1(CD31)+Kit+, as pre-

viously shown (Solaimani Kartalaei et al., 2015; Yokomizo and

Dzierzak, 2010). Runx1 expression, seen in HECs, including

those entering EHT (Chen et al., 2009; Gao et al., 2018), allowed

us to separate cluster 5 enriched in these cells (HEC/EHT,

Pecam1+Ptprc(CD45)�Kitlow/�Runx1+) from the EC cluster 6 (Pe-

cam1+Ptprc�Kitlow/�Runx1�). The expression of other genes

such as Cdh5 (vascular endothelial [VE] cadherin), vWF, and

Sox17 further confirmed the cellular identity of hematopoietic

cells and/or hemogenic cells/ECs. Adgre1 (F4/80)+ macro-

phages (MPs), Gypa (CD235)+ erythroid and erythroid progeni-

tors (Ery/EryP), Ngfr+cells found in the sympathetic nervous

system (SNS) and MyoD1+ skeletal muscle progenitors (SkMP)

were enriched in clusters 1, 3, 11, and 12, respectively (Fig-

ure 1C). The expression of Mcam (CD146) was confirmed in a

subset of DP cells (Figure 1C). However, Mcam was mainly ex-

pressed by ECs (cluster 6), confirming previous work (McGarvey

et al., 2017), as well as by a few cells in clusters 4, 5, and 11 (Fig-

ure 1C). A previous report showed by immunohistochemistry

that ckit is expressed in a subset of mesenchymal cells around

the DA (Fitch et al., 2020). Our datasets show that in addition

to IAHCs (cluster 4), Kit is also expressed in a subset of

NG2+/�PDGFRb+/� cells (Figure 1C, clusters 7–10).

To further characterize the different perivascular cell

subsets, we compared the gene expression profiles of

NG2+/�PDGFRb+/� cell populations. Heatmaps showed distinct

expression patterns for each population (Figures 1D and 1E).

Genes including Rgs5, Jag1, Mcam, CD248, Heyl, and Acta2

were enriched in the DP cell population, while Tbx3, Isl1, Twist1,

and Id2, transcription factors involved in heart development or

angiogenesis (Moretti et al., 2006; Perkhofer et al., 2016;
T cell populations and their numbers (42sp).

P, PDGFRb-S, DN, and NG2-S.MP, macrophages; OBC, other blood cells; Ery/

hemogenic endothelial cells/endothelial-to-hematopoietic transition; EC, endo-

ors.

ncoding surface (D) and intra-/extracellular (E) proteins enriched in each of the

s of selected genes by bulk RNA-seq.
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Washkowitz et al., 2012), were enriched in PDGFRb-S cells. We

found thatSox9washighly expressed in theNG2-Scell population

(Figure 1E). This transcription factor, predominantly expressed in

mesenchymal condensations during cartilage deposition in the

mouse embryo, was associated with numerous developmental

processes, including neural crest and sclerotome development

(Barrionuevo et al., 2006; Cheung and Briscoe, 2003; Wright

et al., 1995). Other cartilage development genes such as Pax1,

Pax9,Col2a1, andAcan (Takimoto et al., 2019) were also enriched

in the NG2-S population (Figure 1E), suggesting that at least

some of these cells are cartilage progenitors and/or regulate

chondrogenesis.

To validate whether the cell surface marker combinations we

identified by immunohistochemistry and scRNA-seq (Fig-

ures 1A–E) can be used to purify perivascular cell subsets, we

performed flowcytometry analysis and cell sorting.Upon negative

selection of E11 AGMCD31, ckit, and CD45 cells (Figure 1F), sub-

populations of NG2+PDGFRb+ cells (DP, 1.21%), NG2�PDGFRb+

cells (PDGFRb-S, 28.66%), and NG2�PDGFRblow/� cells (DN,

68.67%) were purified and used for RNA-seq. We confirmed the

presence of Pdgfrb (PDGFRb), Cspg4 (NG2), and other differen-

tially expressed genes (DEGs) in the sorted populations (Fig-

ure 1G). Other markers such as leptin receptor (Lepr) and

PDGFRa (Pdgfra), were expressed in all purified cell subsets at

various levels (Figure 1G), as was the expression of Tbx18 (Fig-

ure 1G), a gene associatedwith pericytes in adult organs (Guimar-

aes-Camboaetal., 2017). Altogether,wewereable tosuccessfully

isolate distinct perivascular cell populations that compose the E11

WTAGMbasedoncell surfacemarkercombinationswe identified.

AGM HSPC activity is impaired in the absence of
PDGFRb
Because PDGFRb is expressed by perivascular cells surround-

ing the aortic endothelium (Figure 1Aii), and recent evidence im-

plicates it in zebrafish HSC ontogeny (Lim et al., 2017; Damm

and Clements, 2017), we sought to determine its requirement

in HSPC generation in the mouse embryo. We used PDGFRb

knockout (KO) mice, which lack pericytes and die perinatally

(Soriano, 1994). In these mice, blood vessels form normally until

E16, which allows us to investigate the role of PDGFRb in early

embryonic hematopoiesis in the absence of any vascular defect.

We confirmed the absence of PDGFRb expression in E10 and

E11 KO AGMs (Figures S1A–S1C). To test whether PDGFRb

signaling is involved in AGM hematopoietic development, we

performed hematopoietic progenitor assays using E11

AGMs. We found a significant decrease in all colony-forming

unit-culture (CFU-C) types in both heterozygous (HET) and ho-

mozygous (KO) mutants compared with WT littermates (Fig-

ure 2A; Table S1), implicating PDGFRb signaling in hematopoiet-

ic progenitor development.

To test whether HSCs were affected by the loss of PDGFRb,

we harvested AGMs from E11 PDGFRb WT and mutant

embryos and transplanted them into sublethally irradiated

recipients. Of 15 recipient mice, 3 injected withWT AGMs recon-

stituted, whereas mice injected with HET or KO mutant AGM

cells showed low (2/17) or no long-term reconstitution (0/7)

(Figures S1D and S1E), suggesting the involvement of PDGFRb

in AGM HSC development.
4 Cell Reports 40, 111114, July 19, 2022
Since PDGFRb is expressed in other hematopoietic sites be-

tween E8 and E11 (Figures S1F and S1G), we tested whether

the decline in AGM HSPCs in PDGFRb-KO mice was aligned

with deficiencies of HSPCs in other hematopoietic organs. We

found no significant differences in CFU-Cs in E10 (Figure S1H;

Table S2), and E11 (Figure S1I; Table S3) heads, FL, YS, and

PL. However, there was a significant decrease in CFU-G/E11

KO head and blast-forming unit erythroid progenitor (BFU-E)/

E11 KO YS compared to the WT littermates. Interestingly,

CFU-C numbers were not affected in the E10 AGM before the

onset of HSC generation (Figure S1H; Table S2), suggesting

that PDGFRb absence affects only the definitive wave of hema-

topoiesis. This is supported by the decrease in E11 but not E10

BFU-E/KO YS (Tables S2 and S3).

To confirm that this decrease is not due to defects in the

vasculature, we performed whole-mount immunostaining of

PDGFRb WT and KO mouse embryos using both endothelial

and hematopoietic cell markers (Figure 2B). The KO DA appears

normal. IAHCs were also present in KO embryos, but they

appear to be larger and more ventral. To assess whether

HEC/EHT cells were affected in PDGFRb-KO embryos, we

crossed PDGFRb+/�Runx1GFP/GFP mice and analyzed the

AGMs by flow cytometry. Although the percentage of non-

HECs (cKit�CD45�CD31+Runx1-GFP�) was similar between

the groups (Figure S2A), the percentage of Runx1-GFP+

HEC/EHT cells (cKit�CD45�CD31+Runx1-GFP+) was signifi-

cantly lower in the KO AGM (Figures S2B and S2C), suggesting

a role for PDGFRb in HEC specification. Interestingly, the per-

centage of CD31+ckit+ IAHC cells in the KO was unchanged

(Figures S2D and S2E). However, when we compared IAHC

size, we found that the average IAHC area in the KO DAs was

1.7-fold higher than the WT (from 65.4 ± 11.7mm2 to 110.1 ±

2.3 mm2) (Figure 2C, left). In addition, a subset of KO IAHCs

showsmuch larger areas (>200 mm2) than that theWT (Figure 2C,

right). In contrast, the total number of IAHCs was on average

2-fold lower in the KO DAs (66 in the WT versus 33 in the KO).

These data suggest that PDGFRb-KO DAs produce fewer but

larger clusters, leading to a normal number of CD31+ckit+ cells

per DA.We next explored whether the effect of PDGFRb deletion

in HSPCs could be due to changes in the HSPC niche and/or to a

developmental contribution of PDGFRb+ cells to the HSPC pool.

The genetic program of the PDGFRb-KO AGM niche is
altered
We examined the impact of PDGFRb deletion on the hematopoi-

etic nicheby scRNA-seqof PDGFRb-KOE11AGMs (FigureS3A).

Like in the WT AGM, we first defined the different populations

using known genes. It was not possible to identify DP

(PDGFRb+NG2+) and PDGFRb-S (PDGFRb+NG2�) cells in the

KOdatasets due to Pdgfrb deletion (Figure S3A). Other cell types

identified in the WT AGM were present in the AGM KO datasets,

but we found significant changes in the proportions of MP,

Ery/EryP, EC, SNS, clusters 7–10 altogether, and SkMPs

(Figure S3B). We also observed a 1.5-fold decrease in the per-

centage of HEC/EHT (cluster 5; Figure S3B), supporting our

flow cytometry findings (Figure S2C).

We next explored transcriptomic changes in the perivascular

cells of WT and KO AGMs. Since DP and PDGFRb-S



Figure 2. PDGFRb deletion impairs AGM HSPC number and alters the genetic program of the niche
(A) CFU-C numbers per E11 AGM; error bars: SD; *p < 0.05; ***p < 0.001 (see Table S1).

(B) Whole-mount immunostaining of WT/KO E10.5 AGMs (n = 2/2 embryos, N = 2 experiments) stained with CD31 and cKit.

(C) The average of IAHC area (left) and individual areas of all IAHC combined (right) are shown (n = 2/2, N = 2); error bars: SD.

(D) t-SNE plots showing the Rb-niche cluster used for WT/KO comparisons containing clusters 7, 8, 10, and a subset of 9.

(E) Selected gene ontology (GO) biological processes significantly overrepresented in genes significantly downregulated in the KO Rb-niche.

(F–H) Heatmap of top genes associated with the mesenchymal cell differentiation GO: 0048762 significantly downregulated in the KO Rb-niche (see Table S4).

Ligand-receptor interactions inferred by NicheNet between DP cells and ECs (G) or IAHCs (H). Genes from the GO term ‘‘mesenchymal cell differentiation’’

(E) were used as a DP gene set of interest for (G) and (H).
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Figure 3. PDGFRb+ MSCs are essential for hematopoiesis

(A) Schema of co-cultures AGM MSCs and BM LSKs or AGM HSPC/ECs.

(B–D) Images of P3 MSCs; 100mm. Example of flow cytometry plots (C) and histograms (D) showing PDGFRb expression in MSCs; error bars: SD.

(E) Images of PDGFRb WT and mutant E11 AGM MSCs co-cultured with BM LSKs; 100mm.

(F) Gating showing the percentage of CD45+ cells derived from MSC-LSK co-cultures.

(legend continued on next page)
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perivascular cells were identified based on PDGFRb expression,

the absence of these cells in the KO AGM could be due to an

impaired development of these subsets, or just reflect a loss of

PDGFRb expression. To test this, we stained and imaged

whole-mount DAs and cryosections. While NG2 expression

around the notochord appears similar, NG2 expression in peri-

vascular cells is lower compared to the WT (Figures S3C–S3E).

The expression of CD31 in ECs also appeared downregulated

in the KO DA (Figures S3C and S3D). Interestingly, a-smooth

muscle actin-positive (aSMA+) cells can be observed in both

WT and KO AGM (Figure S3E). These data suggest that at least

some PCs/VSMCs remain in place in the absence of PDGFRb,

although changes in their phenotype, gene profile, and function

may exist.

To locate the equivalent of WT DP cells in our KO datasets, we

attempted to identify a new gene that could replace Pdgfrb as a

marker of DP cells in the WT population. Based on our imaging

data, at least some WT DP cells become NG2-S in the KO, and

thus, we searched for a gene expressed in WT DP cells but ab-

sent in WT NG2-S. Within the DEGs, Rgs5 was the best candi-

date (Figure 1D), being expressed in 52% of DP cells and 13%

of WT NG2-S cells (Table S4). Because we were unable to iden-

tify a completely overlapping replacement for Pdgfrb to analyze

distinct KO AGM perivascular cell subsets, we defined the clus-

ter containing all PDGFRb+ cells in the WT as the Rb-niche, and

compared it against the corresponding cluster in the KO

(Figure 2D, circle).

Most genes previously associated with hematopoietic support

in AGM stromal cell lines (Charbord et al., 2014) were signifi-

cantly downregulated in the Rb-niche KO cluster (Figure S4A;

Table S4). In the WT, we found that most genes are highly and

mainly expressed by PCs/VSMCs (DP) and PDGFRb-S cells

(Figure S4A), suggesting that PDGFRb+ cells play a role in the

support of AGM HSPCs. To further understand the role of

PDGFRb in hematopoietic development, we performed an

overrepresentation analysis on genes significantly downregu-

lated in the Rb-niche KO AGM cluster (Figure 2E). Several

Gene Ontology (GO) biological processes were significantly

overrepresented in these genes and downregulated in the KO

perivascular niche, including regulation of stem cell differentia-

tion, osteoblast differentiation, transforming growth factor b

(TGF-b) receptor signaling, andmesenchymal cell differentiation.

We found that Bmp4, a known regulator of hematopoiesis in the

AGM (Bhatia et al., 1999; Chadwick et al., 2003; Crisan et al.,

2015, 2016; Durand et al., 2007; McReynolds et al., 2007; Wilkin-

son et al., 2009) and a downstream target gene of PDGFRb

signaling (Nagel et al., 2019), was the top significantly downregu-
(G and H) Percentage of CD45+ cells 7 days post-co-culture (G) and CFU-C numb

bars: SD; *p < 0.05.

(I) Images of MSCs co-cultured with WT E11 AGM-derived HPSCs and ECs; 100

(J) Percentage of CD45+ cells 7 days post-co-culture; error bars: SD.

(K) CFU-Cs obtained from co-cultures with E11 AGM MSCs; error bars: SD; *p <

(I–K) n = 3/3/3 MSC lines (see Table S5).

(L) Expression of osteogenic genes in WT/KO Rb-niche (see Table S4).

(M) Osteogenic assay.

(N) Example of alizarin red staining of PDGFRb WT, HET, and KO MSCs.

(O) Percentage of osteogenic MSC lines. WT: 6/6; HET: 6/7; and KO: 2/7. *p = 0

(P) Numbers of MSCs at day 0 of osteogenic assay (WT/HET/KO = 6/6/7); error
lated gene encoding a secreted molecule associated with

the mesenchymal cell differentiation GO term (Figure 2F;

Table S4). Other genes involved in the bone morphogenetic pro-

tein (BMP) and TGF-b signaling, including ligands, receptors,

and intracellular transducers but not BMP inhibitors, were

significantly downregulated in the KO Rb-niche (Figure S4B;

Table S4). Genes associated withWnt andNotch signaling path-

ways, which are essential for definitive hematopoiesis in the

AGM (Bertrand et al., 2010; Bigas and Espinosa, 2012; Burns

et al., 2005; Clements et al., 2011; Gering and Patient, 2010;

Goessling et al., 2009; Kumano et al., 2003; Ruiz-Herguido

et al., 2012), were also significantly downregulated in the KO

Rb-niche (Figures 2F, S4C, and S4D; Table S4).

Other genes implicated inmesenchymal cell differentiationGO

term and reported to regulate embryonic hematopoiesis

included Hif1a, Ednra, Aldh1a2, and Kitl (Azzoni et al., 2018;

Chanda et al., 2013; Crosse et al., 2020; Imanirad et al., 2012;

Lim et al., 2017). Interestingly, genes associated with adult he-

matopoiesis such as Col1a2, Cited-2, Cxcl12, Nes, and Mcam

(Figures 2F and S4A), as well as Kitl and Jag1 (Corselli et al.,

2013; Ding et al., 2012; Greenbaum et al., 2013; Isern et al.,

2013; Kranc et al., 2009; Kunisaki et al., 2013; Mendez-Ferrer

et al., 2010; Omatsu et al., 2010; Sacchetti et al., 2007), were

also significantly downregulated in the KO Rb-niche, suggesting

that PDGFRb+ cells potentially support adult-type HSPCs.

To predict ligand-receptor interactions between ECs or IAHCs

and niche cells, we applied NicheNet to ourWT scRNA-seq data,

focusing on mesenchymal differentiation GO term genesets in

PCs/VSMC (DP) cells. NicheNet analysis first provided us with

a list of ligands expressed in DP cells ranked by predicted ligand

activity, where Bmp4 scored the highest (Table S4). Moreover,

the highest scoring predicted interaction we found was between

Bmp4, expressed by DP cells, and Bmpr2 found in both EC (Fig-

ure 2G) and IAHC (Figure 2H) clusters, followed by Tgfb1:Tgfbr1/

2 (Figures 2G and 2H). Lrp6 in EC or HSPC also has a relatively

strong predicted interaction potential with Dkk2 and/or Wnt5a

in DP cells. These data suggest that Bmp4 is one of the main

secreted molecules mediating interactions between vascular

cells and the niche in the AGM.

PDGFRb+ cells are required in the AGM niche to sustain
hematopoiesis
Since PDGFRb deletion seems to affect mesenchymal cell differ-

entiation (Figure 2E), and AGMmesenchymal stem/stromal cells

(MSCs) are known to support hematopoiesis (Oostendorp et al.,

2002a), we derived MSCs from E11 PDGFRbWT and KO AGMs

(Figure 3A). These MSC cultures did not contain HSPCs or ECs
ers obtained from co-cultures (H) (n = 5/6/5/4 MSC lines) (see Table S5); error

mm.

0.05, **p < 0.01.

.015, **p = 0.006, z test for proportions.

bars: SD.
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as they did not expressCD31 nor CD45 and did not formCFU-Cs

(data not shown). They also exhibited the expected MSC

morphology, although some differences were observed in the

KO (Figures 3B–3D).

To assess their hematopoietic support, we cultured MSCs

from each genotype as monolayers, irradiated and co-cultured

them with WT BM Lin�Sca1+Kit+ (LSKs) (Figure 3A). Large he-

matopoietic colonies were found after 7 days in co-cultures

with all three MSC genotypes (Figure 3E). Although we found a

similar percentage of CD45+ cells (Figures 3F and 3G),

PDGFRb-KO MSC co-cultures yielded a significantly lower total

number of CFU-Cs (Figure 3H; Table S5). Since we have previ-

ously shown that BMP4 controls at least a subset of HSPCs in

the E11 AGM (Crisan et al., 2015, 2016) andBmp4 is significantly

downregulated gene in the KO Rb-niche cluster, we performed

co-culture experiments in the presence of BMP4. The addition

of BMP4 to KO co-cultures increased the numbers of CFU-Cs

(Figure 3H; Table S5). To test whether AGM-derived HSPCs

were also affected in co-cultures with AGMKOMSCs, we sorted

CD31+ckit+ (IAHC containing HSPCs) and CD31+ckit�CD45�

(ECs) from E11 WT AGMs and co-cultured them with irradiated

WT and KO AGM-derived MSCs. Hematopoietic cells were de-

tected only in co-cultures containing CD31+ckit+ cells, and their

numbers were lower in co-cultures with KO MSCs (Figure 3I).

This was confirmed by flow cytometry, although the difference

was not significant (Figure 3J). The total number of CFU-Cs

derived from KO MSC co-cultures was also lower (Figure 3K),

with a significant decrease in immature CFU- granulocyte/eryth-

rocyte/macrophage/megakaryocyte (GEMM) and complete

absence of BFU-E colonies (Table S5). Interestingly, exogenous

BMP4 was able to not only rescue HPSCs, but also expanded

them (Figure 3K; Table S5). Altogether, these data demonstrate

that PDGFRb+ cells play a role in the AGMniche to sustain hema-

topoiesis, likely through the involvement of BMP4.

PDGFRb-KO AGMs have an altered osteogenic tran-
scriptome profile and differentiation potential
The regulation of osteoblast and MSC differentiation biological

processes were among the GO terms significantly overrepre-

sented among genes significantly downregulated in the

Rb-niche KO AGM cluster (Figure 2E). Since AGM MSCs are

known to be osteogenic (Durand et al., 2006; Mendes et al.,

2005), we examined the osteogenic potential of AGM-derived

PDGFRb KO MSCs. Genes characteristic of both osteoblasts

and osteocytes in mice (Paic et al., 2009) were significantly

downregulated in the KO Rb-niche (Figure 3L; Table S4) and

were mainly expressed by the WT Pdgfrb-expressing clusters

7 and 8. To test whether their osteogenic potential was affected,

multiple MSC lines were cultured in osteogenic or control media

and stained with alizarin red (Figure 3M). While all of the WT

MSCs and themajority of HETMSC lines testedwere osteogenic

(6/6 and 6/7, respectively), most KO MSC lines showed low/no

alizarin red staining (5/7) (Figures 3N and 3O). MSC numbers

on day 0 were similar between groups (Figure 3P).

We next questioned whether the defect in HSC support in cul-

turewith KOMSCswas due to the absence of the supportive peri-

vascular cells normally found in the AGM or to the absence of

PDGFRb on their surface. Since these cells remain a-SMA+ in
8 Cell Reports 40, 111114, July 19, 2022
the KO AGM in vivo, we investigated whether a-SMA expression

persists in KO-derived MSCs in culture. We confirmed that both

WT and KO AGM MSCs express a-SMA (Figure S3F). We have

previously shown that PCs/VSMCs are MSC precursors and

that both pericytes and MSCs express CD146 (Crisan et al.,

2008). In addition, a recent study showed that the layer of cells

adjacent to midgestation DA in the mouse is CD146+NG2+ and

marks VSMC precursors (Roostalu et al., 2018). We confirmed

that CD146 is expressed in WT (CD31�) AGM perivascular cells

and found that its expression persists in the KOAGM (Figure S3G)

and on cultured MSCs (Figure S3H), suggesting that some peri-

vascular cells that normally express PDGFRb in theWTDAare still

present in KO embryos, while missing the PDGFb receptor. These

data demonstrate that the loss of PDGFRb alters the osteogenic

potential of the AGM, and that PDGFRb signaling plays a role in

the AGM hematopoietic niche.

Vascular and hematopoietic gene profile changes in the
PDGFRb-KO AGM
We next investigated the effect of PDGFRb loss on

endothelial and hematopoietic cells. We confirmed the

identity of ECs (Pecam+Kit�Ptprc�Runx1�), HEC/EHT (Pecam1+-

Kit�Ptprc�Runx1+), and IAHC (Pecam1+Kit+) cells in the WT

AGM clusters (Figure 4A). The presence of Cdh5, Kdr, CD34,

Sox17, and other genes further validate their cell identity (Fig-

ure 5A). Our datasets also confirmed that IAHC cells are heteroge-

neous, with a subset expressing Ptprc and/or Runx1, but also

Adgrg1 and Gata2. Itga2b (CD41), a gene upregulated in

HEC/EHT and nascent HSCs (Boisset et al., 2010; Eilken et al.,

2009; Fadlullah et al., 2022; Kissa and Herbomel, 2010; Mikkola

et al., 2003; Zhu et al., 2020), was detected in a subset of cells

within the IAHC population, as expected (Figure 4A). While Itga2b

was absent in ECs, the HEC/EHT cell cluster was composed of

both Itga2b+ and Itga2blow/� cells (Figure 4A), indicating that

some of these cells have started transitioning toward the hemato-

poietic program. Interestingly, Pecam1 was significantly downre-

gulated in both KO IAHCs and ECs (Figures 4B and 4C), in line

withour imagingobservations (FiguresS3CandS3D).Other signif-

icantly downregulated genes in IAHCswereKit,Sox17,CD93, and

Cdh5 (Figure4B).Moreover,Lmo2, a transcription factorcritical for

normal hematopoietic and endothelial development (Landry et al.,

2005), was significantly downregulated in both IAHCs and ECs

(Figures4Band4C).Sincegenes involved inBMP,Wnt, andNotch

signaling were downregulated in the KO Rb-niche (Figures S4B–

S4D), we examined related signals and receptors in EC, HEC/

EHT, and IAHC clusters. Bmpr2 was present in IAHC, EC, and

HEC/EHT clusters (Figure 4D), but significantly downregulated in

ECs (Figure 4F), suggesting that BMP signaling is altered. Other

signaling molecules such as Rbpj, Tgfb1, Smad4, Gsk3b, and

Ctnnb1 were significantly downregulated in IAHCs and Id3 and

Tgfb1 in ECs (Figures 4D–4F). No transcriptional changes were

found in the KO HEC/EHT, although this finding is inconclusive

due to the low number of cells captured.

To further understand the role of PDGFRb in hematopoiesis,

we performed an overrepresentation analysis on genes signifi-

cantly downregulated in IAHC and EC KO AGM populations

(Figures 4G and 4H). Several biological processes were signifi-

cantly overrepresented in these genes and downregulated in



Figure 4. Transcriptomic differences by scRNA-seq between WT and KO EC, HEC/EHT, and IAHCs

(A) Heatmap showing the expression of Pecam1, Kit, Ptprc, and Runx1 identifying these clusters.

(B and C) Scatterplots with genes from (A) that are downregulated in IAHC and ECs.

(D) Genes associated with BMP/TGFb, NOTCH, and WNT pathways in EC, HEC/EHT, and IAHCs.

(E and F) Genes from (D) that are downregulated in IAHC and ECs. Red dots: significantly downregulated genes.

(G and H) Selected biological processes significantly overrepresented in genes significantly downregulated in the KO IAHC (G) and in the KO ECs (H).
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KO IAHCs, including cellular response to interleukin-7 (IL-7) and

to hypoxia (Figure 4G). Genes associated with biological pro-

cesses including EC development, angiogenesis, cell migration,

and response to growth factors were significantly altered in the

EC cluster (Figure 4H); some processes were common to both

clusters, including regulation of apoptosis, metabolic process

and response to oxidative stress, cell cycle, and actin cytoskel-

eton organization (Figures 4G and 4H). Altogether, these data

show that both hematopoietic and vascular cell compartments

are transcriptomically affected in the AGM in the absence of

PDGFRb.
PDGFRb cells labeled in the early embryo contribute to
the AGM EC pool
Although we found a direct involvement of PDGFRb+ MSCs in

the HSPC niche, the decrease in HSPCs could also be due to

the loss of PDGFRb expression in HSPCs or in their precursors.

To investigate this, we lineage traced PDGFRb+ cells and their

progeny using PDGFRb-Cre and R26-mTmG mice. We

confirmed the presence of GFP in perivascular cells in E10 and

E11 AGMs (Figures 5A–5D). GFP is expressed by PCs/VSMCs

(NG2+) that are in close contact with ECs (NG2�) (Figures 5A

and 5B, arrowheads) as well as in PDGFRb-S (NG2�) cells
Cell Reports 40, 111114, July 19, 2022 9
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(Figures 5A and 5B, stars). Importantly, we found some

CD31+GFP+ cells (Figure 5C) and Runx1+GFP+ cells (Figure 6D,

arrowheads) suggesting that some ECs and some HSPCs derive

from PDGFRb+ precursors. Flow cytometry analyses of

PDGFRb-Cre; tdTomato AGMs confirmed these observations

(Figures 5E–5H and S5A–S5E). We used CD41 to distinguish be-

tween EC and HEC/EHT cells, and showed that on average,

26.80% and 57.60% of ECs (CD41�) express tdTomato at

E10 and at E11, respectively (Figures 5F and S5C), whereas

5.93% and 29.57% of HEC/EHT cells express tdTomato at

E10 and E11 (Figures 5G and S5C). We also found that

23.76% and 31.87% of CD31+ckit+ IAHC cells were Tomato+

at E10 and E11, respectively (Figures 5H and S5D). Moreover,

a subset of IAHC cells expressed CD41 and both CD41+ and

CD41� IAHCs express tdTomato (Figure S5D). We next exam-

ined the expression of tdTomato in MPs (CD45+CD31�) and
found that a majority express tdTomato in E11 AGM (Figure 5I),

while only a small fraction expresses it at E10 (Figures 5I and

S5E). These data suggest that a subset of ECs, HEC/EHT cells,

IAHC cells, and MPs either express PDGFRb or derive from

PDGFRb+ precursors.

Although we found no overlap between CD31 and PDGFRb by

immunohistochemistry (Figure 1A), we examined whether there

was an overlap between Pdgfrb, Pecam1, and Ptprc gene

expression in our WT scRNA-seq datasets. Pdgfrb was absent

in the EC cluster (Figure S5F) and rare cells were positive for

Pdgfrb in clusters 4 and 5. However, the expression of Pdgfrb

was low and the doublet score indicates that they are likely dou-

blets (Figure S5F). A fewDP and PDGFRb-S cells found to co-ex-

press Pecam1 and/or Ptprc at a low level also have a high

doublet score (Figure S5F). These data suggest that Pecam1

and Ptprc are not expressed in DP and PDGFRb-S populations

and Pdgfrb is not expressed in HEC/EHT and IAHC cells.

To test whether PDGFRb is expressed in HSPCs, we per-

formed CFU-C assays on E10 and E11 AGM PDGFRb+ (and

PDGFRb� cells) sorted cells (Figures S5G and S5H). Only the

PDGFRb� cell fraction formed colonies (Figure 5J; Table S6),

suggesting that AGM HSPCs do not express PDGFRb. To test

whether PDGFRb cells are precursors of HSPCs, we sorted

tdTomato+ and tdTomato� cells from PDGFRb-Cre; tdTomato

E10 and E11 AGMs (Figure S5I) and seeded in methylcellulose.

At E10, most colonies derived from tdTomato� cells (Figure 5K;

Table S6), whereas at E11, one-third of the colonies were tdTo-

mato+, demonstrating that a subset of HSPCs derive from

PDGFRb-Cre precursors. We confirmed that Cre recombinase

was expressed in the PDGFRb+CD31� sorted cells and was

low/negative in the CD31+PDGFRb� sorted cells (Figure 5L).
Figure 5. A subset of ECs, HEC/EHT, and IAHCs derived from PDGFRb

(A–D) Immunohistochemistry of E11 PDGFRb-Cre:mTmG AGM stained with NG2

(A and B) Arrowheads: DP cells; stars: GFP+ mesenchymal cells.

(C) Dashed lines: presumptive separation between DP, PDGFRb-S, and DN laye

(E–I) Flow cytometry analyses of E10 (n = 7) and E11 (n = 3) PDGFRb-Cre; tdTo

(CD45�cKit�CD31+CD41�), (G) HEC/EHT-enriched population (CD45�cKit�CD
(CD45+CD31�) live cells; error bars: SD; *p < 0.05, **p < 0.005, ***p < 0.005, ****p

(J) CFU-Cs on PDGFRb+/� cells sorted from E10 (n = 8) and E11 (n = 6) AGMs (se

(K) CFU-Cs on Tomato+/� cells sorted from PDGFRb-Cre; tdTomato E10 (n = 6)

(L) PCRon E11 unsorted cells fromPDGFRb-Cre; tdTomato and +; tdTomatoWT l

sion (324 bp). Unpaired t tests or Mann-Whitney tests were used for the statistic
Together, these data show that PDGFRb marks a subset of

HSPC precursors, but not functional HSPCs, suggesting that

there are at least two different origins to AGM-derived HSPCs.

To understand the difference between Tomato+ (T+) and

Tomato� (T-) IAHC/HSPCs, we compared them by flow cytome-

try. A recent study found that IAHCs contain 2 populations of

CD31+ cells (CD31hi and CD31lo) that are transcriptomically

and functionally distinct, with CD31hi being enriched in trans-

plantable HSCs (Vink et al., 2020). Here, we found that T-

IAHCs are mainly CD31lo and contain significantly more CD45+

cells than the CD31hi cell population, suggesting a more mature

phenotype (Figures S6A–S6E). The T+ IAHCs have similar

frequencies of CD31hi and CD31lo cells, and more CD31lo also

express CD45 (Figures S6A–S6E). Interestingly, T+ IAHC cells

are significantly enriched in CD31hi cells when compared to

T- IAHC cells (Figure S6D), whereas T- IAHC cells are signifi-

cantly enriched in CD31lo cells when compared to T+ IAHC cells

(Figure S6E).

Further analysis of our scRNA-seq dataset similarly suggests

that IAHC/HSPCs are divided in 2 subclusters: Pecam1 high

(CD31hi) and Pecam1 low (CD31lo) (Figure S6F). CD31hi cells

are enriched in genes including Kdr, Cdh5, Sox7, Sox17, and

Sox18; interestingly, they are also enriched in Bmpr2

(Figures S6F and S6G; Table S4). In contrast, CD31lo are en-

riched in genes, including Il7r, while genes such as Kit and

Hif1a show similar expression levels in both CD31hi and

CD31lo subclusters. We next performed differential expression

and subsequent enrichment analysis to compare CD31hi and

CD31lo subclusters, and found that CD31hi is significantly en-

riched in genes involved in GO biological processes that include

the regulation of the cell cycle, BMP/TGF-b pathways, NOTCH

and WNT signaling, and response to hypoxia (Figure S6H). In

contrast, the CD31lo subcluster is enriched in genes involved in

the regulation of ILs such as IL-1, -6, -7, -10, and -12, immune

response, glyceraldehyde-3-phosphate metabolic process,

and others (Figure S6I). Importantly, the frequency of CD31hi

IAHC decreases in the KO AGM, from 0.41% to 0.32%, whereas

theCD31lo IAHCproportion remains unchanged, suggesting that

at least some T+ IAHC/HSPCs are found within the CD31hi sub-

cluster. In addition, there are 2,179 genes that are downregu-

lated in the CD31hi subcluster between WT and KO and these

include Pecam1, Cdh5, Kit, Sox7, Sox17, Sox18, and Hif1a

(Table S4). Interestingly, Bmpr2was enriched in the CD31hi sub-

cluster (Table S4), but not significantly downregulated in the KO

(Table S4), suggesting that the impaired HSPC defect we found

in the KOAGM is due at least in part to low BMP4 released by the

niche cells, in line with our scRNA-seq datasets (Figure 2) and
+ precursors

(A and B) and CD31 (C) and at E10 with Runx1 (D).

rs; stars: hematopoietic CD31+GFP+ cells.

mato AGMs, percentage of Tomato+/� cells within (E) PDGFRb+ cells, (F) EC

31+CD41+), (H) IAHC/HSPC (CD31+cKit+), and (I) MP-enriched population

< 0.0005.

e Table S6). E11 AGM were ckit+; error bars: SD; ***p < 0.005, ****p < 0.0005.

and E11 (n = 4) AGMs (see Table S7); error bars: SD; ***p < 0.005.

ittermates heads and from sorted AGMcells to detect Cre recombinase expres-

s.
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functional assays (Figure 3). Together, these data suggest that

the two phenotypically distinct populations of IAHC/HSPCs

may also differ transcriptomically, although it remains unclear

whether they fully overlap at the protein and transcript levels.

To determine the onset of PDGFRb-Cre expression in the

AGM, we used PDGFRb-P2A-CreERT2 and R26-mTmG mice.

Pregnant dams were injected with a single dose of tamoxifen

at either E7.5, E8.5, or E9.5 and embryos were harvested

at E11.5 (Figure 6A). Numerous CD31+ cells lining the DA

expressed GFP after E7.5 and E8.5 injections (Figure 6B, arrow-

heads), and fewer expressed GFP after E9.5 injections. In addi-

tion, someGFP+ perivascular mesenchymal cells were observed

(Figures 6B and 6C, stars). We also observed Runx1+GFP+ cells

in some vascular, perivascular, and hematopoietic cells (Fig-

ure 6C, arrowheads), suggesting that IAHCs are heterogeneous.

To investigate whether erythroid cells in the lumen are GFP+ or

simply autofluorescent, we performed flow cytometric analyses

of E11 AGMs harvested from both PDGFRb-Cre; mTmG and

PDGFRb-Cre; tdTomato embryos using Ter119, an erythrocyte

differentiation marker. We found that on average, 3.4% and

4.7% of Ter119+ cells are GFP+ and tdTomato+, respectively

(Figures 6D and 6E), and most cells in sections also fluoresce

in the CD31 channel (Figure 6B), suggesting that the majority

of the cells in the lumen on sections are autofluorescent, as

has been found in another study (Yzaguirre et al., 2015). We

next looked at the PDGFRb-Cre contribution to YS erythroid cells

and found only 0.16% Ter119+Tomato+ cells in the E11 YS

(Figures 6F and 6G), suggesting either a limited contribution of

PDGFRb-derived erythroid cells from the YS or circulating

AGM-derived cells. These data are in line with a study showing

that PDGFRb-Cre does not label hematopoietic cells nor HECs

in the E9 and E10 YS (Ulvmar et al., 2016). Altogether, these find-

ings show that, in addition to relevant perivascular cells in the

AGM hematopoietic niche, PDGFRb-Cre labeling also identifies

ECs and possibly HECs in the AGM.

PDGFRb-derived HSPCs persist during hematopoietic
ontogeny
To test whether PDGFRb-derived HSPCs persist at later stages

of development and adulthood, we examined E14 FL and adult

BM for PDGFRb expression. Very rare PDGFRb+ cells were

found at E14, confirming a previous report (Kaminski et al.,

2001). Sorted PDGFRb+ cells from E14 FL and adult BM failed

to form CFU-Cs (Table S7), suggesting that HSPCs in those or-

gans do not express PDGFRb.

Interestingly, we found that a fraction of LSKs from

PDGFRb-Cre; tdTomato E14 FL and adult BM express tdTomato

(Figures 7A–7F). We next performed CFU assays and transplan-

tations on sorted tdTomato+ and tdTomato� cells from both or-

gans. CFU-Cs were detected in both fractions of the FL and BM

(Figures 7G, 7H, and S7A–S7D; Table S7). Primary and second-

ary transplantations confirmed the presence of HSCs in both
Figure 6. PDGFRb+ cells from E7.5–E9.5 mouse embryo contribute to

(A) PDGFRb-Cre-derived cell tracing.

(B and C) Immunohistochemistry on PDGFRb-P2A-CreERT2; mTmG E11 AGMs

(D–G) Flow cytometry plots (D and F) and quantification (E and G) of GFP or Tomat

(F and G); error bars: SD; ****p < 0.0001, unpaired t test.
fractions (Figures 7I, S7E, and S7F). These data demonstrate

that both developing and adult hematopoietic cells derive in

part from PDGFRb+ embryonic precursors.

DISCUSSION

The primary objective of this study was to identify and charac-

terize the perivascular cells that constitute the HSPC microenvi-

ronment in the mouse AGM and to reveal the specific cells that

play a supportive role during HSPC generation. Our results re-

vealed two populations of cells surrounding the DA that express

PDGFRb, are enriched in HSC-supportive genes, and have

osteogenic potential. This led us to hypothesize that PDGFRb+

perivascular cells surrounding the DA play a role in HSPC devel-

opment in the AGM. Indeed, in the absence of PDGFRb, AGM

HSPC activity was significantly reduced, suggesting a key role

for PDGFRb+ cells in the regulation of HSPC specification. We

discovered that PDGFRb has a dual role. First, PDGFRb+ AGM

niche cells support definitive HSPCs, and the loss of PDGFRb

greatly reduces HSPC activity. Second, PDGFRb+ precursor

cells (transiently expressing PDGFRb) in the early embryo give

rise to a subset of ECs and HSPCs in the AGM that persist into

adulthood.

Developmental expression ofPdgfrb and lineage tracing
of HSPCs
Using lineage tracing, we found that that a subset of AGM

HSPCs and their endothelial precursors derive from a popula-

tion of PDGFRb+ cells in early development. A similar result

was published (Zovein et al., 2008), where it was found that

the constitutive SM22-Cre marked ECs and hematopoietic

cells, but the tamoxifen-inducible iSM22-Cre (injected at

E9.5) excluded them. These data suggest that a population

of early mesoderm precursor cells can later develop into

endothelial, hemogenic endothelial, and hematopoietic cells.

In addition, a study in the chick embryo showed that both

aortic ECs and mesenchyme have a splanchnopleuric origin

(Richard et al., 2013). In a recently published single-cell atlas

of mouse embryonic development, we explored the expres-

sion of Pdgfrb in the mouse embryo between E6.5 and E8.5

(Pijuan-Sala et al., 2019) and found that, in addition to the

mesoderm and mesenchymal cells, Pdgfrb is also expressed

in a subset of hemato-ECs. PDGFRb was previously shown

to promote early EC differentiation in mice (Rolny et al.,

2006). This group described a population of hemangio-precur-

sors that co-expressed PDGFRb, vascular endothelial growth

factor receptor 2 (VEGFR2), and CD41 in differentiating em-

bryonic bodies that give rise to both ECs and hematopoietic

cells in culture (Rolny et al., 2006). In line with these studies,

besides labeling the subaortic mesenchyme in the AGM, we

found that PDGFRb+ cells from E7.5 to E9.5 of development

are also able to give rise to hemogenic cells/ECs. However,
peri/vascular/hematopoietic lineages present in the E11.5 AGM

showing CD31 and GFP (B) and Runx1 and GFP (C).

o expression within Ter119+ cells from E11 AGM (D and E) (n = 5) and YS (n = 9)
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Figure 7. A subset of E14 FL and adult BM LSKs derived from PDGFRb+ precursors

(A–H) Analysis of Tomato+/� LSKs from PDGFRb-Cre; tdTomato and PDGFRb+/+; tdTomato E14 FL littermates (A and B) and adult BM (D and E). Percentage of

Tomato+/�within LSKs per E14 FL (n = 5) (C) and adult BM (n = 4) (F). CFU-Cs from sorted Tomato+/� cells E14 FL (n = 5) (G) and adult BM (n = 4) (H); error bars: SD;

**p < 0.01, ****p < 0.0001 (see Table S7).

(I) Transplantation of Tomato+/� cells sorted from E14FL and adult BM into primary (1�) and secondary (2�) recipients.
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the AGM subaortic mesenchyme, expressing PDGFRb, does

not form hematopoietic colonies in vitro, further supporting

the study by Zovein et al. (2008).

Interestingly, one study showed that HSPC activity in the

PDGFRb-KO E14 FL is similar to that in the WT, both in vitro

and in vivo (Kaminski et al., 2001). Our study demonstrates

that only a subset of E14 FL HSPCs derives from PDGFRb+

cell precursors, suggesting that the remaining HSPCs are suffi-

cient to compensate for the absence of PDGFRb-derived

HSPCs in the KO mice and support the finding that HSPCs are

heterogeneous (Crisan and Dzierzak, 2016).

Other niche molecules regulating hematopoietic
development
We found that some developing/embryonic and adult HSPCs

are controlled by BMP4 in co-culture experiments. We also

confirmed that a subset of AGM EC and IAHC cells express

BMP receptors, as previously shown (Crisan et al., 2015,
14 Cell Reports 40, 111114, July 19, 2022
2016), and therefore can respond to BMP ligands. Interest-

ingly, we found that Bmp4 was downregulated in the KO

Rb-niche, and so was one of its receptors (Bmpr2) in the KO

EC cluster. This impaired HSPC activity/number could

be attributed, at least in part, to impaired HEC specification.

We found fewer HEC/EHT cells, IAHCs, and CFU-Cs in

the PDGFRb-KO AGM which correlates with the absence

of PDGFRb-derived cell precursors. The remaining (non-

PDGFRb-derived) HEC/EHT cells were able to give rise to

functional HSPCs and larger IAHCs. In line with our data, large

IAHCs and fewer IAHCs and transplantable HSCs were also

reported in Svep1�/� E10.5 AGMs (Yvernogeau et al., 2020).

We found no changes in Svep1 in the Rb-niche (not shown),

likely due to the heterogeneity of the cells captured. Large

IAHCs were also observed upon Dll4 blockage in the DA

(Porcheri et al., 2020). While Dll4 expression did not change

in the PDGFRb-KO scRNA-seq, we found a downregulation

of Notch signaling in the Rb-niche, suggesting that PDGFRb+
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cells in the AGM hematopoietic niche may control the IAHC

size by regulating Notch signaling.

Pericyte precursors and the osteogenic and
hematopoietic niche
We have previously identified pericytes as precursors of func-

tional MSCs. They are able to differentiate into bone (Crisan

et al., 2008) and PDGF-B/PDGFRb signaling in cooperation

with BMPs and other known pro-osteogenic growth factors,

control the pericyte-MSC-osteoblast differentiation axis

(Caplan and Correa, 2011). Our findings showing that genes

associated with MSC differentiation and osteogenic develop-

ment were significantly downregulated in the KO Rb-niche,

together with a lack of calcium deposition in vitro, are strongly

supportive. Our data also show that genes enriched in multipo-

tent stromal cells (e.g., Nrp1, Yap1, CD248) compared to those

less potent (Rosu-Myles et al., 2012), were significantly

downregulated in the KO Rb-niche. However, the perivascu-

lar-MSC-hematopoietic support axis in vivo in which PDGFRb

is a central network controller has not been described so far

in the mouse. Our study shows that PDGFRb+ cells represent

the major source of BMP, NOTCH, WNT, and KIT ligands and

other molecules previously identified as regulators of hemato-

poietic development in the AGM niche. While these molecules

are mainly enriched in DP (PC/VSMC) cells, many are found

in both DP and PDGFRb-S in our scRNA-seq datasets,

including Bmp4. As we were unable to culture DP cells, we

are unable to conclude which population has a better capacity

to support hematopoiesis. Moreover, the perivascular niche in

the AGM is heterogeneous and complex, making it unlikely

that the hematopoietic defects we found in the KO were

exclusively due to the loss of MSC potential or BMP signals.

Other populations had altered transcriptomes, including MP,

Ery/EryP, SNS, and SkMP, some of which were previously

implicated in the AGM niche (Fitch et al., 2012; Mariani et al.,

2019). In zebrafish, 48% of pdgfrb morphants show a neural

crest migration defect (Damm and Clements, 2017), but we

found no differences in neural crest migration, as neural

crest-derived TH+ cells were present in the KO DA (not shown).

In conclusion, the identification of a developmental link be-

tween PDGFRb+ cells and embryonic and adult HSPCs provides

a basis for HSPC heterogeneity. Furthermore, the requirement of

PDGFRb expression in AGM perivascular cells provides addi-

tional cues for the controlled production and maintenance of

HSPCs in vitro. Futureprojects aim todissect the cooperationbe-

tween perivascular cells and other cells of the niche. Importantly,

investigating the molecular and functional differences between

PDGFRb-derived and non-PDGFRb-derived HSPCs, will add

valuable insight to their roles in homeostasis, aging, and disease.

Limitations of the study
Performing scRNA-seq of the full AGM allowed us to capture

many populations of cells, but rare populations are poorly

represented. We were also unable to find a gene fully

overlapping PDGFRb+ cells in the KO, and therefore we analyzed

the Rb-niche, which contains all of the relevant cells, but also

some DN cells. Lastly, because the recombination efficiency is

not 100%, some of the results may be underestimated.
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release/bioc/html/DropletUtils.html

scater (v 1.14.6) (McCarthy et al., 2017) https://bioconductor.org/packages/

release/bioc/html/scater.html

batchelor (v 1.2.4) (Haghverdi et al., 2018) https://bioconductor.org/packages/

release/bioc/html/batchelor.html

scran (v 1.22) (Lun et al., 2016) https://bioconductor.org/packages/

release/bioc/html/scran.html

nichenetr (v 1.1.0) (Browaeys et al., 2020) https://github.com/saeyslab/nichenetr

pheatmap (v 1.0.12) CRAN https://cran.r-project.org/web/packages/

pheatmap/

PANTHER (Mi et al., 2013) http://www.pantherdb.org

AmiGO (v 2.5.13) (Carbon et al., 2009) http://amigo.geneontology.org/amigo
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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, Mihaela

Crisan (Mihaela.crisan@ed.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The single-cell RNA-seq and the bulk RNA-seq data from this study have been deposited in GEO database (https://www.ncbi.

nlm.nih.gov/geo/) and are publicly available as of the date of publication. Accession numbers are listed in the key resources

table. Microscopy data reported in this paper will be shared by the lead contact upon request.

d No original code had been generated for this paper.

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

Animals and embryo generation
Mice were bred and housed at animal facilities at the the University of Edinburgh, UK and at the University of Illinois at Chicago, USA,

in compliance with the local regulations. PDGFRb KO mice (Soriano, 1994) and PDGFRb-Cre (Tg(Pdgfrb-cre)1Rha) mice (Foo et al.,

2006) were maintained as heterozygotes on a C57BL/6J background. Rosa26-TdTomatomice (Gt(ROSA)26Sortm14(CAG-tdTomato)Hze)

(Madisen et al., 2010), Rosa26-mTmGmice (Gt(ROSA)26Sortm4(ACTB-tdTomato,�EGFP)Luo/J) (Muzumdar et al., 2007), Runx1-IRES-GFP

mice (Lorsbach et al., 2004) kindly provided by James Downing (St Jude Children’s Hospital, Memphis, USA) and PDGFRb-P2A-

CreER (Cuervo et al., 2017) were maintained as homozygotes on a C57BL/6J background. All experiments were performed

under a Project Licence granted by the Home Office (UK), approved by the University of Edinburgh Ethical Review Committee

(70–8568/24-04-2017 and PP8962771/23-10-2020) or the Animal Care Committee (ACC) at the University of Illinois at Chicago

and conducted in accordance to local guidelines. Adult C57BL/6JWTmice (Ly5.2) and Ly5.1 homozygous and heterozygous (inbred)

mice were provided by our animal facilities. All animals used weremales and females mixed, from 2 to 4months old. For experiments

involving a time course activation of Cre-recombinase, 1mg of tamoxifen (Sigma) dissolved in corn oil (Sigma), was administered to

the pregnant females in a single dose at E7.5, E8.5 or E9.5 while the analysis of the dorsal aorta was performed at E11.5. The day of

vaginal plug detection was designated as embryonic day (E) 0.5. Tissues were harvested in a buffer solution (Dulbecco’s PBS, Sigma,

D8537) enriched with 10% fetal calf serum (FCS, Life Tech, 10270106) and 1% penicillin/streptomycin (PS, Invitrogen, 15140-122),

referred to as PBS/FCS/PS herein, and then kept on ice.
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METHOD DETAILS

In vitro colony forming unit-culture assays (CFU-C)
Hematopoietic organs (except the FL and adult BM) were dissected and dissociated into single cells in PBS supplemented with 10%

FCS and 1%PS (PBS/FCS/PS) and collagenase type I (Sigma, C0130, 0.125% v/v). FL cells were dissociated by pipetting, and BM

cells were flushed from both femurs and tibias. BM erythrocytes were lysed with an ammonium chloride solution (Stem Cell Tech-

nologies 07850) for 12 min at room temperature (RT). Cells were plated at different densities in methylcellulose (Methocult GF

M3434, Stem Cell Technologies Inc.) supplemented with 1%PS, in 35mm petri dishes (Falcon 1008), and incubated at 37�C (5%

CO2) for 10–12 days. Hematopoietic colonies were counted and distinguished by morphology under an inverted microscope. For

co-culture experiments, cells were trypsinized, counted, and analyzed by flow cytometry at day 7. Cells from each well were then

plated in methylcellulose medium for 10 to 12 days at 37�C. CFU-C types are defined as: blast forming unit erythroid progenitors

(BFU-E), colony forming unit-granulocyte progenitors (CFU-G), macrophage progenitors (CFU-M), granulocyte and macrophage

progenitors (CFU-GM), and the most immature granulocyte, erythrocyte, monocyte and megakaryocyte progenitors (CFU-

GEMM). Colony numbers obtained were calculated per organ (for all tissues) and in addition, as frequencies per 105 and 104 cells

(for E14 FL and adult BM respectively), or per 5 3 104 CD45+ cells (for co-culture) and data was analyzed in GraphPad Prism.

In vivo transplantation assays
Single cell suspensions were injected intravenously into Ly5.1 heterozygous mice (CD45.1+ CD45.2+) irradiated with a 9Gy (for E14 FL

and adult BM) and 9.6Gy (for E11 AGM) split dose. A number of 23 104 BM cells (for E11 AGM) or 23 105 spleen cells (for E14 FL and

adult BM) from Ly5.1 homozygous mice (CD45.1+CD45.2-) were co-injected. For E14 FL and adult BM transplantations, total BM cells

from both femurs and tibias of a positively reconstituted primary recipient with relatively high percentage of donor chimerism were

injected into 2 irradiated Ly5.1 heterozygous secondary recipients. Peripheral bloodwas analyzed by flowcytometry at 1 and 4months

post-transplantation. Mice with R5% CD45.1�CD45.2+ donor cell chimerism were considered positively reconstituted.

Three-dimensional wholemount immunostaining
Wholemount immunostainings were performed as previously described (Yokomizo et al., 2012). Briefly, embryos were stained with

unconjugated cKit (1:500; BD Bioscience; 553352) or unconjugated NG2 (1:500; Millipore; ab5320) together with biotinylated CD31

(1:500 BDPharmingen; 553371). The secondary antibody Alexa 647 (1:2500; Invitrogen; A21245) was used to detect cKit or NG2, and

streptavidin Cy3 (1:5000; Sigma; S6402) to detect CD31. Embryos were imaged using a Leica SP8 confocal microscope. To count

IAHCs, confocal images were analyzed with FIJI/ImageJ using a script. Briefly, a maximum intensity projection of a confocal stack

containing the DA was produced and the aorta was manually selected. Intra-aortic ckit+ hematopoietic cell clusters were automat-

ically segmented within this area, counted and their areas measured.

Immunohistochemistry
Embryos were dissected, and a piece of tissue taken for genotyping. Embryos with their respective placenta and yolk sac were next

fixed in 2% paraformaldehyde (PFA) for 20–30min on ice, and washed three times for 10 min with PBS. They were then embeded in

20% sucrose/PBS and incubated overnight (O/N) at 4�C. The following day, embryos were embedded in optimum cutting medium

(OCT) and frozen in 100%ethanol cold vapors in dry ice. Sections 7–10mm thick were cut using a cryostat. Slides were post-fixedwith

100% cold methanol or 1:1 volume of cold methanol-acetone for 5–7 min at RT, air-dried for another 5min then washed three times

5 min with PBS. Sections to be stained with biotinylated antibodies were blocked with a biotin/avidin blocking kit (ThermoFisher

Scientific; 004303). Sections were incubated with an avidin solution for 15min at RT, washed with PBS for 5 min, incubated with a

biotin solution for 15 at RT, and washed three times 5min with PBS. All sections were next blocked with a ready-to-use protein block-

ing solution (Spring Bioscience; DPB-125) or 5% goat serum (Sigma) in PBS in a humidified container for 30 min or 1 h at RT. Imme-

diately after blocking, sections were incubated overnight at 4�C with the directly conjugated primary antibody CD146-AF488 (Rat

anti-mouse, Biolegend, 1:100) or with the unconjugated ones: NG2 (Rabbit polyclonal; Millipore; ab5320; 1:100), NG2 (Rat anti-

mouse; R&D Systems; MAB6689; 1:100), PDGFRb (Rabbit anti-mouse; Cell Signaling; 3169S; 1:250), or Runx1,2,3 (Rabbit anti-

mouse; Abcam; AB92336; 1:100). The next day, slides were washed three times with PBS and, when required, a secondary antibody

was added for 1h at RT in a dark, humidified chamber on sections treated with unconjugated antibodies. The secondary antibodies

used were AF594 (Goat anti-rat; Invitrogen; A-11007; 1:500), AF594 (Goat anti-rabbit; Life Technologies; A11012; 1:500), AF647

(Goat anti Rabbit, Invitrogen, A21245, 1:300), AF488 (Goat anti-rabbit; Invitrogen; A11008; 1:500). For NG2 and PDGFRb double-

staining, antibodies were incubated separately in two consecutive overnights at 4�C. For Runx1,2,3 antibody staining, 0.5% Triton

X-100 (Acros) was added to all solutions. Following secondary antibody staining, slides were washed with PBS, and biotinylated

CD31 (BD Pharmingen; 553371; 1:50) and/or directly conjugated aSMA-Cy3 (Sigma, C6198, 1:100) were added for 2h at RT. After

washing, sections stained with CD31 were additionally incubated with streptavidin-Cy3 (Sigma; S6402-1mL; 1:250) or streptavidin

AF647 (Life Technologies; S21374; 1:500) for 30 min RT and washed with PBS. All sections were stained with DAPI (1:500; Thermo-

fisher Scientific, D1306) for 15 min at RT, washed, andmounted using Fluoromount-G (Southern Biotech, 0100-01). Stained sections

were imaged using an inverted widefield fluorescence microscope (Zeiss Observer) or a Leica SP8 confocal microscope, decon-

volved using Huygens Professional (version 19.04) deconvolution wizard, and tiled images (takenwith a 63x oil objective) were further
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stitched either in simultaneouswith Huygens deconvolution, or with FIJI/ImageJ after deconvolution. Pictureswere analyzedwith Fiji/

ImageJ software. Maximum intensity projections were made from 1 to 10 z-stacks using FIJI/ImageJ.

Flow cytometry
Single cell suspensions were stained with various combinations of antibodies containing NG2 AF488 (1:100; Millipore; ab5320a4),

PDGFRb APC (1:250; eBioscience; 17-1402-82), PDGFRb PE (1:250; eBioscience; 136006), CD31 PECy7 (1:4000; eBioscience;

25-0311-82), CD45 PerCpCy5.5 (1:400; BD Pharmingen; 550994), cKit APC-eFluor780 (1:800; eBioscience; 47-1171-82), cKit

BV421 (1:500; BD Horizon; 562609), and CD41 eFluor450 (1:100; eBioscience; 48-0411-82). For LSK analysis, BM cells were har-

vested and red blood cells lysed as described above. BM cells were initially stained with a cocktail of antibodies containing hemato-

poietic lineage biotinylated antibodies (Lin), cKit APC (BioLegend; 105812; 1:200) and Sca-1 APC-Cy7 (BioLegend; 122514; 1:200)

diluted in BM FACS buffer (PBS/2%FCS/1%PS/2mM EDTA) and incubated for 30min at 4�C. Lin antibodies used are all from BD

Biosciences: CD4 (553648; 1:1600), CD8 (553018; 1:800), CD8a (553028; 1:800), CD11b/Mac-1 (553309; 1:200), CD45R/B220

(553086; 1:200), Gr-1/Ly-6G/C (553125; 1:100), Ter119 (553672; 1:50). Cells were next washed and incubated for 30 min at 4�C
with Streptavidin PerCp (BioLegend; 405213; 1:200). For peripheral blood analyses, red cells were lysed as described above, and

cells were stained for 30min at 4�C with CD45.1-FITC (1:1000; BioLegend; 110706) and CD45.2-Pacific Blue (1:1000; BioLegend;

109802), CD4 PE (1:5000; Biolegend; 130310), CD8a PE (1:500; Biolegend; 100708), CD11b APC (1:1000; Biolegend; 101212),

CD19 APC-Cy7 (1:1000; Biolegend; 115530) and Gr1 PE-Cy7 (1:2000; Biolegend; 108416). Phenotypic characterization of MSCs

was performed by flow cytometry at passage 3 (P3) and P6 of culture. MSCs were trypsinized with 0.25% Trypsin + EDTA (Life

Tech; 25200-072), washed with PBS/FCS/PS and counted. Cells were incubated for 30 min and 4�C in the dark with an antibody

cocktail containing PDGFRb PE (1:100; eBioscience; 136006), CD31 PE-Cy7 (1:4000; eBioscience, 25-0311-82), CD146 V450

(1:200, BD Pharmingen, 562232) and CD45 (PerCp-Cy5.5; 1:400; BD Pharmingen; 550994). Cells were then washed and resus-

pended in 300mL of the PBS/FCS/PS. Unstained samples and full minus one (FMO) tubes were used as negative controls. Sytox

AAD (1:1000, Thermofisher, S10349) was used as a dead/live-cell dye. For co-culture experiments, cells were trypsinized and

counted, before a fraction of 100mL from each sample was analyzed for the presence of CD45+ cells (CD45 antibody, PerCp-

Cy5.5; 1:400; BD Pharmingen; 550994) by flow cytometry. Erythroid cells were stained with antibody against Ter119 (APC, 1:200,

BioLegend, 116212). All analyses were performed on a BD LSR Fortessa 4 laser (BD Biosciences) and the software BD

FACSDivaTM and FlowJo.

Fluorescence-activated cell sorting (FACS)
Single cell suspensions of E10 and E11 C57BL/6J mouse AGMs were sorted based on PDGFRb+/� expression while PDGFRb-Cre;

R26TdTomato AGM, based on tdTomato+/� expression. As all functional E11 HSPCs have been reported cKit+ (Crisan et al., 2016),

E11 cells were also stained with cKit for further enrichment. Sorted cells were seeded in methylcellulose or injected into irradiated

recipientmice as described above. For co-culture experiments, BMcells fromC57BL/6J adult micewere harvested fromboth femurs

and tibias, and processed and stained as described above for analysis. For co-culture with embryonic cells, nine E11 AGMharvested

from C57BL/6J mouse embryos were pooled and endothelial cells and hematopoietic progenitors were sorted based on

CD31+CD45�ckit- and CD31+ckit+, respectively. For bulk RNA sequencing, CD31�CD45�ckit- DP (NG2+PDGFRb+), PDGFRb-S

(NG2�PDGFRb+) and DN (NG2�PDGFRb-) sorted cells were directly collected into lysis buffer (see scRNA-seq method for details).

For Cre genotyping, seven E11 C57BL/6J mouse AGMs were pooled and sorted for CD31+PDGFRb� and CD31�PDGFRb+. DAPI

(1:1000, Thermofisher Scientific, D1306) or Hoechst 33,258 (1:10,000, Molecular Probes) was used as a live/dead cell dye. All anti-

bodies listed here are detailed in the flow cytometry protocol, above. Cell sorting was done using BD FACS ARIA III SORP 4 laser or

FACS Aria Fusion cell sorter (BD Biosciences) and the software BD FACSDivaTM (v. 8 and v. 8.0.1, BD Biosciences).

Mesenchymal stem/stromal cell (MSC) line derivation and culture
Single AGMswere dissected and incubatedwith collagenase type I (1:20, Sigma, C0130) in awater bath at 37�C for 45min. A piece of

tissue (YS or head) from each embryo was used for genotyping. Following digestion, AGMs were mechanically dissociated and

washed with PBS/FCS/PS then centrifuged for 10 min, at 2000 rpm and 4�C. Cells obtained from one AGM were seeded in one

well in a 6-well plate pre-coated with 0.1% gelatin (Sigma; G1890) (= passage 0). Each well was filled with 3 mL of MSC media, con-

sisting of 50% MyeloCult (Stem Cell Technology M5300; 05350), 15% FCS, 35% aMEM (Gibco; 22571-020), 1% PS, 1% Glutamax

(100x; Gibco; 35050-038) and 0,02% b-mercaptoethanol (Gibco; 31350-010), previously described (Oostendorp et al., 2002a, 2002).

The medium was changed weekly. When cells reached >90% confluence (approximately 1 week), they were passaged from 6-well

plates to T75 flasks pre-coatedwith 0.1%gelatin (= passage 1) and approximately 1week later, expanded to 3 T75 flasks (R passage

2) which were maintained for more passages in the incubator at 37�C and 5% CO2 at a ratio of 1:3 before being frozen. Around one

million cells were split per cryovial with 90% cold FCS and 10% dimethyl sulphoxide (DMSO, VWR Chemicals; 23500.260) in liquid

nitrogen for further analysis.

Immunocytochemistry
A number of 40,000 cells were seeded in a 24-well plate pre-coated with 0.1% gelatin and 500mL of MSC media and kept at 37�C in

the incubator for 24 h. When cells were confluent, the media was carefully removed and cells were washed with PBS and fixed with
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4% paraformaldehyde (PFA, VWR International, J61899) for 10 min at 4�C than washed twice for 10 min with PBS. Wells were next

incubated with Triton 0.5% (Triton X-100, Fischer Scientific, 10591461) in PBS for 10 min and washed twice for 10 min with PBS. All

samples were incubated with a ready-to-use protein blocking solution (Spring Bioscience, DPB-125) for 15 min at RT. Followed by a

washing step with PBS and a second blocking with 10% goat serum for 1h at RT. aSMA-FITC anti-mouse antibody (Sigma, F3777,

1:100) was incubated for 2h at RT in the dark. Negative controls were incubated with blocking serum. Wells were then washed three

timeswith PBS for 10min each and stainedwith DAPI (1:500, Thermofisher Scientific, D1306) for 15min at RT in the dark. Finally, cells

were washed with PBS and imaged using an inverted widefield fluorescence microscope (Axio Observer, Zeiss). Pictures were ac-

quired and analyzed with Zen and Fiji/ImageJ software.

Co-culture experiments
A number of 1.53 105 or 7.53 104 P4-P6MSCs from each genotype were seeded per well in 6-well or 12-well plates pre-coated with

0.1% gelatin in MSC media and kept in the incubator at 37�C, 5% CO2. At 90% confluence (day 4), MSCs were irradiated at 30 Gy

using a Caesium-137 Gammacell 40 Exactor irradiator and the medium was refreshed. The same day, 3000 and 500 sorted WT BM-

derived LSK cells were added to each well in 6-well and 12-well plates, respectively. IrradiatedMSCs alone were used as control. For

co-culture with WT AGM ECs or HSPCs, 7.5 3 104 P6-P11 MSCs from each genotype were seeded per well in 12-well plates pre-

coated with 0.1% gelatin in MSCmedia and kept in the incubator at 37�C, 5%CO2. At 90% confluence (day 4), MSCswere irradiated

as described above. The same day, 1 embryo equivalent of HSPCs or 500 ECs sorted from a pool of WT AGMs were added to each

well. For rescue experiments, BMP4 (RD; 5020-BP/CF) was added to KO AGMMSC co-cultures at 20ng/mL. At day 7, all wells were

imaged using Evos Digital InvertedMicroscope (AMG) for the co-culture with the BM, and Nikon TSR2microscope for co-culture with

AGM ECs/HPSCs, then cells were trypsinized and counted. A fraction of 100mL from each sample was analyzed for the presence of

CD45+ cells by flow cytometry (described above). The remaining cells were used for CFU-C assays as described.

Osteogenesis assay
Two media were used for the osteogenesis assay: osteogenic and control media. The osteogenic medium consisted of 0, 1% of

Dexamethasone (1mM, Sigma, D4902), 1%of L-ascorbic acid-2-phosphate (L-AA, 5mM, Sigma, A8960), 1%of b-Glycerophosphate

disodium pentahydrate (b-GP, 1M, Calbiochem; 35675), 10%of FCS, 1%of PS and 87%of DMEMwith glutamax (Gibco, 61965026).

The control medium contained 89% of DMEM with glutamax (Gibco, 61965026), 10% of FCS, and 1% PS. For osteogenic differen-

tiation, 4 3 104 MSCs from each genotype were seeded per well in a 24-well plate. After 24h of culture, the MSC medium was re-

placed with 500mL of either osteogenic or control media (= day 0 of differentiation). The samples were incubated at 37�C and 5%

CO2 for 21 days. The media were refreshed three times per week. To visualise calcium deposition, we prepared an alizarin red so-

lution with 2g of alizarin red S (Sigma, A5533-25G) diluted in 100 mL of Milli-Q water. The solution was next filtered and the pH

adjusted to 4.1–4.3 and then stored in the dark. The control and osteogenic media were discarded from each well and washed

with Milli-Q water. The samples were fixed with 4% PFA for 10 min and washed again. A volume of 500mL of the alizarin red solution

was added for 15 min, followed by two washes with Milli-Q water. Lastly, full wells were imaged with a brightfield microscope (Axio

Observer, Zeiss) and pictures acquired and analyzed with Zen and Fiji/ImageJ software.

Bulk RNA sequencing and analysis
Cells were sorted and collected directly into 20mL of lysis buffer containing Nuclease-free water (Ambion AM9930), 0.2% Triton

and 1/20 RNAse inhibitor. We generated full-length cDNA from 3.4 mL of cell lysate according to the Smarter2 technology as

described (Picelli et al., 2013). 500 pg of cDNA was tagmented with Illumina’s Nextera XT sample prep kit (Illumina Inc., U.S.A)

and converted into sequencing libraries. After pooling, single-read 43bp sequencing was performed on Illumina HiSeq2000 using

the Truseq v3 sequencing chemistry (Illumina Inc., U.S.A). TopHat2 version 2.0.10 (Kim et al., 2013) was used to align the reads

to the mouse reference genome (mm10). Gene expression values for RefSeq transcripts were calculated as TPMs using Cufflinks

(Trapnell et al., 2012) (2.1.1). Raw readswere countedwith the summarizeOverlaps functionwith theGENCODEM19 gene annotation

using the union mode from the Bioconductor Genomic Alignments package (Lawrence et al., 2013) (v1.18.1).

Single cell RNA sequencing and data analysis
Library preparation and sequencing

Cells were processed through the 10x Genomics Chromium Single Cell Platform using the Single Cell 30 Library and Gel Bead Kit v3

(10X Genomics) as per the manufacturer’s instructions. In brief, AGMs from PDGRFb+/+ and PDGRFb�/� embryos were dissociated

(as described above), washed, counted and assessed for viability using a Bio-Rad TC20. Cells were then loaded at a concentration

for the recovery of 7000 cells and processed through the 10x Chromium Controller. Single cell libraries were obtained according to

the manufacturer’s protocol. RNA concentration was obtained using Qubit RNA HS (Thermo-Fisher) and the quality of the libraries

was verified using the LabChip GX24 (PerkinElmer). Libraries were then sent for sequencing to Edinburgh Genomics.

Data analysis

Alignment of scRNA-seq data and barcode counting was performed using 10X Genomics Cell Ranger (v3.1.0) with reference dataset

mm10/GRCm38–3.0.0. Unfiltered UMI count matrices from Cell Ranger were used as input for downstream analysis following the

OSCA Bioconductor workflow (Amezquita et al., 2020). The EmptyDrops method (Lun et al., 2019) was used to remove cells
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predicted to contain only ambient RNA, calling 11,037 (WT) and 15,848 (KO) cells at the default false discovery rate (FDR) of 0.1%.

Quality metrics (library size, number of expressed features and percentage of mitochondrial reads) were computed for the remaining

cells using the scater Bioconductor package (McCarthy et al., 2017) (v1.14.6). Using the median absolute deviation (MAD) definition

of outliers, we removed cells with any quality metric more extreme than 3 MADs from the median. 860 cells with detected PDGFRb

expression were removed from the KO sample. After these quality filtering steps, 10,091 (WT) and 14,577 (KO) cells remained for

downstream analysis. For both WT and KO samples, the filtered UMI count matrixes were log-normalized, applying the deconvolu-

tion method of Lun et al. to compute size factors for all cells (Lun et al., 2016). Technical noise was modeled using a Poisson-based

trend, serving as a lower bound for the variance of endogenous genes. Dimensionality reduction for denoising was performed with

principal component analysis (PCA) using the modeled trend. Shared nearest neighbor (SNN) graphs were constructed using the

PCA-reduced dataset and used as input to the Walktrap community finding algorithm to obtain cell clusters. These clusters were

used as an initial approximation to known cell types; this approximation was refined based on the distribution and expression levels

of literature-derived marker genes. Doublet scores for each cell were computed by in silico simulation of putative doublet expression

profiles using the scran Bioconductor package. No cell clusters comprising only cells with high doublet scores were observed; we

therefore kept all cells, retaining their doublet scores to inform downstream analysis. A fast version of the mutual nearest neighbors

(MNN) method from the batchelor Bioconductor package (Haghverdi et al., 2018) (v1.2.4) was used to integrate WT and KO data.

Projection of all cells into a shared t-distributed stochastic neighbor embedding (t-SNE) space confirmed consistency of cell type

annotations. Differential expression between WT and KO cells was computed by Wilcoxon rank-sum test between appropriate

groups, using the pairwiseWilcox function from the scran Bioconductor package. Geneswith FDR<0.05were considered to be signif-

icantly differentially expressed. Heatmaps were generated with the pheatmap Bioconductor package (v1.0.12), depicting either me-

dian expression of cell populations, or expression of single cells, as appropriate. Log normalized expression data was used for visual-

ing cells and populationswithin a single sample; for cross-sample comparisons, batch-corrected expression data generated byMNN

integration was used. Enrichment analysis with the PANTHER classification system (Mi et al., 2013) was used to identify Gene

Ontology (GO) biological processes overrepresented among significantly differentially expressed genes. Fold enrichment of GO bio-

logical processes was computed by Fisher’s Exact Test; processes with FDR<0.05 were considered to be significantly enriched.

Additional data mining of GO terms was performed using AmiGO (Carbon et al., 2009) (v.2.5.13). Ligand-receptor interactions

were predicted using the nichenetr (v.1.1.0) R package (Browaeys et al., 2020). We considered genes to be expressed in a given

cell type if they had detectable expression in at least 25% of cells of that cell type. The top 10 ligands expressed in DP cells were

chosen based on Pearson correlation coefficient; target genes expressed in ECs and IAHCs were inferred using these ligands.

Ligand-receptor network inference was used to predict and score potential interactions.

QUANTIFICATION AND STATISTICAL ANALYSIS

All graphs and statistical analyses were done with GraphPad Prism. We performed Shapiro-Wilk tests to assess the normality of the

distribution and determine the usage of parametric or non-parametric statistical tests. Most CFU-Cs were analyzed either with one

way ANOVA followed by a Tukey post-hoc test, or a Kruskal-Wallis test, followed by a Dunn’s post-hoc test (all details can be found in

the supplementary tables). CFU-Cs with only 2 conditions and all flow cytometry data were analyzed using unpaired t-tests or

Mann-Whitney tests, depending on the normality of the distribution. Fisher’s Exact test was used to analyze the differences in the

percentage of single live cells between WT and KO populations obtained by scRNA-seq and Wilcoxon rank-sum test was used

to compare the gene expression. A Z test for proportions was used when determining the number of MSC lines with osteogenic

potential. Error bars represent standard deviations (SD) and the significance was determined for p < 0.05 and described in the figure

legends. ‘N’ indicates the number of experiments, and ‘n’ indicates the number of biological replicates.
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