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Summary

The cellular complexity and scale of the early liver have constrained analyses examining its
emergence during organogenesis. To circumvent these issues, we analyzed 45,334 single-cell
transcriptomes from embryonic day (E)7.5, when endoderm progenitors are specified, to E10.5
liver, when liver parenchymal and non-parenchymal cell lineages emerge. Our data detail
divergence of vascular and sinusoidal endothelia, including a distinct transcriptional profile for
sinusoidal endothelial specification by E8.75. We characterize two distinct mesothelial cell types
as well as early hepatic stellate cells, and reveal distinct spatiotemporal distributions for these
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populations. We capture transcriptional profiles for hepatoblast specification and migration,
including the emergence of a hepatomesenchymal cell type and evidence for hepatoblast collective
cell migration. Further, we identify cell-cell interactions during the organization of the primitive
sinusoid. This study provides a comprehensive atlas of liver lineage establishment from the
endoderm and mesoderm through to the organization of the primitive sinusoid at single-cell
resolution.

Graphical Abstract
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A comprehensive atlas of mouse liver emergence is described at single-cell resolution starting at
endoderm progenitor specification, including data detailing divergence of vascular and sinusoidal
endothelia, hepatoblast specification, and the emergence of a distinct, migratory
hepatomesenchymal cell type.

Introduction

The liver is a complex, multifunctional organ composed of cells from multiple lineages,
derived from endoderm and mesoderm (Gordillo et al., 2015). How these cell types organize
to form the highly elegant structure, necessary for its functions, is poorly understood.
Progress has been hindered by a lack of knowledge with respect to parenchymal and non-
parenchymal cell type diversity, how these cells are derived from their endodermal and
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mesodermal progenitors, and how these lineages interact during the formation of the liver
bud.

Hepatoblasts, the bipotent progenitor for hepatocytes and cholangiocytes, develop from the
definitive endoderm by embryonic day (E)8.75 (Gordillo et al., 2015; Tremblay and Zaret,
2005). Signals from the overlying cardiac mesoderm and septum transversum mesenchyme
(STM) induce their transition into a pseudostratified columnar epithelium and their invasion
of the STM by E9.5 (Figure 1B) (Houssaint, 1980; Tremblay and Zaret, 2005). These
parenchymal progenitors begin expression of genes associated with hepatic metabolism and
subsequently differentiate to form hepatocytes, the main parenchymal cell type, and
cholangiocytes, the liver biliary epithelium.

Liver non-parenchymal cells, including the endothelium, mesenchyme, blood, and nerves,
play supportive roles to the liver parenchymal cells. The liver vasculature encompasses
vascular and lymphatic capillaries, in addition to discontinuous, fenestrated sinusoidal
capillaries, lined by hepatic sinusoidal endothelial cells (HSECs). HSECs present in the
early liver are derived from the hemangioblast, from which vascular endothelial cells and
early haematopoietic cells are also derived (Bollerot et al., 2005; Zovein et al., 2008), though
a proportion may be derived from the endocardium and endoderm (Goldman et al., 2014;
Zhang et al., 2016). This specialized endothelium plays important roles in regulating blood
flow in the sinusoid, scavenging blood-born waste, cytokine secretion, and antigen
presentation to liver resident immune cells (Poisson et al., 2017). The STM gives rise to the
liver mesenchyme, which in the adult liver encompasses the mesothelium, the external
cellular lining of the liver, and hepatic stellate cells (HSCs), the sinusoidal pericytes
(Asahina et al., 2009). During liver bud formation, the STM and emergent liver mesenchyme
provide signaling cues and substrate for hepatoblast specification, differentiation, and
migration.

The fetal liver is also the main site of hematopoiesis during development, harboring
hematopoietic stem cells from E10.5 until E16.5 when they migrate to the bone marrow
(Gordillo et al., 2015). Inducible lineage tracing of early hemogenic sites with Cdh5-cre,
however, does not account for all of hematopoietic cells within the embryo (Hirschi, 2012;
Zovein et al., 2008). This suggests the possibility that hematopoietic stem cells may be
derived de novo from hemogenic sites at later stages of embryogenesis, with some
postulating the existence of hemogenic endothelium in the fetal liver (Hirschi, 2012).

By E10.5, hepatoblasts, endothelia, and HSCs begin to organize into primitive sinusoidal
capillaries (Gordillo et al., 2015). The cellular interactions that contribute to the
establishment of the sinusoid, including HSC migration, HSEC fenestration, basement
membrane formation, and hepatoblast differentiation are poorly understood. Sinusoidal
dysfunction, including defenestration and HSC activation, precedes scar formation and liver
fibrosis (Poisson et al., 2017; Puche et al., 2013). Little is known about how hepatoblasts,
HSCs, and HSECs organize to form the primitive sinusoids, despite the understanding that
many of the pathways involved in their development are reactivated in disease states
(Delgado et al., 2014; Marrone et al., 2015; Poisson et al., 2017; Puche et al., 2013).
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In the present study, we have employed single-cell RNA-seq (SCRNA-seq) to elucidate the
lineage specification events that occur during the formation of the early liver from the
definitive endoderm. We have combined 15 libraries comprising 45,334 single-cell
transcriptomes enriched for E7.5 endoderm, E8.75 endoderm gut tube, E9.5 hepatic bud, and
E10.5 liver (Nowotschin et al., 2019). In addition to the endodermal lineages, we compiled
cells derived from the adjacent mesenchyme and endothelium and tracked their development
from mesoderm to the non-parenchymal lineages of the liver. These transcriptomes represent
the initial stages of liver organogenesis, including the specification of hepatoblasts from the
definitive endoderm, invasion of STM by hepatoblasts, and liver sinusoid organization. We
have elucidated the cell fate decisions that occur during liver cell lineage specification by
combining Harmony and Palantir. Harmony constructs nearest-neighbour networks for batch
correction across developmental timepoints (Nowotschin et al., 2019), whereas Palantir
defines pseudotime and branch probabilities by differentiation potential as each cell type
reaches its terminal state from a user-defined ‘start-cell’ (Setty et al., 2019). These methods
allow for computational predictions of cell plasticity and bifurcation points as liver cell
lineages are specified from their progenitors. Using these methods, we have revealed
uncharacterized diversity within endothelial, mesenchymal, and hepatic cell lineages during
liver development and have further generated a complete pseudotemporal map of the
emergent endothelial and hepatic lineages. Together, this study provides a comprehensive
single-cell atlas of liver cell lineage establishment from the endoderm and mesoderm.

Tracking emergent lineages within the developing liver

To generate an overview of liver cell lineage specification at the single-cell level, we
analyzed single-cell transcriptomic data from endodermal and liver tissue from E7.5-E10.5
(Figure 1A and S1A) (Nowotschin et al., 2019). To enrich for parenchymal and non-
parenchymal liver progenitors, endoderm and associated mesoderm at E7.5 and E8.75, and
liver buds at E9.5 and E10.5 were dissected before single-cell dissociation. In addition, the
extra-embryonic endoderm- and hepatoblast-specific Afp-GFP mouse line was used to
deplete for AFP-GFP* visceral endoderm at E7.5 and delineate AFP-GFP* liver
parenchymal derivatives from AFP-GFP~ non-parenchymal cells at E10.5 (Figure S1A)
(Kwon et al., 2006; Wei et al., 2018). In total, 45,334 single-cell transcriptomes from 15
scRNA-seq libraries passed quality control, with a median of 4,190 genes detected per cell
(Figures 1C and S1B; Table S1). We aggregated all single-cell transcriptomes and performed
clustering and differential expression analyses to characterize the complete heterogeneity
within our datasets (Table S2). We identified 15 clusters, which we have annotated as
emergent endodermal, mesenchymal, and endothelial lineages, as well as hematopoietic
cells (Figures 1C-1E). Our annotations were validated against single-cell transcriptomic
data from Pijuan-Sala et al. (2019) through mutual-nearest neighbour batch correction
(Figure S1C). We found overwhelming agreement between our respective cluster
annotations, apart from cells annotated as surface ectoderm from Pijuan-Sala et al. (2019)
(Figure S1C). While surface ectoderm is not captured in our libraries, due to expression of
genes associated with epithelial identity, such as Epcam and Cadh1, we found overlap
between it and our gut tube endoderm cluster (Figure S1C and data not shown).
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Within our data, we further note two distinct primitive streak clusters, composed of cells
from E7.5, which appear primed to either an endodermal or mesodermal cell fate, likely
corresponding to the proximal and distal primitive streak (Figures 1C-E and S1D). To more
clearly visualize the emergence of liver cell types during development, endodermal,
mesenchymal, and endothelial lineages were computationally segregated and analyzed
separately. These lineages were individually visualized using force-directed layouts and
further analysed using Harmony and Palantir to reconstruct lineage relationships over
developmental time (Nowotschin et al., 2019; Setty et al., 2019).

Sinusoidal and vascular endothelia diverge by E9.5 from a common endothelial progenitor

To explore the cell fate decisions required for the emergence of the sinusoidal endothelium,
we analyzed 2,066 endothelial and hemangioblast transcriptomes from E7.5 to E10.5. We
further included 503 hematopoietic progenitors from E7.5 to better define the divergence
between endothelial and hematopoietic lineages. We identify four distinct populations based
on clustering and differential gene expression analyses, representing hemangioblasts,
hematopoietic progenitors, endothelium, and HSECs (Figures 2A and S2A; Table S2). The
hemangioblast cluster is composed of cells predominantly from E7.5, the endothelial cluster
is composed of cells from E8.75 to E10.5, and HSECs are composed predominantly of cells
from E10.5, though cells from E8.75 and E9.5 are also present (Figures 2A, 2B, and S2C).
While both endothelial and HSEC lineages express endothelial biomarkers, including Kar,
Pecaml, Cd34and Cdh5 (Goncharov et al., 2017; Vestweber, 2008), the endothelial cluster
is enriched for mechanosensitive ion channels and transcription factors associated with flow-
induced shear stress and angiogenesis, such as Piezo1/2, KIf2/4, FoxcZ, and Tbx1 (Figure
2C) (Chen et al., 2010; Sangwung et al., 2017; Seo et al., 2006). In contrast, early HSECs
express transcription factors associated with sinusoidal identity, such as Sox17, Tfec, Maf,
and Dab?2 (Figures 2C and S2A) (Géraud et al., 2010). Surprisingly, the early HSEC
transcriptome further suggests the activation of sinusoidal function, including endocytosis
(Stab2, Colec12, Ehd3, and Lyvel), antigen presentation (Fcgrt, Fcerlg, and Mrcl), and
signaling (Gpr182, BmpZ2, DIl4and Efnal) (Figures 2C, S2A, and S2F) (Géraud et al., 2010;
Lao et al., 2017; Schmid et al., 2018). This suggests a functional role for HSECs within the
developing liver starting earlier in developmental time than previously appreciated.

To detail the divergence between hematopoietic and endothelial cell lineages from the
hemangioblast, we employed Palantir (Setty et al., 2019). We selected an E7.5 “start cell’
expressing high levels of the hemangioblast master regulator £fv2, which is necessary and
sufficient for hemangioblast development into endothelial and hematopoietic lineages (solid
arrowhead, Figure 2B) (Rasmussen et al., 2011). Further, we selected three terminal states,
residing within hematopoietic, endothelial, or HSEC clusters (hollow arrowheads, Figure
2B), and calculated differentiation potential and gene expression trends along pseudotime
for each trajectory as these terminal states are reached. The differentiation potential is
highest within the hemangioblast cluster; however, a local maximum exists at the interface
between the endothelial and HSEC clusters, suggesting the presence of a second cell fate
decision in HSEC specification (arrow, Figure 2B). Emergence of hematopoietic progenitors
from the hemangioblast is coincident with the activation of transcription factors required for
hematopoiesis, such as RunxI and Gatal (Figure S2E) (Fujiwara et al., 1996; Yokomizo et
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al., 2008). Both the endothelial and HSEC lineages emerge initially through an unspecified
endothelial progenitor, activating and maintaining expression of genes such as Cah5,
Pecam1, and Cd34, while downregulating factors associated with hemangioblast identity
(Figure 2D). Cells fated for the endothelial terminal state diverge at E10.5 activating
regulators of angiogenesis, such as 7bxZ and FoxcZ, as well as genes associated with blood
flow-associated shear stress, including K/f2and K/f4 (Figures 2C, 2D, and S2A) (Sangwung
etal., 2017). These factors are not enriched within the HSEC trajectory, where beginning as
early as E8.75, HSEC-specific transcription factors are activated, including 77ec, Nr5aZ,
Sox17, and Oit3, as well as genes associated with HSEC identity, including Stab2, Lyvel,
and Fcgrt (Figures 2C and 2D) (Géraud et al., 2010). Differentiation potential towards the
HSEC terminal state further captures emergent sinusoidal endothelium as early as E8.75,
expressing markers of the HSEC lineage (arrowheads, Figures 2E and S2G). Of note, while
it is likely that endothelium of cardiac origin is included in this analysis, we could not
deconvolute endocardial and vascular endothelial contribution to liver endothelial lineages
based on transcription alone (data not shown).

Of note, the capture and sequencing of £fv2-expressing endothelial cell lineages was limited
to our E7.5 and E8.75 libraries (Figures 2A and S2G). Expressed within hemangioblasts and
hemogenic endothelia, the absence of £fv2within endothelia at E9.5 and E10.5 suggests that
the endothelium in the liver bud does not retain hemogenic potential (Figure S2G) (Wareing
et al., 2012). We do, however, see 378 Foxa2-Kdr co-expressing cells, which may represent
a population of endothelial-fated endodermal cells (Figure S2I and S2J). Re-clustering and
cell population annotation of these 378 cells based on differential gene expression analysis
indicates the presence of node and definitive endoderm-derived lineages, including foregut,
midgut, and hindgut (Figure S2J and S2K; Table S2). We further identify a subpopulation of
FoxaZz-expressing endothelial cells, which express £fv2as well as biomarkers of mature
endothelium, such as Cah5and FIi1, (Figure S2L) (Rasmussen et al., 2011). Single-cell data
from Pijuan-Sala et al. (2019) also supports the existence of these cells, where an additional
150 Foxa2-Kdr co-expressing cells can be identified (data not shown). These findings
support the model where the endoderm generates endothelial cells (Goldman et al., 2014).

Septum transversum and liver mesenchymal heterogeneity in the early liver

Few studies have focused on characterizing the development of liver mesenchyme, including
the STM, mesothelium, and HSCs (Asahina et al., 2009, 2011). As a result, little is known
about the complete diversity and timing of emergent mesenchymal populations within the
early liver. To address this shortfall, we computationally segregated 3,691 liver
mesenchymal cells from our E8.75, E9.5, and E10.5 libraries and identified five distinct
populations based on clustering and differential gene expression analyses (Figure 3A and
S3A,; Table S2). One cluster, which represents early STM (STM 1), is composed
predominantly of cells from E8.75 and is enriched for HandI and Foxf1, both of which are
required for mesoderm development (Figures 3B and S3C) (Mahlapuu et al., 2001; Maska et
al., 2010). A second STM cluster (STM I1) is composed mostly of cells from E10.5, and has
activated expression of the liver mesenchyme markers Afcamand Mab21/2 (Asahina et al.,
2009; Saito et al., 2012), but does not express genes associated with specified liver
mesenchyme, such as L/x2 or Upk3b (Figures 3B and S3C) (Kanamori-Katayama et al.,
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2011; Kolterud et al., 2004). In contrast, the three remaining clusters represent emerging
mesothelia and HSCs, including two distinct mesothelial populations. Of the mesothelial
populations, one (mesothelium I) is composed of cells from E9.5 and E10.5, while the other
(mesothelium 11) is composed mostly of cells from E10.5, suggesting differential timing of
their specification (Figures 3A and S3C). While both populations express genes associated
with liver mesothelial identity, such as W¢Z and Upk3b (Chau and Hastie, 2012; Kanamori-
Katayama et al., 2011), they also express distinct sets of genes, including Sox9and Tbx18
within the mesothelium | cluster and FoxfZ and /s/Z in the mesothelium 11 cluster (Figures
3B and S3E). ALCAM immunostaining identifies all STM-derived populations at E9.5 and
E10.5, including mesothelial progenitors and unspecified STM progenitors that lack
expression of mesothelial factors (Figures 3C and 3D). These unspecified progenitors are
found proximal to the hepatic bud at E9.5 and at the distal tip of the caudal lobe at E10.5
(Figures 3C and 3D). Immunostaining identifies emergent mesothelial populations
expressing SOX9 or ISL1, which at E9.5 occupy the ventral and anterior portions of the
tissue, respectively (Figure 3C). By E10.5, SOX9 is widespread among mesothelial cells in
both caudal and rostral lobes, whereas ISL1 is limited to the rostral liver mesothelium
(Figure 3D). Thus, our gene expression and immunostaining data reveal the persistence of
ALCAM-expressing unspecified STM populations at the distal tip of the caudal liver lobe at
E10.5 and further uncover two mesothelial populations at E10.5, with differing
spatiotemporal distributions.

The HSC cluster, composed of cells from E9.5 and E10.5, expresses various markers of the
HSC lineage, including LAx2and Des (Figure 3B) (Kolterud et al., 2004; Nitou et al., 2000).
This population also expresses genes associated with migration, suggesting movement of
HSCs into the sinusoid, where they can be identified by DES immunostaining by E10.5 in
both lobes (Figures 3B and S3F). Interestingly, these emergent HSCs express genes
associated with HSC activation, such as Zeb2and Rspo3, along with collagens and other
extracellular matrix proteins (Figures 3B and S3A; Table S2) (Puche et al., 2013).
Cumulatively, our data demonstrate that four distinct mesenchymal populations with specific
spatial distributions exist within the liver at E10.5.

A hepatomesenchymal hybrid progenitor exists within the early liver

The embryonic liver is formed from the posterior ventral foregut endoderm, which invades
the STM in response to migratory cues (Gordillo et al., 2015; Tremblay and Zaret, 2005). To
probe this transition, we computationally segregated 2,332 hepatic progenitors sequenced
from E7.5 to E10.5 and used clustering and differential expression analyses to identify four
distinct cell states (Figure 4A and S4A,; Table S2). These include cells from the hepatic
endoderm, composed predominantly of cells from E7.5 and E8.75 (Figure S4C). This cluster
is enriched for Epcam, Cdhl, and Pyy, which are known markers of the endoderm, with Pyy
being specifically expressed within the posterior foregut endoderm (Figure 4B) (Hou et al.,
2007). A cluster representing hepatoblasts migrating into the STM is composed
predominantly of cells from E9.5, and have activated expression of genes associated with
hepatic cell fate, including Hnf4aand Foxa3 (Figure 4B) (Lee et al., 2005; Watt, 2003). This
population also expresses Onecut2, Prox1, and Tbx3, along with other genes required for
invasion of the STM (Figure 4B) (Lldtke et al., 2009; Margagliotti et al., 2007; Sosa-Pineda
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et al., 2000). We also capture early hepatoblasts, mostly from E10.5, which robustly express
Afpand DIk1 along with genes associated with hepatic metabolism, including A/b6, Apoal,
and the transcription factor Xbp1 (Figure 4B) (Lee et al., 2008; Tanimizu et al., 2003).

Our analysis further reveals a distinct hepatomesenchymal cell type, which is composed
predominantly of cells from E10.5 (Figure S4C). This population maintains diminished
expression of genes associated with hepatic identity, such as Afpand D/kZ, and activates
genes required for mesenchymal development, such as Vim, Pdgfra, Hand?2, and Gata4
(Figure 4B) (Barnes et al., 2011; Delgado et al., 2014, Saito et al., 2012). Doublet detection
confirms this population is composed of single-cells (Figure S4D). VIM immunostaining of
Afp-GFP livers shows presence of double-positive cells within hepatic cords at E9.75 and
within the liver parenchyma at E10.5 (Figure S41). In addition, we see GATA4-expressing
GFP* cells at E10.5 within the liver parenchyma (arrows, Figure S41). FACS of dissociated
Afp-GFP livers also shows an increase between E9.5 and E10.5 of AFP-GFP* cells that
express high levels of the liver mesenchyme-specific marker ALCAM (Figure S4F)
(Asahina et al., 2011). To probe transitions in cellular identity, we calculated mean-scaled
gene expression profiles for hepatic, mesenchymal, and epithelial cell identities (Figure 4C;
Table S3). The epithelial profile is highest among the endoderm and decreases during
hepatoblast migration, whereas the inverse is true for the hepatic profile (Figures 4C and
S4G). Both of these gene profiles are low within the hepatomesenchymal cluster, where in
lieu we observe the activation of a mesenchymal gene programme (Figures 4C and S4G).
Further, principal component analysis of the average gene profile of hepatic and
mesenchymal populations suggests that the hepatomesenchyme most closely shares
transcriptional parallels with the mesothelium 11 cluster (Figure S4H). These results suggest
the presence of an epithelial-mesenchymal hybrid progenitor cell type within the early liver
parenchyma that expresses genes associated with hepatic and liver mesenchymal identity.

Hepatoblasts and hepatomesenchyme emerge via distinct migratory mechanisms

To analyze the emergence of hepatoblasts and hepatomesenchyme from the endoderm, we
employed Palantir to infer differentiation trajectories from an E7.5 endodermal, A/b/° ‘start
cell’ (solid arrowhead, Figure 5A). Two terminal states were selected, representing emergent
hepatoblasts and the hepatomesenchyme (hollow arrowheads, Figure 5A). Gene trends along
pseudotime show the downregulation of endodermal markers, such as Epcam and Foxal
(Lee et al., 2005; Sherwood et al., 2007), as well as the activation of genes associated with
posterior foregut identity, such as Pyyand Onecutl (Figure 5B) (Hou et al., 2007). Within
both trajectories, we see the activation of genes associated with hepatoblast migration,
including Hhex and Foxa3, as well as hepatic identity, such as Hnf4aand Afp (Figure 5B).
Interestingly, within cells fated for the hepatoblast terminal state, we see the reactivation of
Foxal along with the maintenance of genes associated with hepatic identity; however, within
the hepatomesenchymal trajectory, we do not see their sustained expression (Figure 5B).
Instead, genes associated with an epithelial-to-mesenchymal transition (EMT), such as
Snail, Snai2, and ZebZ2, are activated (Figure 5B) (Campbell and Casanova, 2016). The
expression of master regulators of mesenchymal cell fate and markers of mesenchymal
identity immediately follow the activation of EMT-associated genes. These include Vim,
Mab2112, Pdgfra, and Gata4 (Figures 5B and 5C) (Asahina et al., 2011; Delgado et al.,
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2014; Hentsch et al., 1996; Saito et al., 2012). Differentiation potential is highest within the
endoderm and migrating hepatoblasts, and low in hepatoblasts and hepatomesenchyme
(Figure 5A). This suggests that the hepatomesenchyme is specified from migrating
hepatoblasts between E8.75 and E9.5. Our analysis further shows two pathways to a
hepatomesenchymal terminal state, which suggests their emergence may be the product of
two temporally distinct migratory events (arrows, Figure 5A). Along with genes involved
with mesenchymal differentiation and migration, hepatomesenchymal cells activate genes
associated with the formation of actin protrusions, such as ActaZ, Cnn2, Wasf1, MfapZ2, and
Mfap4 (Figure S4J) (Eden et al., 2002; Guo et al., 2006; Liu and Jin, 2016). Genes encoding
motor proteins and cell adhesion components are also enriched, including /fgbZ1, Fina, Vcl,
Myl4, and Myo9a (Figure S4J) (Schwartz, 2010). Together, these data suggest that
hepatomesenchymal cells represent a subpopulation of hepatoblasts that exhibits epithelial-
to-mesenchymal plasticity, adopting a hybrid epithelial-mesenchymal phenotype. Further,
their timewise emergence as well as the expression of genes associated with migration and
the generation of traction suggest that these cells may contribute to hepatoblast invasion of
the STM.

The signaling niche of the primitive sinusoid

To explore cell-cell interactions active during sinusoid formation, we computationally
segregated endothelial, HSEC, hepatoblast, HSC, and hepatomesenchymal lineages from our
datasets and applied CellPhoneDB to identify signaling crosstalk between these populations
(Figures 6A, Table S4) (Efremova et al., 2020). CellPhoneDB assesses cell-cell interactions
through the integration of single-cell expression data with a repository of ligands and
receptors, which includes heteromeric complexes. As expected, we see pronounced VEGF
signaling towards liver endothelia, as well as PDGF signaling between hepatoblasts and
HSCs (Figure 6A) (Awuah et al., 2013; Yamane et al., 1994). Hepatomesenchymal cells are
also predicted to receive signaling cues via PDGFRa. Immunostaining of E10.5 Afp-GFP
livers shows robust expression of PDGFRa in HSCs as well as in a portion of GFP* cells,
likely representing the hepatomesenchyme (Figure S5C). TGFp family signaling is also
predicted to contribute to sinusoid development. BMP2 and BMP7 from endothelial and
hepatic lineages, respectively, are predicted to signal towards HSC and hepatomesenchymal
populations through BMPR1A/ACVR2B (Figure 6A). TGFP1 from endothelia and TGFp2
from HSCs and the hepatomesenchyme are predicted to signal via TGFBR3 towards all
populations (Figure 6A). While not directly involved in signal transduction, here TGFBR3
may act as a reservoir for TGFp ligand, establishing a signaling environment for later in
development (Andres et al., 1989). Interestingly, though heavily implicated in hepatogenesis,
WNT family signaling is not included within our top interactions, due to limited expression
of WNT signaling components within sinusoidal populations.

Identification of active ephrin, Notch, and reelin cell-cell interactions suggest an active role
for juxtacrine signaling in the development of the primitive sinusoid (Figure 6A). We
identify more than 40 significant ephrin-Eph interactions in our analysis, which include
interactions between all sinusoidal cell populations (Figure 6A; Table S4). Dynamic
NOTCH pathway activation and inhibition between sinusoidal populations is also predicted.
DLL4 active in the endothelia, and enriched within HSECs, signals autocrinally via
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NOTCHL1, whereas it further signals to other sinusoidal populations via NOTCH2 (Figure
6A). Interestingly, signaling via the non-canonical NOTCH inhibitor DLK1, expressed by
non-endothelial populations, towards NOTCH receptors may compete with endothelial
DLLA4 for receptor occupancy (Baladron et al., 2005; Finn et al., 2019). Re/nis among the
first genes expressed by hepatoblasts during hepatic endoderm specification at E8.75, and
immunostaining demonstrates specific expression of RELN at E9.5 and E10.5 in AFP-GFP*
hepatoblasts (Figures 6A and S5C). Our analysis predicts canonical RELN signaling via
VLDLR autocrinally as well as towards HSCs, while non-canonical RELN interactions via
EPHAA4 are predicted to influence HSCs and hepatomesenchymal cells. (Bouché et al., 2013;
Wasser and Herz, 2017) (Figure 6A).

To assess the transcriptional influence of ligands identified above, we applied NicheNet to
predict ligand-target regulatory potential during sinusoidal cell lineage development, using
lineage-specific genes as potential pathway targets (Figure 6B, S5A, and S5B; Table S5). Of
interest, DLL4, VEGFA, and the TGFps are predicted to play a significant role in the
regulation of genes associated with HSEC identity, including /camZ2, Sparc, and Lyvel
(Figure 6B). Hepatomesenchymal target genes were predicted to be influenced by a range of
ligands including BMPs, TGFps, and IGF1. Interestingly, BMPs and TGFfs are predicted to
promote a variety of genes associated with mesenchymal cell fate, including Co/Zai, Des,
and MmpZ, whereas IGF1 is predicted to specifically activate Pdgfra (Figure 6B). Together,
these analyses suggest roles for paracrine and juxtacrine signaling in driving activation of
genes associated with liver lineage development in the primitive sinusoid.

Discussion

Using single-cell transcriptomics, we have charted the emergence of diverse liver
parenchymal and non-parenchymal populations from their endodermal and mesodermal
ancestors. Through this analysis, we have identified an epithelial-mesenchymal hybrid
population of cells that co-expresses hepatoblast and mesenchymal gene signatures.
Trajectory analysis suggests that this hepatomesenchymal cell type diverges from typical
hepatoblasts through a partial EMT event, though their final cell state and function within
the liver parenchyma remains elusive. Our data further describe the specification events in
the establishment of the non-parenchymal lineages, including the earliest stages of HSEC
cell fate emergence. We further observe unexpected heterogeneity within mesenchymal
populations, including emergent HSCs and two distinct mesothelial populations, which
occupy distinct niches within the early liver.

The temporal emergence of hepatoblasts is in line with previous studies, with specification
from the endoderm in early organogenesis (E8.75), migration at E9.5, and the beginnings of
hepatoblast function at E10.5 (Gordillo et al., 2015; Si-Tayeb et al., 2010; Tremblay and
Zaret, 2005). Of interest, while FGF and BMP signaling have previously been shown to
coordinate the specification of anterior and posterior hepatic endodermal populations,
respectively, we see no evidence of distinct hepatoblast populations based on transcriptional
profiles at E9.5 (Palaria et al., 2018; Tremblay and Zaret, 2005; Wang et al., 2015). This
suggests that distinct signals from the overlying mesenchyme induce a convergent
transcriptional profile among developing hepatoblasts. In addition to hepatoblasts, we
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identify the hepatomesenchyme, a distinct cell type that expresses a gene profile reminiscent
of hepatoblasts and STM progenitors. While epithelial-mesenchymal plasticity has been
previously identified within hepatic tissues and cell lines (Dong et al., 2018; Goldman et al.,
2016; Li et al., 2011), our analyses further delineate the mechanisms behind hepatoblast and
hepatomesenchyme emergence. Within hepatoblasts, trajectory analyses reveal a gradual
shift from an epithelial to a hepatic transcriptional profile alongside the activation of genes
canonically associated with hepatic migration, including Hhexand 7bx3, starting at E8.75.
In contrast, these analyses suggest that hepatomesenchymal cells are specified at two
temporally distinct points during the epithelial-to-hepatic transition and migrate into the
STM via a partial EMT, with the activation of Snail, SnaiZ, and Zeb2. Generation of AFP-
GFP* and AFP-GFP~ libraries at E10.5 confirms the hepatic origin of the
hepatomesenchyme as the hepatoblast-specific Afp-GFP mouse line allows for the short-
term lineage tracing of liver parenchymal derivatives even after Afp RNA expression has
waned (Figure S4E). Gene expression analysis rules out the possibility that these cells are
derivatives of other endodermal organs, which express low levels of Afp-GFP (Figure S1D).

The divergence of hepatoblast and hepatomesenchymal lineages is reminiscent of the
polarization that takes place during collective cell migration (CCM). CCM is a migratory
process by which a collective of cells is polarized in response to a signaling gradient into
leader and follower cells, which collaborate to promote cellular movement. In zebrafish,
emergence and positioning of hepatoblasts is accomplished by CCM, with ephrin signaling
and hepatoblast filopodia mediating contacts between gut tube and mesodermal lineages
(Cayuso et al., 2016) and /n vitro studies have further shown evidence of collective
migration of hepatic cell lines (Cheng et al., 2018; Han et al., 2019; Suarez-Causado et al.,
2015). Our data suggest that hepatoblast migration is accomplished through CCM in mouse,
where parenchymal progenitors are polarized into follower and leader cells: hepatoblasts and
hepatomesenchyme, respectively. Hepatoblasts remain pseudo-epithelial; they maintain cell
polarity, stable epithelial contacts, and a regular, cobblestone-like morphology (Gordillo et
al., 2015). Hepatomesenchymal cells undergo a partial EMT, activating the expression of a
suite of genes involved in cell migration. The signaling cues required for the polarization of
these cell types are unclear; however, our signaling analysis suggests potential roles for
PDGF, TGFp, or IGF pathways. However, this remains to be explored in detail
experimentally.

Differential susceptibility to perfusion between the vascular and sinusoidal capillaries may
act as a driving force behind the divergence of liver endothelial lineages. Vascular endothelia
express mechanosensitive ion channels along with their downstream flow-responsive genes,
including K/f2and K/f4. In contrast, our interaction analyses suggest that reciprocal
interactions within HSECs through DLL4 and NOTCH receptors may drive HSEC
development. Interestingly, in models of liver fibrosis, DLL4 promotes capillarization and
liver scarring, whereas KLF2 maintains endothelial integrity (Chen et al., 2019; Marrone et
al., 2015). In addition, the organization of the sinusoidal capillaries abuts HSECs against
hepatic and mesenchymal lineages, which robustly express the Notch inhibitor D/kZ (Falix
etal., 2012; Tanaka et al., 2009). DLK1 may contribute to the lateral inhibition of Notch in
HSEC progenitors, comparable to its role in the differentiation of type | from type Il alveolar
cells in lung repair (Finn et al., 2019). Taken together, this suggests roles for blood flow as
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well as competition for NOTCH receptor occupancy by Delta-like ligands during HSEC
specification. Further, the expression of genes associated with sinusoidal function and
identity indicate that specification of HSECs begins at E8.75, earlier than previously
appreciated. Whether HSEC function, including scavenging and antigen presentation, is
required for early liver development has not been explored; however, the activation of these
genes in the earliest stages of liver development suggests a role prior to complete sinusoidal
perfusion and fenestration, which occur at E12.5 and E15.5, respectively (Enzan et al., 1997,
Lorenz et al., 2018).

Our data show diverse mesothelial and stellate cell populations with distinct spatial
distributions within the developing liver by E9.5, suggesting emergence of these populations
from the STM earlier than previously shown. While trajectory analysis failed to delineate
lineage relationships (data not shown), likely due to incomplete capture of liver
mesenchymal progenitors or complex lineage relationships between these populations,
immunostaining suggests parallels between the /s/Z- and Sox%-expressing anterior and
ventral STM at E9.5 and distinct mesothelial populations at E10.5. We further show the
earliest evidence of HSCs within the liver by E9.5. HSC progenitors in the early liver
express genes associated with HSC activation, including migration and extracellular matrix
deposition. This suggests the activation of HSCs during liver bud formation plays a role in
sinusoidal organization and basement membrane formation. Taken together, our data
demonstrate substantial, unappreciated diversity exists within the STM-derived liver
mesenchymal progenitor populations.

Overall, our single-cell transcriptomic analysis of liver development reveals early emergence
of highly diverse hepatic, endothelial, and mesenchymal cell lineages. We delineate distinct
hepatic parenchymal populations in the liver bud, including a hepatomesenchymal cell type,
which emerge via separate migratory mechanisms. We characterize exceptional diversity
within spatially distinct liver mesenchymal progenitors, including distinct mesothelial
populations and the earliest evidence of HSCs. We further show evidence of HSEC
progenitors by E8.75, which express genes associated with sinusoidal function, and we
propose a role for blood flow in their divergence from the vascular endothelium. Further
analyses are required to confirm the lineage relationships proposed between these
populations, as well as to determine a functional role for the hepatomesenchymal
progenitors.

STAR Methods
RESOURSE AVAILABILITY

Lead Contact—Requests for resources, reagents, or further information should be directed
to and will be fulfilled by the Lead Contact, Pamela A. Hoodless (hoodless@bccrc.ca).

Materials Availability—This study did not generate new or unique reagents.

Data and Code Availability—All single-cell RNA-sequencing data generated during this
study have been deposited in the ArrayExpress database at EMBL-EBI (www.ebi.ac.uk/
arrayexpress) under the accession number E-MTAB-9334. The data can also be explored at
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https://singlecell.broadinstitute.org/single_cell/study/SCP1022/single-cell-transcriptomics-
reveals-early-emergence-of-liver-parenchymal-and-non-parenchymal-cell-lineages. This
study did not generate any unique code, and all analyses were performed in R and Python
using standard protocols from previously published packages. All scripts associated with this
manuscript are available by request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse husbandry—All mice were maintained in accordance with the University of
British Columbia’s Animal Care Committee’s standards under specific pathogen-free
conditions. Up to five mice were housed per cage and were maintained on a regular chow
diet ad /ibitum on a 12-hour light-dark cycle. Afp-GFP (Kwon et al., 2006) and CD1 Elite
mouse colonies (Charles River) were used for all animal procedures. Afp-GFP mice were
maintained on a hemizygous background, and were used for the generation of E7.5 and
E10.5 single-cell libraries, as well as for immunostaining. CD-1 mice were used for all other
experiments (Nowotschin et al., 2019). Embryos from timed matings were considered E0.5
at noon of the day a vaginal plug was observed. Embryos were collected at noon of the
experimentally-determined timepoint in ice-cold phosphate-buffered saline (PBS) under a
Leica MZ6 dissecting scope. Inheritance of Afp-GFP transgene was determined based on
GFP fluorescence within the yolk sac or livers of embryos, which was observed under a
Zeiss AxioZoom V16. Sex-specific differences were not anticipated and embryo sex was not
determined.

METHOD DETAILS

Single-cell dissociation of endodermal and hepatic tissues—Definitive and gut
tube endoderm were dissected and prepared from E7.5 and E8.75 embryos as detailed in
Nowotschin et al. (2019). For E7.5 definitive endoderm, embryos were washed in three
drops of DMEM/F12 on ice, then incubated in pancreatin/trypsin (2.5% pancreatin/0.25%
trypsin in PBS) for three minutes on ice. The embryos were subsequently washed in three
drops of DMEM/F12, 10% newborn calf serum on ice, then the endoderm layer was
removed using tungsten needles (FST, cat. #10130-10). Dissected endoderm was washed in
cold DMEM/F12, then dissociated at 37°C for 20 minutes in accutase/0.25% trypsin (1:2).
E8.75 embryos, with heads and extra-embryonic membranes removed, were washed in three
drops of DMEM/F12 on ice, then incubated in pancreatin/trypsin (2.5% pancreatin.0.5%
trypsin in PBS) on ice for five minutes. Embryos were washed in three drops of DMEM/
F12, 10% newborn calf serum on ice, then gut tubes were removed using tungsten needles
and divided into anterior and posterior portions at the foregut-midgut junction. Dissected
endoderm gut tube segments were washed in cold DMEM/F12, then dissociated at 37°C for
20 minutes in accutase/0.25% trypsin (1:2). E9.5 and E10.5 single-cell suspensions were
generated by dissection of liver buds, including STM, in PBS with fine dissecting forceps,
ensuring removal of cardiac, yolk sac, and non-hepatic endodermal tissues. Livers were
washed in PBS, and incubated for five minutes at 37°C in 1ml PBS, 10 ug/ml DNAse I,
4mM EDTA, and 2% fetal bovine serum (FBS) (PDEF) with dispase/collagenase (2.5pU/ml
dispase, 0.0025% collagenase type 1) to dissociate tissues into single-cells. Tissues were
gently triturated using a 1000ul pipette before and after enzymatic digestion to facilitate
dissociation. Single-cell suspensions were filtered through 40um FlowMI cell strainers
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(Sigma BAH136800040) into 5ml FACS tubes to remove debris and incompletely
dissociated cells. The strainers were washed with PBS to collect remaining cells. The filtrate
was subsequently centrifuged at 1000g for four minutes to sediment single cells and the
supernatant was removed.

Fluorescent-activated cell sorting—Filtered, dissociated single-cells were resuspended
in DMEM or DMEM/F12 and sorted using a FACSARIA 111 (BD Biosciences) with a
100um nozzle in purity mode before single-cell RNA-seq library preparation. All cell
suspensions were stained with 4uM ethidium homodimer-1 to purify live cells. Cellular
debris and cell doublets were excluded based on forward and side scatter. Single-cell
suspensions generated from E7.5 endoderm were sorted based on AFP-GFP expression, with
AFP-GFP* fractions representing visceral endodermal derivatives and AFP-GFP~ fractions
representing definitive endoderm and associated mesoderm (Nowotschin et al., 2019). E10.5
livers were also sorted based on AFP-GFP expression, with AFP-GFP* fractions
representing hepatic parenchymal progenitors and AFP-GFP™ fractions representing non-
parenchymal progenitors (Kwon et al., 2006; Wei et al., 2018). Due to the expansion of
hematopoietic populations within the liver by E10.5, we depleted these progenitors prior to
library construction. Filtered, dissociated liver cells from E10.5 were resuspended in 2%
FBS in PBS, and stained with APC-conjugated anti-Ter119 (1:200) anti-CD45 (1:200), and
anti-cKIT (1:200) at 4°C for 15 minutes. After staining, cell suspensions were washed three
times in PDEF, centrifuging at 1000g for four minutes, and were ultimately resuspended in
DMEM. Subsequent APC™ fractions were not included during E10.5 library construction.
For ALCAM FACS analysis, tissue suspensions were processed identically, except cells
were stained with PE-conjugated anti-ALCAM (1:200) at 4°C for 15 minutes. FACS
analyses and plots were generated using FlowJo Software (Becton, Dickinson and
Company).

Single-cell library preparation and sequencing—Sorted single-cell suspensions
were counted and diluted to a final concentration in DMEM, 10% FBS or DMEM/F12, and
cellular suspensions were loaded on a Chromium Controller to generate single-cell gel bead
emulsions, targeting 2,500-10,000 cells depending on tissue and embryonic stage. Three
libraries at E7.5, eight at E8.75 (4 each anterior and posterior gut tube endoderm), two at
E9.5, and two at E10.5 were generated individually (Figure S1A). Single-cell 3’ RNA-seq
libraries were generated according to the manufacturer’s instructions (Chromium Single Cell
3’ Reagent v2 Chemistry Kit, 10X Genomics, Inc.). Libraries were sequenced to an average
depth of ~200,000 reads per cell on either an Illumina Novaseq 6000 system (E7.5-9.5
libraries) or Illumina Nextseq system (E10.5 libraries). Refer to Table S1 for detailed library
quality metrics.

Single-cell RNA-seq data analysis—Sequenced reads from all libraries were aligned
and quantified using the Cell Ranger Single Cell Software Suite version 2.1.0 (10X
Genomics, Inc.) against the 10X Genomics pre-built mm10 (GRCm38.93) reference
genome. CellRanger was used to identify droplets containing cells for each library
individually. CellRanger identifies cells based on the number of UMIs and gene expression
profiles. Further quality metrics were calculated using the calculateQCMetrics in the scater
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package in R (Figures S2D, S3D, and S4D) (McCarthy et al., 2017), and cells were
subsequently filtered based on unique features (>1000 genes) and mitochondrial RNA
content (<20%).

Size-factor normalization, feature selection, dimensionality reduction, and doublet
identification were performed using the scran and scater packages in R (Lun et al., 2016;
McCarthy et al., 2017). Briefly, filtered cells were loosely clustered using the quickCluster
function, then size-factor normalized using the computeSumFactors function, taking both
library sizes and quickCluster ID into account. Single-cell transcriptomes were subsequently
log-transformed using the normalize function in scater to correct for biases between cells,
taking size factors into account. Highly variable genes were selected based on gene
expression levels and variance across all cells to highlight biological differences across
datasets. Ribosomal, mitochondrial, Y-chromosome genes, and Xist were removed from
highly variable genes. Doublet scores were calculated using the doubletCells function in
scran, which assigns each cell a score that is defined as the ratio of the density of simulated
doublets to the squared density of original cells in the neighbourhood of that cell.

Principal component analysis (PCA) dimensionality reduction and mutual-nearest
neighbours (Haghverdi et al., 2018) or Harmony (Nowotschin et al., 2019) batch correction
were performed to correct for non-biological confounders between replicates and timepoints
(Figures S2B, S3B, and S4B). PCA was completed using the RunPCA function in Seurat
(Butler et al., 2018). For MNN batch correction, fastMNN from the scran package was
employed, and the first 100 principal components were used as input. k=20 neighbours were
used for calculation of mutual-nearest neighbours. Harmony uses timepoint metadata to
construct augmented affinity matrices, which uses mutual-nearest neighbours across
consecutive timepoints to correct for batch effects. Log-normalized expression-matrices,
containing data for highly variable genes only, were used as inputs. A k of 20-35 was used
for the mutual nearest neighbour calculation for the hepatic, endothelial, and mesenchymal
lineage analyses. The augmented affinity matrices were subsequently used to calculate the
force-directed layouts.

tSNE and UMAP dimensionality reduction were performed using the runTSNE and
runUMAP functions in scater, respectively using the first 100 principal components as
inputs. Force-directed layouts to display cell type diversity were calculated using adjusted
affinity matrices generated with the Harmony package in Python (Nowotschin et al., 2019).
Graph-based clustering and Wilcoxon rank-sum test for differential gene expression were
performed using phenograph (Levine et al., 2015) and Seurat (Butler et al., 2018) packages
in Python and R, respectively. For phenograph clustering, a k of 150 to 300 was used and the
normalized expression matrix of highly variable genes served as the input. The
FindAllMarkers function in Seurat was used to identify differentially-expressed genes.
Globally-enriched genes within a cluster were identified based on a log fold-change of 0.25
with an expression threshold of >25% within a population using the Wilcoxon rank-sum test.
Only positively enriched genes with a false-discovery rate (FDR) of 0.05 or lower are
included. Gene expression profiles were calculated for each single-cell in the hepatic subset
as the average log-normalized gene expression of hepatic, epithelial, or mesenchymal-
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enriched genes (Table S3), then mean-scaled. All heatmaps were generated in R using
pheatmap with clustering done using the ward.D2 method.

Palantir single-cell differentiation trajectories, which infer pseudotime progression, cell fate
decisions, and terminal cell states from a defined ‘start cell’, were calculated using diffusion
components from Harmony augmented affinity matrices discussed in the previous section
(Nowotschin et al., 2019; Setty et al., 2019). Emergent hepatic and endothelial lineage
trajectories were calculated independently by filtering out cells of interest using annotated
cell types (Figures SLIA-C). ‘Start cells’ for each trajectory were selected based on current
developmental paradigms, including an E7.5 A/£%° definitive endodermal progenitor for the
hepatic lineages, and an £rv2" hemangioblast progenitor for the endothelial lineages. 30
nearest-neighbours and 700 to 1000 waypoints were used as inputs for the generation of
Palantir differentiation trajectories. For both hepatic and endothelial trajectories, we
calculated the Pearson’s correlation of Palantir results over a range of k nearest-neighbours.
This demonstrates that pseudotime estimation, differentiation potential, and branch
probabilities to terminal states are robust with respect to changes in the number of nearest-
neighbours, k (Figures S2H and S4K). Gene expression was visualized after imputation with
the MAGIC algorithm to denoise the single-cell data and fill in dropouts (van Dijk et al.,
2018). Gene expression trends along pseudotime were calculated based on branch
probabilities and generalized additive models, showing stepwise transcriptional progression
of endodermal and endothelial lineages along pseudotime using Palantir (Setty et al., 2019).

CellPhoneDB Analysis—We applied CellPhoneDB to our data to infer ligand-receptor
interactions present within the developing sinusoid (Table S4). CellPhoneDB determines
cellular crosstalk based on significant enrichment of reciprocal expression of ligands and
receptors between annotated cell populations. The significant enrichment is calculated by
randomly permutating the labels for the annotated cell populations and determining if the
mean receptor and ligand expressions of the annotated cell populations are significantly
higher than those of populations of cells determined from random permutations. We took a
subset of our data containing parenchymal and non-parenchymal cell types, which are
present in the liver bud E10.5. This includes clusters representing cell types such as vascular
endothelium, sinusoidal endothelium, hepatoblasts, hepatomesenchymal cells, nascent
HSCs, septum transversum mesenchyme and hematopoietic cells as annotated in figures 1,
2A, 3A and 4A. To discern the most biologically relevant ligand-receptor pairs, we only
included ligands or receptors if they had a mean combined expression of 0.7 and were
expressed in over 40% of all cells in their respective clusters. The expression values for
receptors and ligands were calculated from the library size normalized non-log-transformed
UMI (unique molecular identifier) counts.

We added interactions involving RELN to the default v2.0.0 CellPhoneDB database of
receptor-ligand interactions, specifically interactions of RELN with EPHB1, EPHB2,
EPHB3, EPHAA4, the a3p; integrin complex (Bouché et al., 2013), VLDLR (Ha et al.,
2017), or LRP8 (Andersen et al., 2003).

NicheNet Analysis—The transcriptional influence of ligands within the early sinusoidal
niche was predicted by applying NicheNet (Browaeys et al., 2020). NicheNet predicts which
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ligands produced by a sender cell are the most active in affecting gene expression in a
receiver cell, through the correlation of ligand activity with genes previously characterized
as targets of their downstream pathways. Using the same clusters included for our
CellPhoneDB analysis, we applied NicheNet to predict which ligands influence transcription
during sinusoidal endothelial specification and hepatomesenchyme development. To
separately define these specification events, hepatomesenchymal and sinusoidal endothelial
clusters were defined as receiver populations in separate analyses, and all five primitive
sinusoidal cell types were defined as potential sender cells, including vascular endothelium,
sinusoidal endothelium, hepatoblasts, hepatomesenchyme, and stellate cells. Gene sets of
interest were defined based on differential gene expression analysis where the top 125
differentially-enriched genes based on false-discovery rate were used (average log, fold
change > 0.25; expressed in at least 25% of population of interest) (Table S5). This includes
genes specifically enriched within the hepatomesenchyme over hepatoblasts, or enriched
within the sinusoidal endothelium over vascular endothelium. A background gene set
includes all other genes that were not differentially expressed between these populations.
NicheNet’s ligand-target model was converted from human to mouse genes using the
convert_human_to_mouse_symbols function. Activities of ligands identified in our
CellPhoneDB analysis were ranked for both the hepatomesenchyme and sinusoidal
endothelial populations. This is done by calculating Pearson’s correlation coefficients of the
ligand-target regulatory potential scores for each ligand and the target indicator vector,
which defines a gene as present or absent within the gene set of interest. Z-score
normalization of the Pearson coefficients allows for the comparison of ligand activities
between target gene sets (Figure S5A).

The circlize package in R was used to separately represent the regulatory networks between
the predicted ligands and their targets expressed in the hepatomesenchymal sinusoidal
endothelial, hepatoblast, or hepatic stellate cell settings (Gu et al., 2014). Ligands were
grouped and colourized based on cell of origin. Width and opacity of links were determined
based on the ligand-receptor interaction weights and ligands’ activity scores, respectively.

Annotation of liver lineages—Endodermal, endothelial, and mesenchymal liver
lineages were computationally segregated from each library individually (Figures SIA-C).
Liver progenitors from E8.75, E9.5, and E10.5 were classified based on expression of known
markers of the emergent hepatoblasts, such as Hhex, Prox1, Hnf4a, and Afp. A subset of
definitive endodermal progenitors from E7.5 was also included. Pancreatic, biliary, yolk sac,
lung, and gut tube cells were removed based on their expression of characteristic markers.
Endothelial cells from E8.75, E9.5, and E10.5 were classified based on expression of known
markers, such as Cah5, Kdr, and Pecaml. Hemangioblast and hematopoietic progenitors
from E7.5 were segregated based on their expression of Etv2, Kdr, as well as Runx1, and
Gatal. Mesenchymal cells from E8.75, E9.5, and E10.5 were classified based on expression
of known septum transversum and liver mesenchymal markers, such as Alcam, Mab21/2,
Lhx2 and Wtl. Cardiac, stomach, and pancreatic mesenchymal progenitors were eliminated
based on their expression of cell-type specific markers, including 7nnt2, Thx20, Ryr2, Osrl1,
and Nkx6-1 (Figures SIA-C).
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To validate our cell type annotations, we compared our annotations with the manual
annotations from Pijuan-Sala et a/. (2019) using mutual-nearest neighbour (MNN) batch
correction. Aggregate cell type annotations between our complete dataset and a random
subset of 20,000 cells from Pijuan-Sala et a/. (2019) were compared using fastMNN from
the scran package. The 100 first principal components were used as input, and a k of five
was used to identify neighbours between datasets. MNN pairs between clusters from each
dataset were then compared to approximate consistency of annotations between datasets

Immunofluorescence—Whole E9.5, E9.75, and E10.5 Afp-GFPembryos were washed
with PBS and fixed with 4% paraformaldehyde (PFA) at 4°C for 4-12 hours. Embryos were
washed with PBS three times, and then transferred through a sucrose gradient (15%-30%—
60% sucrose in PBS, 4°C, 1-12 hours each) before embedding in TissueTek optimal cutting
temperature compound and frozen at —20°C. 8um sections were collected using a Leica
CM3050S cryostat at —25°C with SuperFrost Plus slides. Sections were circumscribed with
an Elite PAP pen (Diagnostic Biosystems K039) and slides were subsequently placed in an
opaque humidity chamber. Sections were re-fixed for 10 minutes at room temperature in 4%
PFA in PBS, washed three times with PBS for five minutes, then incubated in block solution
(5% bovine serum albumin, and 0.01% Triton-X in PBS) for one hour at room temperature.
Sections were subsequently incubated with the following primary antibodies in block
solution overnight at 4°C: anti-GFP (1:500), anti-SOX9 (1:500), anti-1SL1 (1:10), anti-
ALCAM (1:40), anti-GATA4 (1:50), anti-RELN (1:100), anti-DES (1:50), anti-VIM (1:50),
and anti-PDGFRa (1:40). The next day, sections were washed with PBS three times for five
minutes, then incubated with species-specific Alexa Fluor 488-, 568-, 594-, or 647-
conjugated secondary antibodies (all at 1:500) in block solution for one hour at room
temperature. Sections were washed with PBS three times for five minutes, incubated with
1:1000 DAPI to counterstain nuclei, and then washed again with PBS three times for five
minutes. Slides were then mounted using a minimal volume (~100pl) 25mg/ml DABCO in
9:1 glycerol:PBS. Coverslips were fixed in place using clear nail polish. Images were
captured using a Zeiss Axiolmager M2 microscope with an Apotome.2 and a Zeiss Axiocam
503 mono or with a Nikon Instruments Eclipse Ti confocal laser microscope. Image capture
or processing was done using ZEN 2.3 software, NIS Elements 5.0, and Fiji in ImageJ
(Schneider et al., 2012), with brightness, contrast, pseudo-coloring adjustments, and z-stack
alignments applied equally across all images in a given series.

Experimental Design—All of the libraries generated were collected at unique embryonic
timepoints, i.e. E7.5, E8.75 (somite stage 13), E9.5, and E10.5. E7.5 libraries were generated
in triplicate, E8.75 anterior and posterior gut tube libraries were generated in quadruplicate,
E9.5 liver diverticulum libraries were generated in duplicate, and single libraries of AFP-
GFP+ and AFP-GFP~ single-cells were generated from E10.5 liver buds. Randomization,
stratification, blinding, or sample-size estimation were not performed.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed and graphs generated using R and Python. scRNA-
seq analyses were performed as described above. The number of cells used in each of the
statistical analyses is indicated in the figures or figure legends.
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Single-cell RNA-seq data processing—The Cell Ranger Single Cell Software Suite
version 2.1.0 (10X Genomics, Inc.) was used for alignment, de-multiplexing, and UMI
counting using the default parameters. Sequencing metrics are presented in Table S1. From
15 samples, 45,547 single cells were collected, ranging from 1413 to 7983 cells collected
per sample. Median reads per cell ranged from 53,200 to 384,336 with median UMI of 9572
to 40,995 per cell. Cells with fewer than 1000 expressed genes or if mitochondrial gene
expression accounted for greater than 20% of total RNA content were considered of low
quality and excluded from downstream analyses.

Statistical Analyses—After data normalization, clustering, and dimensionality reduction,
marker genes for each cluster were identified using the FindAllMarkers function in Seurat
using the Wilcoxon rank-sum test. Genes with an FDR < 0.05 were considered statistically
enriched within a cluster.

For CellPhoneDB ligand-receptor analysis, a p-value > 0.05 indicated a significant
interaction. This was graphically represented as the -logg of the p-value in Figure 6 for
clarity.

Pearson’s correlation coefficients of a ligand’s target gene predictions and the observed
transcriptional response in the target population was used to define ligand activity for
NicheNet ligand-target gene analysis. The top tertile of scores of interactions were
visualized.

Pearson’s correlation of Palantir results over a range of k nearest-neighbours demonstrates
that pseudotime estimation, differentiation potential, and branch probabilities to terminal
states are robust with respect to changes in the number of nearest-neighbours, k.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Single-cell analyses provide a comprehensive atlas of liver cell lineage
emergence

A distinct, migratory, hepatomesenchymal hybrid cell type is identified

Liver endothelial and mesenchymal progenitors emerge during early
hepatogenesis

Candidate cell-cell interactions are identified within the primitive liver
sinusoid
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Figure 1.
Tracking emergent parenchymal and non-parenchymal liver lineages using SCRNA-seq.

(A) Schematic of experimental approach. (B) Overview of murine liver development. (C)
UMAP visualization of all cells sequenced. Each dot represents a single-cell that is color-
coded by cell type. (D) Cell type composition by developmental stage. (E) Heatmap
depicting select differentially-expressing genes for all cell types identified. STM, septum
transversum mesenchyme; FACS, fluorescently-activated cell sorting. See also Figure S1
and Table S2.
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Figure 2.

Sinusoidal and vascular endothelia diverge by E8.75 from a common endothelial progenitor.
(A) Force-directed layouts displaying timepoint and annotated cluster contribution of
endothelial and E7.5 hematopoietic progenitors (n = 2569). (B) Force-directed layouts
displaying pseudotime and differentiation potential in endothelial lineages from an £z

‘start cell” (solid arrowhead) to terminal states (hollow arrowheads). Arrow indicates second
local differentiation potential maximum, representing HSEC specification from the vascular
endothelium. (C) Dot plot displaying known markers for hematopoietic, hemangioblast, and
endothelial cell identities, including expression of immature and mature HSEC markers.
Size of the dot represents proportion of the population that expresses each gene. Color
indicates level of expression. (D) Heatmap representing gene trends over pseudotime from
hemangioblast ‘start cell’ to HSEC and endothelial terminal states. (E) Differentiation
potential as a function of pseudotime for hematopoietic, endothelial, and HSEC trajectories,
where each dot represents a single-cell that is color-coded by embryonic timepoint as in (A).
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Arrowhead denotes endothelial cells at E8.75, E9.5, and E10.5 that are specified to the
HSEC terminal state. HSEC, hepatic sinusoidal endothelial cell. See also Figure S2 and
Table S2.
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Figure 3.
Septum transversum and liver mesenchymal heterogeneity in the early liver.

(A) Force-directed layouts displaying timepoint and annotated cluster contribution of
mesenchymal progenitors (n = 3691). (B) Dot plot displaying known and previously
uncharacterized markers for STM, mesothelial, and HSC identities. Size of the dot
represents proportion of the population that expresses each gene. Color indicates level of
expression. (C) ALCAM, SOX9, and ISL1 immunostaining of (i) ventral and (ii) anterior
STM in E9.5 Afp-GFPlivers. (D) ALCAM, SOX9, and ISL1 immunostaining of (i)
mesenchyme at distal tip of caudal lobe, (ii) mesothelium separating rostral and caudal
lobes, and (iii) mesothelium of rostral lobe in E10.5 Afp-GFP livers. Scale bars, 100um.
STM, septum transversum mesenchyme; HSC, hepatic stellate cells. See also Figure S3 and
Table S2.
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Figure 4.
A hepatomesenchymal hybrid progenitor exists within the early liver

(A) Force-directed layouts displaying timepoint and annotated cluster contribution of hepatic
parenchymal progenitors (n = 2332). (B) Dot plot displaying known and previously
uncharacterized markers for endodermal, migrating hepatoblast, hepatoblast, and
hepatomesenchymal cell types. Size of the dot represents proportion of the population that
expresses each gene. Color indicates level of expression. (C) Heatmap and force-directed
layouts showing average hepatic, mesenchymal, and epithelial gene profiles of all early liver
parenchymal cells captured. Heatmap columns are labeled based on timepoint and cluster
color schemes in (A). See also Figure S4 and Tables S2 and S3.
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Hepatoblasts and hepatomesenchymal cells emerge via distinct migratory mechanisms
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(A) Force-directed layouts displaying pseudotime and differentiation potential in hepatic
parenchymal lineages from an A/#%° ‘start cell’ (solid arrowhead) to terminal states (hollow

arrowheads). Arrows indicate two potential trajectories to attain a hepatomesenchymal

terminal state. (B) Heatmap representing gene trends over pseudotime from endodermal
‘start cell’ to hepatoblast and hepatomesenchymal terminal states. (C) Force-directed layouts
displaying expression levels of cell type markers identified. See also Figure S4.
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Figure 6.

The signaling niche of the primitive sinusoid.
(A) Dotplot displaying putative ligand-receptor interactions between hepatoblast, HSEC,
endothelial, hepatomesenchymal, and HSC lineages captured at E10.5. Size of the dot
represents statistical significance of the indicated interactions. Color indicates the means of
the average expression level of the ligand from cluster 1 and the receptor from cluster 2. (B)
Circle plots depicting links between (1) ligands and (2) their predicted target genes for
HSECs and hepatomesenchymal cells. Link colors indicate ligand sender populations,
whereas width and opacity of links correlate to ligand-receptor interaction weights and
ligand activity scores, respectively. HSCs, hepatic stellate cells; HSECs, hepatic sinusoidal
endothelial cells. See also Figure S5 and Tables S4 and S5.
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