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Abstract

During early embryogenesis, the transcription factor SOX17 contributes to hepato-pancreato-biliary system formation and vascularhematopoietic
emergence. To better understand Sox77 function in the developing endoderm and endothelium, we developed a dual-color temporal lineage-
tracing strategy in mice combined with single-cell RNA sequencing to analyze 6934 cells from Sox77-expressing lineages at embryonic days 9.0-
9.5. Our analyses showed 19 distinct cellular clusters combined from all 3 germ layers. Differential gene expression, trajectory and RNA-velocity
analyses of endothelial cells revealed a heterogenous population of uncommitted and specialized endothelial subtypes, including 2 hemogenic
populations that arise from different origins. Similarly, analyses of posterior foregut endoderm revealed subsets of hepatic, pancreatic, and bil-
iary progenitors with overlapping developmental potency. Calculated gene-regulatory networks predict gene regulons that are dominated by cell
type-specific transcription factors unigue to each lineage. Vastly different Sox77 regulons found in endoderm versus endothelial cells support the
differential interactions of SOX17 with other regulatory factors thereby enabling lineage-specific regulatory actions.
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Graphical Abstract
1. Isolation of Sox77-expressing cells by dual-color FACS
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2. Transcriptomic profile and developmental trajectory analyses
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3. Identification of lineage-specific gene regulatory networks and Sox77regulons

S ARE (P Endothelium Endoderm T

Erythropoiesis A \.\ - “/ \‘\‘/ -
' = . g\ N %\
b Fodd J\ el WA S

- P i rose
Emb2 Asbd N~ 3;// \ ”‘;
o osterior
= 7,8 e
crert

R et e Ry
b Bambi o & Hepato-pancreato-biliary 2
b Cald1
Pagrd oo Cendt
Introduction in early vertebrate embryogenesis.'"® A defining feature of

all SOX proteins is a high mobility group (HMG) box do-
main* that binds the minor groove of the DNA double helix,
resulting in DNA bending that enables the overlaying chro-
matin topology to be modulated.’ Interactions between
SOX17 and other protein partners during development en-
able Sox17 to dynamically regulate target genes®® in multiple
lineages, including extra-embryonic endoderm, definitive

Sets of so-called “master” regulatory genes, such as those in
the Sry-related SOX transcription factor (TF) family, play
critical roles in a spatiotemporally modulated and hierar-
chically organized cascade of such networks, enabling pro-
gressively more complex specification of the many cellular
lineages required for completing organogenesis. Sox17 is
a crucial contributor to multiple developmental processes
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endoderm, vascular endothelium, hematopoietic stem cells,
and oligodendrocytes.”!!

Previous analyses of bulk transcriptomic changes in Sox17-
null embryos and Sox17-overexpressing cells in culture
produced highly variable predictions of Sox17 downstream
targets, suggesting cell type-specific effects.'>’ Single-cell
RNA sequencing (scRNAseq) has enabled investigation of
transcriptomic features across different cell types and develop-
mental trajectories. While endoderm development (especially
posterior foregut), and endothelium-derived hematopoiesis
have been broadly subjected to scRNAseq transcriptomic
analyses,'? a more focused decoding of Sox17 lineages is
necessary to gain deeper insights into the development of
subsets of endodermal and mesodermal tissues.

In this study we used a Sox17-centric strategy, utilizing
a Sox17¢C allele alone or in combination with a R265"
TdTomato Cre reporter, to isolate Sox17-expressing cells from
E9.0 - E9.5 embryos. scRNAseq analysis of these cells re-
vealed multiple clusters of endoderm, endothelium, and
hematopoietic cells. Trajectory analysis of the endothe-
lial compartment identified 2 pools of hemogenic endothe-
lial cells of different origins. By integrating the endodermal
cluster with a previously published dataset,?® we observed a
spectrum of overlapping transcriptomic profiles among the
hepatic, pancreatic, and biliary progenitors as they segregate
within the posterior foregut domain. Applying pySCENIC,*!
which infers scRNAseq co-expression patterns between genes
and further refines direct targets using existing TF binding-
motif databases to predict active gene regulatory networks
(GRNs) in various cell types, we identified prospective dis-
tinct endodermal and endothelial-specific gene targets for
SOX17.

Methods

Mouse Lines

The Sox17¢FCre allele (Sox17m1-3(CreGEIMen MIMRRC_036463-
UNC), containing a GFPCre fusion protein in lieu of SOX17
coding sequences,?* was bred into a CD1 background and
maintained in a heterozygous state. Mice that are hetero-
zygous for the Sox17¢f¢e allele exhibit no obvious phe-
notype, are fertile, born at the expected Mendelian ratios,
and have normal life expectancy. Sox17¢¢ heterozygous
embryos for sequencing experiments were generated by
crossing Sox17¢¢ heterozygous males (CD1 background)
with either wild-type (CD1 background) or R2g"SL-TdTemato
(B6.Cg-G#(ROSA)26Sorm1#CAGdTomato)Hze[] - The  Jackson
Laboratory, #007914) homozygous (C57BL/6] background)
females. Cre-negative, Sox17 wild-type embryos harvested
from the same dam established baseline fluorescence for cell
sorting. Embryos at embryonic day (E) 9.0-9.5 were dissected
in cold PBS and staged by Theiler’s criteria. Genotypes were
from PCR analysis of yolk sac DNA and fluorescence signal
(green indicating presence of Sox17¢¢ and red indicating
recombination of R26LSLTdTemato by §ox ] 76HCre),

Genotyping

Tail or yolk-sac tissue digested with proteinase K was analyzed
by PCR assay detecting wild-type or mutant Sox17 allele with
EconoTaq PLUS 2X Master Mix (Biosearch Technologies, #30035).
Primers (forward: 5 CAGAGGTATGCAGATCTCTGT 3’ and re-
verse: 57 CATTCTGGTCAACATGTAAGGT 3’) were annealed at
57°C.

645

Fluorescence-Activated Cell Sorting

Embryos were incubated for 10 min at 37 °C with Accumax
(Millipore Sigma, #A7089) supplemented with DNase (Life
Technologies, #AM2222; 1:1000 dilution ratio), and fur-
ther disaggregated by vigorous pipetting during incubation.
Passing the cell suspension through 35 pm strainer caps
(Corning, #352235) led to single cells, which were washed
with FACS buffer (R&D systems, #FC001) and pelleted at
4 °C, 1000 rpm for 3 min. Cells were resuspended in FACS
buffer containing DNasel (1:1000 dilution) and stained with
7AAD (15 min, room temperature—RT). Live cells (7AAD-
negative) expressing either GFP or TdTomato fluorescence
were then sorted into DMEM with 10% FBS at the Vanderbilt
Flow Cytometry Shared Resource.

Sequencing and Computational Analysis

Cell suspensions were processed for 3’-scRNAseq by the 10X
Chromium system. A NovaSeq 6000 device was used to ac-
quire 150 bp paired-end reads. Base calling was performed
by RTA (version 2.4.11; Illumina), and further analysis was
carried out using 10X Genomics Cell Ranger software v3.0.2.
Initial quality control filtration, unsupervised clustering,
and differential gene expression analysis used Seurat 4.2
Doublet prediction used DoubletFinder.** Pseudotime anal-
ysis used Monocle 3,” while RNA velocities were calculated
with scVelo.?* pySCENIC?' was used to infer gene regula-
tory networks with downstream visuals by Cytoscape?” and
ComplexHeatmap.?

Data Availability

Raw scRNAseq data is at ArrayExpress (E-MTAB-12719),
Seurat objects are at https://zenodo.org/record/77258874#.
ZAS5JRR_MLKI, and scripts used to perform quality con-
trol, clustering, differential gene expression analysis,
Monocle3 and RNAvelocity analyses are at https:/github.
com/markmagnuson/2023-Linh-scRNASeq-Mouse-Sox17-
Expressing-Lineages.

Immunofluorescence Staining

Embryos were fixed with 2% PFA (1 h, RT), incubated in
30% sucrose (overnight, 4 °C), embedded in OCT (Sakura,
#4583). Eight micrometre-thick embryonic sections were
post-fixed with ice-cold acetone (30 min, RT), permeabilized
with 0.3% Triton X-100 (10 min, RT), and blocked with
3% BSA (1 h, RT). Primary antibodies (Supplementary
Table S1) were diluted in 1% BSA for staining (overnight, 4
°C). After 3 PBST (0.2% Tween in PBS) washes, secondary
antibodies (Supplementary Table S1) were incubated (1
h, RT), followed by 3 PBST washes and autofluorescence
quenching with Vector TrueVIEW (following manu-
facturer protocol; Vector Laboratories, #SP-8400-15).
Stained sections were mounted with Vectashield (Vector
Laboratories, #H-1700) and imaged using Zeiss LSM710
confocal microscope.

Results

Sox176FFcre Expression Faithfully Reflects Known
Sox17-Expressing Lineages and Suggests Several
New Sox17-Expressing Cell Types

To better define Sox17 gene expression at E9.5, a dy-
namic time during gastrulation when multiple Sox17-
associated cellular diversifications are occurring, we began
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with immunofluorescence labeling of SOX17, PECAMI,
and FOXA2, marking previously known Sox17-expressing
lineages (Fig. 1A). As expected, SOX17 was detected
mainly in PECAM1* vascular cells and FOXA2* endoderm.
Nuclear signals were also present in scattered SOX17+ cells
not producing either PECAM1 or FOXA2, located mostly
along the dorsal side of embryos (Fig. 1B), suggesting pre-
viously unreported Sox17-expressing lineages or sites of
aberrant gene expression.

To characterize Sox17-expressing populations we devel-
oped a dual-color lineage-tracing strategy by intercrossing
Sox176Fr¢re (Fig, 1C) and R26ME-TdTomato Cre-reporter mice,
to enable identification of short and long-term progeny of
Sox17-expressing lineages based on GFP and TdTomato
production. Immuno-labeling of SOX17, GFP, and
TdTomato in E9.5 embryonic sections confirmed SOX17
colocalization with all GFP, while most TdTomato-positive
cells did not have GFP or SOX17 (Fig. 1D), indicating
short-term longevity of the GFP-Cre fusion protein and ro-
bustness of the dual-color tracing strategy. While TdTomato
intensity was uniform throughout the embryos, GFP fluo-
rescence varied within the emerging endoderm at E8.5-E9.5
reflecting temporally varying Sox17 expression throughout
the foregut, midgut, and hindgut (Supplementary Fig. S1).
Within mesodermal tissues, TdTomato but not GFP was
present mostly in the heart at E8.5-9.0, while a mixture of
both fluorescence signals was observed within the vascu-
lature in other embryonic regions by E9.5 (Supplementary
Fig. S1).

C
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Single-Cell Transcriptomic Analysis Reveals
Canonical and Non-Canonical Sox17-Expressing
Cells

Two separate E9.0-9.5 single-cell collections were prepared
from our dual-color strategy (Fig. 2A) using Sox17¢FCre
males mated with wild type or R2g"SETdTomato/LSL TdTomato
females. The first sample reporting Sox17 short-term expres-
sion was prepared on the basis of GFP produced from a mix-
ture of Sox17¢¢+; R26** and Sox17**; R26** embryos. The
second sample was isolated from Sox 176 ¢/ R2 61SI-TdTomatol
embryos were identified by red fluorescence, and comprised
cells derived over a short period after Sox17 expression indi-
cated from their green/red co-fluorescence, or over a longer
period by being only red. scRNAseq produced 2 datasets,
hereafter referred to as GFP and TdTomato datasets, which
were analyzed separately to filter out low-quality cells and
predicted doublets (Supplementary Figs. S2 and S3). The in-
tegrated (GFP and TdTomato) dataset contained 6934 cells
segregated into 19 clusters (Fig. 2B) belonging to 3 main
lineages: endoderm (Epcam*), endothelium (Pecam1+), and
hematopoietic cells (Hba-al*) (Supplementary Fig. S3).

Cell identities were assigned via differential expression
analysis (Fig. 2C). The endothelial lineage (Cd31/Pecami*,
Tie2/Tek*) consisted of hemangioblasts (Etv2*, Tall*), 3 dif-
ferent clusters of endothelial cells (EC1 to EC3) (differing by
expression of histone H1 genes, extracellular matrix Vwal,
and Hox genes), endocardium (Hand2*), liver sinusoidal
endothelial cells (LSEC—Oit3*, Stab2*), and hemogenic en-
dothelium (HE—Cd44+, Sox17*). The next most abundant

U

D

Figure 1. Temporal lineage tracing of Sox77 expression with a dual color system in mice. (A) Representative image and inset of immunofluorescence
labelling of an E9.5 mouse embryonic section showing nuclear SOX17 staining (colocalizes with DAPI staining) seen in both endodermal cells (positive
for FOXA2—arrowheads) and endothelial cells (positive for PECAM1—arrows). (B) Representative image and inset of immunofluorescence labelling

of an E9.5 mouse embryonic section showing SOX17 positive cells that are not positive for either FOXA2 or PECAM1 staining, arrowheads. (C) Sox17
temporal lineage tracing allele with full-length SOX17 protein coding sequence (CDS) replaced with a sequence coding for GFP-Cre fusion protein (black
boxes—exon; gray boxes—intron; blue and green boxes—protein coding sequences; black and white triangles—retained loxP sites after recombinase-
mediated cassette exchange strategy used to generate the allele.?? (D) Immunofluorescence labelling of SOX17, GFP and TdTomato in Sox176fF¢re+
R26tst-Tdlematorr EQ 5 embryonic sections. Inset shows a group TdTomato positive cells with the majority are negative for both GFP and SOX17 and a

small portion positive for GFP but not SOX17, as indicated by arrowhead.
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Figure 2. Single-cell RNA sequencing of murine Sox77-expressing lineages using the temporal dual color tracing system captured both expected and
non-canonical Sox77-expressing cell types.(A) Experimental layout of 2 scRNAseq experiments. At around E9.5, single cells from embryos with desired
genotypes are isolated for subsequent flow cytometry sorting and RNA sequencing with 10X Chromium platform. Datasets were analyzed using Seurat
package version 4.0. (B) UMAP visualization of the integrated Sox77-expressing lineage dataset. Cells were colored based on clusters identified by
unsupervised clustering. Cell types were defined based on differential gene expression analysis. (C) Expression of representative marker genes for
each cell cluster. Epcam, Cldn6, and Krt19 served as shared markers for 3 endodermal clusters; Pecam1 and Eng for 7 endothelial clusters; and GataT,
Itga2b, and Hba-al for 8 hematopoietic clusters. The rest of the genes are differentially expressed by individual clusters (P-adjusted < .05). Dot color and
size indicate gene expression intensity and percentage of cell expressing genes of interest, respectively.

cell group represented hematopoietic lineages, with 4 dis-
tinct erythroid clusters, one of which lies proximate to the
endothelial island. Three endodermal clusters were identified
with scattered expression of hepatic (Afp), pancreatic (Pdx1),
anterior endoderm (Sox2), and posterior endoderm (Cdx2)
markers. A small number of neuronal progenitors (SoxB*,
Nkx6.1*) were Sox17-, suggesting putative emergence from
Sox17-expressing progenitors. Together, the 2 datasets re-
flected known Sox17 expression patterns in endodermal, en-
dothelial, and hematopoietic cells, and also suggested Sox17
expression in rare neuronal-lineage cells.

scRNAseq of Sox717-Expressing Endothelium
CapturesTranscriptional Signatures of Early
Vasculogenesis, Angiogenesis, and Erythropoiesis

Based on Cd31/Pecaml expression and tight clustering,
the endothelial compartment was defined as EC1/2/3,
hemangioblast, HE, erythroid 1, and LSEC (Fig. 3A, 3B).
Since there were 3 distinct clusters of ECs that did not dif-
ferentially express any endothelial subtype (arterial/venous/
capillary/lymphatic) markers, we distinguished them based on
their transcriptional profiles. EC3 expressed relatively high
levels of Hox genes, also a feature of the HE cluster, which
is known for regulating hematopoiesis?® (Supplementary Fig.
S4A), suggesting hematopoietic potential. Of note, although
the yolk sac was specifically omitted from our dissections,
a small portion of EC3 expressed signature placental genes
Placl and Nrk3%3! (Supplementary Fig. S4B), suggesting an
extraembryonic (perhaps mobile) origin of EC3. EC1 and EC2
differed mostly by cell-cycle gene expression (Supplementary
Fig.54D). EC1 expressed significantly higher levels (P-adjusted

<.05) of Cdc20, Cenpa, Ccnb2, and Tubalc, suggesting mi-
totic status, whereas EC2 had higher expression of histone
H1, Top2a, Cdk1, and Aurkb more fitting the G2-like state.?
However, Seurat cell-cycle scoring predicts a large portion of
EC2 cells are in S phase whereas those in the EC1 cluster are
in either the G1, G2/M, or S phases (Supplementary Fig. S4C).

Observing progenitor-type and further-differentiated endo-
thelial cells both near a cluster of erythroid cells suggested
that Sox17-lineages include cells progressing through
vasculogenesis and endothelium-derived hematopoiesis. To
assess the transcriptomic alterations of such cells occurring
within these individual processes, we performed Monocle 3
trajectory analysis to order cells in pseudotime® and used
scVelo RNA velocity to reveal putative transitional directions
between cells*>3* (Fig. 3C). While scVelo uses the unbiased
RNA spliced/unspliced ratio, Monocle 3 requires supervised
input of the trajectory root, which we selected based on Efv2
defining the conventional hemangioblast population. These
analyses recapitulated a well-established model whereby
hemangioblasts give rise either indirectly to hemogenic endo-
thelium through the differentiation of EC1 cells (pathway a),
or directly to the non-hemogenic EC2 cells (pathway b) (Fig.
3D). In addition, they revealed a potentially bipotent progen-
itor group EC3, which may originate from mobile yolk-sac
cells that become either EC2 (pathway c) or erythroid cells
(pathway d).

Because HE and EC3 clusters both express multiple
Hox genes known to drive hematopoiesis, we further re-
solved the transcriptional distinctions between these 2
populations. Differential expression analysis (P-adjusted <
.05) revealed arterial-related signatures for HE that include
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Figure 3. Heterogenous continuum of endothelial cell states during vasculogenesis and endothelium-derived hematopoiesis. (A) UMAP visualization
of the Sox77-expressing endothelium subset colorized by initial unsupervised clustering of the Sox77-expressing dataset. (B) Transcriptional level of
top 3 differentially expressed genes by each cluster. Dot color and size indicate gene expression intensity and percentage of cell expressing genes of
interest, respectively. (C) Developmental trajectory analysis of the Sox77-expressing endothelium subset. Pseudotime assignment was performed using
Monocle3. RNA velocity streamlines were generated with scVelo and then overlayed with UMAP embeddings colored by cell types in (A). (D) Proposed
model of multiple developmental pathways from distinct origins to specified endothelial subtypes. Hemangioblasts can give rise to hemogenic
endothelial cells (HE) via endothelial cell 1 (EC1)—pathway (a), or directly to EC2—pathway (b). EC3 can differentiate to either EC2—pathway (c) or
directly to erythroid cells—pathway (d). Liver sinusoidal endothelial cells (LSEC) appear to be in pathway (c). (E) Expression of arterial marker genes in
HE and EC3. (F) Expression of hemogenic marker genes in HE and EC3.
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gap-junction genes (Gja4, Gja5) that become upregulated
by Notch signaling (marked by Hey1) under shear stress.’
Consistent with Sox17-expression itself being a marker for
arterial specification,® HE cells also express Ephrin B2,
a classical arterial marker®” (Fig. 3E). On the other hand,
EC3 express Hspdl (heat-shock gene involved in yolk-sac
erythropoiesis®®), Npm1 (important modulator of primitive
hematopoiesis®), Ncl (promoter of the hemogenic GRN#),
and Lyar (necessary for hemocyte generation*') (Fig. 3F),
suggesting the extraembryonic origin and strong hemogenic
potential of EC3. Together, these data are consistent with
contribution of extra-embryonic ECs to intra-embryonic
blood-vessel formation and suggest the existence of at least
2 EC populations with hemogenic potency from different
origins at E9.5.

Distinct Hematopoietic, Vasculo-Angiogenic, and
Homeostatic Regulons in the Endothelial Lineage

Given that scRNAseq of Sox17-expressing lineages unbiasedly
captured the dynamic transcriptional changes of vascular for-
mation and endothelial-to-hematopoietic transition of cells
from extra- and intra-embryonic sources, we attempted to un-
veil the key GRNs underlying these important developmental
processes. By performing pySCENIC regulon analysis to infer
groups of active genes that are regulated as units, with putative
direct regulation defined by TF binding motifs located within
likely cis-regulatory regions of target genes,”! we identified
287 regulons among the endothelial compartment clusters.
Plotting the top 10% of such regulons revealed 3 distinct
GRN clusters for erythropoiesis, vasculo-angiogenesis, and

potential homeostasis of endothelial cells (Fig. 4A). Regulons
of the well-established KIf1/Gatal/Tall triplet—master
regulators of hematopoiesis***—clustered tightly together
(Fig. 4A) and are active specifically in erythroid 1 cluster (Fig.
4B), validating the reliability of pySCENIC predictions.

The 2 biggest nodes in the GRN are Etv2 and Ets1, known
pioneer TFs during embryonic vasculo-angiogenesis.**
Although Ets1 may have redundant functions with Ezv2
(from studies in zebrafish*), not many shared targets are
observed by our regulon prediction, suggesting cross-species
variation. Regulons of Elk3 and Sox18, which contribute to
lymphatic vascular development,*’+* are clustered closely and
overlap with parts of the Etv2 and E#s1 regulons, consistent
with Elk3 and Sox18 regulating a more focused lymphatic
subset of endothelial differentiation. Of note, E/k3 may an-
tagonize Ets1 transcriptional activation to suppress angiogen-
esis,* likely through shared targets of Elk3 and Ets1. Tagln2,
a marker of smooth-muscle cells recently documented for its
function during angiogenesis,*° also forms a large node in the
endothelial GRN.

Somewhat distinct from the erythropoietic and vasculo-
angiogenetic GRNs are the regulons for Ybx1 and Tfdp1 (Fig.
4A), general TFs that regulate proliferation, apoptosis, and
differentiation in a non-cell-type-specific manner, often being
linked to cancer progression.’'** Some angiogenic-specific
functions such as proliferation, apoptosis, migration, and
tubulogenesis are associated with Ybx15555¢ but its regulon
is notably different from other angiogenic regulons. Its ac-
tivity in both endothelial and erythroid cells (Fig. 4B) suggests
a more general cellular homeostatic function.
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Figure 5. Dynamic expression profiles of hepato-pancreato-biliary cells during foregut endoderm organogenesis. (A) UMAP visualization of the
integrated endodermal subset. Cells were colored based on clusters identified by unsupervised clustering. Cell types were defined based on differential
gene expression analysis. (B) Transcriptional level of top 3 marker genes defining cell type of each cluster. Dot color and size indicate gene expression
intensity and percentage of cell expressing genes of interest, respectively. (C) Heatmap of top 20 differential expressed genes by distinct groups of
progenitor cells within the developing hepato-pancreato-biliary system. Hepatic and biliary progenitor clusters are further divided into subgroups based
on the expression level of organ-specific genes (lo—low; med—medium; hi—high).

Unsupervised clustering of endothelial PySCENIC regulons
revealed a cluster specifically activated in hemogenic endo-
thelium (Supplementary Fig. S5) that contains genes previ-
ously linked to the emergence of hematopoietic stem cells,
such as Runx1, Hox genes, Bcl11a°7% and the more recently
investigated Gata3, Cdx4, Cdx1, and Gli3.>>¢' Although
Sox17, required for endothelial-to-hematopoietic transition,*
was not found in this cluster, 4 other Sox members were: Sox7
(interacts with Runx1 to specify HE in the yolk sac®®), Sox6
(suppresses embryonic globin genes during definitive erythro-
poiesis®), and Sox2 and Sox21 (unknown functions in vas-
cular and hematopoietic lineages). Foxf1, which is important
for endothelial progenitors and vessel sprouting,® and Foxn3,
which is detected in human hemogenic endothelium but has
unknown function,® also appear in this HE-specific regulon
cluster, suggesting previously unknown functions of these
genes during endothelium-derived hematopoiesis.

New Insights Into Hepato-Pancreato-Biliary
Development by scRNAseq Analysis of Sox77- and
Prox1-Expressing Endodermal Lineage

Toward better understanding endodermal, and especially
hepato-pancreato-biliary (HPB) development, we re-clustered
392 endodermal cells identified in both the GFP and
TdTomato datasets (“Sox17 endoderm dataset™) to identify
early progenitor cells of various organs (Supplementary Fig.
S6A, S6B). Within this dataset, pancreatic progenitors (Pdx1*
and Rfx6*), and hepatobiliary progenitors (Sox17*, Hhex",
and Prox1*) were most abundant. Since HPB cell numbers
were insufficient to resolve the transcriptional segregation of
progenitor cells from the 3 independent organ anlagen we
combined our Sox17 endodermal dataset with a dataset re-
cently reported from the Spagnoli group obtained via sorting

Prox1-expressing cells,* hereafter called the “Prox1 dataset.”
The Prox1 dataset contains 346 posterior-foregut cells from
embryos at multiple stages during mid-gestation. Analysis
of 738 cells combined from the Sox17 endoderm (392 cells)
and Prox1 (346 cells) datasets, hereafter the “Sox17-Prox1
endoderm” dataset, resulted in 10 distinct clusters consisting
mostly of endoderm and a few mesoderm-derived cell types
such as cardiomyocytes, HPSCs, pancreatic and lung mesen-
chyme (Fig. S5A). There was high integration across the orig-
inal Sox17 endoderm and Prox1 datasets (Supplementary
Fig. S6C; Supplementary Table S2). Cell-type assignments of
the Sox17-Prox1 endoderm dataset based on differentially
expressed genes (Fig. 5B) were mostly consistent with the
previous manual-dissection-based assignments of the Prox1
dataset (Supplementary Fig. S6D; Supplementary Table S2).
After obtaining 3 distinct clusters of HBP progenitors, we
performed differential transcriptomic analysis during their
segregation to identify new markers for each progenitor pop-
ulation. We not only identified 287 significantly upregulated
genes for pancreatic buds, 624 for liver bud, and 23 for biliary
(P adjusted < .05) (top 20 differentially expressed genes are
listed in Fig. 5C), but also observed substantially overlapping
transcriptional profiles among the HBP progenitors.
Pancreatic markers included: Nep#n (expressed in the dorsal
pancreatic bud and duodenum by E9.5%), Cldn4, Krt7, and
Krt19 (epithelial markers highly expressed in pancreatic but
absent from hepatic bud®), Ociad2 (unknown function in
embryonic pancreatic development but consistent with pre-
vious observations®), App, S100a10, and S100a11 (involved
in pancreatic cancer and diseases, patterns not yet reported
during embryonic development”®”!); Cdx2 (marking caudal
gut tube), and Sox4 (expressed in pancreatic buds and impor-
tant for endocrine-cell development”). Other genes identified
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Figure 6. Predicted active regulons in the endoderm. (A) Network plot of top 10% predicted regulons ranked by “importance” metric signifying
strength of TF-target relation. TF (pink nodes) and connected to target genes (white nodes) via edges (gray). Sox77 node is highlighted in yellow.
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classified into bigger gene modules (blue circles) based on known biological functions of master regulator genes. (B) Single-cell AUC scores (area under
the recovery curve across genes ranked by expression value indicating the enrichment of each regulon in each cell) measure for 8 most prominent

regulons embedded on UMAR

as hepatic markers were previously described as highly
expressed in liver buds such as Apo, Serpin, and Fibrinogen
gene families, Alb, Reln,”>™* and those active in mature liver
cells such as Itih2, Shbg, Lpl, and Trf.”>7® Sox17, the most
established marker of the biliary bud,” was also the most
highly upregulated gene in biliary progenitors. Flrt3, reported
in the original manuscript of the Prox1 dataset,?® exhibited
similar expression to Sox17, and may be a new marker of
biliary progenitors. Itih2, Reln, Hbex, and Paqr9 shared the
pattern of Sox17 expression in biliary progenitors but were
also upregulated in the liver, suggesting shared characteristics
between biliary and hepatic progenitor cells.

Other top biliary-specific genes exhibited high, medium, or
low expression, subdividing the biliary cluster into 3 groups
(Fig. 5C, P-adjusted < .05). The biliary-low group had a high
level of pancreatic markers, suggesting that they were not-
yet developmentally resolved but more akin to the ventral
pancreatic state. The biliary-high group was likely more-
mature biliary epithelial cells whereas the biliary-medium
group showed medium levels of pancreatic genes, indicating
putative pancreato-biliary bipotent progenitor status. A sim-
ilar group of biliary-medium/pancreatic-medium genes was
found in part of the hepatic cluster carrying low levels of liver
markers. These findings are consistent with the existence of
multi- and bi-potent pools of progenitor cells during pro-
gressive segregation of the 3 foregut anlagen that is under
way at E9.0-9.5. Besides having high Sox17 expression, these
putative multi- and bipotent progenitors expressed Phlda2,
previously verified as expressed in ventral definitive endo-
derm®® yet without a known function in early endodermal
organogenesis.

Active Regulons During Endodermal Development

To identify putative GRNs governing HBP segregation from
the posterior foregut, specifically not yet addressed in the
literature, we performed pySCENIC analysis on the Sox17-
Prox1 endoderm dataset, which identified 238 regulons. The
top decile was shown in the network plot (Fig. 6A) with fur-
ther clustering of regulons corresponding to specific cell types
based on node proximity and cell types in which regulons
were imputed as most active (Fig. 6B).

Besides regulons specific to non-endodermal cell types such
as cardiovascular-hematopoietic lineages and pancreatic mes-
enchyme, we classified 3 separate regulon hubs related to
the development of the early endoderm and HBP system. We
inferred a dense cluster of medial and caudal Hox regulons
that, together with Cdx2 and Cdx4 regulons, are predicted in
posterior endoderm. Besides a role for Cdx2 in establishing
the caudal part of the gut-tube axis, genes in its regulon are
more active in pancreatic buds than in liver, biliary, or islet
cells, suggesting additional contribution to early pancreas
formation.

Another distinct pancreatic endocrine-centric regulon
cluster had major nodes of Neurodl and Rfx6, connected
with Neurog3, Neurogl, Isl1, Mafb, Pax6, Pou3f4, Arx, and
Pax4, all encoding TFs involved in islet endocrine-cell differ-
entiation programs.®$2 Nhlh1 and Npdc1 regulons were spe-
cific to the islet cluster, but as of now, lack identified functions
here.

The rest of the network was classified as anterior endo-
derm and HBP-focused regulon hubs. Gata4, Sox9, Foxal,
Hnf1b, Gata6, Jun, and Fos regulons are inferred as strongly
active in pancreatic progenitor cells. Hnf4a, Foxa3, and
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Nr5a2, which shared some target genes, were upregulated in
hepatic progenitors, suggesting their coordinate regulation of
hepatic-bud formation and outgrowth.3% While the Onecut2
regulon was equally active among the 3 HPB domains, the
Onecut3 regulon was restricted to hepato-biliary progenitors.
Sox17 was the only biliary-major regulon in the mapped net-
work. Sox1, Foxbl, Hoxd3, Hoxal, and Pou3f2 regulons
were identified specifically in the anterior DE population. Of
note, regulons associated with the same cell type were not
clustered tightly together, reflecting their few shared targets,
and implying diverse molecular functions for each regulon re-
sponsible during the development of each individual organ.
In contrast, the mingling together of regulons important for
pancreas, liver, biliary, and anterior endoderm suggests shared
target genes among these cell types, in keeping with their
overlapping transcriptomic profiles.

Distinct Sox77-Regulons Between Endoderm and
Endothelium

Perhaps the most important part of this study is our identifi-
cation of highly independent regulons for Sox17 in endoderm
versus endothelium. While pySCENIC predicts 81 endothe-
lial targets for Sox17, only 11 were endoderm-selective (Fig.
7A). To partially validate these targets, we surveyed 3 re-
cently published SOX17 ChIP-seq and CUT&RUN datasets
from cell-line-derived human definitive endoderm and mouse
primitive endoderm and found the majority of pySCENIC-
predicted endodermal targets also exhibit SOX17 binding
within promoter-proximal regions (Supplementary Fig. S7).
Among these genes regulated by Sox17, only Efnb2 was shared
between the endodermal and endothelial Sox17 regulons. The
marked diversity of Sox17 regulons as assessed by gene on-
tology (GO) terms is consistent with SOX17 driving largely
different molecular functions in these 2 populations. Indeed,
GO-term enrichment patterns suggest that Sox17 works in
endothelial cells to regulate blood-vessel morphogenesis,
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cell migration, and sprouting during vasculo-angiogenesis,
whereas in endoderm it is more geared toward regulating
chemotaxis and signaling pathways such as growth-factor
stimulus, serine/threonine kinase and Wnt signaling (Fig. 7B).

Discussion

Our robust 2-color lineage-tracing strategy, scRNASeq,
and use of several computational methods have further
characterized Sox17-expressing cell populations and ex-
panded our understanding of putative Sox17 functions during
early stages of lineage diversification and tissue specification.
Our results not only integrate previous knowledge of Sox17-
expressing cells but also putatively reveal distinct regulons
operating during endothelial and endodermal differentiation,
which suggest multiple future lines of investigation.

Tracing Sox17-Expressing Lineages Effectively
Captures Early-Stage Vasculo-Angiogenesis and
Endothelium-Derived Hematopoiesis

Previous attempts to profile single-cell transcriptomes of the
endothelium and hematopoietic system used an antibody
panel against multiple cell-surface markers.** Using just 2
endogenously expressed fluorescent alleles that report short-
or long-term expression of Sox17, we effectively recorded
transcriptomic changes during vasculo-angiogenesis and
endothelial-to-hematopoietic transition.

Notably, our findings further delineate some controver-
sial and complex concepts in endothelial and hematopoi-
etic development. We captured a classical hemangioblast
population (Etv2 and Tall positive) that, through our
trajectory analysis, gives rise to 2 distinct subtypes of
ECs, one of which can advance to become the canonical
hemogenic endothelium, supporting the model of in vivo
unipotency of hemangioblasts.*® Furthermore, we identified
a hemangioblast-like endothelial population (EC3—negative
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Figure 7. Predicted Sox77-regulons in endoderm and endothelial cells. (A) pySCENIC predictions of Sox77 (pink) downstream targets (blue) in the
endothelium and endoderm. (B) Gene ontology enrichment analysis of Sox77 target genes in the endothelium and endoderm.
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for Etv2 and Tall), that expresses many genes suggestive of an
extra-embryonic origin and appears to differentiate directly
to both erythroids and ECs. Based on recent live imaging®’
and the fact that yolk sacs were omitted from our scRNAseq,
we propose that these bipotent progenitors arise in the yolk
sac, migrate to the embryo proper, and contribute to both
intra-embryonic vascular (potentially at the dorsal aorta,
head vasculature, and endocardium—known secondary he-
matopoiesis sites in the developing embryo) and hematopoi-
etic system likely through Hox-dependent mechanisms.

Our analyses of the endothelium raise several areas for
further investigation. First, 2 types of ECs seem to arise
from hemangioblasts, which differ mostly by expression of
Histone H1 and other cell-cycle genes, but only one can be-
come hemogenic. Based on the known importance of linker
histone H1 in cell-fate determination,® and of cell-cycle reg-
ulation association with endothelial-to-hematopoietic transi-
tion,* we hypothesize an active participation of histone H1
during HE specification. Second, whether Ybx1 and Tfdp1
regulons, emerging on top of the important endothelial GRN,
are critical for endothelial homeostasis or other molecular
functions such as migration and morphology, is not known.
Lastly, functions of several regulons identified specifically for
HE emergence remain to be explored such as Sox2, Sox21,
Foxn3, and Foxf1.

Although Sox17 is early and widely expressed within
the emerging vasculature system (reflected in our usage of
Sox176Ce allele), its regulon did not appear among the top
10% most “important” ones in our GRN analysis, indicating
moderate, redundant (to other SoxF members), or ambig-
uous functions of Sox17 in primitive endothelial cells. These
results are consistent with Sox17 having limited functions in
the adult endothelial system despite being widely expressed.
Indeed, mutations of Sox17 in the adult vasculature are re-
ported to affect vascular integrity only under challenging
conditions such as hypertensive stress.”*?

Transcriptomic Insights Into
Hepato-Pancreato-Biliary Development

Unsupervised clustering of the Sox17-Prox1 endoderm dataset
showed 3 distinct clusters of the HPB system, allowing iden-
tification of new markers and understudied genes as plausible
determinants for each progenitor type. Ociad2, encoding a
mitochondria-associated protein and top pancreatic marker
was recently reported as specifically upregulated in - rather
than o-cell differentiation from endocrine progenitors,®
suggesting links between mitochondrial metabolism and
insulin-secreting fate acquisition. Similarly, App (amyloid pre-
cursor protein), expressed in adult pancreatic islets,” could
influence pancreatic specification from the posterior foregut
through autocrine/paracrine signaling. S100 (Ca?*-binding
protein with EF-hand motif) family members are also prom-
inent in pancreatic compared to liver and biliary buds, con-
sistent with our previous work showing high $100a11 in
endocrine progenitors and $100a10 in early Sox17* endo-
derm.”* S100 functions in cell proliferation, migration, and
other signaling pathways are implicated in many cell types,”
but knowledge of their function during pancreatic develop-
ment is poor. Flrt3 (fibronectin leucine-rich transmembrane
protein), which contributes to cell adhesion and receptor
signaling in other contexts, is present in biliary progenitors,*’
yielding a promising candidate not-yet-determined cellular
interactions in biliary development.
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Previous attempts to profile single-cell transcriptomes of
the developing HPB, perhaps due to technical challenges in
obtaining adequate cell numbers, could not resolve all 3 cell
types of the system, such as liver-biliary using FoxA2°¢TF,
dorsal and ventral pancreas using Pdx1¢", and liver-
pancreatobiliary using Prox1¢¢f’ mice. Our Sox17-centric
strategy complements other datasets (especially Prox1¢¢t’
as described above), enabling all 3 populations to be dis-
tinguished and, further, identification of a subset of liver
progenitors with low-hepatic but medium-pancreatobiliary
profile, and 3 subsets of biliary progenitors with high-
pancreatic, high-biliary, or medium-pancreatobiliary features.
These findings indicate the presence of multi- and bipotent
progenitors during the gradual segregation of progenitors
of the 3 anlagens. These early-stage progenitor cells, be-
sides sharing a high expression of Sox17 and Flrt3 with the
biliary-committed cells, also express Phlda2, a cell-surface
Pleckstrin homology-like domain family A member, with po-
tential utility in future cell-sorting analyses. Notably, Phlda2
is expressed in the ventral gut tube, suggesting a functional
association with HPB development, perhaps by regulating
epithelial-to-mesenchymal transition via PI3K/AKT during
diversification from the posterior foregut.

We also identified several yet-to-be characterized endoderm-
active GRNs linked to HPB development including regulons
for NhIh1 (Nescient Helix-Loop-Helix 1) and Npdc1 (Neural
Proliferation, Differentiation And Control 1), 2 neurogenesis
TFs expressed in pancreatic islets and that parallel studies of
the human endocrine lineage.”>* Our results also unveiled
previously unknown but plausibly stochastic functions of
the highly redundant Foxa TF members,” with the Foxal
regulon operating in early pancreatic progenitors, the Foxa2
regulon biased toward mature pancreatic endocrine cells, and
the Foxa3 regulon predominantly active in the hepatic bud.

Different Sox77 Regulons in Endoderm and
Endothelium

To potentially distinguish Sox17 functions in the endoderm
and endothelium, we compared the pySCENIC-predicted
Sox17-regulons from the endothelial subset with those de-
rived from the Sox17-Prox1 endoderm dataset. Of 81 target
genes in endothelium compared to 11 predicted in endo-
derm, Efnb2 is the only common imputed downstream Sox17
target. Efnb2 (an ephrin family member) together with related
receptor tyrosine kinases modulates cell-cell communication
have well-established roles in arterial/venous specification of
endothelial cells, consistent with Sox17 being indispensable
for arterial fate acquisition.’® Efnb2 was recently proposed
as important in defining the dorsal-ventral axis of foregut,”
suggesting an unappreciated role of Sox17 in the endodermal
gut tube.

Most other endothelial Sox17 targets are unsurprisingly
related to vascular formation, including tube morphogen-
esis, tip and stalk cell migration, and motility. In contrast to
promoting “proactive” endothelial-cell behavior in response
to the surrounding environmental cues, in endodermal cells,
Sox17 may cause more “passive” responses related to sensing
chemotactic, growth factor, and particularly Wnt signals.
These predicted functions of Sox17 target genes in endoderm
are in agreement with previous studies®'? and reinforce the
importance of coordinated movements of endodermal cells
in response to mesodermal chemotactic cues during gastrula-
tion. Furthermore, the marked difference between endoderm
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and endothelial Sox17-regulons emphasizes the importance
of cellular context in unmasking SOX17 target-gene binding
sites, suggesting that SOX17 employs the same strategy seen
for other Sox family members—to engage in differential pro-
tein partnerships so as to economically diversify differentia-
tion programs.!'%!

Identification of Sox77 in Rare Neural Progenitor
Cells

In addition to capturing cells from endodermal, hematopoi-
etic, and endothelial lineages, all are well-established Sox17-
associated lineages, several neural progenitor cells expressing
the canonical markers Sox1/2/3 and Nkx6.1 were identified
possibly indicating Sox17 function in these lineages. While
Sox17 function is documented in oligodendrocyte devel-
opment,'? little is known about its expression or function
in neural progenitors. SoxF is associated with neurogenesis
in fruit flies'® and zebrafish,'® perhaps supporting Sox17
having a similar role in mammals. In this regard, it is note-
worthy that among the low-RNA-content cells excluded from
our GFP dataset (Supplementary Methods), a collection of
mesenchymal and neural crest-like genes such as Vim, Mest,
Nes, Twist1, Prrx2 are expressed. In any case, further analyses
and validations are necessary to determine the function of
Sox17 in neural lineages.

Conclusion

Our analyses of Sox17-expressing lineages using scRNAseq
consolidate prior knowledge of Sox17 and provide new
insights into the transcriptomic features, GRNs, and devel-
opmental trajectories of both hepato-pancreato-biliary and
hemato-endothelial systems.
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