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HEMATOPOIESIS AND STEM CELLS
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KEY POINTS

® p57Kip2 controls the
size of the developing
SNS by regulating
sympathoadrenal
progenitor proliferation.

® p57Kip2 regulates
emerging blood stem
cell numbers through
noradrenaline
production and
B2-adrenergic signaling.

Hematopoietic stem cells (HSCs) are of major clinical importance, and finding methods for
their in vitro generation is a prime research focus. We show here that the cell cycle
inhibitor p57Kip2/Cdkn1c limits the number of emerging HSCs by restricting the size of the
sympathetic nervous system (SNS) and the amount of HSC-supportive catecholamines
secreted by these cells. This regulation occurs at the SNS progenitor level and is in contrast
to the cell-intrinsic function of p57Kip2 in maintaining adult HSCs, highlighting profound
differences in cell cycle requirements of adult HSCs compared with their embryonic
counterparts. Furthermore, this effect is specific to the aorta-gonad-mesonephros (AGM)
region and shows that the AGM is the main contributor to early fetal liver colonization, as
early fetal liver HSC numbers are equally affected. Using a range of antagonists in vivo, we
show a requirement for intact B,-adrenergic signaling for SNS-dependent HSC expansion.
To gain further molecular insights, we have generated a single-cell RNA-sequencing
data set of all Ngfr* sympathoadrenal cells around the dorsal aorta to dissect their

differentiation pathway. Importantly, this not only defined the relevant p57Kip2-expressing SNS progenitor stage but
also revealed that some neural crest cells, upon arrival at the aorta, are able to take an alternative differentiation
pathway, giving rise to a subset of ventrally restricted mesenchymal cells that express important HSC-supportive
factors. Neural crest cells thus appear to contribute to the AGM HSC niche via 2 different mechanisms: SNS-mediated

catecholamine secretion and HSC-supportive mesenchymal cell production.

Introduction

Adult-repopulating hematopoietic stem cells (HSCs) are first
detected at embryonic day 10.5 (E10.5) in the aorta-gonad-
mesonephros (AGM) region of the mouse embryo."? They are
derived from hemogenic endothelial cells (HECs) that can trans-
differentiate into blood cells via a process termed endothelial-
to-hematopoietic transition, as recently reviewed.>® Although
this process is believed to occur in several embryonic tissues
harboring major vasculature, such as the head, yolk sac, pla-
centa, vitelline, and umbilical arteries, it is the AGM region in
which HSCs are first detected in robust numbers and where
blood formation from the endothelium has been observed via
live imaging.””'® This suggests that the AGM has a unique envi-
ronment particularly suited for promoting HSC formation, which
is supported by its remarkable ability to expand HSCs and their
precursors in aggregate cultures.’’

Relatively little is currently known about the AGM hematopoietic
niche, specifically, the cell types and signals that regulate HSC
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generation, maintenance, and egress.'? Cells with characteristics
of mesenchymal stromal cells (MSCs) have been detected in the
AGM, but their precise location and secretome remain
unknown." Tissues on the ventral side of the dorsal aorta
are known to provide HSC regulatory signals belonging to
the Notch, Hedgehog, and Bmp pathways.'*?° HSC-supportive
cytokines such as Scf and Thpo have also been detected in the
subaortic mesenchyme.’®?" In addition, our group previously
reported that cells of the sympathetic nervous system (SNS),
which develops in the vicinity of the aorta at the time of HSC
generation, promote HSC production through the secretion of
catecholamines, under the control of hematopoietic transcription
factor Gata3.??

Here, we report that the cell cycle regulator p57Kip2 (Cdkn1c)
controls the size of the sympathoadrenal (SA) compartment and
thus the amount of catecholamines produced in the AGM,
which has a direct influence on HSC numbers. We had previ-
ously shown that deletion of p57Kip2 leads to an increase in
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HSCs at E12.5,%% which is in stark contrast to the essential role
of p57Kip2 in adult HSC maintenance and quiescence®* and
fetal liver (FL) HSC self-renewal.?®> We now provide further evi-
dence that, unlike in adult HSC regulation, the effect of p57Kip2
on AGM HSCs occurs by regulating the proliferation of SA pro-
genitors. We also further define the interaction between the
developing hematopoietic and SNS and have generated a
detailed characterization of the emerging SA compartment via
single-cell RNA-sequencing (scRNA-Seq).

Methods

Mice and tissue preparations

Animal studies were performed following United Kingdom
Home Office regulations. All animals were housed according to
institutional guidelines, and experiments complied with the ani-
mal welfare laws. Details of tissue preparations from p57Kip2-
null embryos,?® Wnt1-Cre,?” DsRed reporter,?® and tdTomato®’
reporter embryos are provided in the supplemental Methods
(available on the Blood Web site).

Transplantation experiments

Transplantations were performed as described previously.??
Further details are provided in the supplemental Methods.

Adrenergic blocker administration in vivo

Each adrenergic receptor was blocked from E8 of gestation, as
described in the supplemental Methods.

Catecholamine detection by high-performance
liquid chromatography

High-performance liquid chromatography was performed in the
Psychology Analytical Laboratory (Psychology Department, Uni-
versity of Cambridge). Details of the methods are provided in
the supplemental Methods.

Flow cytometry and cell sorting
The staining in all the experiments was performed on ice in the

dark for 30 minutes with antibodies as listed in the supplemental
Methods.

Immunohistochemistry
Immunohistochemistry was performed as described previously.?
Antibody details are provided in the supplemental Methods.

In situ hybridization
In situ hybridization was performed as described previously.?
Probe details are provided in the supplemental Methods.

Gene expression analysis by real-time polymerase
chain reaction
Real-time polymerase chain reaction (PCR) was performed with

the Sybr Green method with primers listed in the supplemental
Methods.

Single-cell RNA-sequencing

Detailed analysis methods are provided in the supplemental
Methods. The Smart-seq2 protocol was used®®; reads were
aligned by using Kallisto (Linux v0.43.0°") and mapped to
Mus_musculus.GRCm38.cdna.all.fa downloaded from Ensembl
(www.ensembl.org) February 2017. Read quality was assessed
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by using FastQC and MultiQC,3? and transcripts trimmed with
Cutadapt.®® Data were preprocessed following the single-cell
transcriptomics workflow of Lun et al** and imported into R
using the scater Bioconductor package (scater_1.18.6%) func-
tion readKallistoResults. We used the computeSumFactors
function in the scran R package®® to normalize within each
plate and then scale plate samples to each other and the
Cyclone prediction method®® to assign cells into cell cycle
phases, with the effect removed using limma (version
3.46.0%). The t-distributed stochastic neighbor embedding
(t-SNE)38 technique was used for dimensionality reduction.
The edgeR Bioconductor package (version 3.32.1)*% was used
to identify significantly differentially expressed genes between
cell clusters and the Slingshot Bioconductor package (version
1.8.0* for cell lineage inference analysis. We used the
GSEAPreranked tool (Gene Set Enrichment Analysis 4.1.0,
build 27)*' for gene set enrichment analysis and the liana
package®® to detect receptor-ligand interactions, for which
identifiers were converted from murine to human using the
biomaRt package (version 2.50.3.)*® and soluble ligands
selected with the OmnipathR package (version 3.3.20).**

Data accessibility
The scRNA-seq data from this study have been deposited in

the Gene Expression Omnibus database® (accession number
GSE139052).

Results

p57Kip2 deletion expands HSC numbers in the
AGM and the early FL

We had previously reported an increase in repopulation activity
of E12 p57Kip2-null AGMs and had suggested that this may be
due to a migration defect in HSCs from the AGM to the FL.Z
In further transplantations, we have now also detected a trend
toward higher HSC numbers in the E11 p57Kip2-null AGM
(Figure 1A), albeit not as marked as at E12 (Figure 1B). Further-
more, significantly expanded HSC numbers were observed in
the early FL (Figure 1C), which argues against a migration defect
and instead suggests that the expansion of AGM HSCs trans-
lates into higher numbers colonizing the FL. This initial differ-
ence disappears over time as HSC numbers in the FL rapidly
increase from E12 (Figure 1D). Interestingly, p57Kip2 deletion
had no effect on HSC numbers in the E11 and E12 placenta and
yolk sac (Figure 1E-H), despite high expression in the placenta
(Figure 1lI). This finding indicates that p57Kip2 is involved in
HSC production specifically in the AGM, likely via regulating the
number of preexisting HSCs as we noticed a slight decrease in
quiescent hematopoietic cells in its absence (Figure 1J).

p57Kip2 is highly expressed in the SNS

Immunohistochemistry revealed weak p57Kip2 staining in indi-
vidual CD34" endothelial cells (Figure 2A) and slightly stronger
staining in subendothelial mesenchymal cells (Figure 2A-B). The
most intense staining was observed in Ngfr™ SA cells. For more
quantitative data, these different p57Kip2" populations were
sorted for real-time PCR analysis (Figure 2D; supplemental
Figure 1), using CD34 as a marker for endothelial cells, Ngfr for
SA cells, and Pdgfr3 for mesenchymal cells, excluding SA cells
(Figure 2C). Because p57Kip2 expression was reported in adult
HSCs, 2440 we also sorted CD45"CD34" hematopoietic stem
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Figure 1. p57Kip2 deletion expands HSC numbers in the AGM and the early FL. Single-cell preparations of E11 AGM (0.5-1 embryo equivalent [ee]) (A), E12 AGM (1ee)
(B), E11 FL (Tee) (C), E12 FL (0.05ee) (D), E11 placenta (PL, 2ee) (E), E12 PL (lee) (F), E11 yolk sac (YS, 2ee) (G), and E12 YS (lee) (H) from wild-type (WT) and p57Kip2-null
(knockout [KO]) embryos were transplanted into irradiated recipients and donor chimerism determined after 4 months by flow cytometry. Data points represent individual
recipients with the number of repopulated (>5% chimerism as indicated by the dashed line) recipients/total recipients indicated undemneath each graph together with the
percentage of repopulated mice. Solid line represents mean. () In situ hybridization with a p57Kip2 RNA probe on transverse cryosections of E11 placenta showing high
expression of p57Kip2 in trophoblast cells of the placental labyrinth. (J) Percentage of CD45" hematopoietic cells from E11 p57Kip2 WT and KO embryos in the different cell
cycle stages. 4',6-Diamidino-2-phenylindole (DAPI)-stained CD45" E11 AGM cells were analyzed by flow cytometry. *P < .05, **P < .01, Mann-Whitney U test.
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Figure 2. p57Kip2 is highly expressed in the SNS. Immunohistochemistry on cryosections from E11 wild-type embryos. (A) Immunostaining for p57Kip2 (red)
and CD34 (green) with 4',6-diamidino-2-phenylindole (DAPI) nuclear stain (blue). P57Kip2 expression is highlighted in endothelial cells (arrowheads), sub-endothelial
mesenchyme (asterisk), and SA cells (arrows). (B) Immunostaining for p57Kip2 (red) and Ngfr (green) with DAPI nuclear stain (blue). P57Kip2 expression is highlighted in
sub-endothelial mesenchyme (asterisk) and SA cells (arrows). Dashed line shows outline of the aorta. (C) Immunostaining for Pdgfr3 (red) with DAPI nuclear stain (blue).
Exclusion of Pdgfr3 expression from SA cells is highlighted (arrows). Scale bars indicate 50 pm. (D) Sorting strategy for AGM subpopulations; HSPCs, CD34"CD45%;
endothelial cells (EC), CD34CD457; SA cells, Ngfr*Pdgfr~; mesenchymal cells (ME), Ngfr-PdgfrB+. Gating was based on fluorescence minus one controls as shown in
supplemental Figure 1. (E, F) p57Kip2 mRNA expression (relative to B-actin) by quantitative PCR in subpopulations sorted from E11 and E12 AGMs. n = 3. Histogram
represents mean * SEM. (G) Immunostaining for p57Kip2 (red) and ckit (green) with DAPI nuclear stain (blue) on cryosections from E11 wild-type embryos. Intra-aortic
clusters are highlighted by asterisks. D, dorsal; V, ventral.

and progenitor cells (HSPCs). The pattern did not change signifi- was very little expression in AGM HSPCs. Immunohistochemistry

cantly between E11 and E12 and confimed the strongest confirmed the absence of p57Kip2 in emerging HSPCs in ckit"

p57Kip2 expression in SA cells and reduced levels in endothelial intra-aortic clusters (Figure 2G). This confirms our previous find-

and mesenchymal cells (Figure 2E-F). Considering the reported ings that embryonic HSCs have different properties from adult
21,22

function of p57Kip2 in adult HSCs, it was surprising that there HSCs, including regulation of the cell cycle.
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Figure 3. p57Kip2 increases HSC numbers through an expansion of the catecholamine-secreting SA compartment. (A) Immunostaining for Th (red) with 4',6-diamidino-
2-phenylindole (DAPI) nuclear stain (blue) on cryosections from E11 p57Kip2 wild-type (WT) and knockout (KO) embryos. Dashed line shows outline of the aorta. Scale
bars indicate 50 um. (B) Percentage of Ngfr* SA cells from E11 p57Kip2 WT and KO embryos in the different cell cycle stages. DAPI-stained Ngfr" E11 AGM cells
were analyzed by flow cytometry. Quantification of the catecholamines noradrenaline (C) and dopamine (D) by high-performance liquid chromatography in individual
p57Kip2 WT and KO E11 and E12 AGMs. Concentration is measured in femtomole per embryo equivalent (fM/ee). Black lines denote the mean; n = 14. Donor chimerism
in recipients of AGM cells from E11 or E12 p57Kip2 WT or KO embryos treated in utero with the a-adrenergic receptor (Adral and Adra2) blocker phentolamine (E) or the
B-adrenergic receptor blocker propranolol (F). (G) Donor chimerism in recipients of AGM cells from E11 or E12 p57Kip2 WT embryos treated in utero with the specific
B-adrenergic receptor blockers betaxolol (for Adrb1), ICI 118551 (for Adrb2), and SR 59230A (for Adrb3). (H) Donor chimerism in recipients of AGM cells from E11 or E12
p57Kip2 KO embryos treated in utero with the Adrb2 blocker ICI 118551. Data points represent chimerism in individual recipients of 1ee (1-3 separate experiments for
each condition) determined by flow cytometry after 4 months, with the dashed line indicating 5% threshold and the solid line the mean. (I) Flow cytometry analysis of
Adrb2 expression on pro-HSCs (VEC*CD41"CD43 CD457), pre-HSC | (VEC*CD417CD43"CD45"), and pre-HSC Il (VEC*CD41*CD43"CD45™) from E10.5 AGMs. *P < .05,
**P < .01, two-tailed, unpaired t test. D, dorsal; SSC, side scatter; V, ventral; VEC, VE-Cadherin.
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Figure 4. p57Kip2 is expressed in SA progenitor cells. (A) Schematic depiction of maturation stages in the SA lineage as defined by listed marker expression.
Underlined markers were used in immunohistochemistry in panel B. (B) Immunohistochemical staining of E11 wild-type embryo cryosections for p57Kip2 (red), Sox
(green), Phox2b (green), Gata3 (green) and Th (white), with 4’ ,6-diamidino-2-phenylindole (DAPI) as nuclear counterstain (blue). Close-ups of boxed areas in merged

images are shown. White scale bars equal 10 um and red bars equal 100 um. D, dorsal; V, ventral.

p57Kip2 regulates the size of the
catecholamine-secreting SA compartment
Considering the strong p57Kip2 expression in the SNS and the
role of SA cells in promoting HSC production via catechol-
amines, we analyzed the effect of p57Kip2 deletion on SNS
development. Immunohistochemical ~staining for the SA
marker tyrosine hydroxylase (Th), the enzyme for catecholamine
synthesis, revealed an expansion of the SA compartment
(Figure 3A), as confirmed by using real-time PCR (supplemental
Figure 2A) and intracellular flow cytometry staining for Gata3
and Th (supplemental Figure 2B-C), although the latter did not
reach significance. HSPC, endothelial, and mesenchymal po-
pulations were not expanded (supplemental Figure 2D-F).
Because p57Kip2 is a cell cycle inhibitor, the expansion of the
SA compartment occurred via enhanced proliferation, with a
higher percentage of Ngfr™ cells in S phase in the absence of
p57Kip2 (Figure 3B). Interestingly, of all the embryonic tissues
harboring HSCs, only the AGM expressed robust levels of Th
(supplemental Figure 2G-H), suggesting that the functional

p57Kip2 DELETION INCREASES BLOOD STEM CELL NUMBERS

interaction between the developing hematopoietic and SNS is
AGM specific.

To establish whether SNS expansion translates into higher pro-
duction of catecholamines, we measured catecholamine levels
by using high-performance liquid chromatography. A pilot
experiment revealed that noradrenaline is the most abundant
catecholamine in the AGM, with much higher concentration
there than in other hematopoietic tissues (supplemental
Figure 2I). Noradrenaline levels at E11 were significantly higher
in the p57Kip2-null AGMs; however, this normalized at E12
(Figure 3C). Levels of dopamine, a noradrenaline precursor,
were also significantly higher in E11 p57Kip2KO AGMs, with a
similar trend at E12 (Figure 3D).

Catecholamines exert their effects by binding to adrenergic
receptors, of which there are 2 families, a and B. Blocking
a-adrenergic receptors had no effect on HSC numbers in
wild-type AGMs and did not abrogate the HSC expansion
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Figure 5. scRNA-Seq reveals neural crest differentiation pathways. (A) Immunohistochemical staining of E11 wild-type embryo cryosection for Ngfr (green), p57Kip2
(red), and Th (white). Bar represents ventral (V) vs dorsal (D) subdissection. (B) t-SNE plot of remaining 4 clusters after cell cycle correction (left) and colored according
to ventral and dorsal origin (right). t-SNE gene expression plots colored for expression levels of SNS genes Sox10 (C), Th (D), Phox2a (E), Gata3 (F), Phox2b (G) and

Cdkn1c/p57Kip2 (H).

observed in p57Kip2KO AGMs (Figure 3E). In contrast, blocking
B-adrenergic receptors had a profound negative impact on HSC
activity (Figure 3F). Because there are three B-adrenergic recep-
tors, we used more specific antagonists, which revealed that
Adrb2 is required for HSC production in wild-type AGMs
(Figure 3G), which is also the case in p57Kip2-null AGMs
(Figure 3H). We have previously shown that a subset of E11.5
CD34" and CD45" AGM cells express Adrb2 on their surface.?
To further map the emergence of catecholamine-responding
cells, we concentrated on HSC emergence at E10.5, which has
been further sub-dissected into pro-HSCs, pre-HSC |, and pre-
HSC Il via the sequential expression of CD41, CD43, and CD45.%"
Interestingly, there was little to no expression of Adrb2 at the early
stages of HSC maturation (pro-HSCs and pre-HSC 1), with a
remarkable upregulation of Adrb2 on pre-HSC Il (Figure 3l).

p57Kip2 is expressed in SA progenitor cells

To better define the cell type in which p57Kip2 is expressed, we
performed immunohistochemistry with established markers of
SA differentiation, as reviewed elsewhere®? (Figure 4A). The SA
lineage derives from Sox10* neural crest cells, which migrate
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from the neural tube to the aorta at around E10. Upon arrival,
their commitment to the SA fate is initiated by upregulation of
the master regulator Phox2b. Further maturation involves upre-
gulation of Gata3, which is required for the expression of Th,
allowing these cells to become catecholamine-producing cells
of the adrenal anlage (ventrally) or the sympathetic ganglia
(dorsally).

We detected little overlap between p57Kip2 and Sox10, whereas
overlap with Phox2b was complete (Figure 4B). p57Kip2 expres-
sion then becomes more restricted, only partially overlapping
with Gata3, and displaying an almost mutually exclusive pat-
tern with Th. These results suggest that p57Kip2 expression
initiates with the commitment of neural crest cells to the SA
lineage but being gradually downregulated as these cells
fully mature.

scRNA-Seq reveals neural crest

differentiation pathways

scRNA-Seq was performed to better define the differentiation
pathway. Because cell surface expression of Ngfr captures all SA
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cells (Figure 5A), this marker was used to sort single cells from
E11 AGMs, excluding mesenchymal cells (Ngfr* Pdgfr37). HSCs
are preferentially located on the ventral side of the aorta.>® To
detect factors in the ventral SA domain that may contribute to
the polarized localization of HSCs, dissected aortae with the sur-
rounding mesenchyme were first cut along the longitudinal axis
to separate the ventral from the dorsal side before cell sorting.
Cell clustering and dimensionality reduction using t-SNE identified
6 clusters (supplemental Figure 3A). After removing a cluster that
appeared to be composed of contaminating macrophages
(Cluster 4) (supplemental Figure 3B-J) and cell cycle correction,
resulting in the fusion of clusters 1 and 2 (supplemental Figure 3K),
the remaining cells were grouped into 4 clusters (Figure 5B).
Differential expression analysis was performed to determine
the 40 most differentially expressed genes for each cluster
(supplemental Figure 4).

To assign the clusters to stages of SA differentiation, we investi-
gated the expression of stage-specific markers (Figure 4A).
Sox10 expression was highest in cluster 1 (Figure 5C), suggest-
ing that this cluster is enriched for neural crest cells, whereas Th
expression, the end point of SA differentiation, is mostly con-
fined to cluster 4 (Figure 5D). The late SA marker Phox2a is also
upregulated in cluster 4 (Figure 5E), whereas Gata3 expression
initiates already in cluster 2 (Figure 5F). As suggested from
immunohistochemistry (Figure 4), Phox2b and p57Kip2 display a
similar expression pattern. They are both upregulated in some
cluster 1 cells, followed by the highest expression in cluster 2
and, at least for p57Kip2, downregulation in cluster 4 (Figure
5G-H). Cluster 1 and cluster 4 thus appear to mark the 2 end
points of SA differentiation, with cluster 2 being an intermediate
stage.

Notch signaling is downregulated upon

SA maturation

To further confirm this potential differentiation pathway, we per-
formed cell lineage inference with Slingshot, a method that is
designed for modeling developmental trajectories in single-cell
transcriptomic data and allows for integration of known develop-
mental stages. Because the SA lineage derives from Sox10*neu-
ral crest cells, we defined the cluster with the highest Sox10
expression (Figure 5C) as a starting point. Lineage inference
analysis revealed that neural crest cells from cluster 1 can take
2 alternative differentiation pathways, ending in clusters 3 (Line-
age 2) or 4 (Lineage 1), via an intermediate population (cluster 2),
in which divergence of the 2 fates initiates (Figure 6A). Ngfr-
expressing cells were found in all clusters, although expression
was highest in the neural crest cluster (Figure éB). Sox10 expres-
sion is downregulated along the trajectories, which occurs more
gradually toward cluster 4 and more rapidly toward cluster 3
(Figure 6C). The trajectory toward cluster 4 is the classic SA dif-
ferentiation pathway marked by a sharp upregulation of Th
(Figure 6D). Phox2a is similarly upregulated in cluster 4
(Figure 6E), whereas Gata3 expression, albeit highest in cluster
4, initiates noticeably earlier (Figure 6F). Gata3 expression is
dependent on Phox2b,** the expression of which is clearly

initiated before Gata3 (Figure 6G). Expression of p57Kip2/
Cdkn1c is highest in the intermediate cluster 2, going into clus-
ter 4 (Figures 6H and 5H), likely making this the stage at which
SA progenitors are expanded in p57Kip2-null embryos.

We noticed differential expression of members of the Notch
pathway among the clusters (Figure 61-O). Expression of the 3
receptors, Notch1-3, was highest at the neural crest stage, and
all 3 were downregulated by the final stage of SA differentiation
in cluster 4 (Figure 6I-K). One of the main mediators of Notch
activation is Hes1, which displayed an expression pattern similar
to that of Notch1-3 (Figure 6L). Another member of this family,
Hesé, however, displayed the opposite pattern, with upregula-
tion coincident with SA differentiation (Figure 6M). Interestingly,
Hesé was reportedly not activated by Notch but instead served
as an inhibitor of Hes1, thereby promoting neural differentia-
tion.> Two Notch ligands, DII3 and DIk1, also displayed upregu-
lation along the SA differentiation pathway (Figure 6N-O), and
we have previously shown that DIk7 expression in the SNS is
Gata3 dependent.’® As with Hesé, DII3 and DIk1 are known
antagonists of Notch signaling.>¢? Taken together, this sug-
gests that Notch activity maintains neural crest identity and
needs to be attenuated for these cells to commit to a SA fate,
which may be achieved through the upregulation of Notch sig-
naling inhibitors such as Hesé, DII3, and DIk1. In support of this
action, it was shown in chick embryos that expression of the
constitutively active intracellular Notch domain inhibited sympa-
thetic neuron differentiation from neural crest progenitors, while
inhibition of Notch signaling increased neuron numbers.°

Neural crest cells can take an alternative
differentiation path toward a mesenchymal fate
in the AGM

Our lineage inference analysis (Figure 6A) suggests that neural
crest cells can differentiate along 2 alternative pathways. Differ-
entiation into cluster 4 cells represents the well-described SA dif-
ferentiation path as marked by upregulation of key markers such
as Tubb3 and Dbh (supplemental Figure 5A). Interestingly, dif-
ferentiation along the alternative pathway toward cluster 3 is
spatially restricted to the ventral side of the aorta (Figure 5B).
The region undemeath the ventral endothelium contains a het-
erogeneous population of mesenchymal cells, many of which
secrete factors supporting AGM hematopoiesis, as reviewed
elsewhere.? Furthermore, the existence of cells with properties
of MSCs in the AGM has been reported.” In that context, it is
interesting that neuroepithelial cells were shown to give rise to a
transient wave of MSCs via a neural crest intermediate.®’ We
therefore hypothesized that a subset of neural crest cells upon
arrival receives local signals that induce them to differentiate
along the mesenchymal lineage instead of the SA lineage.
Indeed, a subset of cluster 3 cells expresses mesenchymal
markers such as Bmper and Pdgfra (Figure 7A-B)."” To deter-
mine how similar the cluster 3 cells are to subaortic mesenchy-
mal cells, we integrated a scRNA-Seq data set from Pdgfr3™
Ngfr~ mesenchymal cells isolated from the ventral halves of E11
AGMs. Putative Ngfr* mesenchymal cells clustered more closely

Figure 6. Notch signaling is downregulated upon SA maturation. (A) t-SNE plot of 4 clusters with slingshot-identified lineage trajectory nodes superimposed. (B)
t-SNE gene expression plot colored for expression levels of Ngfr. Pseudotime plots for SNS differentiation markers Sox10 (C), Th (D), Phox2a (E), Gata3 (F), Phox2b (G)
and Cdkn1c/p57Kip2 (H). t-SNE gene expression plots colored for expression levels of Notch pathway-associated genes Notch? (1), Notch2 (J), Notch3 (K), HesT (L),

Hesé (M), DIk1 (N) and DII3 (O).
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with the PdgfrB™ Ngfr~ subaortic mesenchymal cells, with some
cells even integrating into the bigger Pdgfr* Ngfr~ mesenchy-
mal cluster when projected into a shared tSNE space
(Figure 7C). Even though cluster 3 cells were sorted as Pdgfr3~
Ngfr®, a subpopulation of these already upregulate Pdgfrb
(Figure 7D), which largely overlaps with the cells that also express
Pdgfra (Figure 7B) and the majority of which cluster with the larger
PdgfrB* Ngfr” mesenchymal cluster (Figure 7E). Differential
expression analysis of cluster 3 cells compared with all other cells
was subjected to Gene Set Enrichment Analysis. This further
supported the putative mesenchymal character of cluster 3, as
significantly enriched Gene Ontology terms included “Heart
development” and “Signaling pathways downstream of Tgfb.” To
locate cluster 3 cells within the AGM, we conducted immunostain-
ing for DIk1, which was upregulated in cells of both cluster 3 and
cluster 4 (Figure 6N). Coexpression with Th identified cluster 4
cells in ventrolateral and dorsolateral patches, whereas DIk1* Th™
cells were concentrated in the ventral mesenchyme (Figure 7F).

Bmper was recently identified as a regulator for AGM HSC matu-
ration.!”” We therefore checked for the presence of other impor-
tant HSC niche factors and detected Cxcl12 expression in the
majority of cluster 3 cells (Figure 7G). In situ hybridization con-
firmed strong expression of Cxcl12 in the ventral mesenchyme,
while being excluded from the SA domain (Figure 7H). In addi-
tion, Gene Ontology terms such as “Cytokine-cytokine receptor
interaction” and “Chemokines bind chemokine receptors” were
enriched. To explore this potential niche function further, we
searched for ligand-receptor pairs between cluster 3 cells and
AGM HSCs, using a published AGM HSC scRNA-Seq data set.*?
Among the soluble ligands expressed by cluster 3 cells were
indeed a number of cytokines, including Angpt2, Fgf10, 114, and
Tnf (supplemental Figure 6A). Of interest may also be Calr, as it
has been linked to myeloproliferative neoplasms but never
before to AGM hematopoiesis.>** We performed the same
analysis for SNS clusters 1, 2 and 4, which also detected Calr,
Fgf10, 114, and Tnf (supplemental Figure 6B).

To provide functional evidence that neural crest cells can give
rise to mesenchymal cells, we performed lineage tracing experi-
ments by crossing Wnt1-Cre mice, which mark neural crest cells
and their progeny,? with a reporter line. Although the neural
crest cells predominantly gave rise to SNS cells that do not
express the mesenchymal marker Pdgfra (Figure 7I), we
detected a few double-positive cells on the ventral side. Flow
cytometry confirmed that a substantial percentage of AGM
Pdgfra® mesenchymal cells in the AGM are indeed derived
from neural crest cells (Figure 7J). This Ngfr™ Pdgfra™ popula-
tion was not expanded in p57Kip2-null AGMs (Figure 7K).

The detection of HSC regulators prompted us to mine our data
set for other polarized factors, differentially expressed between

ventrally and dorsally derived Ngfr* cells. Among the genes
upregulated in the ventral cells were known HSC regulators
such as Mgp,®®> Ntf3,%¢ and Tgfbi®” some of which have been
shown to be expressed in the ventral mesenchyme, such as
Bmper'” and Bmp4'®'? (Figure 7L). The expression of the
majority of the ventrally upregulated genes was restricted to
cluster 3 (Figure 7M), showing that they are the strongest con-
tributor to the polarized expression of genes within the Ngfr®
populations and may represent an important subset of HSC
niche cells. The hematopoietic support function of the ventrally
derived cells is further supported by Gene Ontology terms such
as "Peptide ligand-binding receptors,” “Factors involved in
megakaryocyte development and platelet production,”
“Systemic lupus erythematosus,” and “Retinol metabolism.”
Interestingly, although some genes such as Bmper, Cxcl12, and
Shisa3 are widely expressed in cluster 3 (Figure 7A,G,M), others
such as Bmp4 and Hoxd11 displayed almost mutually exclusive
expression, with Bmp4 expression overlapping with that of
Pdgfra and Pdgfrb (Figure 7B,D,M). This suggests that subpopu-
lations within cluster 3 may have different developmental ori-
gins. Indeed, some of the cells in cluster 3 express Meox1
(supplemental Figure 5B), indicating that these may be of
somitic mesodermal origin.®®

Overall, our results suggest that neural crest cells not only regu-
late HSC development in the aorta via the secretion of catechol-
amines from SA cells but may also contribute a population of
mesenchymal cells to the HSC niche that secrete HSC-
supportive factors.

Discussion

We report here that p57Kip2 restricts AGM HSC numbers
through regulation of the size of the SA pool and therefore
catecholamine levels. This is in stark contrast to the essential cell-
intrinsic role of p57Kip2 in maintaining adult HSC functional-
ity.2#?> In fact, we show that p57Kip2 expression in AGM HSPCs
is almost absent. This is another example of how embryonic
HSCs differ from their adult counterparts in the way they regulate
their cell cycle,?? respond to DNA damage-inducing agents”’
and are affected by mutations linked to hematologic malignan-
cies.?"? These differences are clearly important to regenerative
medicine and human disease. The reason why the HSC expan-
sion phenotype does not change to the exhaustion phenotype
reported for adult HSCs?* 4 months post-transplant is explained
by our previous observation that embryonic HSCs do not fully
convert to adult HSCs in the bone marrow, suggesting that they
require migration via the FL to complete their maturation.?’
Although our experiments with blockers of B-adrenergic signaling
clearly show the importance of catecholamines in HSC produc-
tion in the AGM, the levels of which are regulated by p57Kip2,
we cannot rule out that the deletion of p57Kip2 has an additional

Figure 7. Neural crest cells can take an alternative differentiation path toward a mesenchymal fate upon arrival at the aorta. t-SNE plots colored for the
expression levels of mesenchymal genes Bmper (A) and Pdgfra (B). (C) t-SNE plot of Ngfr" cells with Pdgfr *Ngfr~ mesenchymal cells sorted from the ventral E11 AGM.
t-SNE plots of Ngfr* cells (D) and Ngfr™ cells with PdgfrB*Ngfr™ mesenchymal cells (E) colored for the expression levels of Pdgfrb. (F) Immunohistochemical staining of
E11 wild-type embryo cryosection for DIk1 (red), Th (green), and DAPI (blue). (G) t-SNE gene expression plot colored for the expression of Cxcl12. (H) In situ hybridization
staining on E11 wild-type AGM cryosection with a RNA probe for Cxcl12. Red lines outline ventral (V) Cxcl12-negative SNS patches. (I) Immunohistochemistry of E11.5
Wnt1-Cre™ tdTomato™ embryo with CD34 staining in yellow, tdTomato in magenta, and Pdgfra in cyan. Asterisk denotes tdTomato " Pdgfra™ SNS compartment; red boxes
highlight tdTomato*Pdgfra™ cells. Scale bar equals 100 um. (J) Flow cytometry analysis of E11 Wnt1-Cre* DsRed™ CD31~ AGM cells costained with an antibody to
Pdgfra. (K) Quantification of Ngfr™ Pdgfra™ cells detected by flow cytometry analysis of E11 wild-type (WT) and p57Kip2 knockout (KO) AGM cells. A t-test was performed;
error bars = SEM; n = 3. (L) Heatmap of the top 40 ventrally expressed genes in Ngfr™ cells. (M) t-SNE gene expression plots colored for the expression of genes

upregulated in ventrally derived Ngfr1* cells. D, dorsal; V, ventral.
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effect on HEC numbers, as we detected p57Kip2 expression in a
subset of endothelial cells (ECs). The role of cell cycle regulation
during the endothelial-to-hematopoietic transition (EHT) has not
been fully defined. Data suggest that ECs and HECs are largely
quiescent but that re-entry into the cell cycle occurs toward the
end of EHT, with proliferation of HSPCs occurring in intra-aortic
clusters.”%’* Whether p57Kip2 is indeed expressed in HECs and
controls some of these cell cycle changes during EHT, and
whether these cell cycle changes are essential for the completion
of the EHT, will have to be addressed in the future.

The current study also delivers further insights into the way in
which the definitive hematopoietic system and the SNS interact
during their formation. Their interaction in the adult bone mar-
row has been well studied, with data supporting a direct effect
of catecholamines via Adrb2 on the surface of HSPCs”® or via an
indirect mechanism mediated by Adrb3 on stromal cells.”® Our
results with adrenergic receptor-specific inhibitors and Adrb2
expression on emerging HSCs?? suggest that the effect of cate-
cholamines (predominantly noradrenaline) is likely to be direct in
the AGM. In line with previous findings from adult HSCs,”® our
data also suggest that catecholamines promote the proliferation
of pre-existing HSCs. Interestingly, this interplay seems to be
restricted to the AGM region, which is the main catecholamine
producer at this point in development. The fact that HSC expan-
sion in p57Kip2-null AGMs translates into higher numbers of
HSCs in the early FL suggests that the AGM is the main contrib-
utor to FL seeding at this stage.

The single-cell transcriptome analysis of Ngfr* cells in the AGM
region has provided novel insights into the differentiation path-
ways that neural crest cells undertake after reaching the dorsal
aorta. It appears that downregulation of Notch signaling in SA
progenitors is required for terminal differentiation. Interestingly,
this is also the case for the completion of hematopoietic specifi-
cation from HECs in the AGM,””””? although the mechanisms
may differ. Upregulation of Jag was shown to restrict Notch
activity in hematopoietic specification, while we observed an
upregulation of the inhibitors DIk1, DII3, and Hesé.

Intriguingly, our cell lineage inference analysis highlighted a
branching point in neural crest cell differentiation, with one path
leading to SA differentiation, while an alterative pathway results
in the generation of cells with a mesenchymal character. There
have been several reports of trunk neural crest cells differentiating
into mesenchymal cells. An early study suggested that trunk neu-
ral crest cells produce the first, yet transient, wave of MSCs®’
while subsequent studies provide evidence that at least a subset
of bone marrow MSCs, with HSC niche activities (eg, through the
secretion of Cxcl12), are derived from trunk neural crest cells,2%8
which may migrate to the bone marrow via the AGM.8? Further-
more, a more recent study in zebrafish embryos reported Pdgf
signaling-mediated migration of neural crest cells to the dorsal
aorta where they promote HSC specification through direct inter-
action with HECs and provision of signals that are catecholamine
independent.®® Interestingly, we have also detected upregulation
of Pdgf signaling in cluster 3 cells, and they were shown to
express HSC regulators such as Cxcl12 and Bmp4. Whether these
cells are indeed involved in AGM hematopoiesis and might even
interact directly with HECs remains to be shown. Cxcl12 and
Bmp4 also regulate the migration of neural crest cells and SA pro-
genitors toward the dorsal aorta (as reviewed elsewhere®), while

p57Kip2 DELETION INCREASES BLOOD STEM CELL NUMBERS

Cxcl12 and Scf guide primordial germ cell migration through the
AGM region.® It may thus be an exciting possibility that cluster 3
cells are part of a signaling center that coordinates the migration/
regulation of several important cell types (HSCs, neural crest, and
primordial germ cells) simultaneously.
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