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Abstract

The generation of terminally differentiated cell lineages during
organogenesis requires multiple, coordinated cell fate choice steps.
However, this process has not been clearly delineated, especially in
complex solid organs such as the pancreas. Here, we performed
single-cell RNA-sequencing in pancreatic cells sorted from multiple
genetically modified reporter mouse strains at embryonic stages
E9.5-E17.5. We deciphered the developmental trajectories and
regulatory strategies of the exocrine and endocrine pancreatic
lineages as well as intermediate progenitor populations along the
developmental pathways. Notably, we discovered previously unde-
fined programs representing the earliest events in islet «- and f-
cell lineage allocation as well as the developmental pathway of
the “first wave” of a-cell generation. Furthermore, we demon-
strated that repressing ERK pathway activity is essential for induc-
ing both a- and B-lineage differentiation. This study provides key
insights into the regulatory mechanisms underlying cell fate choice
and stepwise cell fate commitment and can be used as a resource
to guide the induction of functional islet lineage cells from stem
cells in vitro.
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Introduction

In complex organs, the generation of a single lineage usually
involves multiple steps of cell fate choice. Comprehensively, under-
standing the pathways of cell lineage differentiation during in vivo
development, especially regulatory strategies at points of cell lineage
segregation, is critical for directing stem cell differentiation into the
desired cell types for regenerative medicine. However, deciphering
the precise pathways of multiple-step cell fate choices and the regu-
latory logic underlying the generation of complex organs requires
further investigation.

The pancreas is a digestive organ with both exocrine and endo-
crine functions. The exocrine compartment consists of acinar and
ductal cells, and the endocrine portion includes B, a, §, €, and PP
cells clustered in the pancreatic islets. During embryogenesis, all
pancreatic lineages arise from multipotent progenitor (MP) cells. The
developmental potential of these progenitors is restricted in a step-
wise manner, ultimately resulting in the generation of the exocrine
and islet endocrine lineages (Pan & Wright, 2011; Shih et al, 2013;
Bastidas-Ponce et al, 2017; Larsen & Grapin-Botton, 2017). In mice,
the pancreatic anlagen is detected in a dorsal definitive endoderm
domain as early as embryonic day 8.5 (E8.5) and in a ventral endo-
derm domain approximately half a day later (Gittes, 2009). The early
MP cells express the key transcription factors (TFs), PDX1 and
PTF1A (Burlison et al, 2008), which are regulated by other TFs such
as SOX9, HNF1f, and FOXA1/2 (Haumaitre et al, 2005; Lynn et al,
2007; Gao et al, 2008). The development and maintenance of MP
cells are regulated by several cell signaling pathways, including the
Notch, FGF10, and BMP pathways (Bhushan et al, 2001; Tiso et al,
2002; Hald et al, 2003; Murtaugh et al, 2003; Norgaard et al, 2003).

After the pancreatic anlagen is established, the rapid growth of MP
cells and cell shape changes drive the formation of nascent pancreatic
buds at E9.5-E10.5. Thereafter, the pancreatic buds undergo dramatic
morphological changes, resulting in multiple branched protrusions.
The cells in the “tip” domain (“tip” cells) express the marker genes

1 Ministry of Education Key Laboratory of Cell Proliferation and Differentiation, College of Life Sciences, Peking-Tsinghua Center for Life Sciences, Peking University, Beijing,

China
2 Academy for Advanced Interdisciplinary Studies, Peking University, Beijing, China
3 PKU-Tsinghua-NIBS Graduate Program, Peking University, Beijing, China
*Corresponding author. Tel: +86 10 6275 7119; E-mail: cxu@pku.edu.cn
"These authors contributed equally to this work

© 2019 The Authors

The EMBO journal 38: e100164 2019 1 of 20


https://orcid.org/0000-0002-4477-7589
https://orcid.org/0000-0002-4477-7589
https://orcid.org/0000-0002-4477-7589
https://orcid.org/0000-0002-6649-0378
https://orcid.org/0000-0002-6649-0378
https://orcid.org/0000-0002-6649-0378
https://orcid.org/0000-0002-7791-8958
https://orcid.org/0000-0002-7791-8958
https://orcid.org/0000-0002-7791-8958
https://orcid.org/0000-0002-0583-4464
https://orcid.org/0000-0002-0583-4464
https://orcid.org/0000-0002-0583-4464
https://doi.org/10.15252/embj.2019101891

The EMBO Journal

Ptfla, c-Myc, and Cpal (Zhou et al, 2007; Pan et al, 2013). The inner
cells constituting the “trunk” domain (“trunk” cells) are marked by
Sox9, Nkx6.1, Hesl, Hnflf5, Hnf6, and Glis3 expression (Jacquemin
et al, 2000; Solar et al, 2009; Schaffer et al, 2010; Kopinke et al, 2011;
Kopp et al, 2011; Kang et al, 2016). Genetic tracing studies have
revealed that tip cells are quickly restricted into an acinar lineage,
whereas trunk cells are bipotent progenitors of ductal and endocrine
progenitor cells (Zhou et al, 2007; Solar et al, 2009; Kopinke et al,
2011; Kopp et al, 2011; Pan et al, 2013). Two reciprocally repressive
TFs, PTF1A and NKX6.1, are master regulators of tip-trunk segrega-
tion. PTF1A promotes tip fate by repressing trunk formation, whereas
NKX6.1 induces trunk fate by inhibiting the generation of tip domains
(Schaffer et al, 2010). The Notch signaling pathway is critical in
promoting the trunk program (Horn et al, 2012).

Starting from approximately E12.0, endocrine progenitors are speci-
fied from the bipotent trunk epithelium. Neurogenin 3 (Ngn3) is a
master regulator of endocrine lineage specification, and all endocrine
lineages are generated from Ngn3-expressing progenitors (Gu et al,
2002; Schonhoff et al, 2004). A first wave of Ngn3-expressing cells can
be detected in the dorsal endoderm from E9.0 to E11.0, and the first
differentiated endocrine cells at this stage are mainly glucagon-
producing o cells (first wave of o cell, also named o-1%; Larsson,
1998). A second wave of Ngn3+ cell specification occurs in both the
dorsal and ventral pancreas beginning at approximately E12.0, peak-
ing at E15.5, and decreasing abruptly thereafter (Gradwohl et al, 2000;
Schwitzgebel et al, 2000). A high level of Notch signaling represses
Ngn3 expression but enhances ductal cell differentiation. Wnt, sphin-
gosine-1-phosphate (S1p), and epidermal growth factor receptor
(EGFR) positively regulate endocrine specification (Baumgartner et al,
2014; Lof-Ohlin et al, 2017; Serafimidis et al, 2017).

The early-specified endocrine progenitors express low level of
Ngn3 (Ngn3'°% cell). The expression of Ngn3 subsequently increases
in these cells (Ngr13high cell), resulting in cell cycle exit (Gu et al,
2002; Desgraz & Herrera, 2009; Miyatsuka et al, 2011; Azzarelli et al,
2017; Krentz et al, 2017), delamination from the epithelium, and acti-
vation of key TFs for endocrine development, such as NeuroD1I, Pax4,
Arx, Isll, Rfx6, Insml, and Mytl (Petri et al, 2006; Pan & Wright,
2011; Mastracci & Sussel, 2012). The cells expressing these factors
progressively differentiate into a specific islet cell lineage. Two TFs,
PAX4 and ARX, play reciprocally repressive roles in regulating - vs
a-lineage diversification, respectively (Collombat et al, 2003).

Many factors and cell signaling pathways that regulate various
stages of pancreatic development have been revealed using classic
genetic approaches. However, due to the technical difficulty of purify-
ing the intermediate progenitor cells and their direct progeny at each
juncture of the cascade of lineage choices from developing pancreatic
tissue, the underlying regulatory logic has remained elusive. Here,
using single-cell transcriptomic analysis and various genetically
labeled mouse strains, we comprehensively studied the precise devel-
opmental pathways of the early pancreatic lineages in vivo.

Results
Isolation of cell lineages from fetal pancreas for sc-RNA-seq

To comprehensively define a fate map of pancreatic lineage dif-
ferentiation, we isolated pancreatic cells from different transgenic
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or knock-in mouse strains from E9.5 to E17.5 via fluorescence-acti-
vated cell sorting (FACS) and performed single-cell RNA-sequen-
cing (sc-RNA-seq) analysis using Smart-seq2 technology (Picelli
et al, 2014). We employed the PdxI-GFP transgenic mouse line
(Gu et al, 2004) to purify pancreatic progenitor cells from E9.5 to
E11.5 (Figs 1A and EVI1A and B, and Dataset EV1). In our previ-
ous study, we sequenced 126 single Pdx1-GFP ™ cells from E9.5 or
E10.5 dorsal pancreas using Smart-seq2 (Li et al, 2018), and the
data were remined here (Figs 1A and EV1A, and Dataset EV1). We
used a PdxI1-Cre; Rosa-RFP line (Hingorani et al, 2003) to isolate
all pancreatic lineages on each day from E10.5 to E15.5 (Figs 1A
and EV1A and B, and Dataset EV1). To avoid the omission of cell
types caused by genetic labeling, our analysis included recently
published datasets of unbiased enriched pancreatic lineage cells
with negative selection using a blood cell marker Tie2 and an
endothelial marker CD45 (Tie2 CD45) at E13.25 or EI15.25
(Sznurkowska et al, 2018; Figs 1A and EV1A, and Dataset EV1).
Because the percentage of endocrine cells in the pancreas is rela-
tively low, to enrich for endocrine lineages, we used an Ngn3-GFP
knock-in mouse strain (Lee et al, 2002) to sort cells expressing
GFP at lower (Ngn3-GFP'°") and higher (Ngn3-GFP"&%) levels from
E13.5 to E15.5 (Figs 1A and EVI1A and B, and Dataset EV1). The
single-cell datasets generated in our previous study (108 single
Ngn3—GFPlow and NgnS—GFPhigh cells at E13.5; Yu et al, 2018) were
also included in this study (Figs 1A and EV1A, and Dataset EV1).
At an earlier developmental stage (E12.5) and later stages (E16.5
and E17.5), because Ngn3-GFP'°" and Ngn3-GFP"®" cells could
not be effectively separated by FACS (Fig EV1B), we generally
sorted Ngn3 ™" cells for single-cell analyses (Figs 1A and EVIA and
B, and Dataset EV1).

To obtain differentiated o cells, we generated a Gcg-P2A-GFP
mouse strain (Fig EV1C) in which a-cell identity was validated by
immunostaining of glucagon in islets (Fig EV1D) and by sc-RNA-seq
of E17.5 GFP " cells from this strain. Principal component analysis
(PCA) showed that these cells clustered with the E17.5 a cells
sequenced in our previous study (Qiu et al, 2017a; Fig EV1E). There-
fore, this Gcg-P2A-GFP mouse strain can be used to label a cells.

From Gcg-P2A-GFP embryos, we sorted the early-stage o-22¢ cells
at E15.5. We employed an InsI-RFP line (Piccand et al, 2014) to sort
the early-stage differentiated B cells at E15.5 (Figs 1A and EV1A and
B, and Dataset EV1). We enriched pancreatic ductal cells using
Sox9-CreER; Rosa-RFP mice (Kopp et al, 2011) and collected RFP™*
cells at E16.5 and E17.5 (Figs 1A and EV1A and B, and Dataset
EV1). To investigate the characteristics of the earlier-differentiated
endocrine cells, also known as “first wave” of endocrine cells, we
purified Ngn3-GFP* cells at E10.5 and the descendants of Ngn3-
expressing cells by sorting Ngn3-Cre; Rosa-RFP* cells at E11.5
(Schonhoff et al, 2004), when Ngn3 expression was turned off
(Figs 1A and EV1A and B, and Dataset EV1). To estimate the techni-
cal noise in the sc-RNA-seq experiments, we applied an ERCC spike-
in control (Brennecke et al, 2013). A total of 2,702 transcriptomes of
single cells passed the quality control criteria. On average, 6,000
9,000 genes were detected in each cell, with > 0.2 million mapped
reads (Fig EV2A-D and Dataset EV1). The cells at each time point
were pooled from multiple embryos, and at least two biological
replicates were performed to generate all single-cell transcriptomic
data (Fig EV1A and Dataset EV1). The batch effects between these
replicates were not obvious (Fig EV2E).
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Figure 1. Identification of fetal pancreatic cell types.

Pancreatic lineage fate map  Xin-Xin Yu et al

A Overview of the 2,702 fetal pancreatic cells analyzed in this study. The numbers show the cell counts from the indicated mouse strains at different developmental
time points. The mouse strains (cell sources) are numbered with the circled numbers. * represents the indicated population including the cells from published

resources (see Fig EV1A for details).

B The t-SNE plot shows 15 distinct cell types. Each dot represents a single cell. Cell counts are labeled in brackets.

C The t-SNE plots show the enriched cell source (left), the circled number indicating the cell source labeled in (A), and developmental time (right).

D Expression levels of marker genes are projected onto t-SNE plots. The colors ranging from blue to red indicate low to high relative gene expression levels. The violin
plot under the t-SNE plot shows the expression level (TPM) of the indicated gene in each cell type. The dot within each violin plot indicates the median of expression

levels.

E Heat map of cell type-enriched genes. Each column represents a single cell, and each row represents one gene. Cell cycle-related genes were extracted as group-0.
TFs of each gene group are labeled. The bolded TFs are known to be important for pancreas development. The colors ranging from blue to red indicate low to high

relative gene expression levels.

Identification of cell types in fetal pancreatic development

To identify cell types among the sequenced single cells, we
performed a t-distributed stochastic neighbor-embedding (t-SNE)
analysis (Satija et al, 2015). After excluding cells expressing the
macrophage marker gene Fcgrl (Gautier et al, 2012), the enteric
neuron marker gene Ascll (Memic et al, 2016), the mesenchymal
cell marker gene Col3al (Byrnes et al, 2018), and the extrahepatic
bile ductal cell marker gene Sox17 (Spence et al, 2009; Fig EV2F
and G, and Dataset EV1), we identified fifteen distinct cell types
(clusters 1-15) among the remaining 2,282 cells (Figs 1B and C, and
EV2H, and Dataset EV1), which generally expressed the pancreatic
marker genes Pdx1 and/or ProxI (Figs 1D and EV2G).

The cells in cluster-1 mainly consisted of cells from E9.5
Pdx1-GFP embryos and expressed pancreatic progenitor feature
genes such as Pdx1, Sox9, and Hnflf, but not the endocrine cell
marker gene NeuroDI (Fig 1B-D). Therefore, the cells in cluster-
1 were considered MP-early cells. The cluster-2 cells primarily
included E10.5 and E11.5 pancreatic cells from PdxI-GFP or
Pdx1-Cre; Rosa-RFP embryos and expressed Ptfla, Sox9, and
Hnflf at high levels (Fig 1B-D). Therefore, the cells in cluster-2
were MP-late cells. The cluster-3 cells were primarily obtained at
E11.5-E14.5 and expressed Ptfla, Rbpjl, and Cpal at high levels
but not the acinar marker gene Amyl, which indicated that the
cluster-3 cells were tip cells (Fig 1B-D). The cluster-4 cells were
RFP* cells from PdxI-Cre; Rosa-RFP embryos and Ngn3-GFPY
cells at E12.5-E16.5. These cells showed high expression levels
of Sox9, Nkx6.1, and Hesl but not Ptfla expression. Based on
this information, we concluded that the cluster-4 cells were trunk
cells (Fig 1B-D). The cluster-5 cells mainly contained Ngn3-
GFP'" and a fraction of Ngn3—GFPhigh cells, and the cluster-6
and cluster-7 cells mainly consisted of Ngn3-GFPM® cells at
E13.5-E15.5 (Fig 1B and C). Ngn3 expression was upregulated in
the cluster-5 cells and peaked in the cluster-6 and cluster-7 cells
(Fig 1D). We concluded that the cells in cluster-5, cluster-6, and
cluster-7 represented continuous developmental stages of endo-
crine precursor (EP) cells. We therefore named these populations
EP1, EP2, and EP3, respectively. In cluster-8, Ngn3 expression
was decreased, whereas the expression levels of the Ngn3 down-
stream genes NeuroDI and Pax6 were maintained at high levels.
In addition, islet hormone genes were not expressed in these
cells (Fig 1B-D). Taken together, the results supported the identi-
fication of the cluster-8 cells as late-stage EP cells (EP4). The
cluster-9 cells expressed the endocrine and o-cell feature TFs
NeuroDI1 and Arx but not Gcg and included cells at E9.5-E10.5
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(Fig 1B-D), indicating that these cells were early-specified “first
wave” of o cells (pre-o-1° cells). The cluster-10 and cluster-11
cells expressed the o-cell markers Gcg and Arx and included
many E10.5-E13.5 cells (Fig 1B-D), indicating that these cells
were differentiated o-1°' cells but at different developmental
stages. We therefore named the cluster-10 and cluster-11 cells a-
1%-early and o-1°-late, respectively. Notably, a fraction of o-1%
cells also expressed Insl but at a much lower level than in later
differentiated B cells (Fig 1D). This result is consistent with a
previous finding that the earliest endocrine cells express polyhor-
mones (Larsson, 1998). The other Gecg*Arx™ cells were located
in cluster-12, and because E15.5 Gcg-GFP™ cells were found in
this cluster (Fig 1B-D), we referred to these cells as “second
wave” of a cells (a-2"® cells). The cluster-13 cells were clearly
cells because they included E15.5 Ins1-RFP* cells and expressed
a high level of the Insl gene (Fig 1B-D). The cluster-14 cells
were acinar cells because they exclusively expressed the differen-
tiated acinar markers Amyl and showed a high expression level
of Rbpjl and Ptfla (Fig 1B-D). The cluster-15 cells were primarily
isolated from E17.5 Sox9-CreER; Rosa-RFP embryos, in which Cre
recombinase expression was induced by tamoxifen injection
1.5 days before embryo harvest. After E15.5, Sox9 expression is
gradually restricted to differentiated ductal cells in the pancreas
(Fig 1B-D). Therefore, the cluster-15 cells were identified as
ductal cells. In the EP4, o-2™, and B-cell populations, we also
detected some cells expressing Sst (18 cells), Ghrl (16 cells), Ppy
(6 cells), or polyhormonal genes (28 cells; Fig EV2I). However,
due to the insufficient cell number, these cells were not identi-
fied as specific cell clusters. To characterize the transcriptomic
features cluster, we identified the genes showing
enriched expression in each cell cluster and extracted cell cycle-
related genes (group-0 in Fig 1E) through hierarchical clustering
analysis. These genes were used to distinguish proliferative cells
(Fig 1IE and Dataset EV2). Collectively, these comprehensive
single-cell transcriptomic analyses identified all pancreatic
lineages and their major intermediate progenitors.

The cell throughput of the Smart-seq2 method was typically
lower than that of the most recent droplet-based sc-RNA-seq tech-
nologies, such as 10X Genomics, which can sample thousands of
cells on a microfluidic chip (Pijuan-Sala et al, 2018). To verify
whether the number of cells in our study was sufficient to identify
the cell subpopulations of pancreatic lineages and the differentially
expressed genes, we performed sc-RNA-seq using the 10X Genomics
platform on E14.5 whole mouse dorsal pancreas. After filtering of
low-quality cells (Fig EV3A), 10,904 cells were retained for further

of each
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analyses. On average, more than 2,000 genes were detected in each
cell, with ~3 x 10* mapped reads (Fig EV3B and C, and Dataset
EV1). After t-SNE analysis, groups expressing markers of mesenchy-
mal cells, erythrocytes, endothelial cells, immune cells, or neurons
were excluded from downstream analyses (Fig EV3D and E).
Finally, a cluster containing 3,251 cells that generally expressed
Prox1 was identified as pancreatic epithelial lineage cells (Fig EV3D
and E). Focusing on this cluster, we performed another round of t-
SNE analysis and identified four groups representing tip cells (1,280
cells), trunk cells (793 cells), the early stage of EP cells (EP-early)
(551 cells), and the late stage of EP cells (EP-late)/endocrine cells
(627 cells) based on the expression patterns of the TFs Ptfla, Cpal,
Sox9, Ngn3, NeuroDI, and Pax4 and the hormone genes Gcg and
Ins1 (Fig EV3F and G). From 3,251 single-cell datasets produced by
10X Genomics, we identified 327 genes specifically enriched in each
cell cluster (Fig EV3H and Dataset EV3). We also included the data-
sets of E14.5 pancreata generated using the 10X Genomics platform
from a recently published work (Byrnes et al, 2018). Although the
number of cells increased, the number of differentially expressed
genes detected between the four cell populations did not increase
(Fig EV3D, F, H, and Dataset EV3), indicating that for 10X Geno-
mics, a cell number of 2,000-3,000 should be “saturated” for identi-
fying differentially expressed gene sets. Similarly, t-SNE analysis of
the E14.5 sequencing datasets generated by Smart-seq2 (296 cells)
was performed and revealed four cell clusters representing tip (32
cells), trunk (80 cells), EP-early (86 cells), and EP-late/endocrine
(98 cells) cells (Fig EV3I). However, 1,794 cluster-enriched genes
were identified in the 296 Smart-seq2 single-cell datasets (Fig EV3J
and Dataset EV3). Notably, approximately 80% of the differentially
expressed genes identified by 10X Genomics overlapped with the
differentially expressed genes identified by Smart-seq2 (Fig EV3K).
Therefore, our analyses using Smart-seq2 efficiently identified more
cell population-specific expressed genes, thereby enabling us to
characterize the features and map the trajectory of pancreatic
lineage development.

Cell type

MP-early

MP-late

Tip

Trunk

EP1

EP2

EP3

EP4

Pre- a-1st cell

® a-1st- early

® qa-1st- late
a-2nd cell

PC1 (9.9%) B cell

Acinar
2,282 cells Duct

Figure 2. Roadmap of pancreatic development.
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Defining the developmental pathways of pancreatic
lineage differentiation

To define the developmental trajectory of these cell populations, we
performed a three-dimensional (3D) PCA of all 2,282 pancreatic
cells (Fig 2A and B). Simultaneous principal curves (Fletcher et al,
2017; Street et al, 2018; preprint: Saelens et al, 2018) were used to
depict the differentiation pathways of all pancreatic lineages (Fig 2A
and B). In the PCA plot, the MP-early population was considered
the starting point of all pancreatic cell lineage pathways and the first
branching node of MP differentiation (Fig 2A and B). From this
point, MP-early cells along one branch entered into the MP-late
stage and further developed into tip cells, and along the other
branch, MP-early cells developed into a-1%' cells. The tip cells repre-
sented the second branching node of the pancreatic lineage differen-
tiation pathway, generating acinar and trunk cells (Fig 2A and B).
At the third differentiation node, the trunk cells produced two cell
branches: ductal and EP cells (Fig 2A and B). The EP cell develop-
mental process was divided into four stages (EP1-EP4) in the t-SNE
plot and PCA plot (Figs 1B and 2A). The EP4 population was identi-
fied as the fourth major branching node during the development of
the pancreas (Fig 2A and B). The segregation of islet f cells and a-
2" cells occurred at this point (Fig 2A and B). Thus, our compre-
hensive single-cell transcriptomic analyses constructed a precise
developmental trajectory of exocrine and endocrine pancreatic
lineages as well as their major intermediate progenitors. Next, we
sought to decipher the regulatory features of each branch of cell dif-
ferentiation along the pathway of pancreatic development.

Defining the developmental pathway of multipotent
progenitor differentiation

To define the pathway and regulatory logic of MP cell differentia-
tion, we performed PCA of MP-early cells, MP-late cells, tip cells,
and various stages of a-1°' cells. PCA and a simultaneous principal

Developmental time
® E9.5
E10.5
E11.5
® E125
® E13.25/E13.5
E14.5
E15.25/E15.5
® E16.5
® E17.5

PC1 (9.9%)

2,282 cells

A, B 3D PCA plots of pancreatic cells. Each dot represents a single cell. The colors denote cell types (A) and developmental time (B). The simultaneous principal curves in
(A) indicate the pathways of pancreatic lineage development. The numbers on the curves in (A) indicate a series of branching nodes during pancreas development.

The shadows in (A) represent each cell population.
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curve showed that the populations of MP-early, MP-late, and tip
cells generally formed a linear developmental pathway along which
the individual cells were arranged according to a pseudochronologi-
cal order (pseudotime; Fig 3A). Hierarchical analysis identified two
major gene clusters that displayed reverse expression patterns from
MP-early cell to tip cell development. Cluster-a genes were downreg-
ulated, while cluster-b genes were upregulated along the develop-
mental pathway (Fig 3B and Dataset EV4). Curiously, many genes
highly expressed in MP-early or tip cells, such as Nkx6.2 and Lin28a
or Myc and Hhex, were also expressed in MP-late cells but at rela-
tively lower levels (Figs 3B and EV4A). Moreover, MP-late cell-
specific genes were barely identified in the heat map, which
suggests that MP-late cells are at an intermediate developmental
stage between the MP-early and tip cell stages (Fig 3B).

The MP populations were enriched from the PdxI-traced mouse
models (Fig 3A). As an additional confirmation of MP cell identity,
we used another MP cell marker, Ptfla (Burlison et al, 2008;
Kopinke et al, 2012), to trace and enrich MP cells. We sorted E11.5
RFP* cells from Ptfla-CreER; Rosa-RFP pancreata for sc-RNA-seq
analysis. We found that the E11.5 cells from Ptfla-CreER; Rosa-RFP,
Pdx1-Cre; Rosa-RFP, or Pdx1-GFP mice were intermingled in the MP-
late population. This finding independently confirmed the identity
of the MP cells (Fig EV4B).

The separation of MP-early and MP-late cells mainly occurred at
the stage between E9.5 and E10.5 (Fig 3A). In the flow cytometry
gating, Pdx1-GFP fluorescence intensity was lower in E9.5 cells than
in E10.5 and E11.5 cells (Fig EV1B). This finding was consistent
with the lower expression level of Pdxl in E9.5 cells (Fig 3C).
Furthermore, we identified Nr2f2 was highly expressed in the MP-
early population. We validated this difference by performing
immunofluorescence staining using the antibody against NR2F2 in
the E9.5 and E10.5 pancreata. We found that the signal of NR2F2
was observed in E9.5 but were not in E10.5 dorsal pancreatic buds.
However, the PDX1 signal in E10.5 pancreatic buds was higher than
that in E9.5 (Fig 3C). Taken together, these results confirmed the
difference in MP cells between E9.5 and E10.5.

Cluster-a contained 78% (270 genes) of all variously expressed
genes during MP-early to tip cell differentiation and included many
TFs (Fig 3B). Gene Ontology (GO) analysis revealed that the cluster-
a genes were enriched for terms related to regulation of cell fate dif-
ferentiation and morphogenesis (Fig 3D and Dataset EV4); however,
almost no GO terms were significantly enriched in cluster-b genes.
As development progressed, the capacity of MP cells to differentiate
into a-1°" cells was lost, consistent with the downregulation of clus-
ter-a genes (Fig 3B). We therefore examined whether the expression
of cluster-a genes was accompanied by the differentiation of o-1
cells. Curiously, a large proportion of cluster-a genes were expressed
in various stages of a-1% cells, whereas the expressions of cluster-b
genes were almost absent in the o-1% cells (Fig 3B). Moreover, clus-
ter-a genes included several TFs, such as Rfx6 and Nkx6.2, which
are known to regulate pancreatic endocrine differentiation (Nelson
et al, 2007; Smith et al, 2010; Figs 3B and EV4A and C). This
finding suggests that cluster-a genes are associated with the differen-
tiation potential of MP-early cells to generate o-1°' cells.

On the PCA plot, we observed the developmental pathway of the
a-1% cells from the MP-early population and identified five clusters
of genes variously expressed during the differentiation process
(Fig 3A and E). Cluster-1 and cluster-2 genes were highly expressed
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in MP-early cells and included GO terms related to cell adhesion,
migration, and differentiation, likely related to their dramatic
morphogenesis and cell fate transition (Figs 3E and F, and EV4D,
and Dataset EV4). Cluster-4 and cluster-5 genes, including NeuroD1,
Arx, Geg, Pou3f4, and Mafb, were upregulated in the differentiated
a-1° cells and enriched in GO terms for endocrine cell functions
(Figs 3E-G and EV4E, and Dataset EV4). Curiously, pre-o-1° cells
expressed both MP-early (cluster-2) and a-1%-early/a-1%"late
cells (cluster-4) enriched genes (Fig 3E). On the PCA plot, pre-o-1%
cells connected MP-early cells and a later developmental stage of
a-1% cells (Fig 3A). Moreover, pre-o-1%' cells also transiently
expressed cluster-3 genes, including key TFs for endocrine fate tran-
sition such as Ngn3 and Pax4 (Fig 3E and H). All these data suggest
that the pre-a-1% cells were in an intermediate state in the cell fate
transition from MP-early to a-1% cells. Therefore, our studies
defined the pathways of early multipotent pancreatic progenitor dif-
ferentiation and identified intermediate cell states on both branches.

Defining the developmental pathway of tip cell differentiation

A second branch of lineage fate choice occurs when the tip cells dif-
ferentiate into acinar and trunk cells (Fig 2A). Principal component
analysis identified a triangular distribution on the plot in which tip,
trunk, and acinar cells each occupied a single corner (Fig 4A).
Consistently, using Monocle2 (Qiu et al, 2017b), another analysis
algorithm for pseudotime path construction, we mapped this branch-
ing trajectory (Fig 4B). The tip cells primarily included cells at the
E11.5-E14.5 developmental stages. Although a recent study detected
acinar-committed cells from E11.0 to E12.0 (Larsen et al, 2017), in
our study, most trunk or acinar cell differentiation occurred after
E12.5 (Fig 4A). To examine the dynamics of gene expression during
the process of tip cell differentiation, we performed differential
expression analyses between tip and trunk cells as well as between
tip and acinar cells. We identified 1,742 differentially expressed
genes (Fig 4C and D, and Dataset EV5), which suggested a dramatic
change in cell characteristics during tip cell differentiation. Among
the genes upregulated during tip-to-acinar and tip-to-trunk cell fate
transition, overlapping genes only accounted for a small portion
(Fig 4C), indicating that the differentiation of acinar or trunk cells is
specifically regulated. Two TFs related to acinar cell differentiation,
Rbpjl and Bhlhal5 (Pin et al, 2001; Masui et al, 2010), were identi-
fied in the group of genes upregulated during the tip-to-acinar transi-
tion (Figs 4C and EV5A). The GO terms enriched in this group
included “exocrine pancreas development” and digestive activities
related to the characteristics of acinar cells (Fig 4E and Dataset EVS5).
During tip-to-trunk differentiation, the upregulated genes included
GO terms related to regulation of cell proliferation, migration, and
differentiation (Fig 4E and Dataset EVS5). Curiously, TFs for
endocrine differentiation, such as Ngn3 and Glis3 (Gu et al, 2002;
Schonhoff et al, 2004; Kang et al, 2016), were upregulated during
the tip-to-trunk fate transition (Figs 4C and EVSB).

We next focused on the genes downregulated during tip cell dif-
ferentiation. Notably, during tip-to-acinar transition, 425 genes were
specifically downregulated, including many TFs expressed in the
MP stage, such as Sox9, Hnflf, and Hhex (Figs 4D and EV5C, and
Dataset EV5). We therefore examined the expression patterns of
these genes along the developmental process from MP-early to
acinar cells. Strikingly, we found that this group of genes was
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Figure 3. Differentiation pathway of the multipotent progenitors.

PCA plots of MP-early, MP-late, tip, and various stages of a-1°" cells. The colors denote cell types (left) and cell source (middle), the circled number indicating the
cell source labeled in Fig 1A, and the developmental time (right). The simultaneous principal curves indicate the developmental pathways of MP-early cells (left).
Hierarchical clustering of pseudotemporally ordered cells plotted in PCA (A). High-loading genes in the PCA of MP-early, MP-late, and tip cells were employed for hierar-
chical clustering (PC1, P < 102°). TFs are listed on the right. The bolded TFs are known to be important for pancreas development. Gene counts are labeled in brackets.
Immunofluorescence staining of PDX1 and NR2F2 in paraffin sections of E9.5 and E10.5 pancreatic tissues. Scale bars: 20 um. The expression levels (TPM) of Pdx1

Hierarchical clustering of pseudotemporally ordered MP-early and various stages of a-1° cells plotted in PCA (A). High-loading genes of the corresponding PCA
). TFs are listed on the right. The bolded TFs are known to be important for pancreas development.

A
B
@
and Nr2f2 are shown on the right. The line within each violin plot indicates the median of expression levels.
D Selected GO terms of gene cluster-a in (B).
E
were used for hierarchical clustering (PC1 and PC2, P < 10—
Gene counts are labeled in brackets.
F Selected GO terms of gene clusters-1, 2 and clusters-4, 5 in (E).
G H
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Expression levels of marker genes are projected onto the PCA plot in (A) (upper). The violin plot shows the expression level (TPM) of the indicated gene in each cell
type (down).
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Figure 4.

expressed in cells from the MP-early to tip stage but was downregu-
lated in the terminally differentiated acinar cells (Fig 4F), suggesting
that the expression of these genes accompanied multipotent poten-
tial. By contrast, only 184 genes were specifically downregulated
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Differentiation pathway of the tip cells.

PCA plots of tip, acinar, and trunk cells. The colors denote the cell types (left) and cell source (middle), the circled number indicating the cell source labeled in

Fig 1A, and the developmental time (right). The simultaneous principal curves indicate the developmental pathways of tip cell differentiation (left).
Developmental trajectory of tip, acinar, and trunk cells produced by Monocle2 analysis. The colors denote cell types.

Upregulated (C) and downregulated (D) genes in acinar and trunk cells compared with tip cells. The numbers indicate gene counts. TFs are listed next to the Venn
diagrams. The bolded TFs are known to be important for pancreas development.

Selected GO terms of upregulated genes in acinar or trunk cells.
Heat maps showing the expression of acinar- (F) or trunk- (G) specifically downregulated genes in pseudotemporally ordered cells. The mean relative expression

levels of the genes are shown on the right.

Immunofluorescence staining of MUC1 and ANXA2 or amylase in paraffin sections of E14.5 pancreatic tissues. Scale bars: 20 um. The gene expression level (TPM) of

Anxa2 is shown on the right. The arrowheads indicate the trunk domain.
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during the tip-to-trunk transition (Fig 4D and Dataset EV5). Curi-
ously, these genes underwent transient upregulation from the MP-
early to tip differentiation stage before they were turned off in the
trunk cells (Fig 4G). Key TFs for tip and/or acinar differentiation,
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such as Ptfla and Rbpjl, were included in this group (Figs 4D and
EVSA and D), suggesting that this group of genes is functionally
related to the generation of tip cells. Taken together, our single-cell
analyses defined a binary pathway of cell fate segregation and regu-
latory characteristics during tip cell differentiation.

Based on the differential gene expression analysis, we attempted
to identify novel markers for distinguishing tip and trunk cells in
pancreatic tissue. We found that Anxa2 (encoding a member of the
annexin family) was highly expressed in trunk cells (Fig 4H). We
performed immunofluorescence staining to detect the distribution of
ANXA2 in MUC1™ epithelial cells of the E14.5 pancreas, in which
the tip cells were labeled with the amylase. We found that ANXA2
specifically labeled the trunk luminal regions (Fig 4H). This result
indicates that ANXAZ2 can be used to label trunk cells in the develop-
ing pancreas.

Defining the subpopulations and developmental pathway of
trunk cell differentiation

A third branch of lineage fate choice occurred when the bipotent
trunk-progenitor cells differentiate into ductal cells and EP cells

The EMBO Journal

(Fig 2A). PCA and Monocle2 analysis showed that the trunk cells
formed a branch pointing to ductal (trunk-duct) or EP1 (trunk-EP)
cells in the developmental path (Fig 5A and B). On the Monocle2
plot, the broad distribution of trunk cells on the node and two
branches indicated heterogeneity of trunk cells (Fig 5B). To confirm
this heterogeneity, we performed differential gene expression analy-
sis between the trunk-duct and trunk-EP groups. We identified the
genes in cluster-1 (67 genes) and cluster-2 (18 genes) that were
highly expressed in trunk-duct or trunk-EP cells, respectively
(Fig 5C and Dataset EV6). The Ngn3 expression level was signifi-
cantly higher in trunk-EP and EP1 cells than in the cells of other
groups (Fig 5D). Therefore, trunk-EP cells were considered precur-
sors of EP cells expressing Rfx6 and DIl (Appendix Fig S1A), and
trunk-duct cells were considered duct precursors due to the continu-
ation of trunk-duct cells and ductal cells on the developmental
trajectory. A third group of trunk cells was distributed around the
branching node on the Monocle2 plot (Fig 5B) and mainly included
cells at earlier developmental stages, suggesting that these cells
were the earlier progenitors of trunk-duct and trunk-EP cells. We
named these cells trunk-early cells. We also identified cell
subgroup-specific genes by comparative analyses of trunk-duct and
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Figure 5. Differentiation pathway of the trunk cells.
A

PCA plots of trunk, ductal, and EP1 cells. The colors denote cell types (left) and the cell source (middle), the circled number indicating the cell source labeled in Fig 1A,

and the developmental time (right). The simultaneous principal curves indicate the developmental pathways of trunk cell differentiation (left). Cell counts are labeled

in brackets.

B Developmental trajectory of trunk, ductal, and EP1 cells produced by Monocle2 analysis. The colors denote cell types (left), subgroups (middle), and developmental

time (right).

development. Gene counts are shown in brackets.
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Differential expression analysis between trunk-duct and trunk-EP cells. TFs are listed on the right. The bolded TFs are known to be important for pancreas

The violin plot shows the Ngn3 expression level (TPM) in each of the subgroups in (B, middle).
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trunk-early cells and of trunk-EP and trunk-early cell populations
(Appendix Fig S1B and Dataset EV6). Therefore, our study revealed
the intermediate trunk progenitors and pathways of trunk cell
differentiation.

Dynamics and regulation during the transition from trunk to
EP cells

The clear identification of distinct cell populations enabled us to
decipher the transcriptomic differences between trunk-progenitor
cells and their descendant cells. However, due to the low gene
expression variability among the subgroups of trunk cells (Fig 5C
and Appendix Fig S1B), these subgroups were analyzed as a whole
in the following differential expression analyses. We compared the
gene expression patterns between trunk and EP early-stage cells
(EP1 and EP2) and between trunk and ductal cells, and discovered
cell type-specific genes (Fig 6A and B, and Dataset EV7). The
number of differentially expressed genes between trunk and EP
early cells (1,414 genes) was three times the number of those
between trunk and ductal cells (407 genes), and a large number of
TFs were involved in the process of trunk-to-EP cell differentiation
(Fig 6A and B, and Dataset EV7). These findings indicated that
dramatic changes in gene expression occurred between trunk and
EP fate transition. No significant GO terms were identified among
the genes differentially expressed between trunk and ductal cells.
However, among the genes differentially expressed between trunk
and EP early cells, GO analysis revealed that genes highly expressed
in trunk cells showed enrichment for terms such as “cell adhesion”
and “cell migration” (Fig 6C and Dataset EV7), which are associated
with the properties of trunk epithelial cells. Genes highly expressed
in EP early cells were enriched in GO terms associated with endo-
crine pancreatic development (Fig 6C and Dataset EV7). Curiously,
several signaling pathways, such as the Notch, Wnt, and extracellu-
lar signal-regulated kinase (ERK) pathways, were expressed in trunk
cells but downregulated in EP early cells (Fig 6C and Dataset EV7).
The role of Notch signaling in negatively regulating endocrine
progenitor differentiation has been well-studied (Apelqvist et al,
1999; Li et al, 2015), and regulation of pancreatic progenitor expan-
sion by the canonical Wnt pathway has also been demonstrated
(Baumgartner et al, 2014). However, whether repression of the ERK
pathway is necessary for endocrine differentiation is unclear.

To confirm that the ERK pathway is repressed during pancreatic
endocrine differentiation, we performed immunofluorescence analy-
sis of active phosphorylated ERK1/2 (pERK) in sorted E14.5 Ngn3-
GFP'™ and Ngn3-GFP™8" cells. We found that the percentage of
cells highly expressed pERK (pERK™®") decreased significantly in
Ngn3"e" cells, in which the pERK"8" cells were almost undetectable
(Fig 6D). Immunofluorescence staining experiments showed that
Ngn3-GFP'" cells generally lacked insulin and glucagon expression,
whereas a few Ngn3-GFP"" cells expressed hormones (Fig EVSE),
consistent with our finding that the late stage of Ngn3-GFP"" cells
had begun to differentiate into islet lineages. These results con-
firmed that Ngn3-GFP'®" cells are earlier than Ngn3-GFP™8" cells in
developmental time. To examine the function of the ERK pathway
in endocrine fate transition, we treated dorsal pancreatic explants at
E13.0, when the second wave of pancreatic endocrine specification
begins, with the MAPK/ERK kinase 1/2 (MEK1/2) inhibitor U0126
(Favata et al, 1998; Fig 6E). The pancreatic tissues were isolated
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from InsI-RFP and Gcg-GFP reporter mice and cultured for 48 h.
After culture, the size of the treated pancreatic explants was not
significantly different from that of the controls (Fig 6E). However,
flow cytometry analysis showed that the percentage of both Insl-
RFP™ and Gcg-GFP ™ cells increased significantly after U0126 treat-
ment (Fig 6F). To examine whether the treatment affected gene
expression in the differentiated B cells, we performed sc-RNA-seq
on the sorted Ins1-RFP " cells. PCA and hierarchical clustering anal-
ysis revealed that the U0126-treated and control cells were relatively
homogeneous at the transcriptomic level (Fig 6G). Genes related to
cell proliferation were not differentially regulated between the
control and treated cells, indicating that the increase in pancreatic
endocrine cells was due to progenitor specification rather than cell
proliferation. Therefore, these results indicate that ERK signaling
restrains pancreatic endocrine cell specification.

The EP period involves four stages

We next focused on the differentiation pathway of EP (EP1-EP4)
cells. In the PCA plot, we observed a “V”-shaped pathway indicating
that the principal component 2 (PC2) genes were transiently regu-
lated. These genes returned to their earlier stage of expression after
dynamic changes in expression levels during the four-stage period
(Fig 7A). A similar pathway of EP cell differentiation was mapped
using Monocle2 (Fig 7B). We examined the dynamics of Ngn3 and
NeuroD1 expression during pancreatic endocrine development using
the data from sc-RNA-seq and verified their expression patterns
using a more sensitive approach of single-cell RT-qPCR (Pijuan-Sala
et al, 2018; Fig 7C and D). Compared with Ngn3-expressing trunk-
EP cells, we observed that the expression level of Ngn3 increased at
EP1, peaked at EP2, was downregulated at EP3 and returned to the
background level at EP4 (Fig 7C and D). Due to the persistence of
the GFP protein after inhibition of its driven gene, Ngn3, we were
able to sort the immediate descendants of EP3 cells. We observed
that in EP4 cells, although the GFP signal was high, Ngn3 expression
was halted (Fig 7C and D). Notably, in the Ngn3-GFP reporter
mouse strain, the Ngn3 coding sequence was heterozygously
knocked in by the GFP gene (Lee et al, 2002). However, PCA
showed that the Ngn3-expressing cells isolated from Ngn3-GFP
knock-in and from PdxI-Cre; Rosa-RFP embryos were integrated in
the same pancreatic developmental path, thus eliminating the
concern that heterozygous deletion of the Ngn3 gene could modify
the endocrine differentiation pathway (Fig 7A).

Hierarchical clustering analysis of PC1- and PC2-related genes
identified seven groups comprising a total of 670 genes that
presented distinct expression patterns during EP cell development
(Fig 7E and Dataset EV8). This result indicates that EP cell differen-
tiation proceeds through a series of transient stages. Notably, the TF
Fev is highly expressed in EP3 and EP4 cells (Fig 7E and
Appendix Fig S2E). A recent study using genetic tracing demon-
strated that all o and P cells are derived from Fev-expressing cells
(Byrnes et al, 2018), which indicates that Fev™ cells are at a stage
before islet lineage allocation. In addition to Fev, these gene clusters
included 36 other TFs (Fig 7E, Appendix Fig S2A-F, and Dataset
EV8). To examine whether TFs alone can distinguish the four devel-
opmental stages, we employed all of the highly variously expressed
TFs for PCA and performed hierarchical clustering analysis. We
identified 48 TFs, including the 36 TFs (except Irx2) identified in
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Figure 6. The regulation of the cell fate transition from trunk to EP cells.

A, B Differential expression analysis between trunk and EP (1 and 2) cells (A) or between trunk and ductal cells (B). TFs are listed on the right. The bolded TFs are known
to be important for pancreas development. Gene counts are labeled in brackets.

@ Selected GO terms of gene cluster-a and cluster-b in (A).

D Immunofluorescence staining of pERK and DAPI in sorted Ngn3-GFP'®" and Ngn3-GFP"E" cells at E14.5. Scale bars: 50 um. Statistical analysis of the percentage of
PERK" cells within Ngn3-GFP'®" and Ngn3-GFP"e" cells (right). The data are presented as the mean = SEM. n: number of biological replicates. **P-value < 0.01,

two-sided t-test.

Schematic workflow of E13.0 dorsal pancreatic explant cultures (upper). Pancreata from Ins1-RFP or Gcg-GFP mice were or were not treated with U0126 for 48 h.

Images of explants after treatment (down). Scale bars: 200 um.

F Statistical analysis of the percentage of Ins1-RFP* or Gcg-GFP* cells after treatment. The data are presented as the mean + SEM. n: number of independent
biological replicates. Sample #: total number of samples (pancreatic dorsal buds) in all biological replicates. ***P-value < 0.001, two-sided t-test.

G PCA (left) of E13.0 Ins1-RFP™ cells after 48 h of treatment and the corresponding hierarchical clustering (right). High-loading genes in PCA were used for
hierarchical clustering (PC1 and PC2, P < 5 x 1079).

Fig 7E, that sufficiently defined the developmental stages of EP cell
differentiation (Fig 7F and Dataset EV8). This finding suggests that
the developmental process of EP cell differentiation is driven by
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these TFs. In addition, these variously expressed TFs displayed a
cascade expression pattern along with EP cell differentiation (Fig 7E
and F) that allowed us to speculate the functions of these TFs. The
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Figure 7.

TFs expressed at early stages may play roles in promoting endocrine
fate commitment by avoiding the alternative “trunk” progenitor fate;
TF expression in middle stages may regulate EP cell specification,
while TF expression in late stages might be necessary for the alloca-
tion of islet subtypes. Accordingly, genes with known functions,
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such as HesI and Snai2 (EP fate choice; Rukstalis & Habener, 2007;
Gouzi et al, 2011; Kopinke et al, 2011); Ngn3 and NeuroD1 (EP spec-
ification; Naya et al, 1997; Petri et al, 2006); and Pax6, Arx, Isl1, and
Mafb (islet lineage specification; Pan & Wright, 2011), were
expressed at the early, middle, and late stages, respectively (Fig 7C-F

© 2019 The Authors



Xin-Xin Yu et al ~ Pancreatic lineage fate map

Figure 7. Four stages of EP cell development.
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A PCA plots of EP cells. The colors denote cell types (left) and the cell source (middle), the circled number indicating the cell source labeled in Fig 1A, and the
developmental time (right). The simultaneous principal curve indicates the developmental pathway of EP cells.

B Developmental trajectory of EP cells produced by Monocle2 analysis.

C, D The violin plots show the gene expression levels (TPM) in trunk-EP and four stages of EP cells (C). The expression levels were verified via single-cell RT-qPCR with

normalization to Gapdh expression (D). n: cell counts.

E Hierarchical clustering of the pseudotemporally ordered cells plotted in the PCA (A) (PC1 and PC2, P < 10~ *). The mean relative expression level and TF list of each
gene cluster are shown on the left and right of the heat map, respectively. The bolded TFs are known to be important for pancreas development. Gene counts are

shown in brackets.

F Hierarchical clustering of EP cells with TFs. The TFs listed on the right were high-loading genes (PC1 and PC2, P < 10 *%) in the PCA (see Materials and Methods).
Immunofluorescence staining of ID1, Ngn3, and DAPI in paraffin sections of E14.5 WT pancreas (upper) or of PAX6 and DAPI in cryosections of E14.5 Ngn3-GFP
pancreas. Scale bars: 20 um. The arrows indicate the Ngn3*ID1* or Ngn3*PAX6" cells. The violin plots show the /d1 expression levels (TPM) in trunk-EP and four

stages of EP cells. The expression pattern of Pax6 is shown in (C).

H Arx and Pax4 expression patterns in EP cells. Individual cells are arranged in the same order as in (E).
| Single-cell RT-qPCR verified the expression levels of Pax4 and Arx in trunk-EP cells and in four stages of EP cells at E13.5 (yellow) and E14.5 (blue) with
normalization to Gapdh expression. Individual cells are arranged by pseudotime. The dashed lines indicate the boundaries of stages.

and Appendix Fig S2A-F). Notably, a fraction of TFs for the second
wave of endocrine fate transition, such as Ngn3 and Pax4, also tran-
siently expressed during the first wave of endocrine fate transition
(Fig 3E and H). We used immunofluorescence to validate the hetero-
geneous expression pattern of two TFs, Idl and Pax6, which were
expressed in the early and late EP stages, respectively. We found that
ID1 labeled Ngn3-GFP'" cells and a fraction of Ngn3-GFP™&" cells,
whereas PAX6 was detected in part of the Ngn3-GFPM&" cells
(Fig 7G). The TFs Arx and Pax4 play crucial roles in a- and B-lineage
allocation, respectively (Collombat et al, 2003). Curiously, the
sequencing data, which were validated by single-cell RT—-qPCR,
showed that the expression of Pax4 preceded the expression of Arx
because many cells at EP1 and the early stage of EP2 started to
express Pax4 but not Arx, whereas in EP3 and EP4 cells, Arx ™" cells
generally co-expressed Pax4 (Fig 7H and I). Notably, the co-expres-
sion of Pax4 and Arx was also observed in pre-o-1% cell population
(Fig 3G and H). This finding suggests that before pancreatic islet
lineage allocation, EP cells present heterogeneity in the expression of
important TFs. Taken together, our studies identified distinct TF
clusters associated with the establishment of transient cell subtypes
during EP cell differentiation.

We also examined the E14.5 single-cell datasets generated from
10X Genomics to define the developmental stages of pancreatic
endocrine development. t-SNE analysis revealed three EP sub-
populations (EP1'%%-3'%%) with 85 differentially expressed genes
(Fig EV3L and M). The stage-specific gene expression patterns indi-
cated that stages EP1-EP3 identified by Smart-seq2 technology
roughly correspond to stages EP1'%% to EP2'F based on the expres-
sion patterns of Ngn3 (Figs 7E and EV3L and M, and Dataset EV8).
EP4 and EP3'°X likely represent cells of the same EP stage because
they commonly expressed the TFs Isl1 and Mafb (Figs 7E and EV3L
and M, and Dataset EV8).

Identification of the earliest events of islet lineage allocation

At the end of the EP cell differentiation course, the EP4 cells began to
differentiate into islet lineages (Fig 2A). Due to an insufficient cell
number for high-quality analysis, we excluded the cells expressing
Sst, Ghrl, and Ppy (Fig EV2I), and only focused on the islet lineages
of o and B cells. To increase the significance of the analysis, we
included previously published sc-RNA-seq datasets for o and f cells
at E17.5 (Qiu et al, 2017a). PCA and Monocle2 analysis clearly
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mapped o and B divisions from the branching node of the EP4 cells
(Fig 8A and B). By comparing the gene expression profiles between
o and EP4 cells or § and EP4 cells, we identified hundreds of genes
that were differentially expressed during islet lineage allocation
(Fig 8C and D, and Dataset EV9); these genes could be divided
into a-cell-specific, B-cell-specific, and overlapped differentially
expressed genes. The overlapped genes may be associated with the
general process of islet differentiation, whereas the a-cell- and B-cell-
specific differentially expressed genes were related to the lineage
allocation process. However, among the differentially expressed
genes, only a small fraction overlapped between these two lineages.
This finding suggests that o and P cells primarily use different strate-
gies for early differentiation. Among the groups of genes that were
differentially and specifically expressed in o cells and B cells, we
identified many group-specific TFs (Fig 8C and D, Appendix Fig
S3A-D, and Dataset EV9). Interestingly, during islet lineage alloca-
tion, Pax4 was downregulated in both o cells and B cells, while Arx
was only downregulated in f cells (Fig 8D, Appendix Fig S3D and
E). Whether these group-specific TFs regulate islet general differenti-
ation or lineage-specific differentiation requires further investigation.
Surprisingly, GO analysis did not indicate any significantly enriched
cell signaling pathway terms (Dataset EV9), suggesting that the dif-
ferentiation of o~ and B-lineages is primarily dependent on TFs or
other regulatory factors. Therefore, this analysis provides many
candidate regulators of islet lineage differentiation.

Our previous study deciphered the mature pathways of both the
o- and B-lineages from the embryonic stage to the mature stage (Qiu
et al, 2017a). Here, when we combined the analyses of the current
data with previous data, we defined the entire o- and pB-lineage
developmental pathways (Fig 8E).

Our single-cell transcriptomic study successfully distinguished
a-15 cells from o-2™ cells (Fig 1B). Comparative transcriptomic
analysis identified 684 genes that were differentially expressed
between the o-1% and fetal a-2"¢ populations (Fig 8F and Dataset
EV10). The key TF genes for a-cell differentiation, Arx, Pou3f4, and
Mafb (Pan & Wright, 2011), were expressed homogeneously in these
two waves of o cells (Appendix Fig S3F). Curiously, the TF genes
Nkx6.2 and Gata4, which play roles in early pancreatic development
(Schaffer et al, 2010; Pan & Wright, 2011), were expressed in a-1%
cells but downregulated in a-2"4 cells (Appendix Fig S3G). We also
identified a set of TF genes, including Meis2 and Zbtb20, that were
highly expressed in o-2"¢ cells (Appendix Fig S3H). Therefore, our
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B Developmental trajectory of EP4 cell differentiation produced by Monocle2 analysis.

Upregulated (C) and downregulated (D) genes in B cells and o-2" cells compared with EP4 cells. The numbers indicate the gene counts. TFs are listed next to the

Venn diagrams. The bolded TFs are known to be important for pancreas development.
E 3D PCA plot of EP4, B, and o cells. The simultaneous principal curves indicate the developmental pathways of these cells. Data on E17.5-P60 quiescent 3 and o cells

from our published study (Qiu et al, 2017a) were integrated into this PCA.

F The heat map shows the transcriptomic differences between o-1°* and a-2" cells. TFs are listed on the right. The bolded TFs are known to be important for

pancreas development. Gene counts are labeled in brackets.
G Summary of pancreatic lineage developmental pathways.

studies comprehensively identified the developmental pathways and
many lineage-specific genes of o and f cells.

Discussion

Understanding the lineage differentiation pathway in solid organo-
genesis is challenging. Although traditional approaches, such as
genetic tracing and immunostaining of limited protein markers,
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have been employed to explore the developmental relationships
between progenitors and their descendant cells, these methods
cannot discover precise pathways, especially at the branch points of
cell fate choices. To resolve this issue, in this study, we performed
single-cell RNA transcriptomic analyses of purified pancreatic
lineages from various genetically modified reporter mouse strains
across the E9.5-E17.5 developmental stages. Compared with
droplet-based microfluidics methods, the Smart-seq2 protocol used
in this study has the advantages of higher transcript coverage
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(Figs EV2C and EV3C) and lower transcript 3’-end bias and is
considered the gold standard in the single-cell transcriptomic field
(Pijuan-Sala et al, 2018). To comprehensively map the lineage
trajectory, we used 2,282 high-quality single-cell transcriptomic
datasets. For most cell types, we used at least two different reporter
mouse strains to enrich the target cells, which prevented the omis-
sion of cell types due to imperfect labeling efficiency of a sole
reporter. The cells of a specific cell type but with different genetic
backgrounds were clustered together in the t-SNE, which indicated
that the genetic background had a negligible impact on our single-
cell transcriptomic analyses for the identification of cell types and
developmental pathways. An advantage of using reporter mice is
that they provide genetic information to reconstruct lineage relation-
ships among cell populations. Benefiting from the high data quality
and rich mouse resources, we comprehensively depicted the dif-
ferentiation paths of both pancreatic exocrine and endocrine o and
cells.

Our studies defined four main branching lineage choices that
cascade along pancreatic development. The first branching node is
MP-early cells, which differentiate into tip cells via the MP-late
stage and a-1% cells. The second node is the tip cells, which dif-
ferentiate into acinar cells and trunk cells. The trunk cells are
heterogeneous. Trunk-early cells can be considered the third node,
which branches into ductal and EP cells via the trunk-duct and
trunk-EP transient stages, respectively. Strikingly, we found that
rapid EP cell differentiation involved four stages (EP1-EP4). The
EP4 cells are the fourth branching node, from which islet lineage
allocation begins. Combined with our previous data (Qiu et al,
2017a), we mapped the entire o- and B-cell developmental path-
ways from the EP stage to the mature stage. Therefore, in addition
to the precise fate map defined in this study, our analyses identi-
fied many intermediate cell populations along the developmental
roadmap (Fig 8G).

Identification of the key lineage branching points is extremely
important for understanding the regulatory strategies and logic
during stepwise cell fate choices in pancreatic lineage differentia-
tion. Therefore, in this study, we carefully investigated the
dynamics of gene expression patterns at each step of cell fate
choice and identified many cell population-specific TFs and cell
signaling pathways as well as other genes related to the estab-
lishment of cell identity. Based on these analyses, we hypothe-
sized that repression of ERK signaling is necessary for endocrine
cell specification, which was confirmed in a pancreas explant
system and through single-cell transcriptomic analyses. However,
our data cannot exclude the possibility that treatment with the
ERK signaling inhibitor U0126 affects endocrine function, which
could not be detected using single-cell RNA-seq. It has been
suggested that MAPK/ERK signaling restrained endocrine differ-
entiation in an in vitro study of human embryonic stem cell
differentiation (Mfopou et al, 2010). Moreover, in in vivo
research, oE-catenin mutant mice showed impaired islet forma-
tion due to increased Sox9" pancreatic progenitors and enhanced
MAPK signaling (Jimenez-Caliani et al, 2017). However, our
work discovered the precise time during pancreas development
at which MAPK/ERK regulates endocrine progenitor specification.
Therefore, this study provides a rich resource for further under-
standing the regulatory mechanisms underlying cell lineage dif-
ferentiation throughout pancreatic development.

© 2019 The Authors
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One of the most striking findings of this work is that the rapid
differentiation of EP cells includes four stages that are accompanied
by an expression cascade of specific groups of TFs. A rapid change
in gene expression activity indicates the involvement of positive
feedback or negative feedback regulation of gene expression. In
support of this viewpoint, Ngn3 expression is discovered to posi-
tively regulate the expression of key TFs, such as NeuroD1. The
expression of NeuroD1 in turn promotes its own expression (Huang
et al, 2000). Based on these findings, we infer that these stage-
specific TFs form a complicated genetic network that governs
pancreatic endocrine differentiation. A recent study generated
15,228 single-cell datasets from E14.5 pancreas using a droplet-
based method and defined four subpopulations. The heterogeneity
of EP cells was verified using the differentially expressed genes
(Scavuzzo et al, 2018). However, the second subpopulation (a small
population marked by “N14_2"), which expressed the mesenchymal
cell marker gene Col3al, deviated from the developmental trajectory
of other three subpopulations (Scavuzzo et al, 2018). Considering
that the droplet-based method inevitably produces doublet contami-
nation, the existence of this population needs to be carefully
verified.

An Ngn3-Timer mouse model has been utilized to identify early,
middle, and late Ngn3-expressing cell populations (Miyatsuka et al,
2009). We speculate that if we perform single-cell transcriptomic
analyses in different Ngn3-expressing cell populations from Ngn3-
Timer mice, we could understand how EP1-4 and the early islet
lineage cells classified in our study correspond to the early, middle,
and late Ngn3-expressing cells identified using the Ngn3-Timer
model.

Our work provides new insights into cell fate choice and the key
features of both exocrine and endocrine lineage differentiation. A
comprehensive roadmap for pancreas development in vivo would
guide the in vitro generation of functional B cells and other cell
lineages from either embryonic stem cells or induced pluripotent
stem cells in a stepwise manner. Single-cell transcriptomic analyses
during in vitro induction would contribute to the evaluation of the
efficiency of a specific procedure and to the assessment of the poten-
tial risks caused by improper cell differentiation pathways or abnor-
mal expression of key genes.

Materials and Methods
Mice

PdxI-Cre (Hingorani et al, 2003), Ngn3-Cre (Schonhoff et al, 2004),
Sox9-CreER (Kopp et al, 2011), Ptfla-CreER (Kopinke et al, 2012),
Rosa-RFP, Pdx1-GFP (Gu et al, 2004), Ngn3-GFP (Lee et al, 2002),
and InsI-RFP (Piccand et al, 2014) genetically modified reporter
mouse strains were used to obtain pancreatic cells at various devel-
opmental stages. To activate Cre expression in Ptfla-CreER and Sox9-
CreER embryos, tamoxifen (Sigma T5648, stock solution of 16 mg/
ml in corn oil) was intraperitoneally injected (0.2 mg/g body weight)
into pregnant females 1.5-2 days before sacrifice. The day on which
a vaginal plug appeared was counted as E0.5. All animals were main-
tained under specific pathogen-free conditions in the animal facility
at Peking University. All animal experiments were conducted follow-
ing the rules of the ethics committee for animal care.
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To generate Gcg-P2A-GFP transgenic reporter mice, the P2A-GFP
cassette was inserted upstream of the TAG translation stop codon of
the Gcg gene using the CRISPR/Cas9-mediated system and expressed
under the control of endogenous Gcg expression. Constitutive Cas9
mRNA, sgRNA (TGAAATACCTATTTCCTACG), and the P2A-Gceg-
EGFP donor fragment were co-injected into C57BL/6 mouse zygotes,
and the zygotes were then transplanted into the uterus of a C57BL/6
mouse. The pups were genotyped using PCR primers (forward: 5'-G
CCTATGTGGGGTCCCTAACTCAGTC-3'; reverse: 5-ACCATAGG
ACCGGGGTTTTCTTCC-3"). The sgRNAs were designed using the
CRISPR tool (http://crispr.mit.edu/). The sgRNA expression plas-
mids were cloned by inserting annealed oligos into a pGK1.1 linear
vector and were employed as templates for in vitro transcription of
sgRNA using a MEGAshortscript Kit (Ambion, AM1354). The Cas9
expression plasmid (Addgene: 44758) was used as the template for
in vitro transcription of Cas9 mRNA using a T7 Ultra Kit (Ambion,
AM1345).

Cell suspension preparation and FACS

E9.5-E14.5 dorsal pancreata were dissected and digested with
0.25% trypsin (Sigma, T4799) for 5 min at 37°C. Digestion was
terminated with 0.4 volumes of fetal bovine serum (FBS). E15.5—
E17.5 pancreata were dissected and digested with 0.5 mg/ml colla-
genase P (Roche, 11213873001) for 2 min at 37°C, followed by
0.25% trypsin treatment as described above. The cell solutions were
filtered through a polystyrene test tube with a cell strainer snap cap
(Corning, 352235), and the cells were sorted via FACS using a BD
FACSAria II Cell Sorter.

Single-cell RNA-sequencing and single-cell RT-qPCR

For the Smart-seq2 method, single cells were mouth-pipetted from
FACS-purified cells into a PCR tube or were directly sorted into a 96-
well plate containing lysis buffer. The lysis buffer for each cell
contained 0.1 pl of ERCC spike-in RNA (1:1,000,000 dilution, Life
Technologies, 4456740). The cell lysis and cDNA synthesis (18
cycles for PCR pre-amplification step) methods followed the Smart-
seq2 protocol (Picelli et al, 2014). The cDNA was purified twice
with 1X VAHTS DNA Clean Beads (Vazyme, N411-03). A library
was then prepared using 2 ng of cDNA for eight cycles of PCR
amplification with a TruePrep DNA Library Prep Kit (Vazyme,
TD502). The cDNA libraries had an average size of 350 bp and were
sequenced as 51-bp single-end reads using an Illumina HiSeq 2500
System.

For the droplet-based method, sc-RNA-seq was performed
using the Single Cell 3’ Reagent Kit v2 of 10X Genomics following
the user’s guide. Briefly, the digested E14.5 pancreatic cells were
passed through a 35-um filter to remove undigested pieces and
diluted to a concentration of 700 cells/ul in FACS buffer (HBSS
containing 1% FBS, pH 7.4). We loaded approximately 10,000
cells into one channel of the chromium system. We then
employed 11 amplification cycles for cDNA amplification and 12
cycles for cDNA library construction. The cDNA library was
sequenced as 150-bp paired-end reads using the Illumina HiSeq
4000 system.

A portion of the cDNA of individual single cells was diluted for
gPCR using AceQ qPCR SYBR Green Master Mix (Vazyme, Q121-02)
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on a Roche LightCycler 480 Instrument II. The PCR primers were as
follows:

Gapdh forward, 5'- ATGGTGAAGGTCGGTGTGAAC-3
reverse, 5'- GCCTTGACTGTGCCGTTGAAT-3
Arx forward, 5'- TCCGGATACCCCACTTAGCTT-3'
reverse, 5'- GACGCCCCTTTCCTTTAAGTG-3
Pax4 forward, 5'- ACCTCATCCCAGGCCTATCT-3
reverse, 5'- AGGCCTCTTATGGCCAGTTT-3
Ngn3 forward, 5'- AGCTCTTGGCCCATAGATGATG-3'
reverse, 5'- AAGAAGGCAGATCACCTTCGTG-3
NeuroD1 forward, 5'- GCCCAGCTTAATGCCATCTTT-3
reverse, 5'- CAAAAGGGCTGCCTTCTGTAA-3
Snai2 forward, 5'- TCTGCAGACCCACTCTGATG-3
reverse, 5'- AGCAGCCAGACTCCTCATGT-3'
Pax6 forward, 5'- AGTGAATGGGCGGAGTTATGA-3'

reverse, 5'- AACTTGGACGGGAACTGACA-3'

Immunofluorescence and microscopy

Gcg-P2A-GFP pancreatic tissues were from 8-week-old mice, and
E9.5-E14.5 pancreatic tissues were from WT or Ngn3-GFP mice. The
tissues were fixed in 4% paraformaldehyde for 6-8 h at 4°C, then
cryoprotected in 30% sucrose overnight at 4°C, or dehydrated with
30-100% ethanol. The tissues were then embedded in OCT (Thermo
Fisher, 6502) and frozen on dry ice or embedded in paraffin. For
antigen retrieval of paraffin sections, slides were boiled in antigen
unmasking solution (Vector, H-3300) at high pressure for 10 min.
Sections (5 um thick) were probed with primary antibodies against
Glucagon (1:200; Santa Cruz Biotechnology, sc-7779), PDX1
(1:5,000, Abcam, ab47383), NR2F2 (1:500, Abcam, ab41859),
ANXA2 (1:100, Santa Cruz Biotechnology, sc-28385), MUC1 (1:200,
Abcam, ab15481), Amylase (1:200, Santa Cruz Biotechnology, sc-
46657), ID1 (1:200, Proteintech, 18475-1-AP), PAX6 (1:100, Thermo
Fisher, 42-6600), and Ngn3 (1:20, DSHB, F25A1B3; Zahn et al,
2004), followed by incubation with donkey anti-goat conjugated to
Alexa Fluor 488 (Thermo Fisher, A11055) or to Alexa Fluor 594
(Thermo Fisher, A11058), donkey anti-rabbit conjugated to Alexa
Fluor 594 (Thermo Fisher, A21207), or donkey anti-mouse conju-
gated to Alexa Fluor 488 (Thermo Fisher, A21202) as the secondary
antibodies. In addition to the manufacturer’s validation, the speci-
ficity of NR2F2, ANXA2, ID1, and PAX6 was also validated by
Western blot (Appendix Fig S4). Fluorescence images were obtained
using a ZEISS Axiolmager M2 or a ZEISS Axio Scan Z1.

The sorted cells were attached to Poly-Prep slides (Sigma, P0425-
72EA) for 30 min at room temperature (RT) and fixed with 4%
paraformaldehyde for 10 min at RT. The cells were subsequently
stained with primary antibodies and with secondary antibodies
conjugated to fluorophores. Fluorescence images were obtained
using a ZEISS Axiolmager M2 or a ZEISS Axio Scan Z1. The primary
antibodies used were rabbit anti-pERK1/2 (1:200; CST, 9101s), goat
anti-Glucagon (1:200; Santa Cruz Biotechnology, sc-7779), and
guinea pig anti-Insulin (1:500, Abcam, ab7842). The secondary anti-
bodies used were donkey anti-rabbit antibody conjugated to Alexa
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Fluor 594 (Thermo Fisher, A21207), donkey anti-goat conjugated to
Alexa Fluor 594 (Thermo Fisher, A11058), and goat anti-guinea pig
conjugated to Alexa Fluor 594 (Thermo Fisher, A11076).

Pancreas explant cultures

E13.0 dorsal pancreata were dissected from Insi-RFP and Gcg-GFP
transgenic mice. Three pancreata were cultured on one Whatman®
Nuclepore Track-Etched Membrane (110414) in a 12-well plate with
2 ml of DMEM (Gibco, 11885) per well containing 10% FBS and 1%
penicillin/streptomycin. U0126 (Sigma, U120), an inhibitor of MEK1
and MEK2, was added to the medium at a final concentration of
10 uM. The tissues were subsequently cultured at 37°C in a humidi-
fied incubator with 5% CO, for 48 h. The tissues were then
harvested and digested with 0.5 mg/ml collagenase P for 1 min at
37°C, followed by 0.25% trypsin for 4 min at 37°C. After digestion
was complete, the cells were sorted into 96-well plates containing
4.1 pl of lysis buffer and analyzed using a BD FACSAria II Cell
Sorter.

Processing of Smart-seq2 data

Sequencing reads were mapped to the mouse genome (mm10) using
TopHat (v2.1.0; Kim et al, 2013) with the parameters “-o out_dir -G
gtf —transcriptome-index trans_index bowtie2_index input_fastq”.
The reads mapped to each gene were quantified with HTSeq
(Anders et al, 2015; v0.6.0) using the parameters “htseq-count -f
bam -r pos -s no -a 30 input_bam gtf”. Gene expression levels were
calculated as transcripts-per-million (TPM) values (Wagner et al,
2012). Cells were filtered out if they exhibited fewer than 0.2 million
mapped reads or if fewer than 4,000 genes were detected
(TPM > 1). For CD45 ;Tie2™ cells (GSE89798), the quality control
criteria were (i) mapped read count > 0.2 million; (ii) detected gene
count > 4,000; and (iii) unique mapped read % > 35%. Batch effects
between CD45 ;Tie2~ data and other Smart-seq2 data were
corrected with the MNN algorithm (Haghverdi et al, 2018).

Identification of cell types of Smart-seq2 data

The Seurat package (v2.3.1; Satija et al, 2015) was used to identify cell
types based on log2(TPM + 1) values. PCA was conducted using the
RunPCA function employing significantly highly variably expressed
genes, which were identified based on ERCC spike-in as described
previously (FDR < 0.1; Brennecke et al, 2013). The “RunTSNE” func-
tion was used to perform t-SNE. To identify cell types, “FindClusters”
or “DBClustDimension” was applied. Marker genes for each subgroup
were obtained using the “FindAllMarkers” function with the parame-
ters  “logfc.threshold = 1, return.thresh = 0.7, only.pos =T,
test.use = roc”. Genes highly expressed in multiple subgroups were
excluded. 2D and 3D graphs were generated with ggplot2 (v2.2.1;
Hadley, 2009) and rgl (v0.96.0; Adler et al, 2016), respectively.

Identification of proliferative cells
Hierarchical clustering was performed on significantly highly vari-
ably expressed genes among pancreatic lineage cells. Then, a subset

of genes enriched for cell cycle-related annotation terms in GO
enrichment analysis was extracted as cell cycle-related genes
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(Dataset EV2). A second round of hierarchical clustering was
performed with cell cycle-related genes, and cells expressing these
cell cycle-related genes were considered proliferative cells.

Developmental trajectory analysis

We used both DDRTree in Monocle2 (v2.64; Qiu et al, 2017b) and
slingshot (v0.1.2-3; Street et al, 2018) for developmental trajectory
analyses. In the Monocle2 pipeline, “ordering genes” were set as
significantly highly variably expressed genes (excluding the cell
cycle-related genes identified above). Then, a DDRTree was
constructed with the “reduceDimension” function. Finally, cells
were ordered along the trajectory with the “orderCells” function. On
the trunk differentiation pathway, trunk cells were divided into
three subgroups according to the Monocle2 results. The trunk cells
in the branch toward EP and ductal cells were defined as trunk-EP
and trunk-duct cells, respectively. The rest of the trunk cells were
considered trunk-early cells (Fig 5B).

We also employed slingshot (v0.1.2-3) for developmental trajec-
tory analyses according to the PCA results. PCA was performed
using FactoMineR (v1.31.4; Le et al, 2008) employing the log2
(TPM + 1) value of significantly highly variably expressed genes
(excluding the cell cycle-related genes identified above). Slingshot
analyses were performed as previously described (Street et al,
2018). Briefly, the lineage structure was inferred with the cluster-
based MST (minimum spanning tree), and then, developmental
trajectories were fit as simultaneous principal curves. To define the
developmental trajectories precisely, we set the “start cluster” and
“end cluster” according to our biological knowledge.

The genes used for hierarchical clustering were also identified
according to the PCA results. We identified genes with the highest
principal component (PC) loadings using the dimdesc function of
FactoMineR (v1.31.4; PCs and P-values are indicated in the figure
legends). To obtain more heterogeneously expressed genes, we
excluded genes with a TPM>1 in >90% of the total cells
(Figs 3B and E, 6G and 7E). In Fig 7F, PCA was performed with
significantly highly variably expressed TFs, and 48 TFs related to
PC1 and PC2 (P < 10~ '3) were identified for hierarchical clustering
analysis.

Differential gene expression analysis

Differential expression analysis between the two groups of cells
was performed with scde (v1.99.1; Kharchenko et al, 2014). Genes
with a FDR < 0.05 and ce (conservative estimate of expression-fold
change) > 1 were identified as differentially expressed genes.
Genes were identified as TFs using data from the Animal Tran-
scription Factor Database (AnimalTFDB; Zhang et al, 2011).
Enriched GO annotation categories were identified with GOstats
(v2.46.0; Falcon & Gentleman, 2007).

Processing of 10X Genomics data

Sequencing reads were pre-processed with cellranger count (v2.0.2;
https://support.10xgenomics.com/single-cell-gene-expression/soft
ware/pipelines/latest/what-is-cell-ranger). The UMI (unique molec-
ular identifiers) matrix generated by cellranger count was normal-
ized as the log2 value (“transcripts-per-million”/10+1). The batch
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effect was corrected with the MNN algorithm (Haghverdi et al,
2018). The variably expressed genes of each batch were obtained
using “FindVariableGenes” in the Seurat package with the param-
eters “mean.function = ExpMean, dispersion.function = LogVMR,
x.low.cutoff = 0.0125, x.high.cutoff = 3, y.cutoff = 0.5”. Principal
component analysis was performed using the RunPCA function
with the union gene set of variably expressed genes in each
batch. Cell types and marker genes identification were performed
as the relevant part of the Smart-seq2 data process. To eliminate
the influence of doublet cells in 10X Genomics data, we
performed an additional clustering analysis on pancreatic epithe-
lial cells, and the group of cells expressing both the pancreatic
markers Pdx1/Prox] and the mesenchymal cell marker Col3al
was excluded.

Statistical analysis

SEM and P-value of unpaired two-tailed t-test were calculated for
immunofluorescence staining and FACS analyses with at least three
independent biological replicates (P-value < 0.05 was considered
significant). Other statistical criteria for single-cell transcriptomic
analysis were detailed in the data analysis sections.

Data availability

The RNA-seq data from this publication have been deposited to the
Gene Expression Omnibus (GEO) and assigned the identifier
GSE115931 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
GSE115931).

Expanded View for this article is available online.
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