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Single-cell transcriptomic analyses reveal distinct
dorsal/ventral pancreatic programs
Lin-Chen Li1,† , Wei-Lin Qiu1,2,† , Yu-Wei Zhang1, Zi-Ran Xu1,2, Yi-Ni Xiao3, Caiying Hou4,

Lamaoqiezhong1, Peng Yu1, Xin Cheng3 & Cheng-Ran Xu1,*

Abstract

The pancreas of vertebrates is separately derived from both the
dorsal and ventral endodermal domains. However, the difference
between these two programs has been unclear. Here, using a
pancreatic determination gene, Pdx1, driven GFP transgenic mouse
strain, we identified Pdx1-GFP highly expressing cells (Pdx1high)
and Pdx1-GFP lowly expressing cells (Pdx1low) in both embryonic
dorsal Pdx1-expressing region (DPR) and ventral Pdx1-expressing
region (VPR). We analyzed the transcriptomes of single Pdx1low

and Pdx1high cells from the DPR and VPR. In the VPR, Pdx1low cells
have an intermediate progenitor identity and can generate hepa-
toblasts, extrahepatobiliary cells, and Pdx1high pancreatic progeni-
tor cells. In the DPR, Pdx1high cells are directly specified as
pancreatic progenitors, whereas Pdx1low cells are precocious endo-
crine cells. Therefore, our study defines distinct road maps for
dorsal and ventral pancreatic progenitor specification. The findings
provide guidance for optimization of current b-cell induction
protocols by following the in vivo dorsal pancreatic specification
program.
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Introduction

Current embryonic stem cell (ESC)-derived pancreatic b-cell induc-
tion protocols mimic the process of pancreatic development [1–6].

These protocols involve sequential exposure of ESCs to different

combinations of signaling factors, thereby inducing ESCs in a step-

wise manner through several precursor stages toward insulin-

expressing b-cells. Generation of high-quality pancreatic progenitor

cells is a key intermediate step for pancreatic endocrine specification

[5]. However, because our understanding of the programs that guide

in vivo pancreatic progenitor development remains unclear, it is dif-

ficult to comprehensively evaluate the efficiency of pancreatic

progenitor induction.

The vertebrate pancreas is originated from both the dorsal

and ventral endodermal domains. In the mouse, pancreas speci-

fication begins on embryonic day 8.5 (E8.5) [7]. The dorsal

and ventral endoderm then forms pancreatic buds beginning on

E9.0 and E9.5, respectively [8]. The two pancreatic buds subse-

quently enlarge and eventually fuse to form the pancreas organ

by E12.5 as a result of gut rotation [8,9]. In zebrafish, the

dorsal pancreatic progenitors contribute to endocrine cell devel-

opment, whereas the ventral pancreatic progenitors contribute

exocrine cells and smaller islets [10,11]. In mammals, although

the dorsal pancreas and ventral pancreas exhibit identical

patterns of morphological alterations and possess the ability to

generate both endocrine and exocrine cells [12], the cell type

distributions between the dorsal and ventral islets are signifi-

cantly different [13].

Pancreatic and duodenal homeobox gene 1 (Pdx1) is one of

the earliest markers of pancreatic specification and is expressed

beginning at E8.5 in the mouse in the regional endodermal

domains before the formation of pancreatic buds [14–16]. Early

Pdx1-expressing cells in the pancreatic buds are multipotent

progenitors that give rise to both pancreatic endocrine and

exocrine lineages [17,18].

The dorsal and ventral pancreatic programs are differentially

regulated during pancreatic genesis because they receive distinct

inductive signals from their adjacent tissues. The dorsal pancreatic

domain receives activin and fibroblast growth factor (FGF) signals

from the notochord, which provides permissive signals for dorsal

pancreatic bud specification through repression of Shh [19,20].

Moreover, endothelial cells in the early dorsal aorta send signals to

promote pancreatic specification [21,22].

The presumptive ventral pancreatic endoderm region is directly

adjacent to the lateral plate mesoderm, which releases inductive

signals, including bone morphogenetic protein (BMP), retinoic acid
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(RA), activin [23], and noncanonical Wnt [24], to promote ventral

pancreas induction. Both the liver and ventral pancreas are derived

from bipotential progenitor cells in the ventral foregut endoderm

[25–27]. Fibroblast growth factor signaling from the cardiac meso-

derm and BMP from the septum transversum mesenchyme induce

the liver program but suppress pancreatic fate specification

[25,28,29]. Curiously, the extrahepatobiliary system shares a

common foregut endoderm origin with the ventral pancreas. Sox17

is necessary and sufficient to direct a biliary-over-pancreatic cell fate

choice [30] . Thus, the cells in the ventral endoderm domain face

multiple fate choices regarding whether to differentiate into hepatic,

pancreatic, or biliary cells, but the intrinsic program by which

ventral endoderm cells move toward pancreatic differentiation is

still unclear.

In addition to the distinct signals received by the dorsal or

ventral pancreatic progenitors, there are marked differences in the

regulatory factors that are necessary for dorsal versus ventral

pancreas specification [31]. Mnx1 is necessary for dorsal bud initia-

tion, whereas Hnf1b is required for ventral bud initiation [32–34].

For dorsal pancreatic development, Hnf1b is required to induce

Ptf1a and Ngn3, which encode key factors for endocrine develop-

ment [33], whereas in ventral pancreatic development, Hnf1b

induces a different gene set that comprises Pdx1, Mnx1, and Ptf1a

[31]. The functional differences in key regulatory factors in dorsal

versus ventral pancreas development are indicative of the distinct

programs that are involved in pancreatic specification from these

two regions.

To identify the cellular composition of the dorsal and ventral

pancreatic regions, we performed single-cell RNA-seq on fluores-

cence-activated cell sorting (FACS)-sorted Pdx1-expressing cells

from E9.5 and E10.5 Pdx1-GFP mouse embryos. We identified the

distinct lineage differentiation pathways and developmental poten-

tials involved in dorsal versus ventral pancreatic progenitor devel-

opment, and the findings can be used as benchmarks for the

induction of pancreatic progenitors in vitro.

Results

Distinct cell populations in the VPR versus the DPR

To elucidate the cell subtypes among ventral versus dorsal pancre-

atic progenitors, we performed single-cell transcriptomic analyses of

pancreatic progenitor cells isolated from the VPR or DPR of E10.5

mouse embryos. Pdx1-expressing cells from a Pdx1-GFP transgenic

mouse strain were sorted by FACS [35]. After carefully removing

the PDX1+ duodenum tissue, which is adjacent to the dorsal pancre-

atic bud and can be labeled by Pdx1-GFP, we dissociated the tissue

from the VPR and DPR into single cells and performed a flow cyto-

metric analysis (Fig 1A). Curiously, Pdx1-GFP+ cells from the E10.5

VPR or DPR were separated into GFPlow and GFPhigh populations

(Fig 1B). In duodenum tissue, no GFPhigh cells were identified

(Fig EV1A). Next, we validated the sorted cells from the VPR and

DPR by performing qPCR and identified a positive correlation

between Pdx1, GFP expression levels, and GFP fluorescence inten-

sity (Fig EV1B). However, the GFPhigh versus GFPlow ratios were

substantially different between the VPR and DPR. In the VPR,

approximately 35% of the total GFP+ cell population consisted of

GFPhigh cells, whereas this number rose to approximately 85% in

the DPR (Fig 1C). Thus, the VPR and DPR comprise different cellu-

lar components.

To conduct single-cell RNA-seq analysis [36], we used FACS to

sort 59 GFP+ cells from the VPR and 27 GFP+ cells from the DPR of

E10.5 embryos. Additionally, to characterize the cellular identities

of the GFPlow and GFPhigh cells, we isolated 39 GFPlow and 39

GFPhigh cells from the VPR and 40 GFPlow and 28 GFPhigh cells from

the DPR (Fig EV1C, Dataset EV1). An RNA spike-in standard was

included to distinguish true biological variability from technical

noise in the single-cell RNA-seq (Fig EV2A). Single-cell libraries

were sequenced at an average depth of 1.7 million reads, with

7,000–10,000 genes quantified per cell (Fig EV2B–D). Principal

component analysis (PCA) and hierarchical clustering revealed three

major populations among the GFP+ cells from the VPR and DPR

(Groups I–III, Fig 1D and E). The cells in Group I were solely

derived from the VPR. Notably, the GFPlow cells of the VPR fell

within this group. Curiously, the GFPhigh cells from both the VPR

and DPR had identical gene expression profiles and belonged to the

Group II cell population. Group III was composed of DPR cells,

among which we identified the sorted GFPlow cells (Figs 1D and

EV1C and D). Hierarchical clustering revealed a total of 815 hetero-

geneously expressed genes across these three groups of cells (Fig 1E

and Dataset EV2). According to Gene Ontology (GO) enrichment

analysis, cluster “a” (expressed in Groups I and II) and cluster “b”

(expressed in Group I) were related to events during the early stages

of embryogenesis, such as embryo development, cell proliferation,

and cell migration (Fig 1E and F). Cluster “c” genes were specifi-

cally expressed in Group II cells, and this cluster was enriched for

genes related to the regulation of pancreatic development. Cluster

“d” genes were associated with differentiated endocrine lineage

functions (Fig 1E and F). Thus, single-cell transcriptomic analyses

revealed the identical nature of GFPhigh cells from the VPR and DPR,

whereas GFPlow cells were distinct between the VPR and DPR.

Next, we evaluated the expression of group-specific genes to

determine the potential identities of each cell population. Pdx1,

Ptf1a, and Nkx6.2 [37] are key transcription factors (TFs) for

pancreatic progenitor specification, and Cpa1 expression with Pdx1

marks multipotent pancreatic progenitor cells [38]. These genes

were exclusively and highly expressed in GFPhigh cells (Group II)

(Fig 2A). Moreover, other key regulators of pancreatic progenitor

specification, such as Nkx6.1, Nkx2.2, Hes1, Hhex, Sox9, and

Onecut1, were highly expressed in Group II cells; however, among

these genes, Nkx6.1 and Nkx2.2 were also expressed in GFPlow DPR

cells (Group III), whereas Hes1, Hhex, Sox9, and Onecut1 were

present in Group I cells (Fig EV3A and B). Therefore, based on the

expression patterns of these TFs, we considered GFPhigh cells to be

pancreatic progenitors.

Because hormone-expressing cells were observed in E10.5

embryos [39,40], we next assessed pancreatic endocrine cell

markers. Ngn3 is a key TF for specification of pancreatic endo-

crine progenitors but is inactive in differentiated islet lineages

[18]. Ngn3 was expressed in a few intermediate DPR cells

between Group II and Group III (Fig EV3C), which is consistent

with previous observations that Ngn3 is exclusively expressed in

a speckled pattern in the dorsal pancreatic bud [41]. However,

the Ngn3 downstream target genes Neurod1, Pax4, Pax6, Arx,

Isl1, and Insm1, as well as the Nkx6.1 target gene Myt1, all of

2 of 14 EMBO reports 19: e46148 | 2018 ª 2018 The Authors

EMBO reports Dorsal/ventral pancreatic fate map Lin-Chen Li et al



which are necessary for pancreatic islet lineage development,

were universally expressed in Group III cells (Figs 2B and

EV3C). We also examined the expression of endocrine hormone

genes. In the GFPlow DPR population, 45 of the 48 cells

expressed Gcg (RPKM > 10,000) and 18 of these Gcg+ cells

(40%) co-expressed at least one hormone gene, namely Ins1,

Ins2, Sst, Ppy, or Ghrl (RPKM > 1,000) (Figs 2B and EV3C).

These data indicate that the Group III cells were precocious

pancreatic endocrine lineages, which mainly included a cells, as

well as some poly-hormonal cells.
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Surprisingly, in the GFPlow VPR (Group I) cells, we detected a

fraction of cells that expressed the liver marker gene Alb and the

hepatic TF Onecut2 (Fig 2C). Moreover, some cells expressed Sox17

and the epithelium marker gene Krt19 [42] (Figs 2C and EV3B),

suggesting the specification of these cells as extrahepatic bile ducts

(EHBDs). Notably, Sox17 and Alb were not co-expressed in the same

cells (Fig 2C). Cxcr4, an endoderm marker gene [43], was detected

in Group I cells (Fig 2C). Therefore, GFPlow VPR cells are heteroge-

neous, comprising a mixture of the precursors of hepatic, biliary

ductal, and pancreatic lineages.

During early development, progenitor cells are cycling actively

while retaining the ability to differentiate. Generally, cell prolifer-

ation and differentiation exhibit an inverse relationship [44]. To

evaluate the differentiation potential of each population, we

analyzed the expression patterns of cell cycle-related genes. Most

genes promoting cell cycle progression were silent in GFPlow

DPR cells (Fig EV3D). Bromodeoxyuridine (BrdU) incorporation

experiments confirmed the lowest DNA synthesis rate (reflecting

cell proliferative property) of GFPlow DPR cells compared with

GFPhigh cells and GFPlow VPR cells. Among these populations,

GFPlow VPR cells showed the highest DNA synthesis rate (Fig 2D

and E). These findings further indicate the identity of GFPlow

VPR cells as precursor cells, whereas GFPlow DPR cells are dif-

ferentiated endocrine cells.

Together, our single-cell analyses define Pdx1-GFPhigh cells from

the VPR and DPR as pancreatic progenitor cells, whereas Pdx1-

GFPlow cells from the VPR and DPR demonstrate distinct gene

expression and developmental potential. Pdx1-GFPlow DPR cells are

premature endocrine lineages, whereas Pdx1-GFPlow VPR cells are

heterogeneous, comprising progenitors for different lineages.

More endocrine cells and fetal b-cells are generated in the
dorsal pancreas

Given the higher percentage of Pdx1-GFPhigh pancreatic progenitor

cells in the DPR, we tracked the developmental process to determine

whether there was a higher percentage of endocrine cells in the

dorsal pancreas at later developmental stages. First, we quantified

the second wave of NGN3+ endocrine progenitor cells (NGN3+ cells

generated at E9.5–E10.5 were called first wave endocrine cells) from

the ventral and dorsal pancreases using an Ngn3-GFP knock-in

mouse strain [45]. NGN3+ cells were divided into Ngn3-GFP highly

expressing (Ngn3-GFPhigh) and lowly expressing cells

(Ngn3-GFPlow). Ngn3-GFPhigh cells are committed endocrine cells,

whereas Ngn3-GFPlow cells retain the potential to differentiate into

exocrine cells [46]. These two populations are distinguishable by

FACS based on the fluorescence intensity of GFP [47]. Thus, we

dissected the dorsal and ventral pancreases from Ngn3-GFP

embryos at E13.5 and E14.5 and performed flow cytometric

analyses (Figs 3A–F and EV4A and B). The Ngn3-GFPlow and

Ngn3-GFPhigh cells were FACS-purified, and the Ngn3 expression

level was validated by RT–qPCR (Fig EV4D). We observed signifi-

cantly higher ratios of Ngn3-GFPhigh cells versus total Ngn3-GFP+

cells in the dorsal pancreases from both E13.5 and E14.5 embryos

(Fig 3C and F).

Next, we determined whether the higher ratio of Ngn3-GFPhigh

cells was correlated with a greater number of b-cells in the dorsal

pancreas. Similarly, we analyzed b-cells in E17.5 ventral and dorsal

pancreases from an Insulin1-RFP (Ins1-RFP) transgenic mouse strain

[48]. We dissected whole ventral and dorsal pancreatic tissues and

performed flow cytometric analyses, which revealed a higher

percentage of Ins1-RFP+ cells in the dorsal pancreases compared

with the ventral pancreases (Figs 3G–I and EV4C). In adult animals,

the body and tail regions of the pancreas were derived from the

dorsal pancreas, and the head region was derived from the ventral

pancreas. We then dissociated the pancreatic cells from the tail and

head regions (Fig EV4E) and compared the density of the b-cell
mass between these two regions using flow cytometry. However,

the percentages of INS+ cells from the pancreatic tissue or individ-

ual islets in the tail and head regions were not significantly different

(Fig EV4E–H), consistent with previously reported findings in rats

[49]. Thus, these results suggest a secondary mechanism by which

◀ Figure 1. Single-cell RNA-seq identified distinct cell populations in the VPR and DPR.

A The VPR and DPR (right) were dissected from E10.5 Pdx1-GFP embryos (left). Scale bar: 500 lm. DPR, dorsal Pdx1-expressing region; VPR, ventral Pdx1-expressing
region; Duo, duodenum bud.

B FACS gating for sorting GFPlow and GFPhigh cells from the VPR and DPR.
C The ratios of GFPhigh cells to GFP+ cells in the VPR and DPR. The data show the mean � SEM; n = number of independent biological replicates, unpaired t-test.

***P-value < 0.001.
D PCA plot of single-cell RNA-transcriptomes of GFP+ (circle), GFPlow (triangle), and GFPhigh (square) cells from the VPR (blue) and DPR (orange). Each point represents a

single cell. Three groups of cells are included in three colored circles.
E Hierarchical clustering of 815 genes correlating with the first two PCs identified three groups of cell types and four major distinct clusters (a–d) of genes

(P < 1 × 10�9, cell cycle-related genes are excluded). Each column is a single cell, and each row represents one gene. Cluster-specific TFs are listed on the right. The
genes in bold are known to have roles in pancreatic development. L, GFPlow; H, GFPhigh.

F Selected GO categories enriched among the four clusters of genes in (E).

▸Figure 2. Three groups of cells represent distinct cell fates.

A–C Expression levels of group-specific genes in individual cells. The gene expression values were projected onto the PCA (left) and box (right) plots. Each point
represents a cell. Points were colored based on the hierarchical clustering in Fig 1E. The y-axes of the box plots represent the expression levels (RPKM). Central line
in the box represents median; box limits represent the first and third quartile; whiskers represent 1.5 × interquartile range. Unpaired Wilcoxon rank-sum test.
Cell # = the number of cells. n = number of independent biological replicates. *P-value < 1 × 10�3; **P-value < 1 × 10�6; ***P-value < 1 × 10�9.

D Flow cytometric analysis of BrdU incorporation rates in GFPlow and GFPhigh cells from the DPR and VPR.
E Statistical analysis of BrdU+ in different cell populations. The data show the mean � SEM; n = number of independent biological replicates, unpaired t-test.

*P-value < 0.05; ***P-value < 0.001.
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the ventral pancreas manages to compensate for the lower b-cell
mass at a late developmental stage.

To determine whether the gene expression profiles of the dif-

ferentiated endocrine progenitors and b-cells from the ventral and

dorsal pancreases were identical, we performed bulk-cell RNA-seq

on 5–7 × 104 cells purified from E10.5 Pdx1-GFP+, E14.5 Ngn3-

GFPlow, and Ngn3-GFPhigh, and E17.5 Ins1-RFP+ ventral and dorsal

pancreatic tissues (Figs 3J and EV2G, and Dataset EV1). Consistent

with a previous report [24], we identified more than 3,000 genes

that were differentially expressed between E10.5 Pdx1-GFP+ cells

from the VPR and DPR (Figs 1D and 1E, and 3J, Dataset EV3).

Moreover, DPR cells highly expressed TFs implicated in pancreatic

development, such as Pdx1, Nkx6.1, Ptf1a, Mnx1, and Sox9

(Fig EV4I). We also identified the different cell signaling pathways

involved in VPR and DPR development using Kyoto Encyclopedia of

Genes and Genomes (KEGG) pathway enrichment analysis [50]

(Fig EV4J and Dataset EV3). Among the endocrine progenitors at

E14.5 or b-cells at E17.5 from the ventral and dorsal pancreases, we
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Figure 3. More endocrine and fetal b-cells are generated in the dorsal pancreas.

A–I Flow cytometric analysis of endocrine progenitors and b-cells in the ventral pancreases (V. P.) and dorsal pancreases (D. P.). (A, D, and G) Dissected ventral and
dorsal pancreatic tissues. Scale bar: 500 lm. (B, E, and H) FACS gating for sorting Ngn3-GFP+ or Ins1-RFP+ cells from the V. P. and D. P. (C and F) Statistical analysis
of percentages of Ngn3-GFPhigh cells among Ngn3-GFP+ cells in the V. P. and D. P. (I) Statistical analysis of percentages of Ins1-RFP+ cells among total pancreatic
cells in the V. P. and D. P. Data in (C, F, and I) show the mean � SEM; n = number of independent biological replicates, unpaired t-test. ***P-value < 0.001.

J Differentially expressed genes among cells from VPR, DPR, the V. P., and D. P. at various developmental stages. The numbers indicate significantly highly expressed
genes in the ventral (blue) or dorsal (orange) regions. The dotted lines represent the twofold change threshold.
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detected only a small number of genes exhibiting significantly dif-

ferent expression levels; however, the variations were primarily

within a range of � twofold (Fig 3J). Single-cell quantitative PCR

showed that the individual b-cells from the pancreatic tail and head

expressed the b-cell featured genes Ins1, Ins2, and Pdx1 at similar

levels (Fig EV4K). Together, our data reveal the elevated potential

of the dorsal pancreas to generate a second wave of endocrine

progenitors or fetal islet lineages.

Three cell lineages in the E10.5 VPR are derived from a common
group of progenitors

The presence of hepatic and ductal lineage markers in GFPlow VPR

cells at E10.5 indicated the heterogeneity of the cell subtypes in this

population. To elucidate the composition and developmental poten-

tial of GFPlow VPR cells, we focused our analyses on this population.

Our previous study revealed co-expression of a hepatoblast surface

marker, Liv2, on some Pdx1-GFP+ cells [47]. To determine which

subpopulation of Pdx1-GFP+ cells expressed the Liv2 marker, we

stained VPR and DPR cells with a Liv2 antibody and performed a

flow cytometric analysis. We used cells from the E10.5 liver buds as

a positive control. Among Pdx1-GFP+ cells, we detected Liv2+ cells

only in the GFPlow VPR cell population (Fig 4A). Notably, Liv2+

cells constituted only 23% of the total GFPlow VPR cells. Moreover,

we identified that GFPlow/Liv2+ cells were mainly located at the

adjunct region of the liver, pancreatic, and EHBD buds (Fig 4B). To

thoroughly characterize the cell types found among GFPlow VPR

cells, we isolated 54 Liv2+ and 59 Liv2� cells from the GFPlow VPR

population for single-cell RNA-seq analyses. To determine the speci-

fication pathway of GFPlow VPR cells, we also performed single-cell

RNA-seq on 23 Liv2+ hepatoblasts from E10.5 liver buds. Based on

PCA, a fraction of the Liv2+/GFPlow cells showed a tendency to

develop into hepatoblasts and a fraction of the Liv2�/GFPlow cells

traced a path toward the GFPhigh VPR cluster. In contrast, the

remainder of the Liv2+ and Liv2� cells remained together in the

PCA plot (Fig 4C). Hierarchical clustering analysis divided these

E10.5 cells into three major groups based on the expression patterns

of cluster “a–d” genes (Figs 4D and EV5A, and Dataset EV4). Group

i cells included the GFPhigh cells and some GFPlow/Liv2� cells; this

group highly and exclusively expressed cluster “a” genes, which

included key TFs in pancreatic progenitor cells, such as Pdx1, Ptf1a,

Mnx1, Nkx2.2, Nkx6.1, and Nkx6.2 (Fig 4D–F). GO analysis

revealed that cluster “a” contained genes associated with pancreatic

development (Fig EV5A). Although the GFPlow cells in this group

expressed cluster “a” genes at relatively low levels, they clearly

displayed a tendency to develop into the pancreatic lineage (Fig 4C).

In cells of Group ii and Group iii, Pdx1 transcripts were barely

detected (Figs 4E and F, and EV5B). However, due to the persis-

tence of the GFP protein even after Pdx1 was turned off, we were

able to sort these immediate descendants of the Pdx1-expressing

cells. As Sox17 marks Pdx1-induced EHBDs [30], Group ii cells

highly expressed Sox17 in cluster “c” genes, which contained GO

items for epithelial development and cell adhesion and were desig-

nated EHBDs (Figs 4D–F and EV5A). Group iii cells consisted of

Liv2+ hepatoblasts and GFPlow/Liv2+ cells (Fig 4C). The hepatic

marker gene Alb, liver metabolic process-related genes, and key TFs

for hepatic development, such as Hnf4a, Cebpa, Foxa1, and Tbx3

[51], were identified in this group (Figs 4D–F and EV5A). Thus, the

GFPlow cells in this group were specified as hepatoblasts. Curiously,

cluster “b” genes were expressed in both pancreatic progenitor cells

and EHBDs, suggesting a close relationship between these two cell

lineages. Based on our single-cell transcriptomic analyses, Pdx1-

induced cells in the VPR at E10.5 gave rise to EHBDs, hepatoblasts,

and Pdx1high pancreatic progenitor cells.

To trace the common progenitors of these three groups of

cells, we isolated GFP+ cells from the E9.5 VPR and performed

single-cell transcriptomic analyses. PCA of E9.5 VPR and E10.5

VPR cells together revealed that the majority of E9.5 VPR cells

were intermediate between EHBDs, hepatoblasts, and pancreatic

progenitor cells. Hierarchical clustering and heat map analyses

showed that E9.5 VPR cells expressed most hepatoblast-, EHBD-,

and pancreatic-specific genes but at lower levels, indicating that

most of them had not started to be specified into these three

lineages (Figs 4G and EV5C, and Dataset EV4). The majority of

the E9.5 VPR GFP+ cells co-expressed Pdx1 and Sox17 (Fig 4H),

which is consistent with a previous study showing that EHBD

and pancreatic progenitors were derived from Pdx1+/Sox17+ cells

[30]. Moreover, to reconstruct branched biological processes and

define the relationships among VPR cells at E9.5 and the

pancreas, EHBD, and liver lineages at E10.5, we applied an algo-

rithm to generate a minimum spanning tree (MST) using these

cells [52]. We found that in the VPR, E9.5 GFP+ cells diverge

▸Figure 4. Three cell lineages among GFPlow VPR cells.

A Flow cytometric analyses of Liv2+ cells in the VPR, DPR, and the liver buds (LB). Liv2+ cells from the VPR-L (brown arrow), Liv2� cells from the VPR-L (yellow arrow),
and Liv2+ cells from the LB (black arrow) were sorted for single-cell RNA-seq.

B Immunofluorescence of PDX1 and Liv2 on sagittal section of E10.5 mouse embryo. The white and yellow arrows denote PDX1low/Liv2+ cells in the liver and EHBD
regions, respectively. Scale bar: 50 lm.

C PCA plot of single-cell transcriptomes from the indicated cells (left). Each dot represents a single cell. All cells are classified into three groups (right). The two panels
represent the same PCA coordinates.

D Hierarchical clustering of 694 genes correlated with the first two PCs identified three major distinct cell lineages (P < 1 × 10�6). Each column represents a single
cell, and each row represents one gene. Cells were re-ordered according to the value of PC1 or PC2. Genes in clusters “a, b” and “c, d” were re-ordered by
correlations with PC2 and PC1, respectively. The color of the cell type and cell source are indicated in (C). Lineage-specific TFs are listed on the right.

E, F The gene expression values of lineage marker genes were projected onto the PCA (E) and box (F) plots. Each point represents a cell. The y-axes of the box plots
represent the expression levels (RPKM). Central line in the box represents median; box limits represent the first and third quartile; whiskers represent
1.5 × interquartile range. Unpaired Wilcoxon rank-sum test. Cell # = the number of cells. n = number of independent biological replicates. **P-value < 1 × 10�5;
***P-value < 1 × 10�10.

G PCA plot of single-cell transcriptomes from the indicated cells. Each dot represents a single cell. The PCA was performed using the same PC1 and PC2 in (C).
H Pdx1 and Sox17 expression levels in E9.5 VPR and DPR cells.
I Inferred ventral and dorsal pancreatic lineage relationships analyzed by minimum spanning tree.
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along three separate trajectories toward the pancreas, EHBD, and

liver lineages (Fig 4G and I). Along the trajectory toward hepato-

blast lineage, the cells in intermediate state turned off the expres-

sion of Pdx1 (Figs 4E and EV5B) before they differentiated into

hepatoblasts. However, in the DPR, E9.5 GFP+ cells (endocrine

cells excluded) progress along only one differentiation path to

become Pdx1-GFPhigh cells (Fig 4G and I), and very few E9.5

GFP+ DPR cells expressed Sox17 (Fig 4H). Thus, these data

suggest that E9.5 VPR GFP+ cells, which express Pdx1 and

Sox17, retain the potential to differentiate into pancreas, EHBD,

and liver lineages, whereas E9.5 DPR GFP+ cells are restricted to

differentiate into the pancreatic lineage.

To investigate whether the Pdx1-expressing cells could give

rise to liver cells, we used a Pdx1-Cre transgene crossed with the

Rosa26-lacZ reporter mouse strain to trace the fate of these cells.

At E12.5, we sectioned the embryo sagittally and stained for X-

Gal and ALB. We clearly observed blue cells in the pancreatic

and EHBD regions (Fig 5). Although Pdx1-expressing cells had

hardly been detected in the E9.5 liver bud [30], we captured a

few ALB+/blue cells in the liver region at E12.5. To isolate the

progeny of Pdx1-expressing cells in the liver for single-cell tran-

scriptomic analysis, we crossed the Pdx1-Cre transgene with the

Rosa26-tdTomato reporter mouse strain. At E15.5, we stained cells

with antibodies against the hepatocyte marker DLK and

performed flow cytometric analyses. We observed that only

0.00032% of E15.5 fetal liver cells were tdTomato+/DLK+

(Fig EV5E). Single-cell RT–qPCR analysis revealed that tdTomato-

expressing cells co-expressed the hepatocyte marker genes Alb,

Afp, and Dlk1 (Fig EV5F and G). Single-cell RNA sequencing and

PCA showed that these cells clustered with hepatocytes we identi-

fied in our previous study [53] (Fig EV5H). Therefore, the genetic

tracing study demonstrated that the Pdx1-expressing cells in the

ventral region retained the potential to develop into hepatic cells,

but these cells have almost no contribution to the liver mass.

Given that E9.5 Pdx1+/Sox17+ VPR cells showed relative homo-

geneity on the PCA plot (Fig 4G) and these cells have been

demonstrated to generate both pancreatic and EHBD lineages, our

studies suggest that E9.5 GFP+ VPR cells are intermediate progen-

itors of pancreas, EHBD, and liver cells.

Discussion

Although all pancreatic cell types develop from Pdx1+ pancreatic

progenitors in both the VPR and DPR and differential regulatory

mechanisms have been suggested for ventral versus dorsal pancre-

atic differentiation, we still possess limited knowledge regarding

cell type composition and fate mapping during ventral and dorsal

pancreatic progenitor specification. In this study, we isolated Pdx1-

GFPlow and Pdx1-GFPhigh cells from the VPR and DPR and mapped

pancreatic cell fate specification based on single-cell transcriptomic

analyses. In the VPR, the initially expressed Pdx1low/Sox17low cells

are indicated to be multipotent and give rise to EHBDs (Sox17high/

Pdx1�), hepatoblasts (Sox17�/Pdx1�/Alb+), and pancreatic

progenitor cells (Sox17�/Pdx1high). However, Pdx1low cells contri-

bute little to the mass of liver progenitors because the majority of

hepatoblasts have never expressed Pdx1 (Figs 4A and 5, and

EV5E). In the DPR, Pdx1high pancreatic progenitor cells appear to

be directly specified from endodermal cells without the intermedi-

ate stage observed in the VPR. Although the dorsal pancreatic

specification is initiated approximately half a day earlier than the

ventral specification, the Pdx1high cells in both anlages are identical

at the transcriptomic level. However, the Pdx1low cells in the DPR

are precocious pancreatic endocrine cells (also called first wave

endocrine cells), which are completely distinct from the Pdx1low

cells in the VPR. These findings in the DPR are consistent with

those of a recent study [54], which showed that E9.5 dorsal foregut

progenitors could be classified into pancreatic progenitors and

pancreatic endocrine and duodenal progenitors based on the

expression patterns of marker genes. Therefore, our study provides

a precise fate map of ventral and dorsal pancreatic lineage specifi-

cation (Fig 6).

E12.5 Pdx1-Cre; Rosa26-lacZ

Pancreas

EHBD

Liver

X-gal ALB

Figure 5. Hepatic potential of ventral Pdx1-expressing cells.

Sagittal section of E12.5 Pdx1-Cre; Rosa26-LacZ mouse embryo counterstained for ALB (brown). X-gal staining (blue) showing cells derived from Pdx1-expressing cells. The
arrowheads indicate cells co-stained with X-gal and ALB (see Fig EV5D for more images of different sections). EHBD, extrahepatic bile ducts. Scale bar: 50 lm (left) or 20 lm
(right).
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The difference in pancreatic progenitors between the dorsal and

ventral regions is significant at E9.5. This difference is presumed to

occur at an earlier stage of development. The dorsal and ventral

endoderm cells receive distinct cell signals from their adjacent

tissues, which might preset the different programs spatially, guiding

the differentiation of endoderm cells. However, the difference in

molecule levels between dorsal and ventral endoderm cells is still

unclear. Further studies of the nature of dorsal and ventral endoderm

cells at the single-cell level will help us to address these questions.

During b-cell induction, generation of high-quality pancreatic

progenitors is critical to produce functional b-cells [5]. Our in vivo

studies revealed direct and efficient generation of pancreatic progen-

itor cells in the dorsal pancreas. However, due to the lack of a care-

ful analysis of cell subtypes and transcriptomes in VPR and DPR

cells, it was difficult to assess whether the ventral or dorsal pancre-

atic program is activated during pancreatic progenitor differentiation

in vitro. Jennings et al recently performed comparative transcrip-

tomic analyses of cell populations from human embryonic liver

buds and dorsal pancreatic buds and identified 13 genes highly

expressed in the dorsal pancreas. In addition, RT–qPCR examination

showed that in vitro differentiated pancreatic endoderm cells highly

expressed these 13 genes compared to the in vitro derived hepatic

cells. Based on these observations, they drew the conclusion that

the pancreatic differentiation of hPSCs follows a dorsal rather than a

ventral pancreatic program [55]. However, this conclusion, which

was based on a small group of genes, needs to be verified at the

single-cell transcriptomic level. Therefore, single-cell RNA-seq anal-

yses on VPR and DPR cells from human embryos will provide a

benchmark for evaluating the quality and differentiation pathways

of induced pancreatic progenitors.

Materials and Methods

Mouse lines and embryo dissection

Mice were bred and maintained in the animal facility at Peking

University. All mice were maintained in a pathogen-free environ-

ment with constant temperature and humidity and 12-hr/12-hr

light/dark cycle and received an autoclaved standard diet and water

ad libitum. Male mice were weaned to regular chow at postnatal

day 21 (P21) and housed in clear cages in groups of no more than

hepatoblast

endoderm

intermediate
progenitors

EHBD

1st wave endocrine
( α cell )

endoderm

Pdx1high

Sox17-

ventral foregut dorsal foregut

pancreatic 
progenitors

pancreatic 
progenitors

Pdx1high

Sox17-

Sox17low

Pdx1low

Sox17high

Pdx1-

Alb+

Pdx1-

Sox17-

Pdx1low

Arx+

Neurod1+majority of pancreatic lineages

Sox17+

Pdx1-

Figure 6. Working model of distinct ventral and dorsal pancreatic programs.

In the ventral pancreatic program, the ventral foregut endoderm cells first differentiate into Pdx1low intermediate progenitors, which can generate hepatoblasts,
extrahepatobiliary cells, and Pdx1high pancreatic progenitors. In the dorsal pancreatic program, the dorsal foregut endoderm cells directly differentiate into Pdx1high

pancreatic progenitors, a fraction of which further differentiates into Pdx1low precocious pancreatic endocrine lineages. In both programs, Pdx1high cells are identical at the
transcriptomic level and generate the majority of pancreatic lineages.
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five animals per cage. Experiments were conducted according to the

Animal Protection Guidelines of Peking University.

Pdx1-GFP [35], Pdx1-Cre [56], Ngn3-GFP [45], Ins1-RFP [48],

Rosa26-lacZ [57], and Rosa26-tdTomato mice were used in this

study. Embryonic day 0.5 was designated the time point at which

the vaginal plug appeared. Dorsal and ventral pancreatic tissue from

E9.5, E10.5, E13.5, E14.5, and E17.5 embryos was dissected under a

fluorescence stereomicroscope (Luma V12, Zeiss).

Cell sorting

Dissected E9.5, E10.5, E13.5, and E14.5 dorsal and ventral pancre-

atic tissue and E15.5 liver were dissociated by incubation in 0.25%

trypsin for 5 min at 37°C. Then, 0.4 volumes of PBS were added to

stop the reaction. For E17.5 pancreases, a digestion process involv-

ing 0.5 mg/ml collagenase for 5 min at 37℃ was performed prior to

trypsin treatment. For P60 mice, the islets were digested by collage-

nase perfusion. Anti-Liv2 (MBL, D118-3), PE goat anti-rat IgG

(Biolegend, 405406), and anti-Dlk-FITC (MBL, D187-4) antibodies

were used for cell sorting. Cells were sorted at 4°C using a FACS

Aria SORP flow cytometer (BD Biosciences).

Bulk-cell RNA-seq

Total RNA was isolated from approximately 5–7 × 104 sorted cells

using an RNeasy Micro Kit (Qiagen, 74004). Poly(A) RNA was further

purified with the NEBNext Poly(A) mRNA Magnetic Isolation Module

(NEB #E7490). Libraries were prepared using a NEBNext Ultra Direc-

tional RNA Library Prep Kit for Illumina (NEB #E7420) according

to the manufacturer’s instructions. The quality of the cDNA libraries

was assessed with an Advanced Analytical Fragment Analyzer. Each

RNA-seq analysis was performed with two independent biological

replicates. The correlation between replicates is shown in Fig EV2G.

Single-cell RNA-seq

After sorting, cells were manually picked with a mouth pipette

under the microscope. RNA-seq libraries were prepared according to

the Smart-seq2 method as previously reported [36]. In every single-

cell sample, we included 0.05 ll of ERCC spike-in (Life Technolo-

gies, 4456740) at a 1:500,000 dilution. Amplified cDNAs were

analyzed using the Advanced Analytical Fragment Analyzer. Two

nanograms of cDNA was used to prepare the libraries using a True-

Prep DNA Library Prep Kit (Vazyme, TD502).

RT–qPCR

Total RNA from sorted cells was prepared using an RNeasy Micro

Kit (Qiagen, 74004). First-strand cDNA was synthesized using

HiScript II Q RT SuperMix (Vazyme, R223).

The primers used for RT–qPCR were listed in Table EV1.

Whole-mount X-gal staining, immunostaining, and BrdU
incorporation

E12.5 embryos were dissected and fixed for 30 min at room tempera-

ture in fixation buffer (0.2% glutaraldehyde, 5 mM EGTA, and 2 mM

MgCl2 in PBS). After fixation, the embryos were washed three times

for 30 min each at room temperature in washing buffer (2 mM

MgCl2, 0.02% NP-40, 0.01% sodium deoxycholate in PBS). Speci-

mens were stained overnight at 37°C in washing buffer containing

1 mg/ml X-gal, 5 mM potassium ferricyanide, and 5 mM potassium

ferrocyanide. After staining, the embryos were dehydrated and

embedded in paraffin. The 5-lm-thick paraffin sections were

deparaffinized and dehydrated. The ABC Kit (Vector Labs), anti-ALB

(Santa Cruz, sc-46293), and biotinylated anti-goat IgG (Vector Labs,

BA-5000) were used to perform immunohistochemistry. Images were

acquired with a Zeiss slide scanner (Zeiss Axio Scan.Z1).

E10.5 mouse embryos and adult pancreata were embedded in

paraffin and sectioned into 5-lm-thick slices for immunofluores-

cence with antibodies against antibodies anti-INSULIN (Abcam,

ab7842), anti-PDX1 (Abcam, ab47383), anti-Liv2 (MBL, D118-3),

Alexa Fluor 594 goat anti-guinea pig IgG (Thermo, A11076), Alexa

Fluor 488 donkey anti-goat IgG (Thermo, A11055), and Alexa Fluor

594 donkey anti-rat IgG (Thermo, A21209). Images were acquired

using a Zeiss Axio Imager.M2.

Intraperitoneal injection of BrdU (1 mg/25 g of body weight)

was performed 2 hours before sacrifice. The cells were stained with

an APC BrdU Flow Kit (BD, 552598) according to the manufac-

turer’s instructions, and flow cytometric analysis was conducted

with a FACS Aria SORP flow cytometer (BD Biosciences).

Processing of bulk-cell RNA-seq data

Bulk-cell RNA-seq libraries were sequenced as 101-bp paired-end

reads on an Illumina HiSeq 2000 or as 51-bp single-end reads on an

Illumina HiSeq 2500. We aligned the sequencing reads to the Mus

musculus reference genome GRCm38/mm10 using TopHat (v2.1.0)

[58] with the parameter “-o out_dir -G gtf –transcriptome-index

trans_index bowtie2_index input_fastq1 input_fastq2”. Reads

aligned to genes were counted with HTSeq (v 0.6.0) [59] with the

parameters “-f bam -r pos -s reverse -a 30”. Reads of biological repli-

cates were pooled. RPKM (reads per kilobase of the longest tran-

script per million mapped reads) was employed to quantify gene

expression levels. We performed differential expression analysis of

bulk-cell RNA-seq using DESeq2 (v1.12.4) [60] and set the padj (ad-

justed P-value) cutoff at 0.05. KEGG [50] pathway enrichment anal-

ysis was performed using DAVID (v6.7) [61,62]. GO (Gene

Ontology) [63] enrichment analysis was performed using GOstats

(v2.34.0) [64].

Processing of single-cell RNA-seq data

Single-cell RNA-seq libraries were sequenced as 51-bp single-end

reads on an Illumina HiSeq 2500. Alignments were performed as

previously described for the bulk-cell RNA-seq analyses. Cells with

< 0.5 million mapped reads were excluded from downstream analy-

ses. Reads aligned to genes were counted with HTSeq (v0.6.0) [59]

with the parameters “-f bam -r pos -s no -a 30”. RPKM was

employed to quantify gene expression levels, which were highly

correlated with the mRNA molecule number and gene expression

levels of bulk-cell RNA-seq (Fig EV2E and F).

To account for technical noise, we performed a gamma general-

ized linear model fit on “average normalized read count” and “the

square of the coefficient of variation (CV2)” of 92 ERCC spike-ins

(Fig EV2A) and identified significantly highly variable genes (false
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discovery rate (FDR) < 0.1), as previously described [65]. PCA was

performed using the log2(RPKM + 0.1) of highly variable genes with

FactoMineR (v1.31.4) [66]. The R package ggplot2 (v2.0.0) [67] was

used to generate PCA graphs. To explore the cell lineages in dorsal

or ventral Pdx1+ cells, the medoid of each group in the PCA was

calculated, and a minimum spanning tree (MST) was constructed

with vegan (v2.4-1) [52] (Fig 4I).

To reduce noise, we identified significantly higher principal

component (PC) loading genes among the PCA results using the

dimdesc function of FactoMineR (v1.31.4) [66], by which we

performed a t-test and generated a P-value for each gene. To obtain

heterogeneously expressed genes, we filtered out genes with a

RPKM ≥ 1 in ≥ 90% of the total cells. The transcription factor gene

list was obtained from AnimalTFDB [68]. To classify the subgroups

of cells, we performed Ward hierarchical clustering based on the

Spearman correlation distance metric using the genes identified as

having significantly higher PC loading (see P-values in the corre-

sponding Figure legends).

Statistics and reproducibility

Unpaired two-tailed t-tests were performed, and SEM was calculated

for FACS analyses, cell number calculation of b-cells, and RT–qPCR,

with at least three independent experiments/biological replicates

(P-value < 0.05 was considered significant). All images are represen-

tative of experiments that were performed independently at least

three times. The unpaired two-tailed Wilcoxon rank-sum test was

performed, as shown in a box plot in Figs 2A–C and 4F, and

EV1D and EV4K. The batch information of the cells is shown in

Dataset EV1.

Data availability

The RNA-seq data from this publication have been deposited to the

Gene Expression Omnibus (GEO) and assigned the identifier

GSE86225.

Expanded View for this article is available online.
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