Yolk sac, but not hematopoietic stem cell-derived
progenitors, sustain erythropoiesis throughout
murine embryonic life
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In the embryo, the first hematopoietic cells derive from the yolk sac and are thought to be rapidly replaced by the progeny of
hematopoietic stem cells. We used three lineage-tracing mouse models to show that, contrary to what was previously assumed,
hematopoietic stem cells do not contribute significantly to erythrocyte production up until birth. Lineage tracing of yolk sac
erythromyeloid progenitors, which generate tissue resident macrophages, identified highly proliferative erythroid progenitors

that rapidly differentiate after intra-embryonic injection, persisting as the major contributors to the embryonic erythroid
compartment. We show that erythrocyte progenitors of yolk sac origin require 10-fold lower concentrations of
erythropoietin than their hematopoietic stem cell-derived counterparts for efficient erythrocyte production. We propose
that, in a low erythropoietin environment in the fetal liver, yolk sac-derived erythrocyte progenitors efficiently outcompete
hematopoietic stem cell progeny, which fails to generate megakaryocyte and erythrocyte progenitors.

Introduction
Erythrocytes are the most abundant cells in circulation. They
transport oxygen and have a half-life of around 22 d in mice and
120 d in humans. Therefore, constant production in the bone mar-
row (BM) is required to maintain the numbers of circulating RBCs.

Erythropoiesis is the process whereby hematopoietic stem
cells (HSCs) progressively differentiate into megakaryocyte/
erythrocyte progenitors (MEPs) and later into lineage-committed
erythroid progenitors, immature burst-forming unit-erythroid
cells (BFU-Es), and the more mature CFU-erythroid cells (CFU-Es).
CFU-Es successively progress in differentiation through nucle-
ated proerythroblast, basophilic, polychromatophilic, and or-
thochromatic stages, enucleation, and formation of RBCs. The
distinct stages of erythroid differentiation are characterized by
changes in surface expression of the progenitor marker Kit, of
the transferrin receptor CD71, of the adhesion molecule CD44,
and of the mature erythroid marker Terll9 (Kina et al., 2000;
Aisen, 2004; Chen et al., 2009).

During mouse embryogenesis, three overlapping hemato-
poietic waves emerge in distinct anatomical sites. The first blood

cells arise in the yolk sac (YS) blood islands at embryonic day (E)
7.5 and belong to the macrophage, erythroid, and megakaryo-
cytic lineages (Palis et al., 1999). Primitive erythrocytes are large
nucleated cells that express a specific pattern of embryonic (ey-
and BHI-) globins (Kingsley et al., 2006). Erythromyeloid pro-
genitors (EMPs) arise in the YS around E8.5 (Bertrand et al.,
2005) and differentiate into erythrocytes, megakaryocytes,
macrophages, and other myeloid lineages such as neutrophils,
granulocytes, and mast cells, but lack HSC activity (Palis et al.,
1999; McGrath et al., 2015a; McGrath et al., 2015b). EMP-derived
erythrocytes resemble adult erythrocytes and express embry-
onic BHI1- and adult B1- but no ey-globins (McGrath et al., 2011).
HSCs emerge after E8.5 (E8.5-E1l.5; Cumano et al., 1996; de
Bruijn et al., 2000; Taoudi et al., 2008; Bertrand et al., 2010;
Kissa and Herbomel, 2010; Kieusseian et al., 2012) in the major
arteries through an endothelial to hematopoietic transition
process, rapidly enter circulation, and colonize the fetal liver
(FL), where they expand and differentiate, generating the blood
lineages. EMPs that arise through a similar process in the YS
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(Frame et al., 2016; Kasaai et al., 2017) also converge to the
FL, where they are identified as Kit*CD16/32", in contrast to
Kit*CD16/32- HSCs.

In c-Myb mutants, where primitive hematopoiesis is pre-
served but HSC-derived hematopoiesis is missing, YS-derived
primitive erythrocytes suffice to maintain living embryos up
until E15.5 (Mucenski et al., 1991; Tober et al., 2008; Schulz et al.,
2012). In the absence of HSC activity, EMP-derived hematopoi-
etic cells maintain viable embryos throughout development up
until birth (Chen et al., 2011).

YS hematopoiesis has long been considered a transient wave
devoted to the production of erythrocytes, megakaryocytes, and
a few myeloid cells that ensure oxygenation and tissue hemo-
stasis. HSC-derived hematopoiesis was thought to replace YS-
derived cells after HSCs migrate to the FL at E10.5 (Palis, 2016).
Recently, growing evidence endows the YS with the capacity to
contribute to tissue-resident cells such as macrophages that
persist throughout life (Gomez Perdiguero et al., 2015) and mast
cells (Gentek et al., 2018) maintained up until birth. Primitive
erythrocytes were also shown to persist throughout gestation
(Fraser et al., 2007), and EMP-derived cells contribute to the
erythrocyte compartment for more than 20 d upon transplan-
tation (McGrath et al., 2015a). Nonetheless, it has been difficult
to establish the temporal relative contribution of EMP- or HSC-
derived progenitors to erythropoiesis because they share sur-
face markers and transcriptional regulators and are therefore
indistinguishable.

Here we report a large population of Kit*CD45-Terl19- ery-
throid progenitors unique to FL, comprising >70% of E14.5
Terl19-CD45" cells (>10% of FL cells). These are the most actively
proliferating progenitors at early stages and rapidly progress in
erythroid differentiation. These cells, which require c-Myb
expression, originate from YS EMPs as they are colabeled
with microglia in the Cdh5¢7*ERT2 Rosa26YFF and labeled in the
CsflrMeriCreMerRosa26YFP lineage-tracer models induced at
E7.5 and at E8.5, respectively. They persist through fetal life
and are the major contributors to the RBC compartment.

We show that HSCs do not contribute significantly to embryonic
erythropoiesis by tracing FIt3* progenitors or YFP-expressing cells
in Cdh5CERT2 Rosa26¥FF induced in E10.5 embryos. HSC-derived
erythroid progenitors require >10-fold higher concentrations
of erythropoietin (Epo) than their YS-derived counterparts
for erythrocyte differentiation. The limiting amounts of Epo
available in the embryo (Suzuki et al., 2011) result in a selective
advantage of YS-derived over HSC-derived erythropoiesis.

Results

A unique population of Kit* cells represents the majority of FL
Terl19-CD45™ cells

We detected in FL, by flow cytometry, a large fraction of Kit*
cells (>50%) expressing neither Terll9 (specific for eryth-
rocytes) nor CD45 (a pan-hematopoietic marker; Fig. 1, A and B;
and Fig. S1). Single-cell surface marker expression data from
El4.5 FL cells was projected as tSNE1 vs. tSNE2 (t-distributed
stochastic neighbor embedding; Fig. 1 A), and three major clus-
ters were defined by the expression of epithelial cadherin
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(CD324) on epithelial cells, platelet/endothelial cell adhesion
protein (PECAM-1/CD31) on endothelial cells, and Kit. Combined
analysis of Kit expression together with CD24 further defined
three populations in the Terl19-CD45-CD31-CD324~ compart-
ment: Kit*CD24~ (hereafter called P1), Kit*CD24* (P2), and
CD24'Kit~ (P3) cells (Fig. 1 B and Fig. S1 A). Numbers of P2
cells reached a maximum (around 10° cells per FL) at E14-E15
and decreased thereafter, although they were still detected
around birth (E18.5; Fig. 1 C). Kit*CD45-Ter119-Lin~ (P1 and
P2) cells were also negative for the expression of Sca-1, which
marks multipotent progenitors, for CD16/32, which marks
granulocyte/macrophage progenitors (GMPs), and for CD34,
marking common myeloid progenitors (CMPs), and therefore
they fall in a gate that typically defines MEPs in the FL and in
the BM (Fig. S1 B). Unlike their BM counterparts, however,
where all Kit* cells coexpressed CD45, most FL Kit* (P1 and P2)
cells within the Lin-Kit*Scal~ (LK) compartment did not ex-
press CD45 (Fig. 1 D), raising the possibility that they did not
belong to the hematopoietic lineage. We identified here a
major population of Kit*CD45-Terl19- cells unique to FL of
undefined lineage affiliation and origin.

P1 and P2 cells in the FL have an erythroid

progenitor signature

RNA sequencing (RNA-seq) of the three major populations P2,
CD324*, and CD31* cells indicated that the highest expressed
transcripts in P2 cells were Myb, Bcllla, KIfl, Gatal, and Epor,
which are associated with erythrocyte differentiation (Fig. 1 E).
The 122 genes upregulated more than twofold in P2 vs. CD324*
cells were subjected to gene ontology analysis using Enrichr
(Chen et al., 2013; list of submitted genes in Table S1). The top
biological processes and tissue-associated genes revealed an
erythrocyte/erythroblast profile (Fig. 1 F). These results were
validated by quantitative RT-PCR indicating that Gatal, Lmo2,
KIfl, and Epor expressions gradually increased from P1 to P3
cells, with the latter showing comparable expression levels of
these transcripts to Terl19* erythroblasts (Fig. 1 G). Hemoglobin
transcripts for Hbb-y, Hbb-bhl, and Hbb-bl were detected in
P3 cells but only significantly expressed in Terl19* cells.
Multipotent hematopoiesis associated transcription factors
such as c-Myb, Runx3, and Bmil decreased as the erythroid-
specific transcripts increased. The results above indicated
that the CD457Kit* subsets (P1 and P2) are erythroid pro-
genitors and suggested a hierarchy where P1 cells further
differentiate into P2 and later lose Kit expression (P3) before
acquiring Terll9 expression, the definitive marker of ery-
throid identity.

P1, P2, and P3 cells represent increasingly mature stages
within the erythroid lineage

Erythroid differentiation has been characterized by the ex-
pression of CD71 (transferrin receptor) and CD44 in Ter119* cells
(McGrath et al., 2017). Imaging flow cytometry (Fig. 2 A) showed
that the pro-erythroblast marker CD71 was low in P1, increased
in P2, and was highly expressed in all P3 cells (Fig. 2 B), indi-
cating they correspond to consecutive stages of erythrocyte
development.
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Figure 1. A population of Kit* cells unique to FL represents the majority of Ter119-CD45- cells and has an erythroid progenitor transcriptional
signature. (A) tSNE analysis and hierarchical clustering of flow cytometry data of Ter119-CD45- cells from E14.5 FLs stained with the surface markers CD31
(endothelial cells), CD324 (epithelial cells, hepatoblasts), Kit, and CD24. (B) Representative FACS plots of the clusters identified in A using the same color code.
(C) TER119-CD45" cell numbers from E12.5 and E18.5. (D) Histogram of CD45 expression in LK and LSK cells from E12.5 FL and adult BM (E11.5, n = 6; E12.5,n =
17; E14.5, n = 4; E16.5, n = 8; and E18.5, n = 2). See also Fig. S1. (E) CD31*, P2, and CD324 * cells from E14.5 FL were sorted and subjected to RNA-seq.
Differentially expressed genes are represented as a heatmap, and most expressed genes are listed (n = 3 independent litters). (F) Gene set enrichment analysis
on genes with more than twofold difference in expression level between P2 and CD324* cells using Enrichr web application; top 10 significantly associated
Gene Ontology Biological Process and ARCHS4 Tissues are shown. The top biological process is erythrocyte differentiation (g-value <1.0e~%; Gene Ontology
term G0:0030218), and the top tissue associated is erythroblast (q-value <1.0e™4; ARCHS4 Tissues gene database). (G) E14.5 FL P1, P2, P3, and Ter119* cells
were sorted and gene expression of key erythroid genes (Gatal, Lmo2, KIfI, Epor, and Bmil), progenitor-associated genes (c-Myb and Runx3), and hemoglobins
(Hbb-y, Hbb-bh1, and Hbb-bI) was analyzed. qPCR data were analyzed using the ACt method and were normalized with B-actin. Statistical significance was
assessed using one-way ANOVA followed by Tukey’s multiple comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Data are represented

as mean = SD from three independent experiments. NK, natural killer.

In BM and FL, CFU-Es are characterized as Kit*CD71*Terl19-,
whereas low levels of Ter119 expression mark pro-erythroblasts
that lost proliferative capacity (McGrath et al., 2017). P2 FL cells
express CD71 but not Terl19, indicating that they correspond to
CFU-Es. P3 cells express low levels of Terl19 (Fig. 2 B), visible in
8% of them, and express four out of the five key erythroid genes
analyzed at levels similar to Terl19* erythroblasts (Fig. 1 G),
suggesting they correspond to proerythroblasts.

CD71 expression is limited to P2 and P3 cells, indicating that
CD71 and CD24 are redundant markers in this context, further
confirmed by conventional flow cytometry, as previously de-
scribed (Fig. S1 C; Flygare et al., 2011).

Administration of three doses of the nucleotide analogue 5-
ethynyl-2'-deoxyuridine (EdU), which labels newly synthesized
DNA4, in E12.5 or E13.5 pregnant females (Fig. 2 C) indicated that
P1 E13.5 FL cells are the highest proliferating cells (80% EdU*)
compared with P2 and P3 cells (~50% EdU*). E14.5 FL cells show
the same level of EdU incorporation (40-50%) in all three sub-
sets (Fig. 2, D and E). Cell proliferation was further assessed by
analyzing the expression of the nuclear protein Ki-67 that in
association with DAPI allows distinguishing cells in GO, G1, and
G2M phases of the cell cycle. Consistent with the EdU-labeling
experiments, P1 showed the lowest frequency of cells in GO
(~10%) and the highest frequency of cells expressing Ki-67, from
which around 20% were actively synthesizing DNA (DAPI*;
Fig. 2 F). By contrast, P3 cells showed the lowest frequency of
proliferating cells (Fig. 2 F). Taken together, these results indi-
cated that P1 are the most proliferating cells and, as they transit
onto the P2 and further into the P3 subset, lose proliferative
activity.

P2 and P3 cells are committed erythroid progenitors, whereas
P1 cells retain residual myeloid potential

To assess the differentiation potential of CD457Kit* FL cells, we
performed differentiation assays in liquid cultures and in semi-
solid colony assays (Fig. 3, A and B). Limiting-dilution analysis
showed that P1 and P2 gave rise to hematopoietic colonies at
frequencies similar to those of LKs (1:1 for LK and P1, 1:2 for P2
cells), while P3 cells did not divide significantly in culture (less
than one colony in 2,592 wells analyzed; Fig. 3 A). Both P1and P2
cells generated a majority of CFU-Es (>50% of plated cells) in semi-
solid colony assays. P1 cells also generated BFU-Es (<5%), CFU-
macrophages (CFU-Ms; 5%), and CFU-megakary s (CFU-Mks; 5%),
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whereas control (LK) generated a majority of myeloid colonies
(CFU-granulocytes [CFU-Gs], CFU-granulocyte/macrophages
[CFU-GMs], and CFU-granulocyte/erythroid/macrophage/
megakaryocytes [CFU-GEMM:s]; Fig. 3 B).

To show a lineage relationship between P1, P2, and P3 cells,
we cultured purified P1 and P2 cells. 6 h in culture was sufficient
to upregulate CD24 expression in P1 cells, and after 12 h, 40% of
cells expressed CD24 (Fig. 3 C). After 24 h, all P1 cells had dif-
ferentiated to P2 cells, upregulating CD24 and losing c-Kit ex-
pression (Fig. 3 C). Terll9 expression was detected in P1 cells
after 48 h in culture, whereas P2 cells already expressed this
marker after 18 h of culture, demonstrating that they represent a
more differentiated progenitor (Fig. 3, D and F).

To probe the differentiation potential in vivo, we injected P2
cells purified from E13.5 ubiquitin C (UBC)-GFP embryos into
E13.5 C57/BL6 recipient embryos in utero (Fig. 3 G). FL and blood
collected 3 d later indicated that GFP*P2 originated exclusively
GFP*Terl119* cells whereas LKs generated a majority of myeloid
cells (Fig. 3, H and I), while none gave rise to lymphocytes. The
low numbers of P1 cells precluded similar in vivo differentiation
analysis with these cells.

These results demonstrated that P2 FL cells are committed
erythroid progenitors while P1 cells retain residual in vitro
myeloid differentiation potential.

P1/P2 progenitors require c-Myb expression

The transcription factor c-Mpyb is essential for definitive hema-
topoiesis, and Myb~/~ embryos are not viable after E15. Only
primitive YS-derived erythropoiesis, primitive megakaryocytes
(Tober et al., 2008), and tissue-resident macrophages (Schulz
et al., 2012) are found in c-Myb mutants. Terl19* cells were
drastically decreased in frequency and numbers in Myb~/- FLs
when compared with heterozygous littermates (Fig. 4, A and B).
P1 cells were undetectable in Myb~/~ whereas P3 cells were
present, albeit in reduced numbers (Fig. 4 B). CD24" cells in
Myb~/~ FL expressed high levels of Afp and Alb, indicating their
hepatic cell affiliation (Fig. S1 D). c-Myb was reported to regulate
c-Kit expression (Ratajczak et al., 1998). To assess whether P1
and P2 cells, although unable to express c-Kit, were present in
the Myb~/~ FL, we analyzed the expression of erythroid genes in
CD24-, CD24*, and Terl19* cells from Myb*/~ and Myb~/~ FLs.
Epor, Tall, and KIfl were not detected in CD24~ and CD24*Myb~/~
compared with Myb*/~ cells (Fig. 4 C). Only Terl19* cells

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20201729

4 0f 16


https://doi.org/10.1084/jem.20201729

CD45

B
5 g
< [0)
[0 o
2 o
g 3
\C '-_('; 8.51%
g 8
= ]
©
: 5
2 z
Intensity_MC_CD71 Intensity_ MC_Ter119
C
E12.5 ‘X ‘\\ k Analysis
E?Iri 5 LD —> LD —> L% —>2hafter last injection
i 0h EdU 8h EdU 16h EdU E13.50rE14.5
IP injection IP injection IP injection
D E13.5 E14.5 E EdU incorporation
1007 & P1
j » 804 I o P2
° . M P3
§ | ‘33 60
o D 401 %
a S .
204
Kit > E13.5 E14.5
F P1 P2 P3 Cell Cycle
1 1 ; Sl P1
] A M P2
N~ 7 E » 404 I P3
(o] —]
T [0} —tt—
4 O —=
; > 204 &
E 4"
; D J

GO G1 G2/M

Y

DAPI

Figure 2. P1, P2, and P3 cells represent increasingly mature stages within the erythroid lineage. (A) E13.5 Ter119-CD45" cells were analyzed by imaging
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P1, P2, and P3 cells. BF, Brightfield. (B) Expression of CD71 and Ter119 was assessed in P1, P2, and P3 cells and plotted as a histogram. (C and D) Experimental
design of cell cycle analysis using EdU labeling. E12.5 or E13.5 pregnant mice were injected intraperitoneally (IP) with 100 ug EdU at O h, 8 h, and 16 h. FLs were
collected 2 h after the last injection, and EdU expression was analyzed on Ter119-CD45-CD54-CD31- cells using the indicated gates (D). (E) Percentages of EdU
incorporation in P1, P2, and P3 cells at E13.5 and E14.5 (n = 3). (F) Cell cycle analysis of E14.5 FL cells using Ki-67 and DAPI. Statistical significance was assessed
using one-way ANOVA followed by Tukey’s multiple comparison test. *, P < 0.05; **, P < 0.01. Data are represented as mean + SD from three independent

experiments.

expressed detectable levels of Epor and Tall together with high
levels of Hbb-y, indicating they represent primitive eryth-
rocytes. Of note, KIfl, a transcription activator of the -globin
promoter, was not expressed in primitive Terl19*Myb~/~ cells
(Fig. 4 C). These results demonstrated that differentiation and/
or survival of CD457Kit* erythroid progenitors required the
transcription factor c-Myb.

P1/P2 cells originate from YS progenitors and are major
contributors to embryonic erythropoiesis

P1/P2 (CD457Kit*) cells were not detected in the adult BM,
suggesting that they represent a transient hematopoietic popu-
lation. To assess the origin of P1/P2 cells, we analyzed FL from
CsfirMeriCreMerRo5326YFP pregnant females pulsed with a single
dose of 4-hydroxytamoxifen (OH-TAM) at E8.5 (Fig. 5 A; and
Fig. S2, A and B), which marks tissue resident macrophages but
virtually no HSC-derived progenitors (Gomez Perdiguero et al.,
2015). At E11.5, P1 and P2 cells were labeled to comparable levels
of those in the microglia, taken as positive controls (Fig. 5 B; and
Fig. S2, C and D). In subsequent days, the frequency of YFP* cells
in more differentiated P3 and erythroblasts (Lin*CD71*) in-
creased, whereas that of more immature P1 cells decreased. In
line with previous reports, YFP* Lin-Kit*Scal* cells (LSKs) were
undetectable (Fig. 5 B and Fig. S2 A). The dynamic of YFP-labeled
erythroid progenitors is consistent with a progression in erythroid
differentiation and indicates a lineage relationship between the
three subsets. Moreover, the frequency of YFP-labeled erythro-
blasts decreases in FL from E12.5 until E14.5 while it increases in
blood (Fig. 5 C). The frequency of YFP-labeled P1 and P2 decreases
between E11.5 and E13.5, a dynamic that reflects a fast differen-
tiation progression, culminating with the exit of erythroblasts
from FL into circulation.

To test whether YFP* and YFP- cells represented two
distinct populations, we performed single-cell multiplex gene ex-
pression analysis in FL P1, P2, and P3 cells of CsflrMericreMerR o526 YFP
embryos pulsed at E8.5. Unsupervised hierarchical clustering did
not segregate YFP* from YFP- cells for the expression of pro-
genitor, erythroid, and myeloid transcripts, indicating that they
have a similar profile and therefore do not represent two di-
vergent progenitor populations (Fig. 5 D). Clusters I and IV
contained P1 cells characterized by the expression of Gatal, Lmo2,
and c-Mpyb. Cluster I differed from cluster IV by a high frequency
of cells expressing Epor, Tall, Kifl, and Ki-67. Interestingly, some
cells in this cluster also coexpressed the myeloid factors Runxl,
Gata2, Zfpml, and Mpl, suggesting a broad myeloid transcrip-
tional priming, consistent with data from in vitro differentiation
assays (Fig. 4 B). High expression of Ki-67 also indicates that
cluster I in contrast to cluster IV cells are proliferating. Few cells
segregated from all others in cluster II, defined by expression of
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Csf3r, Lyéc, and Runx2 in the absence of erythroid-associated
transcripts. Cluster III comprises a majority of P2 cells, ex-
pressing high levels of erythroid genes and low levels of hemo-
globin, thus defining a transitional erythroid population. Cluster
V contains P3 cells that express high levels of hemoglobin in the
absence of c-Kit or c-Myb.

To analyze the differentiation trajectory between the three
populations, we generated a diffusion map and obtained a tra-
jectory in which P1 cells progress through a P2 and subsequently
a P3 stage (Fig. 5 E). This differentiation trajectory is in line with
the gene expression data (Fig. 1 G), with the imaging flow cy-
tometry results (Fig. 2 A) and with the clonal differentiation
assays (Fig. 3, B-F). YFP* and YFP- cells have similar trajectories,
indicating they do not represent different progenitor subsets
(Fig. 5 E).

The CsflrMericreMerRosa26YE? Jineage-tracing model induced
at E8.5 labels Csflr-expressing EMPs and macrophages. To
complement the results above and to minimize the possibility of
disregarding the contribution of Csflr~ YS progenitors, we used
the Cdh5¢*ERT2R0sa26YF? model that, with a single dose of OH-
TAM at E7.5, efficiently labels YS hematopoiesis (Fig. 5 F; and
Fig. S3, A and B; Zovein et al., 2008; Gentek et al., 2018). P2, P3
and erythroblasts are labeled at the same frequency as microglia
at E12.5 and E14.5 and decrease thereafter (Fig. 5 G), similar to
the results obtained with CsflrMeriCreMerRosad6¥f? embryos.
While YFP* FL erythroblasts decrease from E12.5 to E18.5, blood
erythroblasts increase (Fig. 5 H; and Fig. S3, C and D), indicating
that they exit the FL and enter circulation. Moreover, the per-
centage of YFP* blood erythrocytes is similar to that found in
microglia (Fig. 5 I), establishing that circulating erythrocytes of
EMP YS origin dominate the compartment up until E18.5.

HSCs do not contribute to erythropoiesis up until birth

To evaluate the HSC contribution to fetal erythropoiesis, we
analyzed Flt3¢™Rosa26Yf? embryos where HSC-derived multi-
potent progenitors (MPP Flt3*) and their progeny are YFP*
(Benz et al., 2008; Buza-Vidas et al., 2011). In addition, it labels to
a transient population of Flt3* progenitors recently identified
(Fig. 6 A; Beaudin et al., 2016). Less than 2% of microglial cells
are YFP* at all time points analyzed. LSKs were increasingly
labeled with >30% of YFP* cells at E16.5 and reaching >40% at
E18.5 (Fig. S4, A-D). Both CMP and GMP compartments ex-
hibited similar levels of YFP expression to those in LSKs (Fig. 6
B). By contrast, P1 + P2 or P3 cells were minimally labeled with
YFP by E18.5. YFP* erythroblasts were virtually undetectable at
El6.5 and were <20% of those found in LSKs by E18.5, indicating
that HSCs are not contributing to mature erythrocytes up until
1d before birth. MEPs showed a delayed profile, reaching 50% of
LSK labeling only around birth. Purified YFP- and YFP* CMPs
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Figure 3. P2 and P3 cells are committed erythroid progenitors, whereas P1 cells retain residual myeloid potential. (A) Frequencies of colony forming
cells in P1, P2, P3, and LK cells from E13.5 FL (n = 288 wells from three independent experiments of each population). (B) In vitro lineage potential of E13.5 P31,
P2, P3, and LK cells in semi-solid cultures. CFU-E colonies were quantified at 3 d and BFU-E, CFU-M, CFU-G, CFU-GM, CFU-GEMM, and CFU-Mk at 7 d of culture
(n = 6, three independent experiments). (C and D) Representative FACS plots and histograms of CD24 and c-Kit (C) and Ter119 expression and respective mean
fluorescence intensity (MFI; D) of P1 cells after culture. (E and F) Representative FACS plots and histograms of CD24 and c-Kit (E) and Ter119 expression and
respective MFI (F) of P1 cells after culture (n = 6, three independent experiments). (G) Schematic representation of transplantation experiment. E13.5 C57/BL6
pregnant females were anesthetized, the peritoneal cavity was opened, and the uterus was exposed. Embryos were injected intraperitoneally with 20,000
E13.5 GFP* purified cells from UBC-GFP embryos. FL and blood were collected 3 d after injection. (H) Representative FACS plots showing erythroid contribution
of GFP* cells in FL and blood after injection of P2 or LK cells and quantification (I; P2 n = 3, LK n = 4, four independent experiments). Statistical significance was
assessed using one-way ANOVA followed by Tukey’s multiple comparison test. ***, P < 0.001; ****, P < 0.0001. Data are represented as mean + SD.
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Figure 4. P1/P2 progenitors require c-Myb expression. (A and B) Representative FACS plots showing percentages of Ter119 and CD45 (top) and Kit and
CD24 (bottom) expressing cells in c-Myb*/~ and c-Myb~/~ E14.5 FL and corresponding absolute numbers (B). (C) Expression of hemoglobin (Hbb-b1, Hbb-bhi,
and Hbb-y) and key erythroid genes (Epor, Tall, and KIf1) in CD24-, CD24*, and Ter119* cells was analyzed by qPCR. Statistical significance was assessed using
one-way ANOVA followed by Tukey’s multiple comparison test. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. Data are represented as mean + SD
from two independent experiments.

yielded similar frequencies of erythroid and myeloid cells and Most erythrocytes are derived from MEPs that differentiate
generated similar numbers of hematopoietic colonies, indicating  from Flt3-expressing MPPs. However, recent evidence indicated
that YFP expression did not impair hematopoietic differentia- that a fraction of megakaryocytes might bypass the MPP stage
tion (Fig. S5, C and D). and differentiate directly from a progenitor phenotypically
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Figure 5. P1/P2 cells originate from YS and are major contributors to embryonic erythropoiesis. (A) Experimental design for lineage tracing experiments
using the CsflrMeriCreMerRosa26YFP. Cre recombinase expression was induced in CsflrMericreMerRasa26YFP pregnant females with a single injection of OH-TAM at
E8.5, and embryos were analyzed 3, 4, and 5 d after injection. (B) Ratio of YFP* LSKs and the different erythroid subsets over that in microglia at E11.5, E12.5,
and E13.5 after a pulse of OH-TAM at E8.5 (E11.5, n = 12; E12.5, n = 11; and E13.5, n = 7). (C) Frequency of YFP* erythroblasts in FL (pink) and blood (red) from
E10.5 to E14.5 after a pulse of OH-TAM at E8.5 (E10.5, n = 3; E1L5, n = 12; E12.5, n = 11; E13.5, n = 7; and E14.5, n = 2). Only nonstatistically different results are
noted. (D) Heatmap of single-cell qPCR in sorted cells from CsflrMeriCreMer E13 5 F| pulsed with OH-TAM at E8.5. Each column represents a single cell, and it is
color-coded according to YFP expression (YFP* vs. YFP-) and cell type (P1, P2, or P3). Gene expression was normalized to 8-actin and Gapdh, and unsupervised
hierarchical clustering was performed. (E) Diffusion map of the three populations based on single-cell gene expression. Top: Color-coding according to cell
type. Bottom: Color-coding according to YFP expression. A total of 87 cells were analyzed. (F) Experimental design for lineage tracing experiments using the
Cdh5CreERT2R0sa26"FP. Cre recombinase expression was induced in Cdh5<¢ERT2R0sa26YFP pregnant females with a single injection of OH-TAM at E7.5, and
embryos were analyzed 5, 7, and 9 d after injection. (G) Ratio of YFP* LSK and erythroid cells over those in microglia at E12.5, E14.5, and E16.5 after a pulse of OH-
TAM at E7.5 (E12.5, n = 4; E14.5, n = 5; and E16.5, n = 6). Only nonstatistically different results are noted. (H) Percentage of YFP* erythroblasts in FL (pink) and blood
(red) at E12.5, E14.5, and E16.5 after a pulse of OH-TAM at E7.5. (I) YFP* microglia and blood erythrocytes at E12.5, E14.5, E16.5, and E18.5 after a pulse of OH-TAM at
E7.5. Microglia (CD45*F4/80+CD11b") cells were used as controls (E12.5, n = 4; E14.5, n = 5, E16.5, n = 11; and E18.5, n = 4). Statistical significance was assessed using
one-way ANOVA followed by Tukey’s multiple comparison test. Data are represented as mean + SD. See also Figs. S2 and S3. neg, negative; pos, positive.

indistinguishable from HSCs (Carrelha et al., 2018). These re-  To address this potential problem, we analyzed Cdh5%FR™>Rosa26 "
sults raised the possibility that erythrocytes may bypass the embryosinduced at E10.5, thus specifically labeling the aorta-
MPP stage because they originate from a common MEP. Using gonads-mesonephros-hemogenic endothelium and all HSC-
the Flt3¢"Rosa26Y™® mouse model, we could therefore underes- derived hematopoiesis (Fig. 6 C and Fig. S5 B; Zovein
timate the contribution of HSCs to the erythrocyte compartment. et al., 2008). We obtained similar results with E10.5 induced
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Figure 6. HSCs do not contribute to erythropoiesis up until birth. (A) Experimental design for lineage tracing experiments using the Flt3<"®Rosa26Y"" mice
model. Embryos were analyzed at E16.5 and E18.5. (B) Ratio of YFP* hematopoietic subsets over those in LSK at E16.5 and E18.5 (E16.5, n = 3; and E18.5, n = 4).
Only nonstatistically different results are noted. (C) Experimental design for lineage tracing experiments using the Cdh5¢"ERT2R0sa26YFP mouse model. Cre
recombinase expression was induced in Cdh5¢rERT2R0sa26YFP pregnant females with a single injection of OH-TAM at E10.5, and embryos were analyzed 4, 6,
and 8 d after injection. (D) Ratio of YFP* hematopoietic subsets over those in LSK at E14.5, E16.5, and E18.5. Only nonstatistically different results are noted.
(E) Percentage of YFP* erythroblasts in FL (left) and blood (right) at E14.5, E16.5, and E18.5 after a pulse of OH-TAM at E7.5 or at E10.5. (F) Percentage of YFP*
erythrocytes in blood (left) and CD45*Kit~ cells in FL (right) at E14.5, E16.5, and E18.5 after a pulse of OH-TAM at E7.5 or at E10.5 (OH-TAM E7.5: E14.5, n = 5;
E16.5, n = 11; and E18.5, n = 4; OH-TAM E10.5: E14.5, n = 7; E16.5, n = 9; and E18.5, n = 2). LSK cells were used as controls. Statistical significance was assessed
using one-way ANOVA followed by Tukey’s multiple comparison test or Mann-Whitney test when appropriate. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****,
P < 0.0001. Data are represented as mean + SD. See also Figs. S4 and S5.
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Cdh5CreERT2R0sa26YFF as with F1t3°**Rosa26YFF. There was a 1:
1ratio of YFP-labeled CMPs to LSKs at E16.5, in contrast toa 0.5:
1 ratio of labeled MEPs or P1 + P2 cells to LSKs and 0.1:1 ratio for
erythroblasts. Analysis at E18.5 showed ratios of CMPs, GMPs,
MEDPs, or P1 + P2 cells over LSKs close to 1:1, while erythroblasts
were still <0.5:1 (Fig. 6 D). Further comparison of embryos
pulsed with OH-TAM at E7.5 vs. E10.5 showed similar con-
tributions to nonerythroid lineages (CD45*Kit" cells) of YS and
HSCs at E18.5 (Fig. 6 F), whereas the erythroid compartment is
mostly derived from YS hematopoiesis (Fig. 6, E and F). Taken
together, these observations indicate that neither HSC-derived
nor any other Flt3-expressing progenitor contributes signifi-
cantly to erythropoiesis throughout fetal life.

FL stroma produces Epo, essential for erythrocyte produc-
tion, albeit at lower concentrations than the adult kidney
(Suzuki et al., 2011). Embryonic progenitors have been reported
to react to lower concentrations of Epo than their adult coun-
terparts (Rich and Kubanek, 1980). We compared erythrocyte
production from P2 of YS origin with that from CD45* MEPs of
HSC origin from the same FL (Fig. 7 A). HSC-derived MEPs were
about twofold less efficient in generating erythrocytes than YS-
derived P2 at limiting levels of Epo and required >10-fold higher
concentrations to reach 50% of erythrocyte colony formation. P2
cells exhibited higher sensitivity to Epo, and both P1 and P2 cells
express higher levels of Epo receptor (EpoR) than CD45* CMPs
or MEPs of HSC origin from the same FL (Fig. 7, B and C). Gatal,
Spl, and Tall transcripts that regulate Epor expression (Zon et al.,
1991; Feng and Kan, 2005; Rogers et al., 2012) were increased in
P1 and P2 when compared with CD45* CMPs and CD45* MEPs,
respectively (Fig. 7, B and C). These results provide experimental
evidence for the mechanism controlling the selection of YS-
derived over HSC-derived progenitors in fetal erythropoiesis.

Discussion
Here, we describe a population of CD457Kit* (P1/P2) hemato-
poietic cells unique to FL, found from E11.5 up until birth and that,
at its peak (around E14.5), represents a major population com-
prising >70% of the CD45 Ter119- FL cells and 10-15% of total FL
cells. These cells give rise to erythroid colonies (50-70%) at higher
frequencies than adult BM MEPs (~15%; Akashi et al., 2000). The
majority of CD457Kit* cells express CD24 and CD71, the transferrin
receptor only found in erythroid progenitors (Dong et al., 2011).
Gene expression analysis and in vitro assays indicated a de-
velopmental progression where P1 cells further develop into P2

Soares-da-Silva et al.
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Figure 7. P1/P2 cells have higher sensitivity to Epo than HSC
derived progenitors. (A) Frequency of erythroid colonies in P2 and
MEP (CD45*) cells from E13.5 FL using serial dilutions of Epo.
Representative plot of three independent experiments. Curves
represent the linear regression of the data. (B) Quantitative RT-PCR
analysis of the expression levels of Epor and its regulators Gatal,
Sp1, and Tall in P1and CD45* CMPs (n = 3). (C) Quantitative RT-PCR
analysis of the expression levels of Epor and its regulators Gatal,
Sp1, and Tall in P2 and CD45* MEPs (n = 3). In each experiment, cells
were sorted from the same embryos. Statistical significance was
assessed using paired t tests. *, P < 0.05; **, P < 0.0L; ***, P <
0.001. Data are represented as mean + SD.

and later into P3 cells before acquisition of Ter119 expression. P3
cells did not generate colonies in vitro and expressed the ery-
throid transcripts at levels similar to Terl19* cells, a stage at
which they also express Hbb-bl, low levels of Hbb-bhl, and un-
detectable Hbb-y transcripts, indicating they are within the de-
finitive erythroid lineage. Of note, P1 cells are among the most
actively proliferative FL progenitors, indicating that they can
considerably expand before terminal differentiation.

YS-derived primitive erythrocytes and megakaryocytes
(Tober et al., 2008) and tissue-resident macrophages are c-Myb
independent, and so is EMP generation (Schulz et al., 2012).
Accordingly, CD45* cells present in the FL of c-Myb mutants
representing tissue resident macrophages were not affected
(Schulz et al., 2012). Terl19* cells, however, were drastically
decreased in the FL of c-Myb mutants, and P1 cells were un-
detectable (Schulz et al., 2012). Ter119* cells in the c-Myb~/~ FL
expressed embryonic globins (ey and Bhl), consistent with
their primitive origin, and did not express Kifl, a transcription
activator of the B-globin promoter essential for the transition
from embryonic to adult hemoglobin expression (Perkins
et al., 1995; Perkins et al., 2016). c-Myb induces proliferation
of erythroid progenitors and c-Kit expression, and therefore
HSC-independent erythroid cells are affected by c-Myb mu-
tations (Vegiopoulos et al., 2006). Recently c-Myb was shown
to control the expression of KIfl and Lmo2 required for erythro-
poiesis, offering an explanation for the differential impact of
c-Myb inactivation in the progeny of YS-derived EMPs (Bianchi
et al,, 2010).

Single injections of OH-TAM at E8.5 in CsflrMeriCreMerRogadYrP
mark exclusively YS-derived cells and their progeny, among which
is the microglia (Gomez Perdiguero et al., 2015). In these mice, P1
and P2 cells are marked at levels similar to the microglia 3 d after
OH-TAM, indicating they are the progeny of YS EMPs. Consistent
with the lineage relationship previously established, the frequency
of labeled P1/P2 cells decreased with time after injection, whereas
the frequency of labeled erythroblasts in FL and later in blood in-
creased. EMPs emerge in the YS between E8.5 and E10.5, and a
single injection of OH-TAM at E8.5 will reach the highest circulating
levels of the drug 6 h later, rapidly decreasing thereafter (Zovein
et al,, 2008). Only a fraction of EMPs or already differentiated
myeloid progeny that maintain Csfir expression will be labeled with
YFP. By contrast, differentiation into erythroid progenitors results
in the loss of Csfir expression, thus explaining the decreasing fre-
quency of labeled immature erythroid progenitors with time. P1, P2,
and P3 and erythroblasts are labeled at similar levels to those found
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in microglia up until E14.5, a time point after which labeling of
erythroblasts and erythrocytes in blood increases. Similar results
were obtained by analyzing Cdh5°ERT2Rosa26YfF embryos, in
which a pulse with OH-TAM at E7.5 labels the hemogenic endo-
thelium, which gives rise to YS progenitors but does not generate
HSCs (Gentek et al., 2018).

An opposite kinetic is found in FIt3°"Rosa26 Y mice, where
Flt3-expressing cells and their progeny are permanently labeled
with YFP. By E16.5, where equivalent frequencies of LSKs,
CMPs, and GMPs are YFP*, only a small frequency of erythroid
progenitors including MEPs and virtually undetectable fre-
quencies of P3 or erythroblasts are labeled. By E18.5, MEPs
were labeled at similar levels to those of CMPs, although the
erythroblast compartment still shows a modest contribution
of Flt3-expressing progenitors. Because lymphoid progeni-
tors persistently express Flt3 after commitment, they are the
highest labeled population in this model and were excluded from
the analysis. It has been recently described that MEPs can bypass
the stage of Flt3-expressing MPPs and would therefore be unde-
tected in this model (Carrelha et al., 2018). Cdh5C"eERT2R05326 YFP
embryos pulsed with OH-TAM at E10.5 where HSC-derived
hematopoiesis is labeled (Zovein et al., 2008) exhibited a mi-
nor fraction of YFP* erythroblasts or erythrocytes at any time
point. By contrast, nonerythroid CD45*Kit~ mature populations
in FL do not appear to be preferentially originated from one of
the sources. We thus observed consistent results in both models
and excluded the possibility of underestimating the contribution
of HSCs to fetal erythrocytes due to the bypass of FIt3* progen-
itors by MEPs.

HSCs in FL expand but also differentiate, giving rise to
multilineage progeny that comprise CMPs, GMPs, and lymphoid
progenitors. However, our data show that despite a rapid dif-
ferentiation of FL HSCs, they do not contribute significantly to
the erythroid compartment before birth, and therefore in vivo
embryonic HSC differentiation is skewed (Fig. 8). The FL stro-
mal microenvironment can sustain erythropoiesis, and FL HSCs
can differentiate into erythrocytes in vitro. We show that the
low levels of Epo available in FL, before the kidney is competent
to produce adult levels of this hormone, modulate the differen-
tiation pattern of HSCs that do not produce MEPs and do not
contribute to erythropoiesis (Zanjani et al., 1981). Consistently,
low levels of the EpoR regulator Gatal result in embryonic
anemia but normal adult erythropoiesis (McDevitt et al., 1997).
Our observation that YS-derived erythrocyte progenitors ex-
press higher levels of Gatal, Tall, and consequently Epor is also
consistent with an advantage of embryonic vs. adult erythroid
progenitors. Large numbers of expanding YS-derived erythro-
cyte progenitors efficiently outcompete HSC progeny in an en-
vironment where resources for erythroid differentiation are
limiting.

These results reinforce the notion that in contrast to what has
been accepted, YS hematopoiesis is not only devoted to pro-
viding oxygen to the embryo before HSCs differentiate in FL but
also to sustaining embryonic survival until birth (Fig. 8). FL was
shown to be a less efficient environment for cytokine production
than BM. Recently, low levels of interleukin-7 in FL were iden-
tified as the selective mechanism that resulted in autoreactive
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properties of Bl B cells (Wong et al., 2019). It is therefore
tempting to speculate that low cytokine production is a general
characteristic of FL cells with important implications for fetal
hematopoiesis. In humans, kidney-derived Epo is also only
produced after birth, offering an explanation for why premature
neonates develop severe anemia (Widness, 2008).

In this line, a recent report analyzing human FL hemato-
poiesis indicates that all cells in the erythrocyte lineage, similar
to the observation in the mouse reported here, do not express
CD45 at stages ranging from 7-17 wk after conception (Popescu
et al., 2019).

Our observations may also help clarify why patients with
mutations in Epo that alter the kinetics of receptor binding only
show postnatal anemia (Kim et al., 2017). These observations
suggest that fetal erythropoiesis originates in the YS also in
humans and will impact our understanding of embryonic he-
matopoiesis in general and in the pathogenesis of infant eryth-
rocyte abnormalities.

Materials and methods

Mice

C57BL/6] mice were purchased from Envigo. Ubiquitin-GFP
(Schaefer et al., 2001) mice used for transplantation ex-
periments were a kind gift from P. Bousso (Institut Pasteur,
Paris, France). Myb~/-, CsfirMeriCreMer F]t3Cre Rosan6YFP,
and Cdh5¢*ERT2 mice have been previously described (Gomez
Perdiguero et al., 2015; Gentek et al., 2018). 6-8-wk-old mice
or timed pregnant females were used. Timed pregnancies were
generated after overnight mating. The following morning, fe-
males with vaginal plug were considered to be at E0.5. Recom-
bination in CsflrMeriCreMerRosa26YFP was induced by a single
injection at E8.5 of 75 pg/g body weight of OH-TAM (Sigma-
Aldrich; Cat# H7904), supplemented with 37.5 ug/g body weight
progesterone (Sigma-Aldrich; Cat# P3972), as described (Gomez
Perdiguero et al., 2015). Recombination in Cdh5¢*FRT2 was in-
duced by a single injection at E7.5 or E10.5 of 1.2 mg of OH-TAM,
supplemented with 0.6 mg progesterone, as described (Gentek
et al., 2018).

All animal manipulations were performed under specific
pathogen-free conditions and were performed according to the
ethics charter approved by French Agriculture Ministry and to
the European Parliament Directive 2010/63/EU.

Cell suspension

E11.5-E18.5 FLs were dissected under a binocular magnifying
lens. FLs were recovered in HBSS (GIBCO BRL; Cat# 24020-091)
supplemented with 1% FCS (Eurobio; Cat# CVFSVFOOOU) and
passed through a 26-gauge needle of a 1-ml syringe to obtain
single-cell suspensions. Before staining, cell suspensions were
filtered with a 100-pm cell strainer.

Flow cytometry and cell sorting

For sorting, FLs were depleted (Terl19*CD45%) using MACS
Columns (Miltenyi Biotec; Cat# 130-042-401). Cell suspensions
were stained for 20-30 min at 4°C in the dark with the following
antibodies when appropriate: CD11b (M1/70), CD16/32 (93 or
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Figure 8. Model of embryonic erythropoiesis. Primitive erythroid
progenitors (EryP) are first generated in the YS (E7.5) and give rise to
primitive nucleated erythrocytes (P-Ery), still found in low frequencies
at birth. A second wave of progenitors emerges in the YS (E8.5) as
EMPs. EMPs migrate to the FL, where they differentiate into highly
proliferative erythroid (CD457Kit*) progenitors that sustain erythro-
poiesis during embryonic life. HSCs generated in the aorta-gonads-
mesonephros (AGM; E9.5-E11.5) migrate to the FL, where they expand
and differentiate into myeloid and lymphoid lineages. Contribution of
HSCs to the erythroid lineage is only detected after birth. YS-derived
progenitors respond to lower levels of Epo than their HSC counterparts
and have a selective advantage in FL, where Epo levels are lower than in
adult BM. D-Ery, definitive erythrocytes; Ery, erythroid cell; Ly, lym-
phoid lineage; Mk, megakaryocyte; My, myeloid lineage.
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2.4G2), CD19 (1D3), CD24 (M1/69), CD31 (MECI13.3 or 390),
CD324 (DECMA-1), CD34 (RAM34), CD41 (MWReg30), CD45 (30-
F11 or 104), CD54 (YN1/1.7.4), CD71 (C2), Grl (RB6-8C5), Il7ra
(A7R34), Ki-67 (SolA15), c-Kit (2B8), Scal (D7), and Terl119 (ob-
tained from SONY, BD Biosciences, Biolegend, or eBioscience).
Biotinylated antibodies were detected by incubation for 15 min
at 4°C in the dark with streptavidin. Antibodies to lineage
markers included anti-Terl19 (TER-119), anti-Grl (RB6-8C5),
anti-CDI19 (6D5), anti-CD3 (145-2C11), anti-CD4 (GK1.5), anti-CD8
(53-6.7), anti-NKL1 (PK136), anti-Il7r (A7R34), anti-TCRB (H57-
597), anti-TCRy8 (GL3), and anti-CDllc (N418) obtained from
SONY, BD Biosciences, Biolegend, or eBioscience. Stained cells
were analyzed on a custom BD LSR Fortessa or BD FACSym-
phony and were sorted with a BD FACSAria III (BD Biosciences)
according to the guidelines for the use of flow cytometry and cell
sorting (Cossarizza et al., 2019). Data were analyzed with Flow]Jo
software (BD Biosciences; v.10.5.3) or R packages as described in
Bioinformatic analysis.

RNA-seq and analysis

Total RNA from sorted E14.5 FL cells was extracted using the
RNeasy Micro kit (Qiagen) following the manufacturer’s in-
structions, and ribosomal RNA sequences were eliminated by
enzymatic treatment (Zap R, Clontech). cDNA libraries were
generated using the SMARTer Stranded Total RNA-Seq Kit-Pico
Input Mammalian (Clontech). The single-read RNA-seq reads
were aligned to the mouse reference genome GRCm38 using
STAR. The numbers of reads aligned to genes were counted
using FeatureCounts (Liao et al., 2014). The R package DESeq2
(Love et al., 2014) was used to normalize reads and identify
differentially expressed genes with statistical significance
using the negative binomial test (P < 0.05; Benjamini-Hochberg
correction).

Soares-da-Silva et al.

Yolk sac drives embryonic erythropoiesis

>
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Enrichr was used to perform gene set enrichment analysis of
the highly differentially expressed genes in P2 vs. CD324* cells
(greater than twofold differential expression; the gene list is
available in Table SI; Chen et al., 2013). The top 10 terms from
the Gene Ontology Biological Process 2018 and ARCHS4 Tissues
were retrieved. Expression datasets are available in GEO under
accession no. GSE138960.

Gene expression by RT-PCR

Cells were sorted directly into lysis buffer, and mRNA was ex-
tracted (RNeasy Micro Kit (Qiagen; Cat# 74004), reverse-
transcribed (PrimeScript RT Reagent Kit (Takara Bio; Cat#
RRO37A), and quantitative PCR (qPCR) was performed with
Power SYBR Green PCR Master Mix (Applied Biosystems; Cat#
4304437). Primers used in this study were as follows: Actb: 5'-
GCTTCTTTGCAGCTCCTTCGT-3' and 5'-ATCGTCATCCATGGC
GAACT-3’; Bmil: 5'-ATCCCCACTTAATGTGTGTCCT-3’ and 5’'-
CTTGCTGGTCTCCAAGTAACG-3'; Epor: 5'-GGGCTCCGAAGA
ACTTCTGTG-3' and 5'-ATGACTTTCGTGACTCACCCT-3'; Gatal:
5'-ATCAGCACTGGCCTACTACAGAG-3' and 5'-GAGAGAAGA
AAGGACTGGGAAAG-3’; Hbb-bl: 5-GCACCTGACTGATGCTGA
GAA-3' and 5'-TTCATCGGCGTTCACCTTTCC-3'; Hbb-bhl: 5'-
TGGACAACCTCAAGGAGACC-3’ and 5'-TGCCAGTGTACTGGA
ATGGA-3'; Hbb-y: 5'-TGGCCTGTGGAGTAAGGTCAA-3' and 5'-
GAAGCAGAGGACAAGTTCCCA-3'; Kifl: 5'-AGACTGTCTTACCCT
CCATCAG-3' and 5'-GGTCCTCCGATTTCAGACTCAC-3'; Lmo2:
5'-ATGTCCTCGGCCATCGAAAG-3’ and 5'-CGGTCCCCTATGTTC
TGCTG-3"; c-Myb: 5'-AGACCCCGACACAGCATCTA-3’ and 5'-
CAGCAGCCCATCGTAGTCAT-3’; and Runx3: 5'-CAGGTTCAA
CGACCTTCGATT-3' and 5'-GTGGTAGGTAGCCACTTGGG-3'.
qPCR reactions were performed on a Quantstudio3 thermocycler
(Applied Biosystems). Gene expression was normalized to that of
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B-actin, and relative expression was calculated using the 2-ACt
method.

Imaging flow cytometry analysis

E13.5 FL cells were stained with the surface markers CD45
BV605 (104; 1:50 dilution) and Ter119 biotin (TER-119; 1:100 di-
lution) followed by incubation with streptavidin PE-Cy7 (1:100
dilution), CD71 PE (C2; 1:100 dilution), CD24 BV510 (M1/69; 1:50
dilution), Kit Pacific Blue (2B8; 1:20 dilution), and the RNA Dye
Thiazole Orange (Sigma-Aldrich; Cat# 390062). Prior to acqui-
sition, nuclei were stained with 20 uM DRAQS5 (Biostatus; Cat#
DR0200) and filtered with 100-um mesh. Data acquisition was
performed using an ImageStream* Mark II Imaging Flow Cy-
tometer (Amnis, Luminex Corp.) using 405-nm, 488-nm, 561-nm,
and 642-nm excitation lasers and the 40x magnification collection
optic. Laser powers were set in order to maximize signal resolu-
tion but minimize any saturation of the charge-coupled device
camera with brightfield images collected in channels 1 and 9. A
minimum of 100,000 cell events was collected per sample. To
calculate spectral compensation, single-stained cells were ac-
quired with the brightfield illumination turned off. Spectral
compensation and data analysis were performed using the IDEAS
analysis software (Luminex Corp.; v.6.2.64).

EdU incorporation and cell cycle analysis

EdU detection was done using the Click-iT EdU Pacific blue flow
cytometry assay kit (Invitrogen; Cat# C10418). The cell cycle was
analyzed after fixation with the Fixation/Permeabilization kit
(Invitrogen; Cat#72-5775-40) and staining with Ki67 (SolA15).
DAPI was added 7 min before analysis.

In vitro liquid and semi-solid cultures

For limiting dilution analysis, sorted cells were plated in 1:3
diluting densities starting at 27 cells/well until 1 cell/well was
reached in complete medium OPTI-MEM with 10% FCS, penicillin
(50 U/ml), streptomycin (50 pg/ml), and B-mercaptoethanol (50
uM) supplemented with a saturating amount of the following
cytokines: macrophage CSF, GM-CSF, c-Kit ligand, Epo (R&D
Systems; 959-ME), and thrombopoietin (R&D Systems; 488-
TO) for myeloid and erythroid differentiation. Except if
stated otherwise, cytokines were obtained from the super-
natant of myeloma cell lines (provided by F. Melchers, Deutsches
Rheuma-Forschungszentrum, Berlin, Germany) transfected with
cDNA encoding those cytokines. After 5-7 d, wells were assessed
for the presence of hematopoietic colonies. Cell frequencies,
determined with extreme limiting-dilution analysis software
from the Walter and Eliza Hall Institute Bioinformatics Divi-
sion, are presented as the number of positive wells and the
number of total tested wells (Hu and Smyth, 2009).

For colony-forming assays, sorted cells were plated at 100
cells/35 mm culture dishes in duplicate in Methocult M3434
(StemCell Technologies; Cat# 03434) as described by the manu-
facturer. CFU-Es were assessed at 3 d and remaining colonies at 7 d.

In vivo analysis of lineage potential
Pregnant WT females were anesthetized by intraperitoneal in-
jection of a solution of ketamine 10 mg/ml plus xylazine 1 mg/ml
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diluted in PBS (50-100 pl per 10 g body weight), using a 1-ml
syringe. E13.5 GFP* Kit*CD24* or CD45*LK FL cells from UBC-
GFP embryos were purified and injected intraperitoneally into
recipient E13.5 WT embryos (20,000 cells/embryo) of anesthe-
tized females. Sham controls were performed. The FL and the fetal
blood of injected and control embryos were analyzed at E16.5.

Multiplex single-cell qPCR

Single cells were sorted directly into 96-well plates loaded with
RT-STA Reaction mix (CellsDirect One-Step qRTPCR Kit; In-
vitrogen; Cat# 11753-500; according to the manufacturer’s pro-
cedures) and 0.2x specific TagMan Assay mix and were kept at ~80°C
at least overnight. TagMan probes used were as follows: Bmil:
MmO00776122_gH; Cebpa: Mm00514283_sl; Csfir: MmO01266652_ml;
Csfara: MmO00438331_gl; Csf3r: MmO00432735_ml; Epor:
MmO00833882_ml; Gatal: MmO01352636_ml; Gata2: MmO00492301_ml;
Hbb-bl: MmO1611268_gl; Hbb-bhi: Mm00433932_gl; Hbb-y:
MmO00433936_gl; mKi-67: MmO01278617_ml; Kit: Mm00445212_m; KIfl:
MmO00516096_m1; Lmo2: Mm01281680_ml; Ly6c: Mm03009946_mi;
Mpl: MmO00440310_ml; Myb: MmO00501741_ml; Runxl:
MmO01213404 ml; Runx2: MmO03003491_ml; Runx3: Mm00490666_ml;
Tall: MmO1187033_ml; Zfpml: MmO00494336_ml; Actb:
Mm01205647_gl; Gapdh: Mm99999915_gl; and Hprt: Mm03024075_
ml. For each subset analyzed, a control well with 20 cells was also
sorted. Pre-amplified cDNA (20 cycles) was obtained according
to manufacturer’s instructions and was diluted 1:5 in Tris-EDTA
(TE) buffer for gPCR. Multiplex qPCR was performed using the
microfluidics Biomark HD system for 40 cycles (Fluidigm) as
previously described (Chea et al., 2016). The same TagMan
probes were used for both RT/preamp and qPCR. Only single
cells for which at least two housekeeping genes could be detected
before 20 cycles were included in the analysis.

Bioinformatic analysis

Flow cytometry data analysis was performed in FCS files of live
CD45 Terl19" cell fractions using R packages “Rtsne,” “Rphe-
nograph,” and “pheatmap” using Rv3.5.0. Gene expression raw
data (BioMark; Fluidigm) of single cells was normalized with
Gapdh and B-actin. Heatmaps and hierarchical clustering were
generated using R packages “pheatmap” and “Rphenograph”
(Levine et al., 2015).

Quantification and statistical analysis

All results are shown as mean + SD. Statistical significance was
determined using one-way ANOVA followed by Tukey’s multi-
ple comparison test where a P value of <0.05 was considered
significant and a P value >0.05 was considered not significant.

Online supplemental material

Fig. S1 shows the phenotype of E12.5, E14.5, and E18.5 FL and
adult BM populations. Fig. S2 shows the gating strategies used
to determine YFP-labeled hematopoietic populations in the
CsflrMeriCreMerRosa26YEP lineage tracing model with E8.5 OH-
TAM injection. Fig. S3 shows the gating strategies used to
determine YFP-labeled hematopoietic populations in the
Cdh5¢reERT2R05a26YFF fate-mapping model with E7.5 OH-TAM
injection. Fig. S4 shows the gating strategies used to determine
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YFP-labeled hematopoietic populations in the FIt3“"*Rosa26YF?
fate-mapping model. Fig. S5 shows the gating strategies used
to determine YFP-labeled hematopoietic populations in the
Cdh5C¢reERT2R 05226 YFP fate-mapping model with E10.5 OH-TAM
injection. It also shows that YFP- and YFP* CMPs from
Flt3¢r*Rosa26YtP E14.5 FL yielded similar frequencies of ery-
throid and myeloid cells and generated similar numbers of
hematopoietic colonies. Table S1 shows the genes used for
gene set enrichment analysis.

Acknowledgments
We thank J. Palis, A. Bandeira, P. Vieira, and P. Pereira and the
members of the P. Pinto-do-O and A. Cumano laboratories for
critical discussions, M. Petit for help in bioinformatic analysis,
M.-P. Mailhe for technical help, and N. Mackowski for careful
reading. We thank P. Bousso (Institut Pasteur, Paris, France) for
the ubiquitin-GFP reporter mice; S. Novault, S. Megharba, S.
Schmutz, V. Libri, and T. Stephen from the Center for Transla-
tional Science-Cytometry and Biomarkers Unit of Technology
and Service at Institut Pasteur for technical support; and the
staff of the animal facility of the Institut Pasteur for mouse care.
This work was financed by the Institut Pasteur, Institut Na-
tional de la Santé et de la Recherche Médicale, Agence Nationale
de la Recherche (grant Twothyme and grant EPI-DEV), REVIVE
Future Investment Program and Pasteur-Weizmann Foundation
through grants to A. Cumano, and by the European Research
Council through an investigator award (2016-StG-715320) to E.
Gomez-Perdiguero. The P. Pinto-do-O laboratory was funded
by Fundo Europeu de Desenvolvimento Regional funds through
the COMPETE 2020-Operational Program for Competitiveness
and Internationalization, Portugal 2020, and Portuguese funds
through Fundacio para a Ciéncia e Tecnologia do Ministério da
Ciéncia, Tecnologia e Ensino Superior in the framework of the
project POCI-01-0145-FEDER-032656. F. Soares-da-Silva was
funded by Fundagfo para a Ciéncia e Tecnologia through the
grants PD/BD/114128/2015 and POCI-0100145-FEDER-01638.
Author contributions: F. Soares-da-Silva and A. Cumano
conceived and performed experiments, performed formal analy-
sis, and wrote the manuscript; L. Freyer, R. Elsaid, O. Burlen-
Defranoux, L. Iturri, and O. Sismeiro performed experiments;
P. Pinto-do-O and E. Gomez-Perdiguero provided feedback and
reviewed the manuscript; A. Cumano reviewed the manuscript
and secured funding.

Disclosures: The authors declare no competing interests exist.

Submitted: 12 August 2020
Revised: 13 November 2020
Accepted: 7 January 2021

References

Aisen, P. 2004. Transferrin receptor 1. Int. J. Biochem. Cell Biol. 36:2137-2143.
https://doi.org/10.1016/j.biocel.2004.02.007

Akashi, K., D. Traver, T. Miyamoto, and I.L. Weissman. 2000. A clonogenic
common myeloid progenitor that gives rise to all myeloid lineages.
Nature. 404:193-197. https://doi.org/10.1038/35004599

Soares-da-Silva et al.

Yolk sac drives embryonic erythropoiesis

Beaudin, A.E., S.W. Boyer, J. Perez-Cunningham, G.E. Hernandez, S.C. Der-
derian, C. Jujjavarapu, E. Aaserude, T. MacKenzie, and E.C. Forsberg.
2016. A Transient Developmental Hematopoietic Stem Cell Gives Rise to
Innate-like B and T Cells. Cell Stem Cell. 19:768-783. https://doi.org/10
.1016/j.stem.2016.08.013

Benz, C., V.C. Martins, F. Radtke, and C.C. Bleul. 2008. The stream of pre-
cursors that colonizes the thymus proceeds selectively through the
early T lineage precursor stage of T cell development. J. Exp. Med. 205:
1187-1199. https://doi.org/10.1084/jem.20072168

Bertrand, J.Y., A. Jalil, M. Klaine, S. Jung, A. Cumano, and I. Godin. 2005.
Three pathways to mature macrophages in the early mouse yolk sac.
Blood. 106:3004-3011. https://doi.org/10.1182/blood-2005-02-0461

Bertrand, J.Y., N.C. Chi, B. Santoso, S. Teng, D.Y. Stainier, and D. Traver.
2010. Haematopoietic stem cells derive directly from aortic endothe-
lium during development. Nature. 464:108-111. https://doi.org/10.1038/
nature08738

Bianchi, E., R. Zini, S. Salati, E. Tenedini, R. Norfo, E. Tagliafico, R. Man-
fredini, and S. Ferrari. 2010. c-myb supports erythropoiesis through the
transactivation of KLF1 and LMO2 expression. Blood. 116:99-€110.
https://doi.org/10.1182/blood-2009-08-238311

Buza-Vidas, N., P. Woll, A. Hultquist, S. Duarte, M. Lutteropp, T. Bouriez-
Jones, H. Ferry, S. Luc, and S.E. Jacobsen. 2011. FLT3 expression initiates
in fully multipotent mouse hematopoietic progenitor cells. Blood. 118:
1544-1548. https://doi.org/10.1182/blood-2010-10-316232

Carrelha, J., Y. Meng, L.M. Kettyle, T.C. Luis, R. Norfo, V. Alcolea, H. Bou-
karabila, F. Grasso, A. Gambardella, A. Grover, et al. 2018. Hierarchi-
cally related lineage-restricted fates of multipotent haematopoietic
stem cells. Nature. 554:106-111. https://doi.org/10.1038/nature25455

Chea, S., S. Schmutz, C. Berthault, T. Perchet, M. Petit, O. Burlen-Defranoux,
A.W. Goldrath, H.-R. Rodewald, A. Cumano, and R. Golub. 2016. Single-
Cell Gene Expression Analyses Reveal Heterogeneous Responsiveness
of Fetal Innate Lymphoid Progenitors to Notch Signaling. Cell Rep. 14:
1500-1516. https://doi.org/10.1016/j.celrep.2016.01.015

Chen, K., J. Liu, S. Heck, J.A. Chasis, X. An, and N. Mohandas. 2009. Resolving
the distinct stages in erythroid differentiation based on dynamic
changes in membrane protein expression during erythropoiesis. Proc.
Natl. Acad. Sci. USA. 106:17413-17418. https://doi.org/10.1073/pnas
.0909296106

Chen, M.J,, Y. Li, M.E. De Obaldia, Q. Yang, A.D. Yzaguirre, T. Yamada-In-
agawa, C.S. Vink, A. Bhandoola, E. Dzierzak, and N.A. Speck. 2011. Er-
ythroid/myeloid progenitors and hematopoietic stem cells originate
from distinct populations of endothelial cells. Cell Stem Cell. 9:541-552.
https://doi.org/10.1016/j.stem.2011.10.003

Chen, E.Y., C.M. Tan, Y. Kou, Q. Duan, Z. Wang, G.V. Meirelles, N.R. Clark,
and A. Ma'ayan. 2013. Enrichr: interactive and collaborative HTML5
gene list enrichment analysis tool. BMC Bioinformatics. 14:128. https://
doi.org/10.1186/1471-2105-14-128

Cossarizza, A., H.D. Chang, A. Radbruch, A. Acs, D. Adam, S. Adam-Klages,
W.W. Agace, N. Aghaeepour, M. Akdis, M. Allez, et al. 2019. Guidelines
for the use of flow cytometry and cell sorting in immunological studies
(second edition). Eur. J. Immunol. 49:1457-1973. . https://doi.org/10
.1002/¢ji.201970107

Cumano, A., F. Dieterlen-Lievre, and 1. Godin. 1996. Lymphoid potential,
probed before circulation in mouse, is restricted to caudal intraem-
bryonic splanchnopleura. Cell. 86:907-916. https://doi.org/10.1016/
S0092-8674(00)80166-X

de Bruijn, M.F., N.A. Speck, M.C. Peeters, and E. Dzierzak. 2000. Definitive
hematopoietic stem cells first develop within the major arterial regions
of the mouse embryo. EMBO J. 19:2465-2474. https://doi.org/10.1093/
emboj/19.11.2465

Dong, H.Y., S. Wilkes, and H. Yang. 2011. CD71 is selectively and ubiquitously
expressed at high levels in erythroid precursors of all maturation
stages: a comparative immunochemical study with glycophorin A and
hemoglobin A. Am. J. Surg. Pathol. 35:723-732. https://doi.org/10.1097/
PAS.0b013e31821247a8

Feng, D., and Y.W. Kan. 2005. The binding of the ubiquitous transcription
factor Spl at the locus control region represses the expression of beta-
like globin genes. Proc. Natl. Acad. Sci. USA. 102:9896-9900. https://doi
.org/10.1073/pnas.0502041102

Flygare, J., V. Rayon Estrada, C. Shin, S. Gupta, and H.F. Lodish. 2011. HI-
Flalpha synergizes with glucocorticoids to promote BFU-E progenitor
self-renewal. Blood. 117:3435-3444. https://doi.org/10.1182/blood-2010
-07-295550

Frame, ].M., K.H. Fegan, SJ. Conway, K.E. McGrath, and ]. Palis. 2016. De-
finitive Hematopoiesis in the Yolk Sac Emerges from Wnt-Responsive

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20201729

15 of 16


https://doi.org/10.1016/j.biocel.2004.02.007
https://doi.org/10.1038/35004599
https://doi.org/10.1016/j.stem.2016.08.013
https://doi.org/10.1016/j.stem.2016.08.013
https://doi.org/10.1084/jem.20072168
https://doi.org/10.1182/blood-2005-02-0461
https://doi.org/10.1038/nature08738
https://doi.org/10.1038/nature08738
https://doi.org/10.1182/blood-2009-08-238311
https://doi.org/10.1182/blood-2010-10-316232
https://doi.org/10.1038/nature25455
https://doi.org/10.1016/j.celrep.2016.01.015
https://doi.org/10.1073/pnas.0909296106
https://doi.org/10.1073/pnas.0909296106
https://doi.org/10.1016/j.stem.2011.10.003
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1186/1471-2105-14-128
https://doi.org/10.1002/eji.201970107
https://doi.org/10.1002/eji.201970107
https://doi.org/10.1016/S0092-8674(00)80166-X
https://doi.org/10.1016/S0092-8674(00)80166-X
https://doi.org/10.1093/emboj/19.11.2465
https://doi.org/10.1093/emboj/19.11.2465
https://doi.org/10.1097/PAS.0b013e31821247a8
https://doi.org/10.1097/PAS.0b013e31821247a8
https://doi.org/10.1073/pnas.0502041102
https://doi.org/10.1073/pnas.0502041102
https://doi.org/10.1182/blood-2010-07-295550
https://doi.org/10.1182/blood-2010-07-295550
https://doi.org/10.1084/jem.20201729

Hemogenic Endothelium Independently of Circulation and Arterial
Identity. Stem Cells. 34:431-444. https://doi.org/10.1002/stem.2213
Fraser, S.T., J. Isern, and M.H. Baron. 2007. Maturation and enucleation of
primitive erythroblasts during mouse embryogenesis is accompanied
by changes in cell-surface antigen expression. Blood. 109:343-352.
https://doi.org/10.1182/blood-2006-03-006569

Gentek, R., C. Ghigo, G. Hoeffel, M.J. Bulle, R. Msallam, G. Gautier, P. Launay,
J. Chen, F. Ginhoux, and M. Bajénoff. 2018. Hemogenic Endothelial Fate
Mapping Reveals Dual Developmental Origin of Mast Cells. Immunity.
48:1160-1171.e5. https://doi.org/10.1016/j.immuni.2018.04.025

Gomez Perdiguero, E., K. Klapproth, C. Schulz, K. Busch, E. Azzoni, L. Crozet,
H. Garner, C. Trouillet, M.F. de Bruijn, F. Geissmann, and H.R. Rode-
wald. 2015. Tissue-resident macrophages originate from yolk-sac-
derived erythro-myeloid progenitors. Nature. 518:547-551. https://doi
.org/10.1038/nature13989

Hu, Y., and G.K. Smyth. 2009. ELDA: extreme limiting dilution analysis for
comparing depleted and enriched populations in stem cell and other
assays. J. Immunol. Methods. 347:70-78. https://doi.org/10.1016/j.jim
.2009.06.008

Kasaai, B., V. Caolo, H.M. Peacock, S. Lehoux, E. Gomez-Perdiguero, A. Lut-
tun, and E.A. Jones. 2017. Erythro-myeloid progenitors can differentiate
from endothelial cells and modulate embryonic vascular remodeling.
Sci. Rep. 7:43817. https://doi.org/10.1038/srep43817

Kieusseian, A., P. Brunet de la Grange, O. Burlen-Defranoux, I. Godin, and A.
Cumano. 2012. Immature hematopoietic stem cells undergo maturation
in the fetal liver. Development. 139:3521-3530. https://doi.org/10.1242/
dev.079210

Kim, A.R., ].C. Ulirsch, S. Wilmes, E. Unal, I. Moraga, M. Karakukcu, D. Yuan,
S. Kazerounian, N.J. Abdulhay, D.S. King, et al. 2017. Functional Selec-
tivity in Cytokine Signaling Revealed Through a Pathogenic EPO Mu-
tation. Cell. 168:1053-1064.e15. https://doi.org/10.1016/j.cell.2017.02.026

Kina, T., K. Ikuta, E. Takayama, K. Wada, A.S. Majumdar, I.L. Weissman, and
Y. Katsura. 2000. The monoclonal antibody TER-119 recognizes a
molecule associated with glycophorin A and specifically marks the late
stages of murine erythroid lineage. Br. J. Haematol. 109:280-287.
https://doi.org/10.1046/}.1365-2141.2000.02037.x

Kingsley, P.D., ]J. Malik, R.L. Emerson, T.P. Bushnell, K.E. McGrath, L.A.
Bloedorn, M. Bulger, and ]. Palis. 2006. “Maturational” globin switching
in primary primitive erythroid cells. Blood. 107:1665-1672. https://doi
.org/10.1182/blood-2005-08-3097

Kissa, K., and P. Herbomel. 2010. Blood stem cells emerge from aortic en-
dothelium by a novel type of cell transition. Nature. 464:112-115. https://
doi.org/10.1038/nature08761

Levine, J.H., E.F. Simonds, S.C. Bendall, K.L. Davis, A.D. Amir, M.D. Tadmor, O.
Litvin, H.G. Fienberg, A. Jager, E.R. Zunder, et al. 2015. Data-Driven Phe-
notypic Dissection of AML Reveals Progenitor-like Cells that Correlate with
Prognosis. Cell. 162:184-197. https://doi.org/10.1016/j.cell.2015.05.047

Liao, Y., GK. Smyth, and W. Shi. 2014. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic features. Bio-
informatics. 30:923-930. https://doi.org/10.1093/bioinformatics/btt656

Love, M.I,, W. Huber, and S. Anders. 2014. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:
550. https://doi.org/10.1186/s13059-014-0550-8

McDevitt, M.A., R.A. Shivdasani, Y. Fujiwara, H. Yang, and S.H. Orkin. 1997.
A “knockdown” mutation created by cis-element gene targeting reveals
the dependence of erythroid cell maturation on the level of transcrip-
tion factor GATA-1. Proc. Natl. Acad. Sci. USA. 94:6781-6785. https://doi
.org/10.1073/pnas.94.13.6781

McGrath, K.E., ].M. Frame, G.J. Fromm, A.D. Koniski, P.D. Kingsley, J. Little,
M. Bulger, and J. Palis. 2011. A transient definitive erythroid lineage
with unique regulation of the -globin locus in the mammalian embryo.
Blood. 117:4600-4608. https://doi.org/10.1182/blood-2010-12-325357

McGrath, K.E., ].M. Frame, K.H. Fegan, J.R. Bowen, SJ. Conway, S.C. Cath-
erman, P.D. Kingsley, A.D. Koniski, and J. Palis. 2015a. Distinct Sources
of Hematopoietic Progenitors Emerge before HSCs and Provide Func-
tional Blood Cells in the Mammalian Embryo. Cell Rep. 11:1892-1904.
https://doi.org/10.1016/j.celrep.2015.05.036

McGrath, K.E., J.M. Frame, and ]. Palis. 2015b. Early hematopoiesis and
macrophage development. Semin. Immunol. 27:379-387. https://doi.org/
10.1016/j.smim.2016.03.013

McGrath, K.E., S.C. Catherman, and J. Palis. 2017. Delineating stages of
erythropoiesis using imaging flow cytometry. Methods. 112:68-74. https://
doi.org/10.1016/j.ymeth.2016.08.012

Mucenski, M.L., K. McLain, A.B. Kier, S.H. Swerdlow, C.M. Schreiner, T.A.
Miller, D.W. Pietryga, W.J. Scott Jr., and S.S. Potter. 1991. A functional

Soares-da-Silva et al.

Yolk sac drives embryonic erythropoiesis

c-myb gene is required for normal murine fetal hepatic hematopoiesis.
Cell. 65:677-689. https://doi.org/10.1016/0092-8674(91)90099-K

Palis, J. 2016. Hematopoietic stem cell-independent hematopoiesis: emer-
gence of erythroid, megakaryocyte, and myeloid potential in the
mammalian embryo. FEBS Lett. 590:3965-3974. https://doi.org/10
.1002/1873-3468.12459

Palis, ]., S. Robertson, M. Kennedy, C. Wall, and G. Keller. 1999. Development
of erythroid and myeloid progenitors in the yolk sac and embryo proper
of the mouse. Development. 126:5073-5084.

Perkins, A.C., A.H. Sharpe, and S.H. Orkin. 1995. Lethal beta-thalassaemia in
mice lacking the erythroid CACCC-transcription factor EKLF. Nature.
375:318-322. https://doi.org/10.1038/375318a0

Perkins, A., X. Xu, D.R. Higgs, G.P. Patrinos, L. Arnaud, J.J. Bieker, and S.
Philipsen. KLF1 Consensus Workgroup. 2016. Kriippeling erythropoie-
sis: an unexpected broad spectrum of human red blood cell disorders
due to KLF1 variants. Blood. 127:1856-1862. https://doi.org/10.1182/
blood-2016-01-694331

Popescu, D.M., R.A. Botting, E. Stephenson, K. Green, S. Webb, L. Jardine, E.F.
Calderbank, K. Polanski, I. Goh, M. Efremova, et al. 2019. Decoding
human fetal liver haematopoiesis. Nature. 574:365-371. https://doi.org/
10.1038/541586-019-1652-y

Ratajczak, M.Z., D. Perrotti, P. Melotti, M. Powzaniuk, B. Calabretta, K. Onodera,
D.A. Kregenow, B. Machalinski, and A.M. Gewirtz. 1998. Myb and ets
proteins are candidate regulators of c-kit expression in human hemato-
poietic cells. Blood. 91:1934-1946. https://doi.org/10.1182/blood.V91.6.1934

Rich, I.N,, and B. Kubanek. 1980. The ontogeny of erythropoiesis in the mouse
detected by the erythroid colony-forming technique. II. Transition in
erythropoietin sensitivity during development. J. Embryol. Exp. Morphol.
58:143-155.

Rogers, H., L. Wang, X. Yu, M. Alnaeeli, K. Cui, K. Zhao, ].J. Bieker, J. Prchal, S.
Huang, B. Weksler, and C.T. Noguchi. 2012. T-cell acute leukemia
1 (TAL1) regulation of erythropoietin receptor and association with
excessive erythrocytosis. J. Biol. Chem. 287:36720-36731. https://doi
.org/10.1074/jbc.M112.378398

Schaefer, B.C., M.L. Schaefer, ].W. Kappler, P. Marrack, and R.M. Kedl. 2001.
Observation of antigen-dependent CD8+ T-cell/ dendritic cell interac-
tions in vivo. Cell. Immunol. 214:110-122. https://doi.org/10.1006/cimm
.2001.1895

Schulz, C., E. Gomez Perdiguero, L. Chorro, H. Szabo-Rogers, N. Cagnard, K.
Kierdorf, M. Prinz, B. Wu, S.E. Jacobsen, ].W. Pollard, et al. 2012. A
lineage of myeloid cells independent of Myb and hematopoietic stem
cells. Science. 336:86-90. https://doi.org/10.1126/science.1219179

Suzuki, N., N. Obara, X. Pan, M. Watanabe, K. Jishage, N. Minegishi, and M.
Yamamoto. 2011. Specific contribution of the erythropoietin gene 3’
enhancer to hepatic erythropoiesis after late embryonic stages. Mol.
Cell. Biol. 31:3896-3905. https://doi.org/10.1128/MCB.05463-11

Taoudi, S., C. Gonneau, K. Moore, J.M. Sheridan, C.C. Blackburn, E. Taylor, and
A. Medvinsky. 2008. Extensive hematopoietic stem cell generation in the
AGM region via maturation of VE-cadherin+CD45+ pre-definitive HSCs.
Cell Stem Cell. 3:99-108. https://doi.org/10.1016/j.stem.2008.06.004

Tober, J., K.E. McGrath, and J. Palis. 2008. Primitive erythropoiesis and
megakaryopoiesis in the yolk sac are independent of c-myb. Blood. 111:
2636-2639. https://doi.org/10.1182/blood-2007-11-124685

Vegiopoulos, A., P. Garcia, N. Emambokus, and J. Frampton. 2006. Coordi-
nation of erythropoiesis by the transcription factor c-Myb. Blood. 107:
4703-4710. https://doi.org/10.1182/blood-2005-07-2968

Widness, J.A. 2008. Pathophysiology of Anemia During the Neonatal Period,
Including Anemia of Prematurity. Neoreviews. 9:¢520-e525. https://doi
.org/10.1542./neo.9-11-e520

Wong, ].B., S.L. Hewitt, L.M. Heltemes-Harris, M. Mandal, K. Johnson, K.
Rajewsky, S.B. Koralov, M.R. Clark, M.A. Farrar, and ].A. Skok. 2019. B-
1a cells acquire their unique characteristics by bypassing the pre-BCR
selection stage. Nat. Commun. 10:4768. https://doi.org/10.1038/s41467
-019-12824-z

Zanjani, E.D., ].L. Ascensao, P.B. McGlave, M. Banisadre, and R.C. Ash. 1981.
Studies on the liver to kidney switch of erythropoietin production.
J. Clin. Invest. 67:1183-1188. https://doi.org/10.1172/]CI110133

Zon, L.I, C. Mather, S. Burgess, M.E. Bolce, R.M. Harland, and S.H. Orkin.
1991. Expression of GATA-binding proteins during embryonic devel-
opment in Xenopus laevis. Proc. Natl. Acad. Sci. USA. 88:10642-10646.
https://doi.org/10.1073/pnas.88.23.10642

Zovein, A.C., ].J. Hofmann, M. Lynch, WJ. French, K.A. Turlo, Y. Yang, M.S.
Becker, L. Zanetta, E. Dejana, J.C. Gasson, et al. 2008. Fate tracing re-
veals the endothelial origin of hematopoietic stem cells. Cell Stem Cell. 3:
625-636. https://doi.org/10.1016/j.stem.2008.09.018

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20201729

16 of 16


https://doi.org/10.1002/stem.2213
https://doi.org/10.1182/blood-2006-03-006569
https://doi.org/10.1016/j.immuni.2018.04.025
https://doi.org/10.1038/nature13989
https://doi.org/10.1038/nature13989
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1016/j.jim.2009.06.008
https://doi.org/10.1038/srep43817
https://doi.org/10.1242/dev.079210
https://doi.org/10.1242/dev.079210
https://doi.org/10.1016/j.cell.2017.02.026
https://doi.org/10.1046/j.1365-2141.2000.02037.x
https://doi.org/10.1182/blood-2005-08-3097
https://doi.org/10.1182/blood-2005-08-3097
https://doi.org/10.1038/nature08761
https://doi.org/10.1038/nature08761
https://doi.org/10.1016/j.cell.2015.05.047
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1073/pnas.94.13.6781
https://doi.org/10.1073/pnas.94.13.6781
https://doi.org/10.1182/blood-2010-12-325357
https://doi.org/10.1016/j.celrep.2015.05.036
https://doi.org/10.1016/j.smim.2016.03.013
https://doi.org/10.1016/j.smim.2016.03.013
https://doi.org/10.1016/j.ymeth.2016.08.012
https://doi.org/10.1016/j.ymeth.2016.08.012
https://doi.org/10.1016/0092-8674(91)90099-K
https://doi.org/10.1002/1873-3468.12459
https://doi.org/10.1002/1873-3468.12459
https://doi.org/10.1038/375318a0
https://doi.org/10.1182/blood-2016-01-694331
https://doi.org/10.1182/blood-2016-01-694331
https://doi.org/10.1038/s41586-019-1652-y
https://doi.org/10.1038/s41586-019-1652-y
https://doi.org/10.1182/blood.V91.6.1934
https://doi.org/10.1074/jbc.M112.378398
https://doi.org/10.1074/jbc.M112.378398
https://doi.org/10.1006/cimm.2001.1895
https://doi.org/10.1006/cimm.2001.1895
https://doi.org/10.1126/science.1219179
https://doi.org/10.1128/MCB.05463-11
https://doi.org/10.1016/j.stem.2008.06.004
https://doi.org/10.1182/blood-2007-11-124685
https://doi.org/10.1182/blood-2005-07-2968
https://doi.org/10.1542/neo.9-11-e520
https://doi.org/10.1542/neo.9-11-e520
https://doi.org/10.1038/s41467-019-12824-z
https://doi.org/10.1038/s41467-019-12824-z
https://doi.org/10.1172/JCI110133
https://doi.org/10.1073/pnas.88.23.10642
https://doi.org/10.1016/j.stem.2008.09.018
https://doi.org/10.1084/jem.20201729

Supplemental material

Soares-da-Silva et al. Journal of Experimental Medicine  S1
Yolk sac drives embryonic erythropoiesis https://doi.org/10.1084/jem.20201729


https://doi.org/10.1084/jem.20201729

>

E12.5
Ter119, CD45

E14.5

E18.5
Ter119, CD45

vy)

Gated in Live Single Cells

TER119-CD45-
14.4

n

"

i
T

CD31

Gated in Live Single Cells

TER119-CD45-
12.6

Gated in Live Single Cells

TER119-CD45-
s 1.7

E-Cad

CD31

E12.5

CD16/32

1.75

Relative mRNA expression J

Figure S1. Phenotype of E12.5, E14.5, and E18.5 FL and adult BM populations (related to Figs. 1 and 2). (A) Flow cytometry analysis of E12.5, E14.5, and
E18.5 FL cells using Ter119, CD45, epethilial cadherin (E-cad), CD31, CD51, and CD166. Viable Terl19-CD45-E-Cad-CD31-CD51-CD166" cells can be subdivided
into three populations according to expression of CD24 and Kit. (B) Flow cytometry profile of E12.5, E14.5, and E18.5 FL Lin-CD45*Kit* (CD45*LK; blue) and
CD45 Kit* (red) cells according to CD16/32 and CD34 expression. (C) Flow cytometry analysis of CD24 expression in P3 (CD71*Kit"), P2 (CD71*Kit*), and P1
(CD717Kit*) cells in E13.5 FL cells. (D) Afp, Alb, and Krt19 mRNA expression in E14.5 in P2/P3 cells of Myb*/~ and Myb~/~ FL cells. FSC-W, forward-scatter width.
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Figure S2. Gating strategies used to determine YFP-labeled hematopoietic populations in the CsflrMeriCreMerRosa26YFP lineage tracing model
(related to Fig. 5). (A) Gating strategy for the analysis of YFP expression in LSK cells. (B) Gating strategy for the analysis of YFP expression in P1
(Lin"CD457Kit*CD717), P2 (Lin"CD457Kit*CD71*), P3 (Lin-CD45 Kit-CD71*), and erythroblast (Lin*CD71*) cells. (C) Gating strategy for the analysis of YFP
expression in microglia (CD45*F4/80*CD11b*) cells. Data representative of E12.5 YFP* embryos. (D) Percentage of YFP* cells among microglia at E11.5, E12.5,
and E13.5.
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Figure S3. Gating strategies used to determine YFP-labeled hematopoietic populations in the Cdh5°"*ERT2R0sa26"FP fate-mapping model (related to
Fig. 5). (A) Gating strategy for the analysis of YFP expression in LSK, P1 (Lin-CD457Kit*CD71"), P2 (Lin"CD45Kit*CD71*), P3 (Lin-CD45"Kit-CD71*), and
erythroblast (Lin*CD71*) cells. Data representative of E14.5 YFP* embryos. (B) Percentage of YFP* cells among microglia at E12.5, E14.5, and E16.5. (C) Gating
strategy for the analysis of YFP expression in blood erythrocytes (Terl19*CD71") and erythroblasts (Ter119*CD71*) after OH-TAM pulse at E7.5. (D) Gating
strategy for the analysis of YFP expression in blood erythrocytes (Ter119*CD71") and erythroblasts (Terl119*CD71*) after OH-TAM pulse at E10.5.
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Figure S4. Gating strategies used to determine YFP labeled hematopoietic populations in the FIt3“°Rosa26"FP fate-mapping model (related to
Fig. 6). (A) Gating strategy for the analysis of YFP expression in LSKs, CMPs, GMPs, MEPs, P3 and erythroblasts. (B) Gating strategy for the analysis of YFP
expression in P1 + P2 cells. (C) Gating strategy for the analysis of YFP expression in microglia cells. Data representative of E16.5 YFP* embryos. (D) Percentage
of YFP* cells among LSKs at E16.5 and E18.5.
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Figure S5. Gating strategies used to determine YFP labeled hematopoietic populations in the Cdh5°"ER72R0sa26YFP fate-mapping model (related to
Fig. 6). (A) Gating strategy for the analysis of YFP expression in LSKs, CMPs, GMPs, MEPs, P1 + P2, P3, erythroblasts, and CD45*Kit™ cells. (B) Percentage of
YFP* cells among LSKs at E14.5 and E16.5. (c) Frequencies of CD71*Ter119*, Ter119*, CD41*, CD11b*, and Grl* cells from YFP~ or YFP* CMPs from E14.5 FL of
Flt3-Cre Rosa26-YFP embryos after 6 d of liquid cultures (YFP~, n = 10; YFP*, n = 7; three independent experiments). (D) In vitro lineage potential of E14.5 YFP~
and YFP* CMPs from Flt3-Cre Rosa26-YFP mice in semi-solid cultures. CFU-E colonies were quantified at 3 d, and CFU-M, CFU-G, CFU-GM, CFU-GEMM, and
CFU-Mk at 7 d of culture (n = 4, two independent experiments). Statistical significance was assessed using multiple t tests. ns, P > 0.05. Data are represented as
mean + SD.
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Table S1, which is provided online, lists the 122 genes submitted to Enrichr, related to Fig. 1.

Soares-da-Silva et al. Journal of Experimental Medicine  S7
Yolk sac drives embryonic erythropoiesis https://doi.org/10.1084/jem.20201729


https://doi.org/10.1084/jem.20201729

	Yolk sac, but not hematopoietic stem cell–derived progenitors, sustain erythropoiesis throughout murine embryonic life
	Introduction
	Results
	A unique population of Kit+ cells represents the majority of FL Ter119−CD45− cells
	P1 and P2 cells in the FL have an erythroid progenitor signature
	P1, P2, and P3 cells represent increasingly mature stages within the erythroid lineage
	P2 and P3 cells are committed erythroid progenitors, whereas P1 cells retain residual myeloid potential
	P1/P2 progenitors require c
	P1/P2 cells originate from YS progenitors and are major contributors to embryonic erythropoiesis
	HSCs do not contribute to erythropoiesis up until birth

	Discussion
	Materials and methods
	Mice
	Cell suspension
	Flow cytometry and cell sorting
	RNA
	Gene expression by RT
	Imaging flow cytometry analysis
	EdU incorporation and cell cycle analysis
	In vitro liquid and semi
	In vivo analysis of lineage potential
	Multiplex single
	Bioinformatic analysis
	Quantification and statistical analysis
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material
	Outline placeholder
	Table S1, which is provided online, lists the 122 genes submitted to Enrichr, related to Fig. 1.




