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Abstract

Endothelial-to-hematopoietic transition (EHT) is an important stage in definitive hematopoietic
development. However, the genetic mechanisms underlying human EHT remains poorly
characterized. We performed single cell RNA-seq using 55 hemogenic endothelial cells (HE:
CD317CD144*CD41-CD43-CD45"CD73~ RUNX1c"), 47 vascular endothelial cells without
hematopoietic potential (non-HE: CD31*CD144*CD41"CD43~CD45-CD73~RUNXIc"), and 35
hematopoietic progenitor cells (HP: CD34*CD43* RUNX1c") derived from human embryonic
stem cells (hESCs). HE and HP were enriched in genes implicated in hemogenic endothelial
transcriptional networks, such as ERG, GATAZ, and FL/. We found transcriptional overlap
between individual HE and HP cells; however, these populations were distinct from non-HE.
Further analysis revealed novel biomarkers for human HE/HP cells, including 7/MP3, ESAM,
RHOJ, and DLL4. Collectively, we demonstrate that hESC-derived HE and HP share a common
developmental pathway, while non-HE are more heterogeneous and transcriptionally distinct. Our
findings provide a novel strategy to test new genetic targets and optimize the production of
definitive hematopoietic cells from human pluripotent stem cells.
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INTRODUCTION

Hemogenic endothelium is a rare and highly specialized subset of vascular endothelial cell
that functions as a precursor population to blood development [1-4]. In mammals,
hematopoiesis occurs as a series of developmental phases in a defined temporo-spatial
manner [5-7]. Hemogenic endothelium is associated with the definitive phase of
embryological hematopoiesis, which is characterized by the life-long development of
multipotent hematopoietic stem and progenitor cells (HSPCs) [8, 9]. One of the hallmarks of
definitive hematopoiesis is the endothelial-to-hematopoietic transition (EHT), a process
where hemogenic endothelial cells phenotypically switch from a stationary endothelial cell
state to a detached and free-moving HSPC. Although EHT has been visualized both /in vitro
and /n vivo at specific anatomical landmarks via lineage tracing studies [1, 10, 11], the
regulation of this fate change at both a cellular and molecular level remains unclear.
Confounding this knowledge further is an absence of unique cell surface markers allowing
phenotypic identification and isolation of hemogenic endothelium from other
developmentally related cell types [12, 13]. Furthermore, specific hemogenic endothelial cell
genetic identifiers from humans have yet to be adequately defined.

One candidate identifier of human hemogenic endothelium is RUNX1c, an isoform of the
RUNX1 gene. Expression of the +24 intronic enhancer, which drives RUNX1c expression
via the P1 promoter, has been shown to be restricted to a subset of endothelial cells where de
novo generation of HSPCs occurs in both zebrafish and mouse models [13-17]. RUNX1c
expression has also been correlated exclusively to human definitive hematopoietic cells,
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including CD34* umbilical cord blood and hematopoietic stem cells [18-24]. Our lab, and
others, have previously described human EHT using a human RUNXIc pluripotent stem cell
reporter system [22, 23]. As such, RUNXIc can serve as a genetic basis for selecting human
hemogenic endothelial cells from other developing endothelial and hematopoietic cell
populations.

Human pluripotent stem cells, such as human embryonic stem cells (hESCs) and induced
pluripotent stem cells (hiPSCs) serve as a useful platform to understand basic mechanisms
underlying human EHT. We, and others, have previously shown differentiation of early
hematopoietic progenitor cells from hESC-derived bi-potent endothelial cells capable of
developing into cells of the erythroid [24, 25], myeloid [26—29], and lymphoid lineages [30-
32]. However, production HSPCs derived from hESCs/hiPSCs that are capable of long-term
multi-lineage engraftment has yet to be achieved. One hypothesis is that hESCs are biased
toward primitive hematopoietic lineages, and fail to adequately generate hemogenic
endothelial cells that produce definitive hematopoietic cells [27, 33—-35]. To assess this
degree of heterogeneity from an hESC/hiPSCs system, single cell RNA sequencing has
emerged as an invaluable tool to discover novel and rare cellular subsets otherwise obscured
in bulk RNA-seq experiments [36—-39].

In the present study, we utilized hESCs previously engineered to express a RUNX1c-
tdTomato reporter construct [22] to investigate the transcriptional signatures of human
hemogenic endothelial cells (HE), vascular endothelial cells that lack hematopoietic
potential (non-HE), and the earliest definitive hematopoietic progenitor cells (HP). We
sequenced and analyzed 137 individual cells and performed comprehensive computational
analyses to reveal that endothelial cells derived from hESCs are heterogeneous in nature.
Human hemogenic endothelial cells and early hematopoietic progenitors shared similar gene
expression signatures, suggesting a common developmental process. Intriguingly, vascular
endothelial cells were found to be distinct from HE and HP, with a unique population of
cells transformed into a mesenchymal/fibroblast-like cell phenotype. These studies now
allow us to define novel genetic biomarkers to distinguish HE from non-HE and serve as a
unique strategy to optimize definitive hematopoietic cell differentiation from human
pluripotent stem cells.

MATERIALS AND METHODS

Human embryonic stem cell (hESC) culture

hESC-RUNXI1c-+tdTomato reporter cells were previously engineered and validated in our lab
[22]. In brief, a 1 kb fragment of the human RUNX1c P1 promoter and 250 bp conserved
intronic region of the +24 enhancer were flanked by tdTomato. Upstream, a constitutively
active GFP:zeo fusion protein permitted identification of cells differentiated from hESCs
with stable reporter integration. hESC- RUNXIc-tdTomato were TrypLE adapted for single
cell culture and maintained on irradiated mouse embryonic fibroblasts (MEF) in ES growth
media consisting of Dulbecco’s Modified Eagle’s Media (DMEM)/Ham’s F-12 Media
(F12), 15% Knockout Serum Replacement, 1mM L-glutamine, 0.1 mM B-mercaptoethanol,
1% minimum essential medium nonessential amino acids, 1% penicillin-streptomycin (all
ThermoFischer Scientific, Carlsbad, CA), and 4 ng/mL basic fibroblast growth factor (R&D
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Systems, Minneapolis, MN). Cells were cultured in a 37°C air humidified incubator
supplemented with 5% CO, until 70-80% confluency, and passaged using 1x TrypLE Select
(ThermoFischer Scientific).

Spin embryoid body (Spin-EB) formation and hemato-endothelial differentiation

Single cell adapted hESCs were harvested with 1x TrypLE Select and aggregated as spin
embryoid bodies, as previously described [25, 43]. In brief, hRESCs were plated at 3,000
cells/100 pL in a round-bottom 96-well plate using serum-free BPEL media supplemented
with 20 ng/mL BMP4, 40 ng/mL SCF, and 20 ng/mL VEGF (all R&D Systems) (Stage |
media). Cells were centrifuged for 5 minutes at 1500 rpm to form embryoid bodies (Day 0)
and were incubated for 6 additional days to promote mesoderm induction. To differentiate
early hemato-endothelial cells, Day 6 spin-EBs were transferred to pre-gelatinized 24-well
plates with BPEL media (without polyvinyl alcohol) supplemented with 40 ng/mL SCF, 40
ng/mL VEGF, 30 mg/mL thrombopoietin (R&D Systems), 30 ng/mL IL-3 (PeproTech,
Rocky Hill, NJ), and 30 ng/mL IL-6 (PeproTech) (Stage Il media). For long-term culture,
media was exchanged every 3-4 days with cytokine supplementation. To harvest endothelial
cells for analysis, non-adherent (hematopoietic) cell fractions were removed while the
remaining adherent fractions were washed and treated with 0.05% trypsin containing 2%
chicken serum for 5 minutes. Adherent cells were collected, vortexed, and filtered to
generate single cell suspensions suitable for analysis. To harvest hematopoietic cells, only
non-adherent cell fractions were harvested and filtered to generate single cell suspensions
suitable for analysis.

Fluorescent-Activated Cell Sorting

For cell sorting of hESC-derived hemogenic endothelium (HE) and vascular endothelial
cells without hematopoietic potential (non-HE), Day 11 hESC- RUNX1c-tdTomato were
differentiated and harvested as described above. Cells were stained with anti-human CD41a-
APC (BD Biosciences), CD43-APC (BD Biosciences), CD45-APC (BD Biosciences),
CD73-APC (BD Biosciences), CD144-PECy7 (eBioscience), and CD31-APC-eFluor 780
(eBioscience) in sterile FACS Buffer for 30 minutes at 4°C. Cells were washed with FACS
buffer and dead cells were counterstained with Live/Dead Fixable Aqua (ThermoFisher
Scientific) immediately prior to sorting. Live HE (CD31*CD144*CD41a

~“CD43~CD45 tdTomato*) and non-HE (CD31*CD144*CD41a"CD43~CD45 tdTomato™)
populations were sorted using a FACSAria Il (BD Biosciences) directly into BPEL media.
Early human hematopoietic progenitor cells (HP) were harvested from a parallel
differentiation culture at matched time points. Non-adherent hESC-RUNXIc-tdTomato
derived cells were harvested as described above and stained with anti-human CD34-PECy7
(BD Biosciences) and CD43-APC (BD Biosciences) for 30 minutes at 4°C. Cells were
washed with FACS buffer and dead cells were counterstained with Sytox Blue
(ThermoFisher Scientific) immediately prior to sorting. Live HP (CD34*CD43*tdTomato™)
were also sorted on a FACSAria Il directly into BPEL media. Post-sort flow cytometry
sample validation was performed on all samples.
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Single cell capture and RNA-Seq

Sorted HE, non-HE, and HP were stained with a Live/Dead viability/cytotoxicity kit
(ThermoFisher Scientific) and resuspended at 50 cells/uL. Cells were captured on three,
separate medium-sized (10-17 um cell diameter) chips using the Fluidigm C1 Single Cell
Auto Prep System (Fluidigm, San Diego, CA) per the manufacturer protocol. Following
capture, cells were visualized using phase-contrast and fluorescent microscopy using a
Nikon Inverted Ti-E Deconvolution motorized Microscope (Nikon, Belmont, CA). At this
point, only live, single, and GFP* cells were selected for cDNA library preparation.
Additionally, for HE and HP sorted cells, tdTomato expression was also verified; cells
absent for tdTomato signal were excluded. Following capture and validation, cDNA was
prepared from each cell using the SMARTer Ultra Low RNA kit for the Fluidigm C1 system,
according to the manufacturer recommendations (Clontech, Mountain View, CA). cDNA
library concentrations were assessed using Quant-iT PicoGreen dsDNA assay Kit
(ThermoFischer Scientific). cDNA concentrations that were less than 25 ng/uL were further
excluded from subsequent sequencing. mRNA libraries were transcribed using the lllumina
Nextera XT preparation kit (Illumina, San Diego, CA) according to the manufacturer
protocol and sequenced on an Illumina HiSeq 2500. Sequencing was performed in rapid-
mode using 50 bp paired-end reads to a depth of approximately 1.8x10° reads/sample. In
parallel from the same differentiation as single cell captures, bulk population RNA controls
were also similarly processed and included in subsequent analyses.

Bioinformatic analyses of single cell RNA-Seq data

Illumina reads were processed via a pipeline developed by the University of Minnesota
Informatics Institute in collaboration with the Minnesota Supercomputing Institute and the
University of Minnesota Genomics Center. Briefly, FastQ files were trimmed using
Trimmomatic (Usadel Lab, Max Planck Institute, Germany; parameters used: -phred33 -
threads 8, ILLUMINACLIP, LEADING:3 TRAILING:3 SLIDINGWINDOW:4:16
MINLEN:25). After trimming, mapping to the human genome was performed via TopHat (v.
2.0.13, Johns Hopkins University) and Bowtie (v. 2.2.4.0, Johns Hopkins University).
Fraction per kilobases per million (FPKM) genes mapped expression was calculated via
cuffquant function in Cufflinks (Trapnell Lab, University of Washington). Normalized log-
transformed FPKM values were analyzed using the Seurat R toolkit developed by the Satija
Lab (https://github.com/satijalab/seurat; New York Genome Center, NYU), which has been
extensively published elsewhere [42-45]. Principal component analysis (PCA) and t-
distributed stochastic neighbor embedding (t-SNE) analysis were performed in parallel with
two gene lists in Seurat; one list of the total genome (“Total”) mapped transcripts (26,257
genes) and another restricted list of blood and endothelial (“Blood & EC”; 2,556 genes)
gene subsets. The Blood & EC gene list was exported from a list of genes tagged to
“hematopoiesis” and “endothelial” categorizers within Ingenuity Pathway Analysis (IPA)
software (Qiagen, Valencia, CA). For t-SNE analyses, only statistically significant principal
components (defined as p<0.05, see Supplemental Figure 4) for each gene list were used as
function input. Differentially expressed genes between cell populations and clusters were
assessed using “ROC” and “t-test” functions in the Seurat package using the default settings.
Isoform level quantification of RUNXZcwas mapped using Salmon (Patro Lab, Stony Brook
University) [46]. FPKM values were averaged between HE and non-HE groups and
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compared to assess RUNXIc enrichment. Gene ontology enrichment analysis of the total
mapped genes between HE and non-HE was performed using IPA.

Additional Materials and Methods

RESULTS

Immunofluorescent imaging, flow cytometry, post-sort HE and non-HE culture conditions,
and statistical methods can be found in the Supplemental Methods.

hESC-RUNX1c-tdTomato cells differentiate into early hemato-endothelial cells in defined
xenogenic-free culture conditions

We first assessed the kinetics of hESC- RUNXIc-tdTomato differentiation into early hemato-
endothelial cells using defined culture conditions (Figure 1A). Here, we expanded on our
previously published data to better identify the emergence of endothelial progenitor cells
[22]. As previously demonstrated, hESC-RUNX1c-tdTomato cells differentiated into
adherent cells with endothelial characteristics as early as Day 9 of culture. Endothelial cells
propagated around the perimeter of each embryoid body, and were positive for two
endothelial cell markers: CD144 (VE-Cadherin) and von Willebrand Factor (VWF) (Figure
1B, top panels). At Day 12 of differentiation, rounded, non-adherent hematopoietic
progenitor cells could be seen (Figure 1B, bottom panels). These hematopoietic cells all
expressed a constitutively active GFP:zeo fusion protein, while a fraction of the them also
dually expressed tdTomato, suggesting these cells are of the definitive hematopoietic lineage
and developed from EHT.

We next quantified the development of endothelial and hematopoietic cells. At Day 9 of
culture, a majority of the differentiated cells were endothelial cells, defined as
CD34*CD31* (27.5%6.6) and CD34+*CD144* (22.0%=7.3) with limited numbers of
hematopoietic progenitor cells, defined by CD34*CD41a* (2.3%+0.4), CD34*CD43" (6.3%
+1.4), and CD34*CD45" (1.2%=0.6) (Figures 1C & 1D). By Day 12, the endothelial cell
populations declined, accompanied by a reciprocal increase in hematopoietic progenitor
cells. By Day 15, a majority of cells were hematopoietic, with statically significant gains in
the percentage of CD34*CD41a* (7.16%z2.7, p<0.05), CD34*CD43* (16.17%+3.3,
p<0.01), and CD34+*CD45" (11.8%=1.6, p<0.01) phenotypes. To parallel hematopoietic
development, tdTomato (RUN.XIc) was detected in appreciable quantity at Day 12 (14.7%
+4.1), with a majority of the cells later expressing RUNX1c after blood development
occurred at Day 15 (69.5%+6.4, p<0.01) (Figures 1E & 1F). As such, hESC-RUNXI1c-
tdTomato cells serve as an excellent platform to allow us to isolate defined endothelial cell
populations that are suitable for single cell genetic analyses.

Combined endothelial cell surface antigen and RUNX1c expression delineate human
hemogenic endothelium from vascular endothelium lacking hematopoietic potential

We next assessed for the presence of human hemogenic endothelium from differentiating
hESC-RUNX1c-tdTomato cells by using a combination of endothelial cell surface markers
and tdTomato* expression. Because Day 11 was just prior to the onset of detectable
RUNX1c hematopoietic cells, we characterized adherent hESC-derived cells at this time
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point. Here, approximately 10% of the total cells were CD144*CD31* and negative for
CD41a and CD43 expression (Figure 2A, top panels). When sub-gating on these
populations, we found approximately 40% of the cells were dually tdTomato™, suggestive of
a hemogenic endothelium phenotype (Figure 2A, bottom panels). We next used FACS to sort
three populations: 1) putative hemogenic endothelial cells (HE; defined as
CD317CD144*CD41-CD43-CD45-CD73 tdTomato*); 2) vascular endothelial cells lacking
hematopoietic potential (non-HE; defined as
CD317CD144*CD41-CD43-CD45-CD73 tdTomato™) and 3) early hematopoietic
progenitor cells (HP; defined as CD34*CD43*tdTomato*), and further assessed their
phenotypic responses in both endothelial cell and hematopoietic cell culture conditions
(Figure 2B and Supplemental Figure 1). Here, we demonstrate HE cells retain endothelial
morphology in the absence of pro-hematopoietic growth conditions. hESC-derived HE
seeded onto fibronectin coated wells in endothelial growth media were able to generate a
confluent, cobblestone monolayer that fully expressed CD31 (PECAML1) at the cellular
junctions (Figure 2C). The morphological and phenotypic appearance was similar to that of
control human umbilical vein endothelial cells (HUVEC). We next assessed whether HE
and/or non-HE would generate tdTomato* hematopoietic cells in pro-hematopoietic culture
conditions. In the span of two days, HE robustly produced non-adherent, tdTomato* cells
similar to pre-sorted cells from the same hESC differentiation (Figure 2D). Additionally,
non-HE cells failed to produce tdTomato* cells, as these cells remained adherent and
retained an endothelial-like morphology. Taken together, these results demonstrate that
phenotypic HE and non-HE can be sorted and distinguished from hESCs based on this
combination of endothelial surface antigen and RUN.XIc expression.

Single cell RNA-seq reveals similarities in HE and HP gene signatures, but both are
transcriptionally distinct from non-HE

Using characterized hESC-derived HE, non-HE, and HP cell populations, we next defined
each cell population on a single cell transcriptional level. To do so, we performed single cell
RNA-seq to assess individual cells and determine the developmental similarities of each
population. We used the Fluidigm C1 Single Cell Autoprep system in conjunction with
Illumina Next Generation Sequencing to analyze 55 HE, 47 non-HE, and 35 HP single cells
(Supplemental Figure 2A & 2B). To ensure correct identification of single cells, we
validated that individual HE and HP cells captured were tdTomato* within the microfluidic
capture chamber, while non-HE cells were tdTomato™ (Supplemental Figure 2A). We
performed sequencing to a depth of approximately 1.8x10 reads/cell to further verify
enrichment of RUN.X1c at the isoform level and provide a complete gene expression profile
for each individual cell. We first confirmed the representativeness of single cell transcripts to
the expression level of the bulk cell populations. As a function of fraction per kilobase per
million (FPKM) mapped fragments, we found a strong correlation between gene expression
averaged across individual cells as compared to the bulk populations (R2=0.90)
(Supplemental Figure 2C). While we did not see statistically significant differences in the
expression of all combined transcript variants of the RUNXI gene across populations, we
confirmed HE possessed higher log-transformed FPKM expression of the RUN.XIc specific
isoform compared to non-HE (9.23+2.61 vs. 1.22+0.67, p<0.01) (Supplemental Figure 2D).
We next assessed the ontological pathways significantly enriched between hESC-derived HE
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and non-HE using Ingenuity Pathway Analysis software. Several of the highest statistically
significant ontological pathways were specific to embryological development and
hematopoiesis, including “Hematological System Development and Function” (log
p<10715), “Tissue Development” (log p<10~8), “Embryonic Development” (log p<10~7),
and “Hematopoiesis” (log p<107; Supplemental Figure 2E).

By generating violin plots of log-transformed FPKM values, we next analyzed the
expression of key genes known to be associated with vascular endothelial cells, hemogenic
endothelium, and hematopoietic progenitor cell phenotypes. These plots provide
complementary data regarding total gene expression and the frequency of expression across
individual cells in a given population. We found that both HE and HP possessed similar
expression and distribution of several endothelial and hemogenic endothelial genes that was
higher than those of non-HE. For example, KDR, NR2F2, LMOZ2, PECAM1, and EFNB2
were significantly increased vascular endothelial cell-related genes in the HE and HP groups
as compared to the non-HE group (Figure 3A). SOX17, CDH5, ERG, ESAM, FLI1, FOXFI1,
KIT, and MECOM were also significantly increased hemogenic endothelium-related genes
in HE and HP as compared to non-HE. We also observed HP cells to have overexpression of
key hematopoietic genes as compared to HE and non-HE, including /L7R, ITGAZB, RAGI,
and WINT5A, while some genes such as HOXB5, GATAZ, GATAS3, and MEISI were also
overexpressed in HE. We further confirmed that genes associated with cardiac development
and terminal erythroid, myeloid, and lymphoid cell differentiation were not appreciably
expressed, while endogenous housekeeper genes, such as GAPDH, ACTB, and GP/
possessed uniform expression across all three populations (Supplemental Figure 3). Genes
characteristically associated with pluripotency (POU5F1/0CT4, NANOG, DPPA2),
primitive streak development (M/XL1, 7), lateral plate mesoderm (HANDI1, IRX?3),
ectoderm (PAX6, SOX1, SOX10), and endoderm (FOXA1A, GATA4) did not yield any
detectable FPKM expression (data not shown).

We next sought to investigate wide-scale transcriptional profile similarities between HE,
non-HE, and HP populations. Using Seurat (see Materials and Methods for details), we
performed principal component analysis to reduce the dimensionality of FPKM expression
values using: 1) the total mapped gene list (26,257 genes; “Total”) and 2) a hematopoietic
and endothelial restricted gene list (2,556 genes; “Blood & EC™). In both analyses, we found
at least 3 distinct groups of cells when plotted against the first two most statistically
significant principal components (Figure 3B). In either analysis, many of the HE and HP
single cells overlapped within a common principal component area, while two clusters
primarily composed of non-HE cells were distinctly located in separate areas. We further
resolved the composition of these clusters by performing t-distributed stochastic neighbor
embedding (t-SNE) analysis using genes assigned only to statistically significant principal
components for both the Total (Supplemental Figures 4A & 5A) and Blood & EC
(Supplemental Figures 4B & 5B) gene lists. Using this approach, clear resolution of one,
centralized cluster of transcriptionally similar HE and HP populations could be ascertained,
while a majority of the non-HE cells were segregated into two divergent clusters (Figure
3C). In applying Seurat’s density parameter clustering functions, three main clusters
(Clusters 2, 3, and 4, with Cluster 1 representing statistical outlier single cells) were
identified using the total gene list (Figure 3D). A similar identification was seen in the Blood
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& EC gene lists in marking Clusters 2, 3, and 5 (note: Cluster 1 represents statistical outlier
single cells and Clusters 4 and 6 are comprised of <3 single cells). In analyzing the Total
gene list, we observed Cluster 2 was mostly heterogeneous for HE (55.8%) and HP
(27.91%), with few non-HE cells (16.28%) (Supplemental Figure 6). Clusters 3 and 4 were
mainly composed of non-HE (75.76% and 69.23%, respectively). We further validated
separation of non-HE from HE and HP by generating heat maps using unsupervised
clustering of genes found within the statistically significant principal components (Figure
3E). Taken together, these data demonstrate that individual HE and HP are transcriptionally
related to one another, while non-HE are heterogeneous and transcriptionally distinct from
both HE and HP.

Clustering analysis identifies novel biomarkers of hESC-derived HE and HP with divergent
developmental pathways of non-HE

Using individual cells re-classified into transcriptionally distinct groups from the Total gene
list, we identified distinguishing biomarkers between HE/HP single cells and the two subsets
of non-ECs by performing receiver operating characteristic (ROC) curve analysis in Seurat.
ROC analysis is a non-parametric method that is useful in providing the probability (power)
that a gene is up- or down-regulated within given group [47]. Cluster 2 yielded 651
statistically significant identifier genes, with the most powerful predictors being previously
known hemogenic endothelium related genes such as CODH5 (DGE: 2.07) [48], ERG (DGE:
2.08) [49], CLDN5 (DGE: 2.07) [50], and 7EK (DGE: 2.01) [51] (Figure 4A). Cluster 3 and
Cluster 4 yielded 916 and 928 statistically significant identifier genes, respectively. Here, we
report the top 50 distinguishing genes between groups of cells assigned to Clusters 2, 3, and
4. We next confirmed the specificity of novel biomarkers to each cluster by mapping the
gene expression to individual cells on the Total gene list t-SNE plots as shown in Figure 3C.
We identified at least four novel gene markers with increased and specific expression to
Cluster 2: 7/MP3 (DGE: 2.06), ESAM (DGE: 2.20), RHOJ (DGE: 2.27) and DLL4 (DGE:
2.49) (Figure 4B). We also show that 7YROBP (DGE: 3.78) and CCL4 (DGE: 5.34) are
specific in designating the Cluster 3 subset, which was largely composed of non-HE.
Interestingly, Cluster 4 was mostly comprised of genes that encode extracellular matrix
protein products. We found significant upregulation of COL1A1 (DGE: 6.58), COL1A2
(DGE: 4.63), DCN (DGE: 6.09), LUM (DGE: 4.87), COL3A1 (DGE: 3.50), VCAN (DGE:
3.55), and several other extracellular matrix components/genes. This would suggest cells of
this cluster transformed from an endothelial phenotype into a mesenchymal or fibroblast
phenotype. To further validate the uniqueness of each cluster set, we generated a new heat
map of gene expression across individual cells using a more stringent approach. We
restricted the list of genes to differentially regulated genes with high discriminatory power
(Power > 0.80) within each cluster (Supplemental Figure 7). This approach indeed generated
clear distinctions in global gene expression that was seen between individual cells assigned
to each cluster. Collectively, our approach has established unique genetic biomarkers
between hESC-derived HE and non-HE cells, and suggests a subset of non-HE may
represent cells transitioning into other mesenchymal lineages.
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DISCUSSION

In the present study, we utilized hESCs harboring a RUNX1c-tdTomato reporter to assess
the phenotypic and transcriptional profiles of the earliest definitive hemato-endothelial cells
at a single cell resolution. In conjunction with endothelial-cell immunophenotyping and
RUNXIc expression, we identified hESC-derived HE that not only maintained vascular
morphology in endothelial culture conditions, but also differentiated RUNXIct, non-
adherent, hematopoietic progenitors when cultured in the presence of hematopoietic
cytokines. Furthermore, through next generation sequencing of individual hemogenic
endothelial cells, vascular endothelial cells lacking hematopoietic potential, and the earliest
definitive hematopoietic progenitor cells, we determined that hESC-derived HE and HP are
transcriptionally similar to each other, but distinct from a heterogeneous population of non-
HE. We also identify several novel candidate genes that serve to distinguish HE from non-
HE populations.

To date, there have been few reports fully characterizing the complete development of
undifferentiated hESCs/hiPSCs through hemogenic endothelium to the generation of
HSPCs. Many reports have relied on cell immunophenotyping alone, which has been useful
in elucidating key differences between human endothelium and the first formed
hematopoietic cells. For example, Nakajima-Takagi et a/. [52] separated endothelial cells
from the earliest hematopoietic progenitor cells (termed “pre-HPCs”) simply based upon
CD34*CD43" and CD34*CD43*CD457/1°, With this strategy, they discovered SOX17was
overexpressed in human hemogenic endothelium as compared to pre-HPCs and matured
hematopoietic cells, and thus a key regulator of hematopoietic development. Indeed, we
observed similar overexpression of SOX17in a majority of cells within our HE population
as compared to the HP population. We now provide complementary data that SOXZ17is not
expressed in endothelial cells lacking hematopoietic potential. Our finding parallels studies
in the mouse model, in which knockout of SOX17 abolished the definitive hematopoietic
program (loss of T-lymphocyte potential), but did not alter expression levels of EphrinB2
(human homolog: EFNB2) or Coup-Tfll (human homolog: NR2F2), genes that are
associated with arterial and venous endothelium specification, respectively [53, 54].

Choi et al. [26] and Raffi et al. [10] both used more specific hemato-endothelial phenotypes,
relying on CD31*, CD34*, CD117*, CD144", and CD73" to detect endothelial cells and
CD41la*, CD43", CD235a* to monitor hematopoietic development. While both studies
provide convincing evidence for a precursor endothelial population that directly supports
hematopoietic development, it is unclear as to which phase of hematopoiesis (primitive vs.
definitive) these earliest cells arise from. Primitive hematopoiesis is thought to primarily
originate from hemangioblasts, which are bi-potent cells able to differentiate only into
embryonic vasculature cells or transient erythroid/myeloid cells. Hemangioblasts are almost
identical in their endothelial surface antigen expression as hemogenic endothelium [55-59].
As such, our described system that is co-dependent on endothelial positive-selection
(CD31*CD144*CD737) and RUN.XIc expression provides more precise specification of the
definitive hematopoietic program leading to a more resolved understanding of the events
preceding HSPC development. Indeed, a related approach has recently been verified in an
elegant study by Ditadi, ef a/[23]. Here, human hESC-derived hemogenic endothelium
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restricted to an adherent CD34*CD73~CD184~ RUN.XIc* population were able to generate
RUNXIct hematopoietic cells with T-lymphocyte potential. Furthermore, combinations of
CD184 (CXCR4), CD73, and RUNXIc could be used as molecular labels in distinguishing
the acquisition of either an arterial or venous phenotype from vascular endothelial progenitor
cells. Moving forward, it is clear both cell surface and genetic identifiers must be used to
adequately define and resolve specialized subsets from a heterogeneous collection of
differentiating hemato-endothelial cells.

Our single cell RNA-Seq experiments revealed several novel candidate markers that were
specific to human hemogenic endothelium and definitive hematopoietic progenitor cells.
TIMP3, ESAM, RHOJ, and DL L4 were found to possess some of the highest discriminatory
powers for distinguishing HE and HP from non-HE (Figure 4B). T/MP3 (tissue inhibitor of
metalloproteinase-3), while not previously implicated in developmental hematopoiesis, has
previously been shown to play an important role in HSPC proliferation by recruiting
quiescent hematopoietic stem cells into the cell cycle [60, 61]. ESAM (endothelial cell
selective adhesion molecule) has been identified (albeit in the mouse) as a reliable marker
for long-term repopulating hematopoietic stem cells derived from the aorta-gonad-
mesonephros region that also possessed lymphoid potential [62, 63]. Moreover, ESAM
expression is maintained throughout the transition of hematopoiesis to the bone marrow and
its expression is increased during the aging process. Because ESAM was highly expressed in
almost every HE and HP single cell we analyzed (Figure 3A), it represents a potential
candidate for hemogenic endothelial cell selection and/or overexpression studies to engineer
hematopoietic progenitors from hESCs with hemato-lymphoid potential. RHOJencodes a
Rho GTPase that is normally restricted to vascular endothelial cells. RHOJ expression, as
well as other key hemogenic endothelial proteins, such as VE-cadherin, endoglin, and vWF,
are regulated upstream by £RG, which is further implicated in hESC differentiation into
endothelial cells [49, 64-66]. We observed overexpression of both KHOJand ERG in our
HE and HP populations. Interestingly, hyperactivation of R/0Jenhances endothelial cell
focal adhesion disassembly and increases the mobility of endothelial cells [67]. Thus, a
similar mechanism may be crucial during EHT to convert adherent endothelial cells into
non-adherent and free-moving HSPCs. Lastly, EHT and definitive hematopoiesis have been
hypothesized to be evolutionary Notch-dependent [23, 68—70]. DLL4 is a downstream
mediator of VEGF activity and induces the upregulation of Notch1 and its effector targets.
DLL4 is highly enriched in the vascular niche and has recently been shown to support the
production of partially engraftable CD34™ cells derived from non-human primate induced
pluripotent stem cells [71]. Consequently, enrichment of DLL4 may serve as a useful
method for identifying hemogenic endothelial cells derived from hESCs.

We also looked at other key transcriptional regulators of human EHT that have been recently
reported from bulk cell sequencing approaches. Dou et al. [72] provided insight that medial
HOXA genes are silenced in hESC-derived hemato-endothelial cells, but were critical for
fetal-liver HSPC expansion and maintenance. In corresponding fashion, we found no
appreciable expression of any HOXA locus genes in our hESC-derived hemato-endothelial
cell populations, which is also consistent with our prior analyses [22] (Supplemental Figure
8A). Interestingly, we observed significant increases in HOXB locus gene expression
between hESC-derived HE/HP and non-HE populations, specifically in HOXB3, HOXBS5,
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HOXBS6, and to an extent, HOXB7 (Supplemental Figure 8B). HOXB5 has been recently
described (albeit in mouse) to be expressed during EHT and defines HSCs with long-term
engraftment potential [73]. As such, HOXB genes may be of a higher biological importance
in conferring hemogenic potential from hESC/hiPSC-derived hemogenic endothelium.

By assessing the transcriptional repertoire of individual cells, we also revealed heterogeneity
in non-HE cells. Although all non-HE expressed traditional endothelial cell-specific surface
antigens, a small subset of non-HE were heavily enriched with genes encoding extracellular
matrix proteins (Cluster 4, Figure 4A). This genetic signature highly suggests transformation
from an endothelial lineage to a mesenchymal or stromal cell lineage in a developmental
process known as the endothelial-to-mesenchymal transition (EndMT). EndMT primarily is
a TGF-p driven process that normally is required for intimal thickening and stabilization of
vasculature during embryonic vasculogenesis [74]. Other groups have reported that hESC-
and hiPSC-derived endothelial cells are highly susceptible to EndMT, particularly following
long-term passaging and cell culture [74—75]. This, in part, may be due to a combination of
defined factors within culture media and/or also the cellular origin of hiPSCs used. Our
results suggest that a small degree of EndMT occurs even at the earliest development of
hemato-endothelial cells from embryoid bodies (Figure 5). Indeed, we observed a small
proportion of differentiating cells from spin-EBs exposed to hemato-endothelial growth
conditions positively expressed S100A4/FSP1, a fibroblast specific surface antigen that has
been previously demonstrated to distinguish EndMT (Supplemental Figure 9) [79, 80]. As
such, in future studies it may be imperative to negatively select against these transitioning
cells to prevent the out-crowding of true vascular endothelial cells and/or hemogenic
endothelial cells.

Lastly, it is an important distinction that we used a human platform to analyze the
transcriptional profiles of single cells as they commit towards hemato-endothelial lineages at
the earliest stage of hematopoiesis. Our findings share many commonalities to a related
single cell approach investigating mouse hemogenic endothelium [13]. Using a pan-RUNX1
mouse reporter model and single cell qRT-PCR, Swiers ef a/. demonstrated mouse
hemogenic endothelium was also enriched for key endothelial and hematopoietic specific
genes simultaneously, similar to what we observed with human HE. Here, they concluded
hemogenic endothelium transitions away from an endothelial repertoire and towards a
distinct hematopoietic repertoire through analysis of matured hematopoietic cell populations
(CD41* and CD45%). Our findings in which the very first developed human hematopoietic
cells (CD34*CD43*RUNXIc?) [81] are transcriptionally similar to hemogenic endothelium
complements this working model of EHT. This also lends credence to pursuing future gain
and/or loss of function studies using candidate genes described herein to optimize the
development of hemogenic endothelium from hESCs. These studies would provide further
mechanistic insight into the key molecular drivers that regulate development of multipotent
and potentially engraftable human HSPCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. hESC-RUNX1c-tdTomato cells can model the human endothelial-to-hematopoietic
transition (EHT) in vitro

(A) Schema of hemato-endothelial differentiation from hESC-RUNXIc-tdTomato cells as
spin embryoid bodies (spin-EB). (B) Top; Representative immunofluorescent images of
hESC-RUNXIc+tdTomato at Day 9 of differentiation for endothelial specific surface
antigens CD144 and vWF (red). Original magnification is 40x. Nuclei are counterstained
with DAPI (blue). Representative immunofluorescent images of hESC-RUNXZc-tdTomato
at Day 12 of differentiation demonstrating development of non-adherent, dual constitutive
GFP* (green) and tdTomato™ (red) reporter hematopoietic cells from spin-EBs (bottom
panels). Magnification 200x. (C) Representative flow cytometry plots of endothelial (CD31,
CD144) and early hematopoietic surface antigens (CD41a, CD43, CD45) at Day 9 (D9),
Day 12 (D12) and Day 15 (D 15) time points over the course of hESC-RUNX1ctdTomato
differentiation. (D) Quantification of flow cytometry as shown in panel C. *p<0.05,
**p<0.01 as compared to Day 9 assessed by one-way ANOVA + Tukey-Kramer post-hoc
test. Each data point represents a distinct hESC- RUNXZc-tdTomato differentiation and
errors bars represent SEM; n=4-7 (E) Representative flow cytometry plots of tdTomato
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(RUNXIc) expression at Day 9 (D9), Day 12 (D12) and Day 15 (D 15) time points over the
course of hESC-RUNXIc-tdTomato differentiation. (F) Quantification of flow cytometry as
shown in panel E. ***p<0.001 as compared to Day 9 assessed by one-way ANOVA +
Tukey-Kramer post-hoc test, error bars represent SEM; n=4-7 independent, biological
replicates.
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Figure 2. Functional human hemogenic endothelium can be phenotypically identified and sorted
from hESC-RUNX1c-tdTomato cells

(A) Representative flow cytometry plots of differentiating hESC- RUNXIc-tdTomato cells at
Day 11 expressing typical endothelial surface antigens (CD144*CD31™), but absent for early
hematopoietic surface antigens (CD144*CD41a-, CD144*CD43"). Phenotypic endothelial
cells were gated (top panel) and assessed for tdTomato expression (bottom panel). A fraction
of endothelial cells were tdTomato®™ (red histogram) as compared to control hESCs lacking
the GFP-RUNXIc-tdTomato reporter (blue histogram), consistent with the identification of
hemogenic endothelium. n=2 independent, biological replicates. (B) Schema of FACS
sorting hESC-RUNXIc-tdTomato cells into hemogenic endothelium (HE), endothelial cells
that lack hematopoietic potential (non-HE), and early hematopoietic progenitor cells (HP).
(C) Sorted HE cells seeded on fibronectin-coated wells with EGM-2 media for 5 days and
subsequently immunofluorescently imaged for CD31 (left column). HE stained positive for
CD31 (purple), GFP (green), and were tdTomato%™ (red) while retaining a stereotypical
cobblestone morphology of traditional endothelial cells. Untransfected human umbilical
vein endothelial cells (HUVECS) are shown as an endogenous control (right column). (D)
Presorted hESC-RUNX1c-tdTomato-derived adherent cells, sorted HE, and sorted non-HE
were plated in Stage 1l hemato-endothelial differentiation media for two additional days to
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promote hematopoiesis. Both Presort and HE populations robustly generated non-adherent
GFP*tdTomato™ hematopoietic progenitor cells, while non-HE did not adequately support
hematopoietic development. Underlying non-HE cells further retain their endothelial
morphology. Bar=100pm.
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Figure 3. Single-Cell RNASeq of hESC-RUNX1c-tdTomato hemato-endothelial cellsreveals
distinct transcriptional networks between HE and non-HE

(A) Distribution of the normalized fraction per kilobases per million (FPKM) reads mapped
for characteristic endothelial, hemogenic endothelium, and hematopoietic genes from HE,
non-HE, and HP cells. Values along the vertical axis represents the normalized log-
transformed FPKM expression of each single cell sequenced, while the width of the violin
indicates the frequency of cells at a particular FPKM level. (B) Principal component
projections of the first and second statistically significant principal components for all 137
cells sequenced. PCA was performed using the entire mapped human genome sequence
(Total; left panel) as well as a restricted gene list specific for known endothelial and
hematopoietic genes (Blood & EC; right panel). Each data point represents the
dimensionally reduced gene expression data for a single cell. (C) t-distributed stochastic
neighbor embedding (t-SNE) plots of all 137 cells for Total (left) and Blood & EC (right)
gene sets. (D) Statistically distinct clusters that originated from t-SNE dimensionality
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reduction shown in Panel C were computationally labelled and reclassified as belonging to a
transcriptionally distinct population. Cluster 1 (red dots) are cells that failed to orient into
one of the defined clusters (Cluster 2: green, Cluster 3: cyan, or Cluster 4: purple for the
Total gene set; Cluster 2: yellow, Cluster 3: green, Cluster 4: cyan, or Cluster 5: blue for the
Blood & EC gene set). (E) Heat map of Total gene expression defined within projected and
statistically significant principal components (see Supplemental Figure 2-5A). Horizontal
rows represent z-score expression of normalized log-transformed FPKM values while
vertical columns represent each single cell.
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Figure 4. hESC-RUNX1c-tdTomato-derived non-HE are heterogeneous and can be distinguished
from HE and HP using defined gene signatures

(A) Lists of the top 50 differentially expressed genes that distinguish cells assigned in
Cluster 2, 3, and 4 as shown in Figure 3D from the Total gene set. Gene screening was
assessed by ROC analysis, with the average differential gene expression (Avg. DGE) and
ROC classification power (O=random, 1=perfect correlation) for each gene listed; genes are
ranked by their cluster distinguishing potential. (B) Gene expression superimposed onto
Total t-SNE plots (Figure 3D) to reflect uniqueness to a cluster subset. Novel identifying
biomarkers, such as T/MP3and ESAM possess high expression within cells of Cluster 2
(mainly HE/HP), while TYROBPand CCL4 are uniquely expressed in Cluster 3 (non-HE),
and ECM genes such as COL1A1and VCAN are expressed in a distinct subset of non-HE
cells within Cluster 4.
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Figure 5. Working model of human pluripotent stem cell EHT in vitro
Undifferentiated hESCs/hiPSCs first develop towards mesodermal lineages and generate

CD34" progenitor cells with dual hemato-endothelial potential. CD34* cells subsequently
differentiate into endothelial cells that possess hematopoietic potential (HE) or endothelial
cells that lack endothelial potential (hon-HE). HE cells can then differentiate further into
hematopoietic progenitor cells in a process known as EHT. A subset of non-HE may
subsequently transform into other cells of mesenchymal lineages, such as a mesenchymal
stromal cell or fibroblast, in a process known as the endothelial-to-mesenchymal transition
(EndMT).
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