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Hematopoietic stem and progenitor cells (HSPCs) are generated de novo in the embryo from hemogenic endothelial
cells (HECs) via an endothelial-to-hematopoietic transition (EHT) that requires the transcription factor RUNX1.
Ectopic expression of RUNXI1 alone can efficiently promote EHT and HSPC formation from embryonic endothelial
cells (ECs), but less efficiently from fetal or adult ECs. Efficiency correlated with baseline accessibility of TGFp-
related genes associated with endothelial-to-mesenchymal transition (EndoMT) and participation of AP-1 and
SMAD?2/3 to initiate further chromatin remodeling along with RUNX1 at these sites. Activation of TGFp signaling
improved the efficiency with which RUNX1 specified fetal ECs as HECs. Thus, the ability of RUNX1 to promote
EHT depends on its ability to recruit the TGF signaling effectors AP-1 and SMAD2/3, which in turn is determined
by the changing chromatin landscape in embryonic versus fetal ECs. This work provides insight into regulation of

EndoMT and EHT that will guide reprogramming efforts for clinical applications.
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The de novo generation of hematopoietic stem and pro-
genitor cells (HSPCs) occurs during embryogenesis, begin-
ning at embryonic day (E)9.5 in mice, from a transient
population of hemogenic endothelial cells (HECs) (Zovein
et al. 2008; Lancrin et al. 2009; Boisset et al. 2010). The
dorsal aorta (DA) is the best-characterized site of HSPC
formation from HECs. HECs first appear as endothelial
cells (ECs) in a monolayer interconnected by tight junc-
tions, then undergo an endothelial-to-hematopoietic tran-
sition (EHT) to form HSPCs (Kissa and Herbomel 2010).
HECs can be distinguished from non-HECs by expression
of the transcription factor (TF) RUNX1, which is required
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for EHT (North et al. 1999; Kissa and Herbomel 2010).
Deletion of RUNXI1 in ECs completely blocks HSPC for-
mation, indicating that RUNXI1 is required intrinsically
in ECs for EHT (Chen et al. 2009). RUNXI1 also appears
to be sufficient to induce EHT and HSPC formation
from some populations of non-HECs. For example, ectopic
expression of RUNX1 in non-HECs from E8.5 mouse em-
bryos could efficiently specify them as hemogenic (Eliades
et al. 2016). Similarly, ectopic expression of RUNXI in
non-HECs in E7.5-E8.5 embryos promoted the formation
of HSPCs in the DA and heart (Yzaguirre et al. 2018).
However, ectopic expression of RUNXI1 in non-HECs af-
ter E8.5 failed to induce ectopic blood cell formation, indi-
cating that the ability of ECs to respond to RUNXI and
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differentiate into blood cells in situ is restricted to specific
developmental times. The mechanism underlying the
loss of an EC’s competence to be specified by RUNXI as
an HEC is not known. It could be caused, for example,
by cell-intrinsic epigenetic alterations in ECs that occur
during development, or potentially by the location of
ECs in nonpermissive environments for EHT and HSPC
formation.

During endogenous HSPC formation, only the ventral
wall of the DA gives rise to hematopoietic stem cells
(HSCs) (Taoudi and Medvinsky 2007). This polarization
of the DA is thought to arise from gradients of growth fac-
tors such as bone morphogenetic protein (BMP) and Notch
ligands that are required for Runx1 expression (Robert-Mo-
reno et al. 2005, 2008). Transforming growth factor B
(TGFp) ligands and receptors act upstream of Notch signal-
ing during EHT and HSPC formation through transcrip-
tional regulation of the Notch ligand jagla and runxi
(Burns et al. 2005). TGFp and Notch signaling regulate ep-
ithelial-to-mesenchymal transition (EMT) and endotheli-
al-to-mesenchymal transition (EndoMT), processes very
similar to EHT, although whether TGEp signaling regu-
lates the morphological changes of EHT is still a matter
of debate (Ottersbach 2019). In multiple other systems,
RUNXI1 has been shown to directly regulate TGFp signal-
ing and EMT-related genes (VanOudenhove et al. 2016;
Zhou et al. 2018; Lu et al. 2020).

RUNXI1 orchestrates EHT by activating repressors of
endothelial fate in HECs, such as the TFs GFIl and
GFI1B (Lancrin et al. 2012), and by initiating hematopoiet-
ic and cell migration transcriptional programs (Lie-A-Ling
et al. 2014). RUNXI1 is recruited by TFs such as FLI1 and
SCL to sites where they are bound, but RUNXI1 also re-
cruits FLI1 and SCL to de novo sites in intergenic regions
that are likely enhancers (Lichtinger et al. 2012; Gao et al.
2020). RUNXI1 could bind regions of chromatin that were
not enriched for the active histone mark H3K9Ac, and fol-
lowing RUNXI1 binding H3K9Ac was strongly increased
(Lichtinger et al. 2012). Therefore, RUNXI1 is essential
for orchestrating widespread chromatin changes that
specify ECs as hemogenic.

Endogenous HECs are specified during early gestation
(E8.5-E9.5), then undergo EHT by midgestation (E10.5-
E11.5) and are depleted prior to birth (Kauts et al. 2016).
However postnatal ECs can be reprogrammed into HECs
through ectopic expression of a cocktail of TFs that in-
cludes RUNXI1, FOSB, GFIl, and SPII (Lis et al. 2017).
Both GFI1 and SPIl1 are direct downstream targets of
RUNXI1 (Huang et al. 2008; Lancrin et al. 2012), suggest-
ing that RUNXI1 may be the primary driver of reprogram-
ming. Direct reprogramming of patient-specific adult ECs
into HSC-generating HECs has the potential to cure he-
matological diseases. However, to increase the efficiency
of reprogramming, it is imperative to understand what de-
fines a cell that is competent to be reprogrammed.

Here we address what makes ECs competent to be effi-
ciently specified as HECs by RUNX1. We ectopically ex-
pressed RUNXI1 in non-HECs at different developmental
time points to determine when and why ECs lose their
competency to be specified as hemogenic and undergo
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EHT. We show that ECs dramatically lose this competen-
cy over a 4-d period of embryonic development in mice.
This loss of competence correlated with the decreased ac-
cessibility of EndoMT-related genes that are activated by
TGFp signaling and are targets of AP-1, SMAD2/3, and
RUNXI. Activation of ECs with TGFp ligand could im-
prove the efficiency of HEC specification of fetal ECs
where RUNXI1 alone was insufficient to activate the
TGFp-related component of its HEC specification pro-
gram. We propose that hemogenic specification compe-
tency is dependent on a naive chromatin landscape that
allows RUNXI1 to recruit AP-1 and SMAD to TGFp target
genes that mediate the morphological changes required
for EHT.

Results

RUNX1 can efficiently specify both embryonic and fetal
ECs as hemogenic, although fetal ECs require a higher
dose of RUNX1

To identify the developmental window of competency for
ECs to be specified by RUNXI1 as HECs, we activated ec-
topic RUNXI1 expression in ECs that would not normally
express RUNXI1 at E8.5 (embryonic ECs), when endoge-
nous HECs are specified, and E12.5 (fetal ECs), after
most endogenous HECs have undergone EHT. We used
mice containing a Runxl cDNA preceded by a floxed
translational stop codon expressed from the Rosa26 locus,
and activated RUNXI expression using an endothelial-
specific tamoxifen-inducible Cre driven from the Cdh5
(encoding vascular endothelial cadherin) regulatory se-
quences (Yzaguirre et al. 2018). Mice with Tg(Cdh5-Cre)
and one or two conditional Rosa26%"™! alleles are re-
ferred to as +1Runx1 and +2Runx1, respectively, and lit-
termate controls lacking Tg(Cdh5-Cre) are referred to as
Ctrl. We previously showed that Cre expression from
the Cdh5-Cre transgene had no effect on HSPC formation
from HECs; thus, we did not include Tg(Cdh5-Cre);
Rosa26*/* controls in the current study (Yzaguirre et al.
2018).

We initiated ectopic Runx1 expression at E8.5 and E12.5
in utero and harvested embryos or fetuses 24 h later. We
sorted ECs, plated them in limiting dilutions on OP9 stro-
mal cells in conditions that support hematopoiesis
(Nakano et al. 1994), and determined the frequency of
HECs that generated hematopoietic cells (CD41%,
CD45*, and/or Terl19*) 10 d later by flow cytometry
(Fig. 1A). Approximately 30% of ECs in E9.5 +1Runx1 em-
bryos and ~38% of ECs in both E13.5 +1Runxl and
+2Runx] fetuses were RUNX1" 24 h after tamoxifen deliv-
ery (Fig. 1B,C). Although the percentages of RUNX1" ECs
in E13.5 +1Runxl and +2Runx1 fetuses were equivalent,
RUNXI1 levels were ~1.3-fold higher in +2Runxl ECs
(Fig. 1D). All major organs at E13.5 had comparable per-
centages of RUNX1* ECs (Supplemental Fig. STA); there-
fore, we analyzed ECs from entire fetuses. We sorted and
analyzed c-KIT* ECs in all of our experiments (Supplemen-
tal Fig. S1B), as endogenous HECs are enriched in the
¢-KIT* population (Nadin et al. 2003).
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Figure 1. RUNXI can efficiently specify
both embryonic and fetal ECs as hemogenic,
although fetal ECs require a higher dose of
RUNXI. (A) Schematic illustrating limiting
dilution assays for quantifying HEC frequen-
cy. (B) Representative contour plots of
RUNXI1 expression in ECs from Ctrl and
+Runxl embryos and fetuses 24 h after ta-
mogxifen delivery. (C) Quantification of per-
centage (mean=SD) of RUNX1* ECs. (D)
Quantification of the median fluorescence
intensity (MFI; +SD) of RUNX1 expression
in ECs from E13.5 Ctrl, +1Runxl, and
+2Runx1 fetuses. For B-D, ECs were purified
as CD41°CD45 Terl19°CD144°CD31"
cells (Supplemental Fig. S1B). Each point rep-
resents pooled embryos (E9.5) or a single fe-
tus (E13.5). Data are from three E9.5 and six
E13.5 litters/independent experiment. To
determine significance, unpaired two-tailed
Student’s t-test was used for E9.5 and one-
way ANOVA and Tukey’s multiple compar-
ison test was used for E13.5. (E) Frequency of
HECs (+ 95% CI) in ¢-KIT* ECs. HEC fre-
quencies are indicated above the bars. Data
represent four biological replicates using
pooled cells from litters of E9.5 embryos col-
lected in four independent experiments, and
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three biological replicates using pooled cells
from E13.5 fetuses collected in three inde-

pendent experiments. Significance was determined using ELDA. In all figures: (****) P <0.0001, (***) P<0.001, (**) P<0.01, (*) P<0.05,

(ns) P>0.05.

The frequency of functional HECs significantly in-
creased when RUNXI1 was induced at E8.5, from
~1:1000 in E9.5 Ctrl ECs to 1:58 in E9.5 +1Runxl ECs
(Fig. 1E). The frequency of hematopoietic progenitors
(HPs) capable of forming colonies when directly plated
in methylcellulose (1:43,600) was much lower than the
frequency of HECs (Supplemental Table S1); therefore, he-
matopoietic cells in the cultures were primarily derived
from ECs and not from contaminating HPs. RUNXI in-
duction at E12.5 increased the frequency of HECs at
E13.5 by 4.5-fold, from ~1:9000 in Ctrl fetuses to
~1:2000 in +1Runx1 fetuses (Fig. 1E); however, the HEC
frequency was only moderately higher (less than three-
fold) than the frequency of contaminating HPs (Supple-
mental Table S1). Therefore, E13.5 +1Runxl ECs were
only weakly reprogrammed by RUNXI1 into HECs. In-
creased RUNXI1 levels in E13.5 +2Runx1 ECs elevated
the frequency of HECs to 1:185, approaching, but still
69% lower than, the 1:58 frequency in E9.5 +1Runxl
ECs. In summary, both fetal and embryonic ECs are com-
petent to be specified as HECs by RUNXI, but efficient
specification of fetal ECs required higher RUNXI1 levels.

To determine whether RUNXI1 expression in ECs did
not simply up-regulate hematopoietic markers, but also
generated functional HPs, we plated sorted ¢-KIT* ECs
on OP9 stromal cells, harvested cells from wells contain-
ing round cells and in which ECs had been plated in limit-
ing doses (i.e., wells seeded with single ECs), and replated
the cells in methylcellulose (Supplemental Fig. S2A). Cells

harvested from wells seeded with E9.5 +1Runx1 and E13.5
+2Runx1 ECs gave rise to multilineage colonies (Supple-
mental Fig. S2B,C). Both E9.5 +1Runxl and E13.5
+2Runx1 ECs gave rise to phenotypic myeloid cells, ery-
throid cells, B cells, and T cells when plated under condi-
tions that support the differentiation of these lineages
(Supplemental Fig. S2D; Nakano et al. 1994; Schmitt and
Zuaniga-Pfliicker 2002). Therefore, the HECs specified by
RUNXI gave rise to multilineage HPs.

RUNX1 induced few transcriptional changes at 24 h after
induction

To determine whether the more efficient hemogenic spec-
ification of E9.5 ECs correlated with early transcriptional
changes, we sorted E9.5 and E13.5 ECs 24 h after RUNX1
induction and performed RNA sequencing (RNA-seq).
There were relatively few changes in the transcriptomes
of any EC populations 24 h following RUNX1 induction
(Supplemental Fig. S3A-C). The most transcriptional
changes occurred in E13.5 +1Runxl ECs, which were
the least efficiently specified by RUNXI1, suggesting that
the majority of the transcriptional changes at 24 h were
not important for efficient hemogenic specification.
Runx1 was significantly up-regulated in all ECs, as were
Itgb3 and AI467606, both known direct targets of
RUNXI1 (Ferreras et al. 2011; Lichtinger et al. 2012).
Itgb3 encodes the cell surface receptor CD61, which
marks endogenous HECs (Huang et al. 2016). Increases
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in both CD61" and CD61"RUNX1" ECs were observed in
E9.5 +1Runx1 embryos and E13.5 +2Runx] fetuses (Sup-
plemental Fig. S3D,E).

Gross changes in the chromatin structure of ECs occur
between E9.5 and E13.5

We investigated whether the chromatin landscapes
played a role in efficient specification using assay for
transposase-accessible chromatin using sequencing
(ATAC-seq). The chromatin landscape was vastly differ-
ent at baseline in E9.5 and E13.5 Ctrl ECs, with ECs at
each stage containing almost 20,000 differentially accessi-
ble peaks (Fig. 2A). Gene ontology (GO) analysis of these
differentially accessible regions showed that stem cell, en-
docardial cushion development/morphogenesis, and oth-
er heart development genes were more accessible in E9.5
Ctrl ECs, while endothelial-specific genes were more ac-
cessible in E13.5 Ctrl ECs (Fig. 2B). Several genes preferen-

tially accessible in E9.5 ECs, including Twist1, Snail, and
Hey1/2, are required for EndoMT, a type of EMT that oc-
curs during endocardial cushion formation (Lamouille
et al. 2014). We hypothesize that the accessibility of
EndoMT-related genes may be a determinant of efficient
hemogenic specification.

Chromatin also underwent gross structural changes be-
tween E9.5 and E13.5. Stochastic optical reconstruction
microscopy (STORM) with an antibody to histone H2b
demonstrated that E9.5 ECs had diffuse chromatin that
was evenly spread throughout the nucleus, typical of the
distribution seen in early embryos, whereas chromatin
was concentrated in the nuclear periphery in E13.5 ECs,
as seen in more differentiated cells (Fig. 2C,D; Ricci
etal. 2017). The relocalization of chromatin to the nuclear
periphery occurred over a several-day period, as E9.5 ECs
had significantly less chromatin in the outer 20% of the
nucleus than E11.5 ECs, and E13.5 ECs had the greatest
amount (Fig. 2E). Peripheralization of chromatin is
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associated with repressive chromatin and gene silencing
(Lanctot et al. 2007), indicating that fetal ECs displayed
a more restrictive global chromatin landscape, which po-
tentially affected RUNXI1’s ability to impart its hemo-
genic specification program.

RUNX1 increased chromatin accessibility at
hematopoietic genes in both embryonic and fetal ECs

We next examined the changes in chromatin accessibility
mediated by RUNX1. RUNXI1 induced similar changes in
chromatin accessibility in E9.5 +1Runxl and E13.5
+2Runxl ECs (Fig. 3A,C), and fewer changes in E13.5

TGEFp signaling improves RUNX1 specification of HECs

+1Runx1 ECs (Fig. 3B). Fewer peaks were closed than
opened by RUNXI1 in all ECs (Fig. 3A-C). GO terms for
genes associated with peaks closed by RUNXI1 at E9.5
were related to vasculogenesis and angiogenesis (Supple-
mental Fig. S5A), reflecting RUNX1’s role in shutting
down the endothelial program. Notably, angiogenesis
and vasculogenesis GO terms were not enriched in genes
closed by RUNXI1 in E13.5 ECs. Instead, pathways related
to metabolism and Rap signaling were associated with
genes closed by RUNXI1 in E13.5 +1Runx1 ECs, and terms
related to cell biological processes were enriched for genes
closed in E13.5 +2Runx1 ECs (Supplemental Fig. S5B,C).
The inefficient silencing of the angiogenesis and
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each GO term. (G) Averaged peak profile plots (normalized to reads per genomic content [RPGC]) of peaks with increased accessibility
(shown in plots as n) following RUNXI1 relative to Ctrl at each time point for E9.5 +1Runx1, E13 .5 +1Runx1, and E13.5 +2Runx].
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vasculogenesis programs may contribute to the relatively
inefficient hemogenic specification of E13.5 ECs.

GO terms of genes in regions opened by RUNX1 in both
E9.5 and E13.5 ECs included hematopoietic and EHT-re-
lated terms, such as “positive regulation of cell adhesion”
and “cell junction organization,” and terms for different
hematopoietic lineages such as myeloid and lymphoid dif-
ferentiation (Fig. 3D-F). Genes encoding transcripts in-
duced by RUNXI, such as Itgh3, had corresponding
increases in chromatin accessibility (Supplemental Fig.
S5D). Taken together, this demonstrates that RUNX1
can activate at least a subset of its hematopoietic program
in both embryonic and fetal ECs.

Regions that gained accessibility in E13.5 +2Runx1 ECs
did so to a greater degree than in E13.5 +1Runx1 ECs, and
regions that gained accessibility in either E13.5 +1Runx1
or +2Runx1 ECs did so also in E9.5 +1Runx1 ECs (Fig. 3G;
Supplemental Fig. S6A,B). Conversely, 40% of regions
opened by RUNXI1 in E9.5 +1Runx1 ECs were not opened
in E13.5 +2Runx1 ECs (Supplemental Fig. S6C,D). The re-
gions opened by RUNXI1 only in E9.5 +1Runx1 ECs were
enriched for endocardial cushion development/morpho-
genesis as well as hematopoietic and EHT terms (Supple-
mental Fig. S6E). The ability of RUNX1 to mediate
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changes in chromatin accessibility at these migration/
EndoMT-related genes appears to be a determinant of
the efficiency of hemogenic specification observed in em-
bryonic ECs.

RUNX1 binds predicted high-affinity sites to open
chromatin

We predicted TF binding across accessible chromatin us-
ing Hmm-based identification of transcription factor foot-
prints from ATAC-seq data (HINT-ATAC]) (Li et al. 2019).
Because the Tn5 cleavage enzyme used for ATAC-seq is
unable to cleave where TFs are bound to DNA, there is a
resulting dip in reads, or “footprint,” that can then be
matched to TF motifs to infer the specific TF bound. To
improve accuracy, we filtered out TFs that were not ex-
pressed based on RNA-seq data (<1.5 FPKM). RUNX1
opened chromatin in the vicinity of its predicted binding
sites, as demonstrated by the overall increase in average
normalized read counts surrounding RUNXI1 footprints
(Fig. 4A,B). We predicted the global activity of RUNXI,
represented as a TF activity score, using HINT differen-
tial, which measures the depth of the footprint plus the to-
tal number of reads in the flanking region for all

Figure 4. RUNXI binds predicted high-
affinity loci to open chromatin. (A,B)
RUNXI1 footprint plot following RUNX1 in-
duction for E9.5 +1Runxl (A) and E13.5
+1Runxl and E13.5 +2Runxl (B). Plots
show average normalized read counts and
P-value calculated using HINT differential.
(n) Number of nonredundant RUNX1 foot-
prints. RUNXI1 footprints detected in each
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plot (mean + SD) of the TF activity score for
each RUNXI1 footprint called shown as aver-
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One-way ANOVA and Tukey’s multiple
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significance. (D) RUNX1 motif score for
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(F)Clustering of RUNX1 footprints; each row of the heat map represents a genomic location, and numbers overlaid on the heat map represent
the number of RUNXI1 footprints. (G) Distribution of RUNXI1 footprints with respect to genomic feature. (Other) 3UTR, miRNA, ncRNA,

transcription termination sites (TTSs), pseudo gene, and 5UTR.
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footprints, then determines the difference between two
biological conditions (e.g., between E9.5 +1Runxl and
E9.5 Ctrl ECs) (Li et al. 2019). E9.5 +1Runxl and E13.5
+2Runx1 ECs have comparable RUNXI1 activity scores,
which are significantly higher than the RUNXI1 activity
score in E13.5 +1Runxl ECs, suggesting that RUNXI
bound more weakly and induced fewer changes in chro-
matin accessibility in E13.5 +1Runx1 ECs (Fig. 4C). Rela-
tively weak RUNXI1 binding sites were enriched under
RUNXI1 footprints in already accessible chromatin (closed
or unchanged) compared with sites in chromatin RUNX1
opened, as predicted by the average motif scores for
RUNXI1 footprints in closed, unchanged, and opened
chromatin (Fig. 4D). The distribution of RUNXI1 foot-
prints at opened versus unchanged chromatin correlated
with the efficiency of hemogenic specification. Specifi-
cally, a significantly greater proportion (~20%) of
RUNXI1 footprints in both E9.5 +1Runxl and E13.5
+2Runx1 ECs was located in regions of chromatin with in-
creased accessibility, compared with only ~10% in E13.5
+1Runx1 ECs (Fig. 4E). The genomic locations of RUNX1
footprints appeared to be largely unique to each EC popu-
lation, with a relatively smaller number of footprints
shared by two or more EC populations (Fig. 4F), underscor-
ing that the hemogenic specification program that
RUNXI1 is imparting is vastly different not only between
embryonic and fetal ECs, but also for varying doses of
RUNXI1 in fetal ECs. There were no apparent differences
in the genomic feature location of the RUNXI1 footprints
for any of the conditions (Fig. 4G). In summary, under sub-
optimal conditions, i.e., lower RUNXI1 levels and a fetal
chromatin landscape (E13.5 +1Runx1), a greater propor-
tion of RUNXI1 appeared to bind to weaker sites in already
accessible chromatin. Increasing the levels of RUNXI (in
E13.5 +2Runx1 ECs) or the more naive chromatin land-
scape in E9.5 ECs increased the proportion of RUNX1
footprints in closed chromatin, where RUNXI1 could ac-
cess higher-affinity sites and open the chromatin.

Colocalization of RUNX1, AP-1, and SMAD footprints
is a determinant of efficient HEC specification

To identify cooperating TFs that could participate in driv-
ing hemogenic specification, we used bias-free transcrip-
tion factor footprint enrichment test (biFET) to find
enrichment of TF footprints in regions of chromatin
with increased accessibility (Youn et al. 2019). RUNX1
and AP-1 (FOS:JUNB, FOS:JUN, and JUN:JUNB) were
the most strongly enriched TF footprints in regions of in-
creased accessibility following RUNX1 induction in E9.5
ECs (Fig. 5A). Footprints of SMAD2/3, GATA2, and sever-
al ETS TFs (ETV1/4, GABPA, and ELF1) were also signifi-
cantly enriched (Fig. 5A), suggesting that RUNXI1 directs
multiple families of TFs to help drive hemogenic specifi-
cation of embryonic ECs, potentially through different
mechanisms. In contrast, no other TF footprints were as
highly enriched as RUNXI1 footprints in chromatin with
increased accessibility in E13.5 +1Runx1 ECs, suggesting
that RUNX1 was unable to efficiently recruit additional
TFs to chromatin it was opening (Fig. 5B). RUNXI1 at high-

TGEFp signaling improves RUNX1 specification of HECs

er doses in E13.5 +2Runx1 ECs, however, was able to di-
rect more TFs, including AP-1 and SMAD2/3 to regions
of chromatin with increased accessibility (Fig. 5C). Ap-
proximately 40% of RUNXI1 footprints were located with-
in 200 bp of AP-1, SMAD, FLI1, and other ETS family
footprints, indicating that RUNXI1 was recruiting these
TFs to local sites (Fig. 5D-F).

SMAD and AP-1 are effectors of TGFf family signaling.
SMADs are directly phosphorylated by TGFp type I recep-
tors, while activation of AP-1 occurs through TAKI,
TRAF6, and JNKs (Moustakas and Heldin 2005). Activat-
ed AP-1 and SMAD directly interact with each other and
coregulate TGFp target genes during EMT (Liberati et al.
1999; Sundgqvist et al. 2013). SMAD requires TFs such as
AP-1 and RUNX (RUNX1/2/3) for effective and specific
DNA binding (Jia and Meng 2021}, and both SMAD and
AP-1 directly interact with RUNXI1 (Hanai et al. 1999;
D’Alonzo et al. 2002). We searched for evidence of cooper-
ativity between SMAD, AP-1, and RUNXI1 in regulating
TGEFp target genes in embryonic ECs. The percentage of
RUNXI1 footprints near AP-1 footprints was similar in
both embryonic and fetal ECs (~44%) (Fig. 5D-F), and
the combination of AP-1 and SMAD motifs was signifi-
cantly enriched (P<1x107%) near RUNX1 footprints in
all conditions (Fig. 5G). However, the percentage of
RUNXI1 footprints near SMAD footprints was greater in
embryonic ECs (~36%) compared with fetal ECs
(~25%), suggesting that RUNX1 was better able to relo-
cate SMAD in embryonic ECs (Fig. 5D-F). Supporting
this, regions that gained accessibility only in E9.5
+1Runx1 ECs (Supplemental Fig. S6D) were significantly
enriched for AP-1 and SMAD2/3 footprints relative to re-
gions that gained accessibility in both E9.5 +1Runx1 and
E13.5 +2Runx1 (Supplemental Fig. S6F), demonstrating
that critical AP-1 and SMAD binding sites are not being
opened in fetal ECs. Our data suggest that SMAD, AP-1,
and TGFp-related target genes are a crucial part of
RUNZX1’s hemogenic specification program in embryonic
ECs, and that the ability of RUNXI1 to recruit AP-1 and
SMAD to local sites contributed to the difference in the ef-
ficiency with which RUNXI1 could specify embryonic and
fetal ECs as hemogenic.

Regions of chromatin around RUNX1 footprints were
similarly accessible in E9.5 and E13.5 ECs prior to
RUNXI1 induction, and RUNXI1 appeared to open chroma-
tin to the same degree (Fig. 5H). In contrast, FOS:JUNB (an
AP-1 TF) and SMAD2:SMAD3 were able to locally open
chromatin only in embryonic ECs even though their foot-
prints were enriched in E13.5 +2Runx1 ECs (Fig. 5H). The
chromatin around FOS:JUNB and SMAD2:SMAD3 foot-
prints was more accessible at baseline in E9.5 Ctrl ECs
than in E13.5 Ctrl ECs, and chromatin accessibility in
E9.5 ECs further increased following RUNX1 induction,
but did not significantly increase in E13.5 ECs (Fig. 5H).
The accessibility of chromatin directly flanking (+100
bp) other TFs enriched at regions of chromatin with in-
creased accessibility; namely, GATA2, GABPA, ETV4,
FLI1, SCL, ELF1, and GFI1B, did not significantly change
following RUNXI1 induction in either embryonic or fetal
ECs, suggesting that unlike FOS:;JUNB and SMAD?2:
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Figure 5. Colocalization of RUNX1, AP-1, and SMAD footprints is a
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determinant of efficient HEC specification. (A-C) Scatter plots
sed accessibility (relative to Ctrl at each time point) for E9.5
of footprints for each TF at regions of chromatin with increased
16 (colored circles) P <0.05. P-values cal-
d (left), unchanged (middle), and opened (right) following RUNX1
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calculated using HINT differential around all footprints in all samples.
ative to each time point Ctrl and were calculated using HINT different

SMAD3, these TFs were not driving local chromatin re-
modeling (Supplemental Fig. S7A B).

The ability of RUNX1 to open and recruit additional
TFs to chromatin decreases with age and tissue specializa-
tion of ECs. RUNXI1 alone was unable to efficiently spec-
ify human umbilical vein ECs (HUVECs) as HECs
(Sandler et al. 2014). Similarly, ECs purified from the liv-

1482 GENES & DEVELOPMENT

postnatal ECs (I). Plots show average normalized read counts
(n) Number of nonredundant footprints. P-values shown are rel-
ial.

ers of 1-mo postnatal +2Runx1 mice contained no HECs
able to produce blood cells ex vivo (data not shown).
RUNZXI1 was unable to open chromatin to the same degree
in 1-mo postnatal ECs (Fig. 5I, Supplemental Fig. S8A)
compared with embryonic or fetal ECs (Fig. 4A,B). Postna-
tal ECs showed the largest changes in gene expression fol-
lowing RUNXI induction (Supplemental Fig. S8B),
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indicating that the degree of gene up-regulation at 24 h
does not correlate with efficient hemogenic specification.
Regions of opened chromatin were enriched for hemato-
poietic-related terms, demonstrating that even in nonper-
missive reprogramming conditions, RUNX1 was able to
activate a portion of the HEC specification program (Sup-
plemental Fig. S8C). Only RUNX1 and BHLHE22 were en-
riched at regions of chromatin with increased accessibility
in 1-mo postnatal ECs (Supplemental Fig. S8D). AP-1 and
SMAD factors were not enriched in opened chromatin and
did not participate in chromatin opening (Fig. 5I), and their
targets in embryonic ECs were inaccessible in postnatal
ECs (Supplemental Fig. S8E). In summary, AP-1 and
SMAD2/3 collaborate with RUNX1 to open chromatin
in embryonic ECs. Their failure to open chromatin corre-
lates with the reduced competence of fetal or postnatal
ECs to be efficiently specified by RUNX1 as HECs.

RUNX1 primes regulatory regions in fetal ECs
that are active in embryonic ECs

To capture early events induced by RUNXI1 that precede
chromatin remodeling, we performed chromatin immu-
noprecipitation followed by sequencing (ChIP-seq) for
the histone mark H3K4mel in E13.5 Ctrl and +2Runx1
ECs. H3K4mel, which is associated mostly with enhanc-
ers, is typically deposited prior to chromatin opening and
enhancer activation (Calo and Wysocka 2013). Based on
ATAC-seq, 5398 sites in largely inaccessible regions of
chromatin significantly (FDR <0.1) gained H3K4mel in
E13.5 +2Runx1 ECs (Fig. 6A). These sites were enriched
for regulatory regions of EHT-related and hematopoietic
genes, as well as some TGFp signaling-related terms
(Fig. 6B). We analyzed the sites of RUNXI1 footprints in
E9.5 +1Runxl ECs (Fig. 4A) to determine whether
RUNXI1 was able to induce H3K4mel at these sites in
E13.5 +2Runx1 ECs (Fig. 6C). Approximately 23% of the
RUNXI1 footprints in E9.5 +1Runx1 ECs were also present
in E13.5 +2Runxl ECs, ~40% were absent in E13.5
+2Runx1 ECs but were marked by H3K4mel, and ~36%
had neither a RUNXI1 footprint nor H3K4mel marks in
E13.5 +2Runx] ECs. Sites that had neither a RUNXI1 foot-
print nor a H3K4mel mark in E13.5 +2Runx1 ECs were
categorized as “resistant” to RUNXI1 activity (Fig. 6C).
The majority of the resistant sites (60%) were located
near (200 bp) AP-1 or SMAD footprints in E9.5 ECs
(Fig. 6D), and many were associated with endocardial mor-
phogenesis genes downstream from the TGFp signaling
pathway (Fig. 6E; Supplemental Table S2). For example,
at a regulatory region of the RUNXI1 target Tgfb2 (VanOu-
denhove et al. 2016), a RUNX1 footprint was present in
newly accessible chromatin in E9.5 +1Runxl ECs, but
this site neither gains accessibility nor H3K4mel in
E13.5 +2Runxl ECs (Fig. 6F). Expression of these TGFp
signaling pathway genes was also differentially regulated
in fetal and embryonic ECs (Fig. 6G), consistent with the
regulatory regions of these genes being “resistant” in fetal
ECs. Taken together, these data suggest that RUNXI1 is
largely able to execute the hematopoietic portion of its
HEC specification program in both embryonic and fetal

TGEFp signaling improves RUNX1 specification of HECs

ECs, but the morphological component of EHT mediated
by TGFp-related genes is not fully activated in fetal ECs.

Reduced accessibility of chromatin to AP-1
and SMAD2/3 limits RUNX1-driven hemogenic
specification of fetal ECs

AP-1 and SMAD motifs and footprints were more strongly
enriched in E9.5 than in E13.5 Ctrl ECs (Fig. 7A,B). This
was not caused by increased levels of AP-1 or SMAD2/3
in E9.5 ECs; transcripts encoding the AP-1 factors Fos,
Junb, and Fosb were present at significantly higher levels
in E13.5 Ctrl ECs (Fig. 7C), and there were no significant
differences in Smad2/3 transcript levels (data not shown).
As SMAD2,/3 must be phosphorylated to enter the nucle-
us and bind DNA, we determined whether there were dif-
ferences in activated SMAD2/3 in E9.5 and E13.5 ECs.
The percentage of ECs that contained phosphorylated
SMAD2/3 (pPSMAD2/3*) in the heart and DA was equiva-
lent in E9.5 and E13.5 Ctrl ECs (Supplemental Fig. SOA-
C), and nearly all ECs in E9.5 +1Runxl and El13.5
+2Runx1 ECs that were RUNX1" were also pSMAD2/3*
(Supplemental Fig. S9D,E). Therefore, TGFp signaling is
similarly active in embryonic and fetal ECs, indicating
that the decreased ability of SMAD2/3 to open chromatin
in E13.5 ECs following RUNXI1 induction is likely due to
differences in chromatin that limited the activity of
PSMAD2/3 and its partner AP-1 at critical target genes
for hemogenic specification.

Activation of TGF signaling cooperates with RUNX1
to increase the efficiency of hemogenic specification
of fetal ECs

We hypothesized that the failure to activate shared target
genes of RUNX1, AP-1, and SMAD?2/3 that are also down-
stream targets of TGFp signaling was limiting the hemo-
genic specification of fetal ECs, and reasoned that
increased TGFp signaling would elevate the concentra-
tions of activated AP-1 and SMAD2/3 in the nucleus
(Moustakas and Heldin 2005) and help overcome this bar-
rier. Both TGFp1 and TGF@3 are required for HSPC forma-
tion in zebrafish; we chose to stimulate ECs with TGFp3
because it was shown to act after Runx1 expression and
HEC specification to promote EHT (Monteiro et al.
2016). To test this hypothesis, we induced RUNX1 expres-
sion in embryos and fetuses, isolated ECs, and subjected
them to a short pulse of TGFp3 (45 min) to induce a tran-
sient increase in pSMAD2/3 and AP-1. Since TGFp ligand
stimulation is dose-dependent and cell type-specific (Zi
et al. 2011), we tested three concentrations of TGFf3
(10% 10* and 10° molecules/cell) on E9.5 +1Runxl and
E13.5 +2Runxl ECs to determine the optimal dose for
stimulating EHT. Following stimulation with TGFp3 ex
vivo, we performed a limiting dilution assay to determine
the frequency of HECs (Fig. 7D). TGFB3 did not increase
the frequency of HECs in E9.5 ECs at any dose (Fig. 7E;
Supplemental Table S3). Our interpretation of this nega-
tive result is that the chromatin in the regulatory regions
of TGFp signaling targets is already accessible and bound
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ing RUNXI1 induction in E13.5 +2Runx1 ECs. (B) The top 10 biological process terms (top graph), and top five molecular function terms (bot-
tom graph) associated with H3K4mel peaks gained in E13.5 +2Runx1 ECs. The numbers of genes and peaks associated with each term are
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Ctrl ECs shown as a fraction of all regions. Colored boxes around metagene plots signify same-colored regions as shown in the bar plot above.
(D) The number of RUNXI1 footprints with co-occurring (200 bp) TF footprints in E9.5 +1Runx1 ECs that were not present or marked by
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E9.5 Ctrl ECs, and RUNX1 footprint (RUNXI; denoted by small blue box) in the Tgfb2locus. (G) Expression of genes from E, represented as a
heat map based on RNA-seq data normalized to FPKM and shown as a Z-score for each gene.
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by a combination of AP-1, SMAD2/3, and RUNX1 in E9.5
+1Runx1 ECs. In contrast, stimulation of E13.5 +2Runx1
ECs with 10* molecules of TGFB3 per cell significantly in-
creased the frequency of HECs by approximately three-
fold, whereas doses of 10* or 10° molecules of TGFp3

per cell did not significantly increase EHT (Fig. 7E).
TGEFp3 could also increase the frequency of HECs in
E13.5 +1Runxl ECs when exposed to the optimal
TGFp3 dose (10* molecules/cell) (Fig. 7F). These results
suggest that a short-term increase in TGFf signaling could
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partially overcome the chromatin barrier to efficient HEC
specification in fetal ECs, but higher amounts TGFB3 had
no effect on EHT. These data also show that RUNX1 was
crucial for directing AP-1 and SMAD2/3 factors to HEC
specification targets, as the frequency of HECs was not in-
creased upon TGFp3 treatment of E9.5 and E13.5 Ctrl ECs.
Taken together, these data show that TGFp signaling is a
crucial component of RUNX1’s HEC specification pro-
gram, and short-term activation of TGFp signaling can
partially overcome a resistant chromatin landscape in fe-
tal ECs.

Discussion

RUNX1 is sufficient to specify embryonic and fetal ECs
as functional HECs

Our results demonstrate that RUNXI1 alone is sufficient
to specify embryonic and fetal ECs as HECs that can gen-
erate multilineage HPs, and that TGFp target genes are a
critical component of RUNX1’s HEC specification pro-
gram. A higher dose of RUNXI1 is required to specify fetal
ECs due to the relative inaccessibility of TGFp target
genes, but this reduced efficiency of hemogenic specifica-
tion could be partially overcome by transient activation of
TGFp signaling. In contrast, postnatal ECs are not compe-
tent to be specified as HECs even when exposed to a high
dose of RUNXI. These data indicate that as ECs mature
and acquire organotypic functions, they lose competence
to be specified as HECs due to changes in the chromatin
landscape, specifically at TGFp EndoMT-related genes
that are regulated by a combination of AP-1, SMAD2/3,
and RUNXI1.

Striking parallels between EHT and EndoMT

EHT and EndoMT are both developmentally restricted
processes that involve down-regulation of endothelial
junction proteins to allow ECs to become motile
(Lamouille et al. 2014). EndoMT in the heart occurs be-
tween E9.5 and E10.5 and significantly diminishes by
E13 (Camenisch et al. 2002)}—timing that strikingly mir-
rors that of HEC specification and EHT. Another parallel
between EHT and EndoMT is the involvement of a
RUNX protein: RUNX1 in EHT (Chen et al. 2009) and
RUNX2 in EndoMT (Tavares et al. 2018). Additionally,
EHT and EndoMT share a number of signaling pathways,
including TGFp and Notch (Ottersbach 2019). EHT has
also been observed endogenously in the heart at E9.5-
E10.5 (Nakano et al. 2013}, and could be amplified by over-
expressing RUNXI1 (Yzaguirre et al. 2018), again high-
lighting the parallels between hematopoietic and cardiac
development. We found that the accessibility of genes
shared between the EHT and EndoMT programs was a
determinant of HEC specification by RUNXI, and that
TGFp activation could improve the specification efficien-
cy when these targets were not as accessible. As develop-
ment progresses, ECs lose their ability to undergo EHT/
EndoMT, likely due to chromatin compaction of these
genes.
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AP-1 and SMAD factors and TGEf signaling targets play
a significant role in HEC specification by RUNX1

TGFp target genes are coregulated by AP-1 and SMAD
(Liberati et al. 1999; Sundqvist et al. 2013}, and both fac-
tors can interact directly with RUNXI1 (Hanai et al.
1999; D’Alonzo et al. 2002). All RUNX proteins
(RUNX1/2/3) have been implicated in TGFp signaling
and EMT in various systems (Voon and Thiery 2017).
All three proteins—RUNXI1, AP-1, and SMAD2/3—in
combination are shown here to be coregulators of EHT.

In an ESC model of hematopoiesis, a dominant-negative
FOS that abrogated all AP-1 binding had no effect on HEC
specification but resulted in reduced expression of mor-
phological-related genes, including TGFp-related genes
(Obier et al. 2016). This is consistent with our model
that RUNXI1 by itself is sufficient for implementing the
hematopoietic cell fate program, but AP-1 proteins, in co-
operation with RUNXI, activate TGFp-related genes
needed for establishing the morphological attributes of
EHT. A previous study reported that postnatal ECs can
be reprogrammed into HECs via the ectopic expression
of FOSB, GFI1, RUNXI, and SPI1, and the highest repro-
gramming efficiency required all four factors (Sandler
etal. 2014). Both GFI1 and SPI1 are direct downstream tar-
gets of RUNX1 and known regulators of embryonic hema-
topoiesis (Huang et al. 2008; Lancrin et al. 2012). In
contrast, FOSB has no known role in the specification of
either HECs or EHT, but our results suggest that FOSB
may have facilitated reprogramming by inducing the ex-
pression of TGFB morphological-related genes. The dos-
age of TFs, particularly in a nonpermissive chromatin
state, is also likely critical to reprogramming efficiency.
In this study, increasing the concentration of AP-1 and
SMAD factors in the nucleus with TGFf3 ligand addition
improved reprogramming efficiency of fetal ECs, which
have a nonpermissive chromatin state. This is likely due
to sufficient levels of phosphorylated SMAD and AP-1 fac-
tors for RUNX1 to direct them to critical inaccessible
EHT/EndoMT-related TGFp target genes.

Several studies have shown inhibiting TGFp signaling
could augment HSPC production (Wang et al. 2012; Vargel
et al. 2016; Lis et al. 2017), directly contradicting our re-
sults. One possible explanation for this discrepancy is
that the common TGFp antagonist (SB431542) used in
the former studies has since been shown to increase the
amount of phosphorylated SMAD2/3 in some systems
(Thambyrajah et al. 2018). It is also possible that the differ-
ences in the TGFp dose and duration of TGFp exposure are
responsible for this discrepancy. Cellular responses to
TGFp are highly sensitive to both dose and duration of ex-
posure. Short exposures to TGFp produce transient, grad-
ed responses, while longer exposure and higher
concentrations of TGFp produce sustained, switch-like re-
sponses (Zi et al. 2011). We found that short exposure to a
TGFp dose predicted to induce a transient, graded re-
sponse (10* molecules/cell) (Zi et al. 2011) was the opti-
mal dose for inducing EHT, whereas a higher TGFp dose
that is known to induce a sustained response (10° mole-
cules/cell) (Zi et al. 2011) did not stimulate EHT. Based



on our calculations, it appears that other groups likely
used concentrations of TGFp ligand (>10° molecules of
TGEFp per cell) that failed to increase EHT in our system
(Wang et al. 2012; Vargel et al. 2016). We hypothesize
that transient activation of TGFp signaling and RUNX1-
dependent recruitment of SMAD2/3 along with AP-1 aug-
ments hematopoietic cell fate specification in the early
phases of EHT, but excessive prolonged TGFp signaling
might derail EHT.

Defining a plastic cellular state that is competent to be
respecified and establishing methods to induce competen-
cy with minimal manipulation of the cells will be imper-
ative to enhance the efficiency, durability, and safety of
cellular reprogramming. This work provides insight into
not only regulation of EHT and reprogramming of ECs
to HSCs, but additionally any reprogramming of an epi-
thelial cell that must undergo EMT or EndoMT. The abil-
ity to reprogram cells into HSC-producing HECs that can
be expanded in vitro will aid in disease modeling, drug dis-
covery, and clinical applications.

Materials and methods

Data and code availability

The data generated in this study are available at Gene Expression
Omnibus (GEO) under accession number GSE174591.

Mice

This study was performed in accordance with the approved insti-
tutional animal care and use committee (IACUC) protocol
803789 of the University of Pennsylvania. We obtained Tg
(Cdh5-Cre®RT) [Tg(Cdh5-cre/ERT2)1Rha] mice from Ralf Adams
(Sorensen et al. 2009), and RUNXI1 conditional knock-in mice
(Rosa26"unx1/Runx1) trom Qiufu Ma (Qi et al. 2017). Timed mat-
ings were performed between Rosa26RWx1/Runxt 'R ogqoaRunxi/+
or +/+ females and Tg(Cdh5-CreR7); Rosa26Rw1/Runxl maleg
to obtain E13.5 fetuses. B6C3F1 females were purchased from
Charles River Laboratories, superovulated, and mated to Tg
(Cdh5-CrefRT); Rosa26Runx/Runxl males to obtain E9.5 embryos.
For superovulation, 3-wk-old B6C3F1 females were injected in-
traperitoneally with 5 IU of pregnant mare serum gonadotropin
(Prospec Protein Specialists) 2 d prior to mating. Forty-eight hours
later, the B6C3F1 females were injected intraperitoneally with 5
IU of human chorionic gonadotropin (Sigma-Aldrich) and placed
in cages with males overnight for mating. For embryonic and fetal
experiments, pregnant dams were injected intraperitoneally with
2 mg of tamoxifen (Sigma-Aldrich). One-month-old mice re-
ceived 2 mg of tamoxifen via oral gavage.

Cell preparation

Embryonic and fetal cells were prepared for flow cytometry, cell
sorting, and progenitor assays as follows: Embryos and fetuses
were separated from yolk sacs and dissociated individually in
0.125% collagenase type I (Sigma-Aldrich) for 20-60 min at 37°
C. Samples were washed with 10% FBS + PBS and filtered. Fetuses
and postnatal organs were minced prior to enzyme digestion. For
fetal organ flow assays, E13.5 fetuses were dissected by organ and
dissociated separately as described above.

TGEFp signaling improves RUNX1 specification of HECs

Fluorescence-activated cell sorting and flow cytometry

The Foxp3/transcription factor staining buffer set (eBioscience)
was used to fix and permeabilize cells for RUNXI1 intracellular
staining. Cells were blocked with Fc block prior to immunostain-
ing. All antibodies used are listed in Supplemental Table S4. Cells
were analyzed on an LSR II flow cytometer (BD Biosciences), and
data were analyzed with Flow]Jo or FCS Express. Cells were sorted
on a BD Influx with a 100-pm nozzle.

Limiting dilution hemogenic endothelium assay

OP9 stromal cells were cultured in aMEM containing 10% FBS
and 1x penicillin-streptomycin. One day prior to initiating the
HE assays, OP9 cells were plated (4000 cells/well) in 96-well
plates. On day 1, sorted ECs were plated in limiting dilutions
with three to 10 replicates for each dilution on confluent OP9s.
For TGEp stimulation, ECs were washed, 10>-10° molecules of
TGEFp3 ligand (R&D Systems) or vehicle (4 mM HCL+0.1%
BSA) per cell were added to cells, and cells were incubated for
45 min at 37°C and 5% CO,, then washed, and plated in limiting
dilutions on confluent OP9 cells. The media was supplemented
with 10 ng/mL SCF, 10 ng/mL IL7, 10 ng/mL IL3, and 10 ng/mL
Flt3L (PeproTech). On days 7-13, cells were then harvested and
analyzed by flow cytometry for positive wells (CD41*, CD45",
and/or Ter119*). The HEC frequency and P-values were calculat-
ed with Extreme Limiting Dilution Analysis (ELDA) software (Hu
and Smyth 2009).

Additional experimental details are in the Supplemental
Material.
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