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HIf marks the developmental pathway for
hematopoietic stem cells but not for
erythro-myeloid progenitors
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Daniel G. Tenen>*®, Motomi Osato™*®, Toshio Suda*®, and Norio Komatsu?

Before the emergence of hematopoietic stem cells (HSCs), lineage-restricted progenitors, such as erythro-myeloid progenitors
(EMPs), are detected in the embryo or in pluripotent stem cell cultures in vitro. Although both HSCs and EMPs are derived from
hemogenic endothelium, it remains unclear how and when these two developmental programs are segregated during
ontogeny. Here, we show that hepatic leukemia factor (HIf) expression specifically marks a developmental continuum
between HSC precursors and HSCs. Using the Hlf-tdTomato reporter mouse, we found that HIf is expressed in intra-aortic
hematopoietic clusters and fetal liver HSCs. In contrast, EMPs and yolk sac hematopoietic clusters before embryonic day 9.5
do not express HIf. HSC specification, regulated by the Evi-1/HIf axis, is activated only within HIf* nascent hematopoietic
clusters. These results strongly suggest that HSCs and EMPs are generated from distinct cohorts of hemogenic endothelium.
Selective induction of the HIf* lineage pathway may lead to the in vitro generation of HSCs from pluripotent stem cells.

Introduction

Hematopoietic stem cells (HSCs), which reside in the bone
marrow, are the major source of mature blood lineages including
myeloid cells and lymphocytes (Orkin and Zon, 2008). In the
mouse embryo during midgestation, HSCs are generated from
aortic endothelium through the transdifferentiation process
known as endothelial-to-hematopoietic transition (EHT; Zovein
et al., 2008; Chen et al., 2009; Medvinsky et al., 2011). During
EHT, flat-shaped hemogenic endothelia transform into round-
shaped hematopoietic cells (Boisset et al., 2010), which subse-
quently form cell aggregates, called hematopoietic clusters
(Yokomizo and Dzierzak, 2010). At embryonic days (E) 10-11,
these clusters are thought to contain HSC precursors (pre-HSCs;
Taoudi et al., 2008; Zhou et al., 2016), which colonize the fetal
liver before or after they mature into fully functional HSCs. It
has been reported that HSCs are generated from regions other
than the dorsal aorta, such as the yolk sac, placenta, and head
(Samokhvalov et al., 2007; Rhodes et al., 2008; Li et al., 2012).
Indeed, a recent tracing study revealed that 35%-40% of HSCs in

the adult bone marrow may originate from the yolk sac (Lee
et al., 2016).

Before the emergence of HSCs (~E10), lineage-restricted
progenitors, such as erythro-myeloid progenitors (EMPs) and
lymphoid-myeloid progenitors, are detected in the mouse em-
bryo (Bdiers et al., 2013; McGrath et al., 2015a). These are re-
ferred to as HSC-independent lineages (Dzierzak and Bigas,
2018). EMPs are the dominant progenitor population at the
midgestation stage and produce transient, definitive-type er-
ythrocytes and long-lived, tissue-resident macrophages, which
have the potential to proliferate and are maintained in some
tissues until adult stage and thereafter (Perdiguero et al., 2015).
Similar to aortic clusters, EMPs are generated from hemogenic
endothelium at E8-9 in the yolk sac through the formation of
hematopoietic clusters (Padrén-Barthe et al., 2014; Frame et al.,
2016; Kasaai et al., 2017).

Based on the results of a transgenic rescue experiment that
used the unique features of Ly6a and Tek regulatory elements, it
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has been proposed that HSCs and EMPs arise from distinct he-
mogenic endothelium (Chen et al., 2011). However, it is still
difficult to identify HSC-producing endothelium due to the lack
of specific markers, an issue that also hinders the generation of
HSCs from pluripotent stem cells in vitro (Rowe et al., 2016). So
far, HSC induction without the introduction of genetic materials
has not been achieved, whereas EMPs are readily induced,
suggesting that current standard culture conditions do not re-
capitulate the HSC-generating phase of hematopoiesis in the
aorta-gonad-mesonephros (AGM) region but rather mimic the
EMP-forming situation in the yolk sac (McGrath et al., 2015a).
One way to circumvent this issue is the identification of nascent
pre-HSC/HSC specific markers suitable for optimizing culture
conditions (Li et al., 2017; Tober et al., 2018).

Hepatic leukemia factor (HIf) encodes a proline- and acid-
rich basic region leucine zipper (PAR-bZIP) transcription fac-
tor, and recent studies revealed that HIf is specifically expressed
in adult bone marrow HSCs and is a critical regulator of HSC
quiescence (Komorowska et al., 2017, Wahlestedt et al., 2017).
Patients with acute lymphoblastic leukemia have a reciprocal
chromosomal translocation of HIf with E2A gene (Inaba et al.,
1992). In addition, several studies have shown through forced
expression that HIf expression is strongly associated with the
acquisition of stem cell properties. Indeed, the ectopic expres-
sion of HIf in HSCs/progenitors reinforces multipotency and
self-renewal ability (Shojaei et al., 2005; Gazit et al., 2013). Six
transcription factors, including HIf, can reprogram blood pro-
genitors into transplantable HSC-like cells (Riddell et al., 2014).

Here, using a novel reporter mouse, we analyzed HIf ex-
pression during hematopoietic development in the embryo. HIf
expression begins in E10 aortic clusters during EHT, and HIf"
cell fractions in E14 fetal livers are enriched for HSCs that can
reconstitute the adult hematopoietic system. In contrast, HIf
expression is not detected in EMPs or in hematopoietic clusters
in E9 yolk sac. These results suggest that HIf expression dis-
criminates the HSC-producing pathway from the EMP-producing
pathway in the mouse embryo.

Results

Generation of HIft4Tomato knock-in mouse

To understand HSC specification during ontogeny and to search
for nascent HSC markers, we performed single-cell microarray
analysis of developing HSC populations. We previously showed
that hematopoietic clusters in the major arteries can be detected
and enriched by c-Kit and CD31 staining and that RunxI-GFP (eRI-
GFP) transgene expression marks hemogenic endothelial cells
(Ng et al., 2010; Yokomizo and Dzierzak, 2010). Using these
markers, we collected 85 single cells from five different pop-
ulations: endothelial cells (eRI-GFP-CD31*Ter119-CD45-CD41"),
hemogenic endothelial cells (eRl-GFP*CD31*Ter119-CD45-CD41°),
E10.5 hematopoietic clusters (c-Kit*CD31*CD45*SSEAI-), E12.5
hematopoietic clusters (c-Kit*CD31*CD45*SSEAL-), and E14.5 fe-
tal liver HSCs (CD150*CD48 c-Kit*Sca-1"Lin Mac-1*; Fig. S1).
Subsequent cDNA synthesis and microarray analysis revealed a
dynamic change in hematopoietic gene expression during HSC
development (Fig. 1 A). Among HSC/hematopoietic stem and
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progenitor cell (HSPC)-related genes, four genes—Mecom, HIf,
Hoxa9, and Procr—showed differential expression patterns
compared with other genes (such as Gata2, Myb, and Meisl) and
seemed to be up-regulated during HSC development (Fig. 1 A).
Because endothelial cells could be an obstacle for imaging or
identifying rare cell populations, such as HSCs and pre-HSCs, we
excluded Mecom, Hoxa9, and Procr from the list of candidate
marker genes, as they are expressed in sorted hemogenic en-
dothelial fractions (Fig. 1 A). Therefore, we focused on HIf for
further detailed analysis.

HIf encodes the PAR-bZIP transcription factor and is ex-
pressed in adult HSCs (Gazit et al., 2013; Komorowska et al.,
2017). To further investigate HIf expression during HSC for-
mation in the embryo, we generated an HIf reporter mouse. For
the HIf-tdTomato allele, we inserted the sequence encoding T2A-
tdTomato before the endogenous stop codon within exon 4
(Fig. 1 B). This should leave endogenous Hlf expression intact in
the mice. Indeed, a similar level of HIf protein expression was
observed between HIf*/* and HIffdTomate/+ mice (Fig. S2 A). Blood
cell analysis also showed normal hematopoietic differentiation
in adult HIftdTomate/+ mice (Fig. S2, B and C).

Hlf is predominantly expressed in fetal liver HSCs

To investigate HIf expression in embryonic hematopoiesis, we
first analyzed the HIftdTomato/+ fetal liver at E14.5. In flow cy-
tometry analysis, 3.9% + 1.0% of fetal liver cells were positive
for Hif-tdTomato (HIf*). Virtually all HIf" cells were positive for
c-Kit, and lineage marker-positive cells (Lin*) were negative for
HIf (Fig. 1, C and E), indicating that the expression is restricted to
HSCs/progenitor cells. Immunostaining analysis of E14.5 fetal
liver also showed restricted HIf expression within a subset
of c-Kit* cells (Fig. 1 D). Within the c-Kit* fraction,
CD150*CD48"¢c-Kit*Sca-1*Lin~ (CD150*CD48-KSL) HSCs had the
highest expression of HIf, and the intensity decreased along
with differentiation (Fig. 1 C). A similar expression pattern was
also observed in the adult bone marrow (Fig. S2, D and E).

To confirm the correlation between HIf expression and stem
cell potential, we isolated cells with the highest (0.03%) and low/
negative HIf expression level (Hlf"c-Kit* cells and HIf'/-c-Kit*
cells, respectively) and transplanted them separately into irra-
diated adult mice (Fig. 1 E). Long-term repopulating activity was
found for the HIfM fraction but not the HIf'/- fraction (Fig. 1 E).
These data indicate that HIf* cells include HSCs in the E14.5
fetal liver.

HIf is specifically expressed in hematopoietic clusters in the
dorsal aorta

Embryonic HSCs are generated from hemogenic endothelium
through the formation of hematopoietic clusters within the
dorsal aorta (Chen et al., 2009). To examine the expression of HIf
in the AGM region, we performed whole-mount immunostain-
ing analysis of E10.5 HIftdTomato/+ embryos. HIf-tdTomato signals
were detected exclusively within the dorsal aorta (Fig. 2 A).
Most (98%) of the c-Kit* cells attached to the endothelial wall
were positive for HIf (Fig. 2, B-D). c-Kit* hematopoietic clusters
in the vitelline artery and the umbilical artery were also positive
for HIf (Fig. 2 E). On the other hand, endothelial cells
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Figure 1. HIf is predominantly expressed in
fetal liver HSCs. (A) Heatmap showing differ-
entially expressed genes in single-cell microarray
data of developing HSC fractions: E10.5 endo-
thelial cells (EC; seven cells), E10.5 hemogenic
endothelial cells (HE; seven cells), E10.5 hema-
topoietic cluster cells (E10.5 HCC; 28 cells), E12.5

Hif-tdTomato
reporter mouse

i Serh g hematopoietic cluster cells (E12.5 HCC; 16 cells),

Ve, e and E14.5 HSC (27 cells). Flow cytometry gating
used to isolate the population is shown in Fig. S1.
Exon 4

Genes are categorized by known markers of
hematopoietic and endothelial lineages. Micro-
array data are generated from 13 independent
sorts. Ery/Mk, erythroid-megakaryocytic lineage;
My, myeloid lineage; Ly, lymphoid lineage.
(B) Targeting strategy of HIft“™™at reporter mouse.
(C) Hif-tdTomato expression in E14.5 HlftdTomator+

HIif gene locus
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poietic lineages. Top right: Hlf-tdTomato ex-
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(CD31*c-Kit") did not express HIf (Fig. 2, B and C), indicating that
HIf starts to be expressed in nascent hematopoietic cells. Of note,
95% of the c-Kit* circulating cells were negative for HIf (Fig. 2 D),
which, as shown later, may indicate a specific marking of the
HSC-producing pathway in the dorsal aorta.

We also examined the expression of Hif-tdTomato in the
E10.5 caudal half region by FACS analysis. As expected, a distinct
HIf*c-Kit* subset (0.051% * 0.014%) was detected, and endo-
thelial cells (CD31*CD45-CD41") were negative for HIf (Fig. 2 F).
The HIf*c-Kit* subset coexpressed CD41 and exhibited a heter-
ogeneous expression of CD45, consistent with known charac-
teristics of hematopoietic clusters (Yokomizo and Dzierzak,
2010). Because c-Kit* circulating cells were not included in the
Hlf*c-Kit* subset (Fig. 2 D), this subset represents nearly a pure
population of hematopoietic clusters.

Developing HSCs express high levels of HIf
We noticed that the intensity of tdTomato in the E10 hemato-
poietic cluster cells was apparently weak compared with that in
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the E14.5 HSCs. Given that HSC maturation occurs between
E10.5 and E14.5 stages, we speculated that HIf expression may be
an indicator of HSC maturation. To explore this possibility, we
compared Hlf-tdTomato expression between pre-HSCs and
HSCs. A recent study showed that pre-HSCs are im-
munophenotypically defined by CD31*CD45-CD41'°c-Kit*EPCRM
cells (Zhou et al., 2016; Fig. S3 A). As expected, pre-HSCs reside
in the hematopoietic cluster subset and, similar to HSCs in the
E14.5 fetal liver, exhibited the highest intensity of HIf expression
in the AGM region (Fig. 3 A). Hlf expression in the pre-HSCs was
lower than that in the E14.5 HSCs (Fig. 3 A). An increase in HIf
expression in the HSCs was observed until the adult stage (Fig.
S3 B). These data suggest that HIf expression increases with HSC
development.

Hematopoietic clusters detached from aortic endothelium
colonize the fetal liver via the circulation (Zovein et al., 2008).
Therefore, it is plausible that pre-HSC to HSC maturation occurs
in the dorsal aorta or fetal liver. To determine which organ
provides the HSC maturation niche, we analyzed the expression
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Figure 2. HIf expression specifically marks hematopoietic clusters in the AGM region. (A-C) Whole-mount immunostaining of E10.5 HIft9Tmato/+ mouse.
(A) 3D confocal image of tdTomato (red) and CD31 (white) expression in the dorsal aorta at 34 sp. VA, vitelline artery. Scale bar, 50 um. (B) Sagittal image of
dorsal aorta for tdTomato (red), c-Kit (green), and CD31 (white) expression at 36 sp. Scale bar, 50 um. (C) High-magnification view of a hematopoietic cluster in
the dorsal aorta at 35 sp. Note that tdTomato expression is not observed in the endothelial cell layer (arrows). Scale bar, 25 pm. (D) Frequency of tdTomato*
cells in the attached and circulating c-Kit* cells (35 and 36 sp). Combined data are from three experiments. EC, endothelial cells. (E) Hematopoietic clusters in
E10.5 (36 sp) vitelline and E10.5 (36 sp) umbilical arteries. VA, vitelline artery; UA, umbilical artery. Scale bars, 50 um. (F) Flow cytometry analysis of
E10.5 HiftdTomato/+ caudal half region. HCC, hematopoietic cluster cells (HIf*c-Kit*); EC, endothelial cells (CD31*CD45-CD41-). Data are representative of three

independent experiments.

of Hlf-tdTomato within the AGM and fetal liver. As shown in
Fig. 3 B, sequential up-regulation in Hif was observed in the fetal
liver, but not in the AGM after E12.5. Immunostaining analysis
also showed an up-regulation in Hlf-tdTomato in the fetal liver
between E11.5 and E14.5 (Fig. 3 C). A portion of the HIf" cells in
the fetal liver expressed Evi-1 and endothelial protein C receptor
(EPCR), two markers of fetal liver HSCs (Iwasaki et al., 2010;
Kataoka et al., 2011) that were both identified as embryonic HSC
signature genes in our microarray analysis (Fig. 1 A). Both
HIf"Evi-1* and HIf"EPCR* subsets were gradually apparent
along with the elevation in HIf expression between E11.5 and
El4.5 (Fig. 3 D), supporting the notion that HSC maturation
occurs within the HIf" subset in the fetal liver. Localization of
the developing HSCs within the HIf" subset was confirmed by
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long-term repopulation assay. HIf* cells isolated from the E12.5
fetal liver gave long-term multilineage reconstitution (Fig. 3 E).
Taken together, we conclude that HIf expression marks devel-
oping HSCs in the embryo.

Hlf is not expressed in EMPs and their progenies

Before the formation of HSCs, EMPs emerge in the yolk sac and
migrate to other organs via the circulation (Lux et al., 2008).
Most c-Kit* circulating cells at E10.5 are EMPs (Frame et al.,
2016). Immunostaining analysis of the MybS™/* knock-in re-
porter mouse, which presumably marks both HSCs and EMPs
(Hoeffel and Ginhoux, 2015; Sakamoto et al., 2015), showed that
c-Kit* circulating cells in the dorsal aorta are positive for Myb-
GFP (Fig. S4 A). On the other hand, analysis of HIft¢Tomato/+ mice
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location of pre-HSCs (CD31*CD45-CD41°c-Kit*EPCRM) and HSCs (CD150*CD48~ KSL) are shown in the HIf-tdTomato/c-Kit plot. Right: HIf-tdTomato ex-
pression in E10.5 HCCs (HIf*c-Kit*), E11.5 pre-HSCs, and E14.5 HSCs. Data are representative of at least two independent experiments. FL, fetal liver; HCC,
hematopoietic cluster cells. (B) HIf expression in the AGM and fetal liver. Left: Flow cytometry analysis of cells from E10.5-14.5 embryos. Fluorescence in-
tensity above E14.5 HSC mean fluorescence intensity (MFI) is indicated by the red-shaded area. Right: MFI of top first percentile HIf* cells (n = 3-6). Data are
representative of at least two independent experiments. Error bars show means + SD. Representative gating strategy used to analyze MFI of top first percentile
HIfc-Kit* cells is shown in Fig. S3 C. (C) Confocal images of HIf-tdTomato expression in the fetal liver at E11.5 and E14.5. Arrows indicate tdTomato* cells. Data
are representative of two independent experiments. Scale bar, 50 um. (D) HSC marker expression in HIf" cells. Data are representative of at least two in-
dependent experiments. (E) Transplantation experiments. Top: Flow cytometry sorting of HIf"ic-Kit* and HIf'/~c-Kit* cells from E12.5 HlftdTomate/* fetal liver.
Irradiated mice were transplanted with 5,000 HIf"" cells or 40,000 HIf'/~ cells. Bottom: Total donor reconstitution over the time course of transplantation (n =
4-6). Combined data are from two experiments.

showed that only 5% of c-Kit* circulating cells were positive for ~ and their progenies (c-Kit-CD45") at E9.5 were negative for HIf
HIf-tdTomato (Figs. 2 C and 4 A), suggesting that Hif expression  (Fig. 4 B).

does not mark EMPs. To verify this finding, we performed EMPs emerge from yolk sac endothelium through the for-
FACS analysis on cells from E9.5 embryos. We found that mation of c-Kit* hematopoietic clusters around E9 stage (Frame
phenotypic EMPs (c-Kit*CD41*CD16/32*; McGrath et al., 2015a) et al., 2016; Kasaai et al., 2017). To determine whether nascent

Yokomizo et al. Journal of Experimental Medicine
HIf expression in embryonic HSCs https://doi.org/10.1084/jem.20181399

1603


https://doi.org/10.1084/jem.20181399

A E10.5 dorsal aorta —_ E;?ss :ﬁg

Circulating cells - - - E9.5 mature HPC

\ 2.0% 0.54%
_>
S S 3
E105 3 S < a
Yolksac A a o a
(&) (&) o
HIf-tdTomato
l | 1.8% 0.0%
= N : J
{ ® =
E9.5 < L] = s L
Yolk sac 8 a s
(8]
CD41
HIf-tdTomato
D Yolk sac E Yolk sac
Y- 3 % = 19 sp 24 sp
r=-= ': r=="
E10.5 S| A oo
(33 sp) ©
2 300 .
(]
1599-5 + 200 pA
(19 sp) S 100
t
T 0

19-21 24 28
somite pairs

Figure 4. HIf is not expressed in EMPs or hematopoietic clusters in E9.5 yolk sac. (A) HIf expression in c-Kit* circulating cells. Whole-mount im-
munostaining of E10.5 (37 sp) HIft¢™mate/* mouse for tdTomato (red), c-Kit (green), and CD31 (white) expression. Arrow indicates HIf*c-Kit* cell. Note that most
c-Kit* circulating cells are negative for tdTomato. Scale bar, 100 pm. (B) HIf-tdTomato expression in EMPs (c-Kit*CD41*CD16/32*) and their progenies
(c-Kit~CD45*). HCC, hematopoietic cluster cells; HPC, hematopoietic cells. Data are representative of at least four independent experiments. (C) Lack of
HIf*c-Kit* subset in E9.5 yolk sac. Flow cytometry analysis of HIf*c-Kit* and HIf~c-Kit* cells in the yolk sac. Data are representative of at least four independent
experiments. (D) HIf expression in yolk sac hematopoietic clusters. Whole-mount immunostaining of HlftdTomate/+ yolk sacs at E10.5 (33 sp) and E9.5 (19 sp).
Arrows indicate c-Kit* hematopoietic clusters. Cell aggregates with >10 cells were defined as hematopoietic clusters. Scale bars, 100 um. Data are repre-
sentative of two independent experiments. (E) Numbers of HIf*c-Kit* cells in the yolk sac at different times of development. Numbers were calculated from
flow cytometry data. Combined data are from three experiments. See also Fig. S4.

EMPs were HIf", we further analyzed the yolk sac at the 19-35 stage, EMPs were enriched in the HIf c-Kit* subset (1.8% =
somite pair (sp) stage (E9-10). At E10.5, an Hlf*c-Kit* cluster  0.66%; Fig. 4 C, blue rectangle). However, at E9.5 (19-21 sp), the
subset (0.54% + 0.17%) with lymphoid potential was detected in ~ HIf*c-Kit* subset was almost absent (Fig. 4 C). Given that most
the yolk sac (Fig. 4 C, red rectangle; see also Fig. S4, B-D). Atthis EMPs are generated at E8-9 (Gomez Perdiguero et al., 2015),

Yokomizo et al. Journal of Experimental Medicine
HIf expression in embryonic HSCs https://doi.org/10.1084/jem.20181399

1604


https://doi.org/10.1084/jem.20181399

these data imply that EMPs are generated through the formation
of Hlfc-Kit* hematopoietic clusters. Indeed, a portion of the
HIf-c-Kit* subset in the E9.5 yolk sac contains CD31*CD41*CD45"
cells (Fig. 4 C, black rectangle), representing a nascent pheno-
type of hematopoietic cluster cells (Yokomizo and Dzierzak,
2010; Frame et al., 2016).

HIf is not expressed in hematopoietic clusters in the E9

yolk sac

Our FACS analysis results suggested that EMPs are generated
through the formation of HIf* hematopoietic clusters. To con-
firm the existence of HIf~ hematopoietic clusters in the yolk sac,
we performed whole-mount immunostaining analysis. Consis-
tent with the FACS data, c-Kit* hematopoietic clusters expressed
HIf at E10.5 (33 and 34 sp), whereas c-Kit* clusters at E9.5 (19 sp)
did not (Figs. 4 D and S4 E). HIf" cells were rarely observed
within E10.5 HIf* hematopoietic clusters (Fig. 2, C and E; and
Fig. 4 D). These data indicate that c-Kit* hematopoietic clusters
are subdivided into HIf* and HIf~ types, and also suggest that
there is a developmental switch from an HIf~ to HIf* cluster-
producing phase between E9 and E10.

To determine the precise stage of HIf* hematopoietic cluster
emergence, we analyzed the E9 to E10 stages in detail. At 19-21
sp, we observed 0-24 HIf*c-Kit* cells in the yolk sac per embryo
(Fig. 4 E), indicating that HIf* hematopoietic clusters emerge
around the 20-sp stage. Collectively, these data suggest that the
developmental pathway for EMPs is negative for HIf.

HSC program is activated in HIf* hematopoietic clusters

To obtain mechanistic insight into HSC specification, we com-
pared the gene expression profiles between HIf* and HIf he-
matopoietic clusters. HIf* and HIf" nascent hematopoietic
cluster cells (c-Kit*CD457; Yokomizo and Dzierzak, 2010) were
isolated from E10.5 (35 and 36 sp) caudal half and E9.5 (18-20 sp)
yolk sac, respectively, and were subjected to RNA sequencing
(RNA-seq) analysis (Figs. 5 A and S5, A and B). We identified 872
genes up-regulated (more than a twofold change) and 318 genes
down-regulated in the HIf* fraction (Figs. 5 B and S5, C-F).
Consistent with the specific marking of HSCs by HIf expression,
gene set enrichment analysis (GSEA) indicated that HSC and
EMP signatures were highly enriched in HIf* and HIf" fractions,
respectively (Fig. 5 C). In contrast, analysis with progenitors
(HSPCs) and differentiated progeny (erythroid and myeloid)
signatures showed similarity between the two fractions (Figs. 5 C
and S5 D), suggesting that the HIf- fraction has characteristics
of hematopoietic progenitors but lacks an activation of the HSC
program. Accordingly, HSC genes (HIf, Mecom, Procr, Hoxa9, and
Vwf) were specifically detected in the HIf* fraction (Fig. 5 D). In
addition, HIf* cluster cells expressed a broad range of Hox cluster
genes, partly consistent with a previous report that HOXA genes
are expressed in human AGM, fetal liver HSPCs, and AGM-like
hematopoietic cells induced from human embryonic stem (ES)
cells (Dou et al., 2016; Ng et al., 2016). GSEA also revealed en-
richment of Notch, bone morphogenetic protein, and Wnt sig-
naling genes in the HIf* fraction (Fig. S5 D), in line with their
positive effects on HSC generation (Hadland et al., 2004;
Sturgeon et al., 2014; Crisan et al., 2016). Among HSPC-related
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genes, factors with known roles in EHT (Runxl, Gata2, Tall,
Meisl, and Racl; Azcoitia et al., 2005; Ghiaur et al., 2008; Chen
et al., 2009; de Pater et al., 2013; Zhen et al., 2013) were com-
parably expressed in both fractions (Fig. 5 D), probably re-
flecting the common program for EHT progression in the yolk
sac and the major arteries. Together, our RNA-seq data support
the notion that acquisition of the HSC or EMP fate takes place at
the formation of hematopoietic clusters or earlier.

Evi-1/HIf axis regulates HSC maturation

Our RNA-seq analysis suggested that HSC-specifying genes can be
distinguished from other HSPC-related genes (Fig. 5 D). One of the
candidate HSC-specifying genes is Mecom (Evi-I). Immunological
Genome Project (https://www.immgen.org) data also suggests that
Mecom is most closely correlated with HIf within the HSPC gene
network. Given that functional HSCs are absent in Evi-1-deficient
embryos (Goyama et al., 2008), we predicted that Evi-1is involved
in preHSC to HSC maturation but not in EMP formation or EHT
progression. To clarify the function of Evi-1 in embryonic hema-
topoiesis and the relationship between Evi-1 and HIf, we crossed
HiftdTomato/+ mice with Evi-l mutant mice. As expected, Evi-1"/~
embryos at E10.5 had a normal Hlf c-Kit* EMP-enriched fraction
(Fig. 6 A), and an analysis of E9.5 yolk sac confirmed absence of
Evi-1 expression in EMPs and intact EMP formation in Evi-1"/~
embryos (Fig. 6, B and C). In contrast to HIf c-Kit* EMP-enriched
cells, there were obviously fewer Hlf*c-Kit* hematopoietic cluster
cells in Evi-I"/~ embryos at E10.5 (Fig. 6 A).

We next performed whole-mount immunostaining analysis
to investigate whether hematopoietic clusters formed in Evi-1-/
embryos. c-Kit* hematopoietic clusters formed normally in the
Evi-1"/~ dorsal aorta, but there was a decrease in HIf-tdTomato
expression in the hematopoietic clusters (Fig. 6, D and E), in-
dicating that Evi-1 is not required for EHT but regulates HIf ex-
pression in hematopoietic clusters. Because HIf expression is
indicative of HSC maturation status (Fig. 3), these data also
suggest that Evi-1 is involved in HSC maturation. To examine
this, we next analyzed E12.5 fetal liver of the Evi-1-/~::HIftdTomato/+
mouse. An up-regulation in HIf was observed in Evi-1*/* fetal
liver cells but not in Evi-I/~ cells (Fig. 6 F). In addition,
HIf*EPCR* and HIf*Sca-1* subsets did not emerge in Evi-1-/~ fetal
liver (Fig. 6 G). These data support a role for Evi-1 in the mat-
uration of preHSCs into HSCs and suggest that the HIf-tdTomato
reporter system is a useful tool for dissecting HSC-dependent
and -independent lineage development in the mouse embryo.

Myb regulates EMP maintenance or expansion

It remains controversial how Myb is involved in the formation
of HSC-independent hematopoiesis (Schulz et al., 2012; Hoeffel
et al., 2015; McGrath et al., 2015b; Perdiguero and Geissmann,
2016). Although some c-Kit* cells can be detected in the Myb-
deficient embryo (Schulz et al., 2012), the developmental origin
of those c-Kit* cells is unclear. To explore the function of Myb in
definitive hematopoiesis, we crossed the Myb mutant mouse
with the HIftdTomato/+ peporter mouse. At E10.5, the HIf* hema-
topoietic cluster subset (Hlf*c-Kit*) was normally formed in the
Myb~/~ embryos (Fig. 7 A). Consistently, whole-mount im-
munostaining analysis also showed normal formation of c-Kit*

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20181399

1605


https://www.immgen.org
https://doi.org/10.1084/jem.20181399

A EMP HSC B log2(RPKM+1) Figure 5. Transcriptome analysis of HIf* and
O 0— @ 12 P HIf~ nascent hematopoietic cluster cells. (A)

10 Schematic representation of isolated pop-

/ ﬂ-llf—thomato+ ulations for RNA-seq analysis. HIf~c-Kit*CD45~

81 and HIf*c-Kit*CD45- nascent hematopoietic

r @8 -t 6 cluster cells (dotted squares) were sorted from

> T E9.5 (18-20 sp) yolk sac and E105 caudal

41 half (35 and 36 sp), respectively. (B) Scatter

HIf HIft 2 plot comparing gene expression between
c-KittCD45" c-KittCD45- T HIf=c-Kit*CD45~ and Hlf*c-Kit*CD45 cells.

O Genes up-regulated and down-regulated more

0 2 4 6 8 10 12 than twofold are plotted in red and blue, respec-

HIf” tively. RNA-seq data are generated from three

C independent sorts. (C) GSEA of HIf*c-Kit*CD45~
EMP signature HSC signature MPP signature HSPC signature subset compared with HIf~c-Kit*CD45" subset for
(Mass et al.) (Gazitetal.) (Gazitetal.) (Gazitetal.) EMP, HSC, and progenitor signatures. NES, nor-

L0 U OO g

HIf HIf HIff HIf HIff HIf
NES =-2.29 NES = 2.08 NES =1.98
P < 0.001 P <0.001 P <0.001
FDR g < 0.001 FDR g < 0.001 FDR g < 0.001
EHT-related genes W Hi HIf
Runx1 Gata2 Tal1 Meis1 Rac1
15: 20 25+ 30 150
154 T 20
10 204 —
s T 151 =
s 10
x5 % 10
54 s
0 o 0 0
HSC-related genes
Procr
HIf Mecom (EPCR) Hoxa9 Vwf
10q *** 50 *% 15 *kk 31 *% 100

8 1 401 'I' T

104 21
64 30 60

4 20 401

RPKM

24 104 204

Q- - Ol —— D'L 0-—r T 0:

malized enrichment score; FDR, false discovery
rate; MPP, multipotential progenitors. (D) Ex-
pression of EHT and HSC-related genes in
HIf~c-Kit*CD45~ and Hlf*c-Kit*CD45 cells, pre-
sented as reads per kilobase of transcript per

HIf HIf million mapped reads (RPKM). Error bars show
NES =-0.89 means + SD. ¥, P < 0.05; **, P < 0.01; *** P <
P =0.30 0.001 (unpaired two-tailed Student’s t test).
FDR q=0.40 (E) Heatmap showing Hox cluster gene expression
in HIf*c-Kit*CD45™ and HIf*c-Kit*CD45™ cells. See
also Fig. S5.
HIf- HIft

Low

aortic clusters in Myb~/~ embryos (Fig. 7, B and C), indicating
that Myb is not required for HIf* hematopoietic cluster forma-
tion. In contrast to the HIf*c-Kit* subset, there was a severe
decrease in the EMP-enriched HIf c-Kit* subset in E10.5 Myb~/~
embryos (Fig. 7 A). These results, combined with the Evi-1-/
analysis in Fig. 6 A, indicate that the formation of Hlf*c-Kit* and
HIf"c-Kit* subsets is uncoupled. The near absence of EMPs in the
E10.5 Myb~/~ embryo was confirmed by an analysis of the yolk
sac and the embryo proper (Fig. 7 D). In agreement with this data,
c-Kit* circulating cells, which include numerous EMPs, were
rarely observed in the Myb~/~ dorsal aorta at E10.5 (Fig. 7 E).
Given that Myb is not expressed in hemogenic endothelium
(Fig. 1 A; Swiers et al., 2013), it is likely that Myb is involved in
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EMP maintenance or expansion but not in EMP formation from
hemogenic endothelium. To examine this, we analyzed the yolk
sac at E9, which is the major site and stage for EMP formation.
Although we observed a slight reduction in the numbers of
EMPs (P = 0.02), substantial numbers of EMPs were still formed
in the Myb~/~ embryos (Fig. 7 F). Taken together, these data
indicate that Myb is required for EMP maintenance or expansion
but not for formation.

Discussion
A detailed analysis of HSC specification has been hampered by
the coexistence of HSC-independent lineages, such as EMPs,
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which have surface markers similar to embryonic HSCs and are
abundantly present in the midgestation phase of embryogenesis

precursors more easily. Using this new reporter mouse com-
bined with RNA-seq and confocal imaging analyses, we dem-

(Dzierzak and Bigas, 2018). Here, we demonstrate that nascent
HSCs and EMPs are distinguished by the expression of HIf, and
this knowledge enables us to access embryonic HSCs and their
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onstrate that HIf* and HIf~ hematopoietic clusters contribute to
HSCs and EMPs, respectively. Moreover, HSC specification is
already activated within HIf* nascent hematopoietic clusters.
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0.001 (unpaired two-tailed Student’s t test).

These results strongly suggest that HSCs and EMPs are gener-
ated from distinct populations of hemogenic endothelium. This
inference is consistent with the model proposed in a previous
genetic study, where uncoupling formation of HSCs and EMPs
was seen in Cbfb~/~ mice rescued by Ly6a-Cbfb or Tek-Cbfb
transgenes (Chen et al., 2011).

RNA-seq data showed that EHT-related genes, Runxl, Gata2,
Tall, Meisl, and Racl, were comparably expressed in HIf* and HIf"
subsets, probably reflecting the existence of common EHT
machinery in HSC- and EMP-producing cluster formation.
Moreover, we did not observe significant differences in the gene
signatures of progenitor, erythroid, or myeloid genes between
the HIf* and HIf~ subsets, indicating that progenitor features are
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common to both subsets. We speculate that these progenitor
features are the default state of nascent hematopoietic cells, with
supplementary HSC program activation through HIf expression
endowing the cells with stem cell properties. Consistently, a
recent study showed that polycomb group protein Ezhl re-
presses the HSC program, including HIf expression, before the
emergence of HSCs (Vo et al., 2018).

In this study, we identified Evi-1 as a factor specific to HSC
development. In Evi-1-deficient embryos, HIf expression was
decreased but not completely lost, indicating that Evi-1 is an
upstream regulator of HIf. Given that Mecom is most closely
correlated with HIf in the HSPC gene network (Immunological
Genome Project database), Evi-1 may directly regulate the HIf
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gene. In contrast to Evi-], it seems that Hlf is dispensable for HSC
generation, as adult HIf-deficient mice exhibited normal steady-
state hematopoiesis (Komorowska et al., 2017). However, we
speculate that HIf is involved in the transcriptional circuitry of
HSC specification for the following reasons. First, over-
expression of HIf influences the fate of stem cells or progenitors.
For example, HIf, together with five other transcription factors,
can transform committed blood progenitors into functional
HSCs (Riddell et al., 2014); this suggests that HIf can induce
stemness. Second, there may be a functional redundancy with
other PAR-bZip family proteins (Dbp and Tef) or CCAAT/en-
hancer binding proteins, which share a similar binding motif
with HIf (Wahlestedt et al., 2017).

Interestingly, we found that HIf* hematopoietic clusters are
also localized in the yolk sac. These cells first appear between E9
and E10 and show a similar surface marker phenotype with
intra-aortic HIf* hematopoietic clusters, which express CD41,
CD31, and EPCR (data not shown). Recently, Yzaguirre and
Speck (2016) reported that progenitors with lymphoid poten-
tial are enriched in Ly-6a-GFP* population in the yolk sac. Since
both the lymphoid potential of Ly-6a-GFP* population and HIf*
cells in the yolk sac emerge at ~E10, and the expression level of
Sca-1, which is encoded by Ly-6a gene, correlates with that of HIf
(Fig. 3 D), it is likely that HIf* hematopoietic clusters in the yolk
sac contain Ly6a-GFP* cells. Furthermore, a Lyvel-based lineage
tracing study showed that a subset of adult HSCs are generated
from yolk sac hemogenic endothelium (Lee et al., 2016). We
speculate that yolk sac-derived HSCs may be generated through
the formation of HIf* hematopoietic clusters. Studies with lin-
eage tracing of yolk sac HIf* cells are required to prove this
hypothesis.

The AGM and fetal liver are proposed sites for pre-HSC to
HSC maturation (Taoudi et al., 2008; Kieusseian et al., 2012;
Rybtsov et al., 2016). We showed that HIf expression levels
correlate well with HSC maturation status. Moreover, we ob-
served a continuous increase in HIf expression in the fetal liver
but not in the AGM, suggesting that the fetal liver is the major
site for HSC maturation. Others have reported drastic increases
(28-176-fold) in HSC number in fetal liver between El1 and E12
(Kumaravelu et al., 2002; Gekas et al., 2005). This may be ex-
plained by the simultaneous maturation of pre-HSCs in the fetal
liver during this period, rather than by HSC expansion through
rapid symmetric divisions.

The generation of engraftable HSCs from pluripotent stem
cells is a long-standing challenge in regenerative medicine. The
current typical culture conditions mimic yolk sac-phase hema-
topoiesis and result in the preferential generation of EMPs from
pluripotent stem cells (McGrath et al., 2015a). A recent study has
improved the culture conditions for human ES cells by stimu-
lating retinoic acid signaling or modulating WNT and ACTIVIN
signaling, leading to AGM-like gene expression in induced he-
matopoietic cells (Dou et al., 2016; Ng et al., 2016). The study also
emphasized that HOXA expression is a landmark of AGM-like
hematopoiesis (Ng et al., 2016). Consistent with those findings,
we demonstrated that Hox cluster genes are specifically ex-
pressed in Hlf*c-Kit* nascent hematopoietic cells. Therefore,
similar to HOXA gene expression, HIf expression could serve as a
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landmark of pre-HSC emergence. In addition to the detection of
preHSC emergence, the Hif-tdTomato reporter can monitor the
maturation status of HSCs. Therefore, we believe that the HIf-
tdTomato reporter ES cell line is suitable for optimizing culture
conditions for inducing both preHSC emergence and its matu-
ration in vitro.

Materials and methods

Mice and embryos

All mice were on the C57BL/6 background. RunxI-GFP (eRI-GFP),
Evi-16PP/* | Evi-1*/-, MybC®T*/*, and Myb*/~ mice were described
previously (Mucenski et al., 1991; Goyama et al., 2008; Ng et al.,
2010; Kataoka et al., 2011; Sakamoto et al., 2015). C57BL/6-Ly5.2
(Ly5.2) and C57BL/6-Ly5.1 (Ly5.1) mice were purchased from
Japan SLC and Sankyo-Lab Service, respectively. Embryos were
generated by timed matings and were staged according to em-
bryonic day, somite pairs, and Thelier criteria (http://www.
emouseatlas.org/emap/home.html). For the bone marrow
analysis, 8-13-wk-old mice were used. All animal experiments
were performed in accordance with institutional guidelines and
were approved by the Institutional Animal Care and Use Com-
mittee of the National University of Singapore; the Ethics
Committees on Animal Experimentation, Juntendo University;
and the Animal Care and Use Committee of Kumamoto
University.

Generation of the HlftdTomato/+ reporter mouse
To generate the targeting vector, the right and left arms (1,393
and 815 bp, respectively) were cloned from mouse genomic DNA
(Clontech). A cassette bearing a T2A/tdTomato/BGHpolyA was
inserted before the endogenous terminal codon within exon 4.
Oocytes were collected from C57BL/6] female mice (Charles
River Laboratories Japan) superovulated with 10 IU of pregnant
mare’s serum gonadotropin (Peamex; Sankyo Lifetech) followed
by 10 IU of human chorionic gonadotropin (hCG; Sigma-Aldrich)
~48 h later. The females were sacrificed 14 h after the hCG in-
jection to collect metaphase II oocytes. The complex of oocytes
and cumulus cells was released from oviducts into 0.1% hyal-
uronidase (Sigma-Aldrich) in Hepes-mCZB for 2 min at 37°C to
disperse cumulus cells. The cumulus-free oocytes were washed
and maintained in modified Whitten’s medium at 37°C in 5% CO,,
air atmosphere until use. Cauda epididymides were removed
from C57BL/6] males (Charles River Laboratories Japan). The
epididymides were excised with a pair of fine scissors and
compressed with forceps to release the dense mass of sperma-
tozoa into 1 ml of Hepes-mCZB in 1.5-ml microtubes
(96.7246.9.01; Treff). The spermatozoa dispersed in the micro-
tubes for 5 min at 37°C. After gently pipetting, sperm-containing
microtubes were then placed on ice until use. Sperm suspen-
sions (106 in 29 pl) were mixed with 1 pl of targeting vector
solution (253 ng/ul) and clustered regularly interspaced short
palindromic repeat (CRISPR) vector pX330 expressing Cas9 and
Hif-specific single guide RNA (5'-AGGCACGGGCCCCTGTAAGA-
3’; 192 ng/pl) and incubated at ambient temperature for 2 min.
Intracytoplasmic sperm injection (ICSI) was performed accord-
ing to the method of Kimura and Yanagimachi (1995) with slight
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modifications. 5 pl of the mixture of sperm-targeting vector and
CRISPR vector were diluted with 10 pl of Hepes-mCZB con-
taining 12% polyvinylpyrrolidone (M, 360,000; Sigma-Aldrich)
before use. The ICSI dish contained a drop of Hepes-mCZB, a
sperm-targeting vector, CRISPR vector drop, and a Hepes-
mCZB/12% polyvinylpyrrolidone needle-cleaning drop. In-
jections were performed by micromanipulators (Leica) with a
PMM-150 FU piezo-impact drive unit (Prime Tech) using a
blunt-ended, mercury-containing injection pipette with ~6 pm
inner diameter. A single spermatozoon was drawn, tail first, into
the injection pipette and moved back and forth until the head-
midpiece junction was at the opening of the injection pipette.
The head was separated from the midpiece by applying one or
more piezo pulses. After discarding the midpiece and tail, the
head was redrawn into the pipette and injected immediately into
an oocyte. Sperm-injected oocytes were washed with modified
Whitten’s medium and cultured in 20-pl drops of the same
medium covered with mineral oil at 37°C in 5% CO, in air. The
oocytes were examined ~6 h after ICSI for survival and activa-
tion. The oocytes with two well-developed pronuclei were
recorded at 7 h after ICSI to assess fertilizing ability. Two-cell-
stage embryos, cultured for ~24 h and developed from oocytes
fertilized by ICSI, were transferred to oviducts of the pseudo-
pregnant ICR recipient females (Charles River Laboratories
Japan) that were mated to vasectomized ICR male mice (Charles
River Laboratories Japan). The embryo transfer to the pseudo-
pregnant females was performed on the day that the vaginal plug
was detected.

Generated HIftdTomato/+ reporter mice were genotyped by PCR
amplification using the following primers: forward (5'-TAGTTG
CCAGCCATCTGTTG-3') and reverse (5'-TCCCATTCTGAGATA
CACCAGTG-3'). The annealing location of the reverse primer
was designed to be outside the homology arm. Wild-type HIf
allele was detected by PCR using forward (5'-CAGGAGGTGGCT
GATTTAAG-3') and reverse (5'-TCCCATTCTGAGATACACCAG
TG-3') primers.

Whole-mount immunostaining of embryos

Whole-mount immunostaining was performed as described
previously (Yokomizo et al., 2012). Briefly, embryos were fixed
for 20 to 30 min in 2% paraformaldehyde diluted in PBS on ice
and dehydrated in graded concentrations of methanol/PBS (50%,
100%; 10 min each). For staining around the dorsal aorta region,
the yolk sac, head, limb buds, and lateral body wall were re-
moved in 100% methanol. When using streptavidin/biotin
reaction, endogenous biotin activity was blocked with strepta-
vidin/biotin blocking kit (Vector Laboratories) following
the manufacturer’s instructions. After preincubation with PBS-
MT (PBS containing 0.4% Triton X-100 and 1% skim milk) for
21 h, samples were incubated overnight with primary antibody
diluted in PBS-MT and washed three times in PBS-MT
throughout the next day (2-3 h per wash). Secondary antibody
was diluted in PBS-MT, and samples were incubated overnight.
Primary antibodies used were for c-Kit (rat, 2B8; BD Bio-
sciences), biotinylated CD31 (rat, MEC 13.3; BD Biosciences),
c-Kit (goat; R&D Systems), GFP (rabbit; MBL), RFP (rabbit;
MBL), and RFP (rabbit; Rockland Immunochemicals). Secondary
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antibodies (or streptavidin conjugates) were goat anti-rat IgG-
Alexa Fluor 555 (Invitrogen), goat anti-rabbit IgG-Alexa Fluor
647 (Invitrogen), donkey anti-rat IgG-Alexa Fluor 488 (Jackson
ImmunoResearch), donkey anti-goat IgG-cyanine 3 [Cy3]
(Jackson ImmunoResearch), and Cy3-streptavidin (Jackson
ImmunoResearch). Nuclei were visualized with Hoechst 33258
(Invitrogen).

Whole-mount immunostaining of bone marrows

Freshly dissected femurs were fixed in cold paraformaldehyde-
lysine-periodate buffer for 8 h at 4°C, rehydrated in 30% sucrose
solution for 48 h, and snap frozen in optimum cutting temper-
ature compound (Tissue Tek). Frozen femurs were sectioned
using a Leica cryostat until the bone marrow cavity was exposed
along the longitudinal axis. This procedure was repeated on the
opposite side. The bone samples were washed with PBS and
blocked overnight at 4°C in blocking solution (0.2% Triton X-
100, 1% BSA, and 10% donkey serum in PBS). The bone marrow
slices were stained with anti-laminin (rabbit; Sigma-Aldrich),
Alexa Fluor 488-conjugated anti-Sca-1 (rat, E13-161.7; Bio-
Legend), anti-c-Kit (goat; R&D Systems), and anti-RFP (chicken;
Rockland Immunochemicals) overnight at 4°C in blocking solu-
tion, washed overnight in PBS, and stained with donkey anti-
rabbit IgG-Alexa Fluor 488 (Jackson ImmunoResearch), donkey
anti-goat IgG (heavy and light chains [H+L])-Alexa Fluor 647
(Jackson ImmunoResearch), and donkey anti-chicken Igy (IgG;
H+L)-Cy3 (Jackson ImmunoResearch).

Confocal microscopy and image analysis

Immunostained caudal half, yolk sac, and fetal livers were
mounted in a 1:2 mix of benzyl alcohol and benzyl benzoate to
increase the transparency of tissues and were analyzed with a
confocal microscope (Olympus FV-1200 equipped with gallium
arsenide phosphide photomultiplier tube detectors, UPLSAPO
20x/NA 0.75). Immunostained bone marrow samples were in-
cubated overnight in RapiClearl.52 (Sunjin Lab Funakoshi).
Samples were mounted on glass slides and analyzed with a
confocal microscope (Leica SP8, HC PL APO CS2 20x/0.75 DRY).
Three-dimensional (3D) reconstructions were generated from
z-stacks with Olympus FluoView software or Imaris software

(Bitplane).

Cell preparation and flow cytometry

Single-cell suspensions were prepared by treating tissues with
collagenase (0.125% in PBS, 10% FCS, and 1% penicillin/strep-
tomycin) for 1 h at 37°C. Bone marrow cells were prepared by
crushing the bones using a mortar. Cell number was counted
using a TC20 automated cell counter (Bio-Rad). Cells were
stained with fluorescence-conjugated antibodies: c-Kit (2BS,
BV421; BioLegend), c-Kit (2B8, PE-Cy7; BD Biosciences), c-Kit
(2BS8, allophycocyanin [APC]; BD Bioscience), CD31 (MECI13.3,
FITC; BD Biosciences), SSEA-1 (MC-480, PE; eBiosciences),
SSEA-1 (MGC-480, V405; BD Biosciences), CD45 (30-F1il,
peridinin-chlorophyll protein [PerCP]-Cy5.5; BD Biosciences),
CD45 (30-F11, PerCP-Cy5.5; BioLegend), CD45 (30-F11, BV510;
BD Biosciences), Sca-1 (D7, PerCP-CyS5.5; eBioscience), Sca-1 (D7,
PE-Cy7; BioLegend), Sca-1 (D7, APC-Cy7; BioLegend), CD150
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(TC15-12F12.2, APC; BioLegend), CD150 (TCI5-12F12.2, Alexa
Fluor 488; BioLegend), CD48 (HM48-1, FITC; BD Biosciences),
CD48 (FHM48-1, APC-Cy7; BioLegend), CD41 (MWReg30, PerCP-
eFluor710; eBioscience), CD16/32 (93, APC; BioLegend), EPCR
(eBiol560, APC; eBioscience), Terl19 (TER-119, biotin; BD Bio-
sciences), Terl19 (TER-119, PE; BD Biosciences), CD3e (145-2Cl11,
biotin; BD Biosciences), CD3e (145-2Cl1, PE; BD Biosciences), CD4
(GK1.5, biotin; BD Biosciences), CD4 (GK1.5, PE; BD Biosciences),
CD8a (53-6.7, biotin; BD Biosciences), CD8a (53-6.7, PE; BD Bio-
sciences), B220 (RA3-6B2, biotin; BD Biosciences), B220 (RA3-
6B2, PE; BD Biosciences), Gr-1 (RB6-8C5, biotin; BD Biosciences),
Gr-1 (RB6-8C5, PE; BD Biosciences), Mac-1 (M1/70, biotin; BD
Biosciences), Mac-1 (M1/70, PE; BD Biosciences), and Mac-1 (M1/
70, APC-Cy7; BD Biosciences). Cells were analyzed by FACS
Ariall, FACS SORPAria, or FACS Canto II (BD Biosciences). Mac-
1 was used only in the lineage cocktail for bone marrow. Data
were analyzed using FlowJo software (TreeStar).

Transplantation

Sorted cells from HIftdTomate/+ (C57BL/6-Ly5.1/5.2) mice were
coinjected intravenously with spleen cells (2 x 10°, Ly5.1) or
bone marrow cells (2 x 105, Ly5.1) into 9.0 Gy (4.5 Gy, each of
two doses)-irradiated (C57BL/6-Ly5.2) mice. Secondary trans-
plantation was performed using 5 x 10° or 107 bone marrow
cells. Repopulation was assayed at 4, 8, 12, and 16 wk after
transplantation. Peripheral blood was collected by retro-orbital
bleeding under anesthesia. Cells were stained with antibodies to
CD45.1 (A20, FITC), CD45.2 (104, APC), Mac-1 (M1/70, PerCP-
Cy5.5), Gr-1 (RB6-8C5, PE), B220 (RA3-6B2, PE-Cy7), CD4
(GK1.5, APC-Cy7), and CD8 (53-6.7, APC-Cy7), all purchased
from BioLegend. Cells were analyzed by FACS Canto II.

Single-cell microarray analysis

Cells were sorted directly into 4.1 pl lysis buffer in 96-well plates
using the FACSAria Automated Cell Deposition Unit. Doublets
were excluded by forward scatter width/height (FSC-W/FSC-H)
and side scatter width/height (SSC-W/SSC-H) gating. To ensure
single-cell isolation, we first sorted 220 single cells from an
E10.5 embryo into a 96-well plate and examined them under a
stereomicroscope. We observed 217 single cells (98.6%) and
three vacant wells. Lysis buffer was transferred into a PCR tube,
followed by the addition of spike RNA mixture (Lys, Dap, Phe,
and Thr artificially polyA-tailed RNAs from Bacillus subtilis at
1,000, 100, 20, and 5 copies, respectively; American Type Cul-
ture Collection; 87482, 87483, 87484, and 87486). Single-cell
cDNA amplification was performed as previously described
(Kurimoto et al., 2007). Briefly, first-strand cDNAs were syn-
thesized using a poly(dT)-tailed primer. The unreacted primer
was eliminated by exonuclease (Takara), and the second strands
were generated with a second poly(dT)-tailed primer after
poly(dA) addition to the first-strand cDNAs. The quality of
cDNAs was assessed by quantitative real-time PCR for house-
keeping genes (Gapdh and B-actin) and spike RNAs. Template
preparation for microarray from the amplified cDNAs was
performed as previously described (Kurimoto et al., 2007) with
slight modification (T7 promoter addition by 12-cycle PCR, in-
stead of a nine-cycle PCR). Quantity and quality of fragmented
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cRNAs were assessed with a RNA 6000 Pico Kit (Agilent Tech-
nologies). The qualified cRNA was hybridized to the GeneChip
Mouse Genome 430 2.0 Arrays (Affymetrix) according to the
manufacturer’s instructions. Microarray data processing was
performed using the guanine cytosine robust multi-array
analysis algorithm implemented in the Bioconductor package
affy. Because E14.5 HSCs contained less mRNA than E10.5 he-
matopoietic cluster cells, slight signal saturation was observed in
E14.5 HSCs when equal amounts of amplified cRNA were applied
to the array chips. This was corrected by the signal intensity of
spike RNAs. A heatmap was generated using the matrix2png
web interface. All microarray data were deposited in Gene Ex-
pression Omnibus under accession no. GSE113892.

Quantitative real-time PCR

Real-time PCR was performed using a 7500 Fast Real-Time PCR
System (Thermo Fisher Scientific) and Power SYBR Green
Master Mix (Applied Biosystems) according to the manu-
facturer’s instructions.

RNA-seq

Random displacement amplification sequencing was performed
as previously described (Hayashi et al., 2018). Using 100 sorted
cells, first-strand cDNA was synthesized using PrimeScript RT
reagent kit (Takara) and not-so-random primers (Ozsolak et al.,
2010). Following synthesis of the first strand, the second strand
was synthesized using Klenow Fragment (3'-5' exo-; New Eng-
land Biolabs) and complementary chains of not-so-random pri-
mers. After purification of the double-stranded cDNA, the
library for RNA-seq was prepared and amplified with a Nextera
XT DNA sample Prep Kit (Illumina), according to the manu-
facturer’s instructions. This prepared library was sequenced on
a Next-Seq system (Illumina). Each obtained read was mapped
to the reference sequence “GRCm38/mml0” using CLC genomic
workbench v7.0.4 (Qiagen), and expression levels were nor-
malized and subjected to statistical analyses based on EdgeR. A
heatmap was generated using the matrix2png web interface. All
RNA-seq data were deposited in Gene Expression Omnibus
under accession no. GSE114164.

Data analysis

GSEA was performed using GSEA v3.0 (http://www.
broadinstitute.org/gsea/). Gene sets were obtained from MSigDB
(http://www.broadinstitute.org/gsea/msigdb), Chambers et al.
(2007), Gazit et al. (2013), Mass et al. (2016), Mercher et al.
(2008), and Wahlestedt et al. (2017). Gene ontology analysis was
performed using the DAVID 6.7 website (https://david.ncifcrf.gov).

Western blotting

To make protein extracts for immunoblotting, magnetic-
activated cell sorted (Miltenyi Biotec) c-Kit* cells were lysed in
radioimmunoprecipitation assay buffer (Cell Signaling). The
protein concentration was determined with the BCA protein
assay kit (Thermo Fisher Scientific). Equal amounts of protein
were denatured, electrophoresed using 12.5% SDS-PAGE, and
transferred to a polyvinylidene fluoride membrane. The fol-
lowing primary antibodies were used for immunoblotting
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detection: anti-HLF (mouse, 4D8; Santa Cruz Biotechnology),
anti-RFP pAb (rabbit; Rockland Immunochemicals), and anti-p-
actin (rabbit; Cell Signaling). Goat anti-rabbit IgG (Santa Cruz
Biotechnology) and goat anti-mouse IgG (Jackson Immuno-
Research) were used as the secondary antibodies. Chemilumi-
nescence was detected using the Pierce ECL Western Blotting
Femto kit (Thermo Fisher Scientific), and images were captured
using an FX7 camera (Fusion).

Blood cell analysis

Peripheral blood was collected by retro-orbital bleeding under
anesthesia, and complete blood cell counts were performed using
an automated hematology analyzer, pocH-100i V Diff (Sysmex).

Lymphoid potential assays

For the generation of lymphoid cells, sorted cells were cultured
in a T25 culture flask for 11-13 d on an OP9 or OP9-DL1 stromal
cell layer in aMEM medium (Gibco) containing 10% FBS and 5 x
10-5 M 2-mercaptoethanol, supplemented with 50 ng/ml of stem
cell factor (R&D Systems), 50 ng/ml of FMS-like tyrosine kinase
3 ligand (F1t3L; PeproTech), and 20 ng/ml of IL-7 (R&D Systems).
Hematopoietic cells were harvested and analyzed for the ex-
pression of surface markers (B cells; B220*CD19* cells, T cells;
and CD4*CD8a* cells) using flow cytometry.

Quantification and statistical analysis

The statistical significance of differences between datasets was
determined by Student’s t test using Prism 6 software (Graph-
Pad). All error bars represent SD. Two-tailed P values are shown
(significance levels: *, P < 0.05; **, P < 0.01; ***, P < 0.001; and
¥*% P < 0.0001).

Online supplemental material

Fig. S1 shows the gating strategy for single-cell microarray analy-
sis. Fig. S2 shows characterization of adult Hif-tdTomato mice. Fig.
S3 shows elevation of HIf-tdTomato expression during HSC de-
velopment. Fig. S4 shows characterization of Hlf*c-Kit* cells in the
yolk sac. Fig. S5 shows RNA-seq analysis of HIf* and HIf" cells.
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