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Abstract
Aims/hypothesis While pancreatic beta cells have been shown to originate from endocrine progenitors in ductal regions, it
remains unclear precisely where beta cells emerge from and which transcripts define newborn beta cells. We therefore investi-
gated characteristics of newborn beta cells extracted by a time-resolved reporter system.
Methods We established a mouse model, ‘Ins1-GFP; Timer’, which provides spatial information during beta cell neogenesis
with high temporal resolution. Single-cell RNA-sequencing (scRNA-seq) was performed on mouse beta cells sorted by fluores-
cent reporter to uncover transcriptomic profiles of newborn beta cells. scRNA-seq of human embryonic stem cell (hESC)-derived
beta-like cells was also performed to compare newborn beta cell features between mouse and human.
Results Fluorescence imaging of Ins1-GFP; Timer mouse pancreas successfully dissected newly generated beta cells as green
fluorescence-dominant cells. This reporter system revealed that, as expected, some newborn beta cells arise close to the ducts
(βduct); unexpectedly, the others arise away from the ducts and adjacent to blood vessels (βvessel). Single-cell transcriptomic analyses
demonstrated five distinct populations among newborn beta cells, confirming spatial heterogeneity of beta cell neogenesis such as high
probability of glucagon-positive βduct, musculoaponeurotic fibrosarcoma oncogene family B (MafB)-positive βduct and musculoapo-
neurotic fibrosarcoma oncogene family A (MafA)-positiveβvessel cells. Comparative analysis with scRNA-seq data ofmouse newborn
beta cells and hESC-derived beta-like cells uncovered transcriptional similarity between mouse and human beta cell neogenesis
including microsomal glutathione S-transferase 1 (MGST1)- and synaptotagmin 13 (SYT13)-highly-expressing state.
Conclusions/interpretation The combination of time-resolved histological imaging with single-cell transcriptional mapping
demonstrated novel features of spatial and transcriptional heterogeneity in beta cell neogenesis, which will lead to a better
understanding of beta cell differentiation for future cell therapy.
Data availability Raw and processed single-cell RNA-sequencing data for this study has been deposited in the Gene Expression
Omnibus under accession number GSE155742.
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Abbreviations
βduct Newly generated beta cells adjacent

to pancreatic ducts
βvessel Newly generated beta cells adjacent

to blood vessels
BEAM Branched expression analysis modelling
DBA Dolichos biflorus agglutinin
E Embryonic day
eGFP Enhanced green fluorescent protein
G1 Green fluorescent cells in the first sorting
G2 Green fluorescent cells in the second sorting
GCG Glucagon
GR Green/red double fluorescent
hESC Human embryonic stem cell
INS Insulin
MafA Musculoaponeurotic fibrosarcoma

oncogene family A
MafB Musculoaponeurotic fibrosarcoma

oncogene family B
NEUROG3 Neurogenin 3
NKX6.1 NK6 homeobox 1
PDX1 Pancreatic and duodenal homeobox 1
PECAM1 Platelet endothelial cell adhesion molecule 1
pTimer DsRed-E5 protein
scRNA-seq Single-cell RNA-sequencing
SST Somatostatin
t-SNE t-Distributed stochastic neighbour embedding

Introduction

Diabetes results from an absolute or relative deficiency of
insulin-producing beta cells; hence, there is significant interest
in developing safe and efficient protocols for the derivation of
surrogate beta cells. To date, in vivo mouse models have
uncovered hierarchical regulation of endocrine differentiation,
showing that beta cells differentiate from Neurog3-expressing
progenitors during embryogenesis [1, 2], and that endocrine
neogenesis infrequently occurs in the adult pancreas under
physiological conditions [1–6]. In addition, live imaging using
Ins1-GFP transgenic mice, which express GFP under the
control of Ins1 promoter [7], demonstrated that individual beta
cells migrate significant distances, to form islet-like clusters
[8]. However, there is little spatial information as to from
where beta cells arise, as there is no specific marker to distin-
guish newly generated beta cells separately from more differ-
entiated beta cells.

Single-cell RNA-sequencing (scRNA-seq) analysis is a
powerful method to uncover cell transcriptomes in single-
cell resolution. In the field of islet biology, cell type charac-
teristics and heterogeneity have been reported in human
pancreas [9–11] and pancreatic endocrine progenitors derived
from human embryonic stem cells (hESCs) [12], and mouse
endocrine cells [13–16]. However, single-cell transcriptional
profiling of beta cell neogenesis with high-time resolution has
not been reported.
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We previously generated the Ins1-Timer reporter mouse, in
which newly generated beta cells can be fluorescently sepa-
rated from more differentiated beta cells, and determined the
expression profiles of these two beta cell populations [4].
However, the green fluorescence intensity of newborn beta
cells in the Ins1-Timermice was below the microscopic detec-
tion threshold, and therefore the spatiotemporal characteristics

of beta cell neogenesis could not be ascertained. To circum-
vent this problem, we developed a new mouse model, Ins1-
GFP; Timer, with high-intensity GFP fluorescence, to uncov-
er the spatiotemporal heterogeneity during beta cell
neogenesis. We also carried out scRNA-seq analyses to deter-
mine the transcriptional heterogeneity of newborn beta cells.
Thus, the aim of this work was to provide improved spatial
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Fig. 1 Improved ‘Timer’ fluorescence system for labelling newly gener-
ated beta cells. (a) Schematic diagram of the concept for improved tempo-
ral labelling in Ins1-GFP; Timer (DsRed-E5) double-transgenic mice.
Whereas green fluorescence in newly generated beta cells of Ins1-Timer
embryos is below themicroscopic detection threshold, green fluorescence
from Ins1-GFP mice is high enough to be detected by microscopy in
newly generated beta cells as well as in mature beta cells. Thus, Ins1-
GFP; Timer double-transgenic mice enable the labelling of newly gener-
ated beta cells as green fluorescent cells by microscopy, which can be
distinguished from mature beta cells with green and red fluorescence. (b)
Fluorescence images of the pancreases of Ins1-Timer and Ins1-GFP;
Timer embryos at E16.5. Whereas all green fluorescent cells exhibited

red fluorescence in Ins1-Timer embryos, green fluorescent cells without
red fluorescence (arrows) were observed in Ins1-GFP; Timer double-
transgenic embryos. Scale bar, 50 μm. (c) Time-lapse imaging of fluo-
rescent cells within an E14.5 pancreatic bud of Ins1-GFP; Timer embry-
os. Enlarged images of a green fluorescent cell at the starting point
(arrow) are shown in the right panels. Red fluorescence started to appear
6 h after the detection of green fluorescence. Scale bar, 50 μm. (d)
Percentages of green-dominant cells among all fluorescent cells in Ins1-
GFP; Timer embryos and neonates. Data represent the mean ± SEM; n
= 15, 18, 15, 12, 15, 10 and 9 mice for E14.5, E16.5, E17.5 and E18.5
embryos, and P0, P1 and P14 neonates, respectively. P, postnatal day
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and transcriptional information on newly generated beta cells
and thus shed light on novel microenvironments that may
orchestrate beta cell specification.

Methods

Animals Ins1-Timer and Ins1-GFP reporter mice were gener-
ated as previously described [4, 7]. All animal procedures
were approved by the Ethics Review Committees at our insti-
tutions. For details, see the electronic supplementary material
(ESM) Methods.

Histological analyses Tissues were fixed in 4% paraformalde-
hyde and embedded. Frozen blocks were sectioned at 5 μm
and 30 μm thickness for regular observation and 3D analysis,
respectively. See the ESM Methods for details.

Ex vivo real-time imaging of the developing pancreas
Developing pancreases were dissected from Ins1-GFP; Timer
embryos at embryonic day 14.5 (E14.5). Live imaging of the

explants was carried out using a confocal microscope. See the
ESM Methods for details.

Preparation of human beta-like cells for scRNA-seq The
CyT49 parental hESC line was obtained from ViaCyte (San
Diego, CA, USA), and was differentiated using the protocol
published by Nair et al [17]. See the ESMMethods for details.

scRNA-seq Ins1-GFP; Timer embryos were collected at E16.5,
digested and immediately sorted into green fluorescent and
green/red double-fluorescent fractions. See the ESM
Methods for details. scRNA-seq libraries were generated with
the 10x Genomics Chromium pipeline (Pleasanton, CA,
USA) as previously described [15]. The libraries were pooled
and sequenced using an Illumina NextSeq500 platform (San
Diego, CA, USA). Data were analysed using publicly avail-
able software programs and R 4.0 pipelines (https://www.r-
project.org/). Scater V1.16 (https://bioconductor.org/
packages/release/bioc/html/scater.html) [18] was used to
filter out cells that did not meet the quality control standard.
This quality control dataset was then analysed using the Seurat
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Fig. 2 Expression pattern of key
transcription factors in fluorescent
cells of Ins1-GFP; Timer mice.
(a–c) Immunofluorescence
staining for PDX1, NKX6.1 and
MafA was performed in the
pancreases of E16.5 Ins1-GFP;
Timer embryos. Arrows indicate
PDX1- (a), NKX6.1- (b) and
MafA-positive (c) green
fluorescent cells. Scale bar,
20 μm. (d) Percentages of MafA-
positive cells among green
fluorescent newborn beta cells
(green bars) and green/red
double-fluorescent differentiated
beta cells (yellow bars). Data
represent the mean ± SEM. The
p values were determined by
Welch’s t tests (**p<0.01,
***p<0.001); n = 5, 8, 5, 4 and 5
mice for E14.5, E16.5, E17.5 and
E18.5 embryos, and P0 neonate,
respectively. P, postnatal day
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V2.0 and V3.0 pipelines (https://satijalab.org/seurat/) [19, 20].
See the ESM Methods for details.

Statistical analysesMeasurements were performed on discrete
samples unless otherwise stated. Statistical analyses were
performed using GraphPad Prism 8.0 (San Diego, CA,
USA) and R 4.0 software. Randomisation and blinding were
not carried out in this study. Comparisons of two samples
were performed by unpaired two-tailed t tests and Welch’s t
tests. Multiple groups were analysed by one-way ANOVA
with a multiple comparison test and Tukey–Kramer’s post-
hoc test was used to compare different groups. A p value
<0.05 was considered to indicate a statistically significant

difference between two groups. Data are presented as the
mean ± SEM.

Results

A novel reporter system for deciphering spatial heterogeneity
during beta cell neogenesis We previously developed
reporter mouse models that express DsRed-E5, termed
‘Fluorescent Timer’, which shifts its fluorescence from
green to red over time [21], allowing temporal separation
of pancreatic cell lineages [4, 22]. Among these reporter
models, the Ins1-Timer mouse, which expresses DsRed-
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Fig. 3 Spatial heterogeneity of newly generated beta cells. (a) The
pancreas of an Ins1-GFP; Timer embryo was dissected at E16.5 and
stained with DBA lectin, a marker of pancreatic ducts (white). Whereas
some green fluorescent cells are attached to the duct cells (arrows; βduct

cells), others exist apart from the duct cells (arrowheads), adjacent to pre-
existing beta cells. Scale bar, 20 μm. (b) Three-dimensional images of
beta cells in Ins1-GFP; Timer embryos at E18.5. Green-dominant cells
without red fluorescence are observed (arrows), located away from the
ductal structures (white). (c) The pancreas of an Ins1-GFP; Timer embryo

was dissected at E16.5 and stained with DBA lectin (blue) and anti-
PECAM1 antibody, a marker of blood vessels (white). There are green
fluorescent cells adjacent to blood vessels (arrows;βvessel cells), but away
from the duct cells. Scale bar, 20 μm. (d) Percentages of βduct cells and
βvessel cells among total fluorescent cells in the pancreases of Ins1-GFP;
Timer embryos and neonates. Data represent the mean ± SEM. The
p values were determined by unpaired two-tailed t tests (*p<0.05,
***p<0.001); n = 15, 18, 15, 12 and 15 mice for E14.5, E16.5, E17.5
and E18.5 embryos, and P0 neonate, respectively. P, postnatal day
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E5 under the control of the Ins1 promoter, enabled us to
separate newly generated beta cells from more differenti-
ated beta cells using FACS. However, only green/red
double-fluorescent cells were observed by microscopy,
as the green fluorescence intensity of newly synthesised
DsRed-E5 is below the microscopic detection threshold in
Ins1-Timer embryos (ESM Fig. 1a). To overcome this
limitation, another fluorescent protein, GFP, was simply
introduced together with DsRed-E5 by crossing Ins1-
Timer mice with Ins1-GFP mice [7]. Because of the
higher fluorescence intensity and faster maturation of
Aequorea victoria GFP compared with DsRed-E5 [21,
23], we hypothesised that newly specified beta cells
would be bright green-dominant cells, which could be
observed by fluorescence microscopy, in the Ins1-
GFP; Timer double-transgenic mice (Fig. 1a, ESM Fig.
1a). As we had expected, green fluorescent cells without
red fluorescence were clearly observed by microscopy in
the pancreas of Ins1-GFP; Timer mice, whereas only
green/red double-fluorescent cells were observed in the
pancreas of Ins1-Timer single-transgenic mice (Fig. 1b).

To verify whether green fluorescent cells are the newly
specified beta cells that express red fluorescence as they
mature, the pancreatic explants of Ins1-GFP; Timer embryos
were cultured for real-time imaging of fluorescent cells. Time-
lapse imaging revealed that the green fluorescent cells exhib-
ited red fluorescence over time (Fig. 1c). The period of time
required for the transition from green fluorescent cells to
green/red double-fluorescent cells was approximately 8 h at
the longest, which nicely agrees with the maturation time of
DsRed-E5 (Timer maturation). As all fluorescent cells were
stained with anti-insulin antibody (ESM Fig. 1b), these find-
ings confirm that the Ins1-GFP; Timer reporter mouse is a
useful tool for detecting newly generated beta cells using
microscopy.

Characterisation of newborn beta cells by microscopy
Microscopic quantification of fluorescent beta cells in Ins1-
GFP; Timer embryos demonstrated that 8.3 ± 0.1% of whole
fluorescent cells exhibited green fluorescence without red
fluorescence at E14.5, and the proportion of green-only fluo-
rescent cells gradually decreased at later stages of develop-
ment (Fig. 1d). There were few green fluorescent cells at post-
natal day 14 (ESM Fig. 1c), which was consistent with previ-
ous reports demonstrating that beta cell neogenesis ceases
after birth in mice [3, 4, 6, 24].

To investigate the characteristics of green fluorescent cells,
immunostaining for beta cell-specific transcription factors was
performed. All fluorescent cells were positive for pancreatic
and duodenal homeobox 1 (PDX1) and NK6 homeobox 1
(NKX6.1), which are essential factors for beta cell develop-
ment (Fig. 2a, b) [25, 26]. In contrast, not all fluorescent cells
were positive for musculoaponeurotic fibrosarcoma oncogene
family A (MafA), a transcription factor expressed in mature
beta cells (Fig. 2c, d) [27–29]. The percentage of MafA-
positive green fluorescent cells was significantly lower than
that of MafA-positive green/red double-fluorescent cells
between E16.5 and postnatal day 0 (Fig. 2d). As MafA func-
tions downstream of NKX6.1 [30], these results suggest that
green fluorescent beta cells are functionally immature. Of
note, a significant proportion of MafA-negative green/red
double-fluorescent cells at E14.5 (~50%) indicates a differ-
ence between temporal Timer maturation, defined by time
after Ins1 promoter activity is driven, and functional matura-
tion, defined by expression of the marker MafA at early devel-
opmental stages in this study.

Spatial heterogeneity of newborn beta cells To investigate
the beta cell differentiation niche, the pancreases of Ins1-
GFP; Timer mice were stained with Dolichos biflorus
agglutinin (DBA) lectin, a duct marker (Fig. 3a–c), so that
the relative position between green fluorescent cells and
ductal cells could be determined. We confirmed previous
reports demonstrating that endocrine cells arise in close
apposition with the ductal lumen [1, 22], as green fluo-
rescent newborn beta cells were observed adjacent to the
ducts (Fig. 3a, arrows). Unexpectedly, a significant
number of green fluorescent cells were observed away
from the ducts and were attached to green/red pre-
existing beta cells (Fig. 3a, arrowheads). To exclude the
possibility that green fluorescent cells, which were
observed away from ductal cells on a thin section
(5 μm), are actually observed close to ductal cells on
neighbouring sections, 3D images of 30–50-μm-thick
pancreases were acquired, and confirmed that there was
some distance between green fluorescent cells and the
ductal structures (Fig. 3b).

To further determine the positional relationship between
green fluorescent cells and other cell types, immunostaining

Fig. 4 Single-cell transcriptome analysis for green and green/red
fluorescent beta cells. (a) FACS plot of E16.5 Ins1-GFP; Timer
pancreatic cells used for library generation. Newborn and more
differentiated beta cells were sorted as green fluorescent and green/red
double-fluorescent cells, respectively. (b) t-SNE plot of 12 clusters from
E16.5 green and green/red fluorescent cells: insulin-expressing beta cell-
lineage clusters (βSpp1, βNeurog3, βSst, βGcg, βPdx1, βIns1, βNpy and βSpc25),
and duct, acinar, stellate and endothelial cells. (c) Top ten differentially
expressed genes in the eight beta cell-lineage clusters. (d) Single-cell gene
expression of Ins1 and Ins2. (e) t-SNE plot of all three libraries: two green
fluorescent (G1, G2) and one green/red fluorescent (GR) cell populations.
(f–h) Pseudotime trajectory of eight beta cell-lineage clusters (βSpp1,
βNeurog3, βSst, βGcg, βPdx1, βIns1, βNpy and βSpc25). (f) Pseudotime from 0
to 40 orders βSpp1, βNeurog3, βSst, βGcg, βPdx1, βIns1 and βNpy cells and
makes a branching point to replicating βSpc25 cells before going to βNpy

cells. The pseudotime trajectory is plotted by pseudotime (g) and library
identities (h). (i, j) Ins1 and Ins2 gene expression dynamics on the
pseudotime trajectory over pseudotime. (i) Cell types are reflected using
the colours in (b), (c) and (f). (j) Library identity is reflected using the
colours in (e) and (h)

R
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against platelet endothelial cell adhesion molecule 1
(PECAM1)was performed to label the endothelial cells within
vessels, which demonstrated that many green fluorescent cells
located away from the ducts were in close contact with blood
vessels (Fig. 3c, ESM Fig. 2). It was noted that none of the
newborn beta cells were detected inside the islet-like clusters.
Thus, spatiotemporal imaging with Ins1-GFP; Timer uncov-
ered two different populations of newborn beta cells: (1) ‘βduct

cells’ near the ductal regions; and (2) ‘βvessel cells’ adjacent to
both blood vessels and pre-existing islet-like clusters, suggest-
ing two distinct locations of beta cell neogenesis. Quantitative
analysis demonstrated that all the newborn beta cells consist
of βduct and βvessel cells at all developmental stages after
E14.5 (Fig. 3d).

Single-cell mRNA profiles uncovered temporal heterogeneity
of newborn beta cells To further investigate transcriptional
dynamics in early-stage beta cells, scRNA-seq was performed
with single cells sorted by FACS in E16.5 Ins1-GFP; Timer
pancreas (Fig. 4a). Libraries of two different sets of green fluo-
rescent cells (G1 and G2, 455 and 253 cells, respectively) and
green/red double-fluorescent cells (GR, 1348 cells) were
sequenced at depths of 191,716, 144,968 and 43,668 mean
reads per cell, respectively. G1, G2 and GR cells were clustered
and annotated using Seurat [19, 20] and t-distributed stochastic
neighbour embedding (t-SNE) [31] as 12 individual clusters
(Fig. 4b). Out of 12 clusters, four clusters were annotated as
acinar, duct, endothelial and stellate clusters (375 cells, 18.2%),
based on their expression profiles (ESM Table 1), and the eight
other clusters were found to robustly express Ins1 and Ins2
(1681 cells, 81.8%) (Fig. 4c, d). Notably, unbiased clustering
resulted in a clear difference in distribution between green fluo-
rescent cells and green/red double-fluorescent cells (Fig. 4e).
As expected, GR cells expressed G6pc2 and Slc2a2, reflecting
beta cell maturation, while G (G1 + G2) cells expressedMafb,
Sox4 and Rfx6, reflecting earlier developmental stages (ESM
Fig. 3). Pseudotime trajectory analysis using G1, G2 and GR
cells, generated withMonocle [32, 33], demonstrated that green
fluorescent cells (G1 and G2) were enriched at the beginning of
pseudotime as an earlier cluster on the pseudo-temporal axis
(Fig. 4f–h). In addition, single-cell expression levels of Ins1
and Ins2 over pseudotime with all G1, G2 and GR cells clearly
showed sequential increases in Ins1 and Ins2 mRNAs as beta
cells differentiated (Fig. 4i, j). These findings confirmed high
consistency between computational pseudotime trajectory and
the temporal shift of fluorescence spectra provided by two
reporter transgenes (Fig. 1a). Interestingly, Ins1 and Ins2
mRNAs reached peaks prior to Timer maturation (βNpy),
suggesting that Ins1 and Ins2 expression levels are dynamic
during beta cell differentiation and that they might be expressed
at higher levels prior to acquisition of glucose responsiveness,
although functionally mature beta cell data (i.e., collected after
birth) are needed to confirm this.

CpG islands of Ins1 promoter region are reported to be
methylated in Ins1-Cre and Ins1-CreER transgenic mice,
resulting in silencing of Cre protein [34]. This concern might
have affected the silencing of eGFP or pTimer transgenes and
may have impacted our microscopy results. In order to address
this, scRNA-seq data were used to further validate our model.
pTimer and eGFP gene expression patterns overlapped those
of Ins1 and Ins2 (ESM Fig. 4a, Fig. 4d). By co-expression
analysis of eGFP, pTimer, Ins1 and Ins2 mRNAs in each
single cell, we found only rare cells that were pTimer-nega-
tive/Ins-positive, suggesting efficient labelling of insulin-
positive cells by Timer consistent with co-localisation analysis
of insulin protein (ESM Figs 1b, 4b). Furthermore, the major-
ity of cells co-expressed both Ins1/Ins2 and eGFP, while only
small populations were eGFP-negative/Ins-positive, suggest-
ing that some insulin-expressing cells are not labelled by
enhanced green fluorescent protein (eGFP). We rarely
observed DsRed-E5 protein (‘pTimer’)-expressing cells that
did not express GFP, suggesting that GFP silencing is more
likely than Timer silencing (ESMFig. 4b). Detection of green-
dominant cells by FACS in cells that express both pTimer and
GFP transcripts validates the model that the pTimer protein
matures more slowly; we would not expect to observe eGFP+/
pTimer− transcript-containing cells (Fig. 4a, ESM Fig. 4b).
Together, insulin-positive cells are efficiently labelled by
Timer but not completely by GFP in this model, which may
underestimate the number of GFP-dominant newborn beta
cells.

To decipher detailed transcriptional dynamics in beta cell
neogenesis, we focused on green fluorescent newborn beta
cells (G1 and G2). After exclusion of non-endocrine-lineage
cells (ESM Fig. 5), green fluorescent newborn beta cells were
subclustered into five groups, which were named as:GNeurog3,
GSst, GGcg, GPdx1 and GIns2, based on the most differentially
expressed gene in each cluster (Fig. 5a–c). We further
performed gene ontology analysis and found that unfolded
protein response/endoplasmic reticulum (UPR/ER) stress-
related genes, such as Calr, Hspa5 and Sdf2l1, were upregu-
lated inGIns2 cells (Fig. 5d, ESM Fig. 6a), implying that these
genes may be associated with the response to robust increase
in insulin proteins as well as Ins1 and Ins2 mRNAs (Fig. 4j).
Intriguingly, genes related to fatty acid oxidation are highly
expressed in GPdx1 cells (Fig. 5e).

To reconstruct an unbiased lineage trajectory for these five
subpopulations during beta cell neogenesis, pseudotime anal-
ysis was performed and demonstrated that GSst cells were
located around bifurcation from GNeurog3 cells into GPdx1

and GIns2 cells or GGcg cells (Fig. 6a, b). Furthermore,
branched expression analysis modelling (BEAM) clarified
transcriptional dynamics along pseudo-temporal trajectories
(Fig. 6c, ESM Fig. 6a–c). Among the top 100 differentially
expressed genes in BEAM, some transcription factors, which
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have been shown to play pivotal roles in endocrine differenti-
ation, were extracted. For example,Mafb and Isl1were highly
expressed at the intermediate regions of GPdx1/GIns2 and GGcg

branch, respectively. In contrast, Arx and Irx2, which are
known to be expressed in alpha cells, showed peak expression
at the end of GGcg branch (Fig. 6c, ESM Fig. 6b). Taken
together with temporal dynamics of Ins2 and Gcg mRNAs
showing the relative low expression of Ins2 and the robust

Fig. 6 Single-cell transcriptomic dynamics at branching point in early beta cell
specification. (a) Minimal spanning tree of pseudotime analysis for GNeurog3

(pink),GSst (brown),GGcg (blue),GPdx1 (red) andGIns2 (green) cells generated
by Monocle. Pseudotime from 0 to 15 orders GNeurog3 cells first, followed by
GSst, and then GGcg and GPdx1/GIns2 cells. (b) Single-cell gene expression of
Neurog3, Sst, Gcg, Pdx1 and Ins2 on the minimal spanning tree and mRNA
expression dynamics on GGcg and GPdx1/GIns2 branches over pseudotime. (c)
Top 100 differentially expressed genes on GGcg and GPdx1/GIns2 branches
generated by BEAM
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Fig. 7 Single-cell transcriptome analysis for late-maturing beta cells. (a)
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increase of Gcg at the end of GGcg branch, these findings
indicate that at least part of GGcg cells may give rise to the
alpha cell lineage. Thus, time-resolved sorting of newborn
beta cells and subsequent single-cell transcriptome analysis
enabled us to probe transcriptional dynamics during beta cell
neogenesis with high temporal resolution.

Transcriptional heterogeneity during beta cell maturation
The Ins1-GFP; Timer mouse model allows us to label not
only newborn beta cells but also more differentiated beta cells
(Fig. 4b). To investigate gene sets important for beta cell
maturation, only green/red double-fluorescent cells were
analysed by scRNA-seq. Unbiased annotation revealed six
distinct clusters in more differentiated beta cells (Fig. 7a, b).
The trajectory given by Monocle showed one-directional
development toward GRScg2 cells expressing Scg2, a member
of the chromogranin family, and Cpe, which is a key enzyme
for proinsulin processing (Fig. 7c, d) [35]. Subclustering of
temporally matured beta cells indicated stepwise genetic
maturation. The trajectory started with GRSpp1, which
expresses the trunk marker Spp1 [36], followed by GRPdx1.
GRSytl4 represents beta cells that have sufficient expression of
exocytosis-related gene Sytl4 [37]. Npy expression in GRNPY

indicates a similar character to that of adult human beta cells
[10]. Notably, the expression profiles of GRSpc25 cluster
shared key characteristics of proliferating cells and lacked
markers of cells in G1 stage following cell cycle analysis
(Fig. 7b, e). The pseudotime analysis showed a unique branch
consisting ofGRSpc25 cells adjacent toGRNpy cluster, which is
located prior to the most mature GRScg2 cluster (Fig. 7c). In
contrast, unbiased annotation with green fluorescent newborn
beta cells did not annotate the proliferating insulin-positive
population (Figs 5a, b, 6a, ESM Fig. 5a, b). These findings
suggest that beta cell proliferation is tightly regulated during a
specific time window during beta cell differentiation, which
is consistent with our previous finding with Ins1-Timer
embryos [4].

Orchestration between spatial and transcriptional heteroge-
neity during beta cell neogenesis Histological imaging in
Ins1-GFP; Timer embryos resulted in two distinct populations
(i.e., βduct and βvessel cells) during beta cell neogenesis,
whereas unbiased clustering with single-cell mRNA profiles
demonstrated five clusters (GNeurog3, GSst, GGcg, GPdx1 and
GIns2). To investigate whether transcriptional heterogeneity
was indeed observed between βduct and βvessel cells, immuno-
staining was performed with antibodies against neurogenin 3
(NEUROG3), somatostatin (SST), glucagon (GCG) and
musculoaponeurotic fibrosarcoma oncogene family B
(MafB), mRNAs of which were highly expressed in
GNeurog3, GSst, GGcg and GPdx1, respectively (Fig. 5b).
NEUROG3 and SST proteins did not overlap with either
green or red fluorescent cel ls (data not shown).
Immunostaining against GCG demonstrated that 73% and
52% of newbornβduct cells in Ins1-GFP; Timer embryos were
positive for GCG at E14.5 and E16.5, respectively (Fig. 8a–c),
whereas almost none of theβvessel cells were positive for GCG
at either stage, suggesting that GGcg cells comprise part of
βduct cells. Furthermore, immunostaining against MafB
demonstrated that more than 90% of βduct cells were positive
for MafB, while only ~20% of βvessel cells were labelled
before birth (Fig. 8d–f). These findings suggest that most of
GPdx1 cells, which highly express Mafb, belong to βduct cells,
while only part of GPdx1 cells compose βvessel cells. Thus,
since the expression pattern ofMafB uncovered unique spatial
heterogeneity of newborn beta cells, we next examined the
immunostaining for MafA, another musculoaponeurotic
fibrosarcoma oncogene family (MAF) transcription factor,
which was detected in part of green fluorescent cells (Fig.
2c, d), although Mafa transcripts were not sequenced in our
scRNA-seq data. Intriguingly, the expression patterns of
MafA were opposite to those of MafB (Fig. 8g–i); more than
90% of βvessel cells were positive for MafA, significantly
higher than that of βduct cells, of which less than 20%
expressed MafA. The expression patterns of these three key
proteins imply that βvessel cells are functionally more mature
than βduct cells despite having an identical time window after
the Ins1 promoter is activated. Considering that MafA is
thought to function as beta cells mature, and the pseudotime
trajectory showed that GIns2 cells are more differentiated than
GPdx1 cells, these findings suggest that GIns2 cells may
compriseMafA-expressing βvessel cells. Thus, the histological
analysis of newborn beta cells accompanied by single-cell
mRNA profiles demonstrated a unique orchestration between
spatial and transcriptional heterogeneity during beta cell
neogenesis.

hESC-derived beta-like cells share mouse newborn beta cell
features To investigate similarities between hESC-derived
immature beta-like cells and mouse newborn beta cells, tran-
scriptional profiles were compared using scRNA-seq. Cyt49

Fig. 8 Heterogeneous expression pattern of transcription factors by
location of newly generated βduct cells and βvessel cells. (a–i)
Immunofluorescence staining for GCG, MafB and MafA was
performed in the pancreases of E16.5 Ins1-GFP; Timer embryos. (a)
Arrows indicate GCG-positive green fluorescent cells. Arrowheads
indicate GCG-positive green/red double-fluorescent cells. (d) Arrows
indicate MafB-positive green fluorescent cells. (g) Arrows indicate
MafA-positive green fluorescent cells. (b, e, h) Percentages of GCG-
(b), MafB- (e) or MafA-positive (h) βduct or βvessel cells among all beta
cells. (c, f, i) Percentages of GCG- (c), MafB- (f) MafA-positive (i) βduct

or βvessel cells among green fluorescent newborn cells. Scale bar, 20 μm.
Data represent the mean ± SEM. The p values were determined by
unpaired two-tailed t tests (*p<0.05, **p<0.01, ***p<0.001); n = 5, 5,
5, 4 and 5 mice for E14.5, E16.5, E17.5, E18.5 and P0, respectively (b, c,
e, f); n = 5, 8, 5, 4 and 5 mice for E14.5, E16.5, E17.5, E18.5 and P0,
respectively (h, i). P, postnatal day; PECAM, platelet endothelial cell
adhesion molecule
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hESCs were differentiated for 27 days by a protocol reported
by Nair et al [17], and 5644 cells were analysed after sequenc-
ing and filtering. After running Seurat, the clusters that
contained 1107 INS-highly-expressing cells (20% of total
cells) were selected and re-clustered to seven clusters
visualised by t-SNE (Fig. 9a–c). MGST1 and SYT13 are
enriched in hβMGST1 and hβSYT13 beta-like populations,
respectively, consistent with mouse Mgst1 and Syt13, which
show peak expression in very early beta cells (ESM Fig. 6c),
suggesting the importance of these genes during beta cell
differentiation is preserved between species. Furthermore, a
trajectory generated byMonocle showed that the SST-express-
ing hβSST cluster was located prior to hβNEFM, hβIAPP, hβGAST

and hβGCG clusters (Fig. 9d, e), similar to the mouse, where
the Sst-expressing GSst cluster was located at an earlier stage
than GPdx1, GIns2 and GGcg clusters (Fig. 6a).

To further investigate transcriptome overlap between
mouse beta cells and hESC-derived beta-like cells, integration
analysis was performed with datasets from mouse beta cells
from Ins1-GFP; Timer embryos and from hESC-derived beta-
like cells (ESM Fig. 7a–c). Although the integrated t-SNE
clustering showed few overlaps between mouse and human
cells, Neurog3-, Gcg- and Sst-expressing populations in
mouse embryos appeared in distinct areas that were over-
lapped with human cells by more than 15% distribution in
each cluster (ESM Fig. 7d, e), suggesting that GNeurog3, GGcg

and GSst share transcriptional profiles with NEUROG3-,
GCG- and SST-expressing human cells. Thus, comparative
analysis of hESC-derived beta-like cells with mouse newborn
beta cells indicates potential shared transcriptional dynamics
during early beta cell specification that remain to be
elucidated.

Discussion

Advances in imaging technology using fluorescent proteins,
both in vivo and ex vivo, have enabled the capture of cellular
dynamics that occur during pancreas development [7, 38],
although the spatial dynamics of beta cell genesis remained
unexplored. In the present study, we demonstrated that a
combination of two fluorescent proteins under the same Ins1
promoter provides a facile method to address this difficulty,
uncovering the two distinct niches fromwhich beta cells arise.

Previously, a Cre/loxP-mediated reporter system was used
to show no evidence of beta cell neogenesis in adult
pancreases [24], which agrees with our findings with Ins1-
Timer [4] and Ins1-GFP; Timer mice (Fig. 1d). On the other
hand, at E14.5, Cre/loxP-mediated reporter mice labelled all
the insulin-producing cells as a single population, whereas
Ins1-GFP; Timer embryos demonstrated temporal heteroge-
neity of beta cell differentiation; that is, around 8.3% of
insulin-producing cells were labelled as newly differentiated

beta cells, which were clearly distinguished from more differ-
entiated beta cells (Fig. 1d). This difference is likely a result of
improved temporal resolution in this study.

Fluorescence imaging with Ins1-GFP; Timer embryos
demonstrated the existence of two types of newborn beta cells:
‘βduct cells’ near the ducts and ‘βvessel cells’ near the blood
vessels (Fig. 3). As Neurog3-expressing endocrine progeni-
tors emerge from the ductal region and give rise to hormone-
expressing endocrine cells [1, 2], we were not surprised to see
Neurog3-expressing cells differentiate into βduct cells near the
ductal compartment without further migration. In contrast, the
existence of βvessel cells and the lack of green fluorescent cells
in every other region between pancreatic ducts and blood
vessels supports the possibility that endocrine progenitors
migrate away from the ductal area toward the region near
the blood vessels prior to differentiation (ESM Fig. 8). On
the other hand, it has been reported that Neurog3-expressing
cells were observed in epithelial tip domains as well as in
trunk domains [39], implying that βvessel cells might emerge
from Neurog3-expressing progenitors in the tip domains.
While several mouse models have been developed to study
the regulatory mechanisms of islet cell migration [40, 41], it
remains unclear when and how beta cells are specified during
migration. It would be of great interest to trace the emergence
of βduct and βvessel cells under the circumstances where islet
cell migration is disrupted in these mouse models. Blood
vessels and their surrounding environments have been demon-
strated to play essential roles in various stages of pancreas
development [42]. For example, aortic endothelial cells are
required for the maintenance of PDX1 expression and for
pancreas budding [43], and ectopic vascularisation leads to
ectopic insulin expression [44]. Furthermore, close contacts
between beta cells and endothelial cells have been demonstrat-
ed to be important for establishing robust glucose-stimulated
insulin secretion [45]. The presence of βvessel cells suggests
that vascular endothelial cells may endow endocrine progen-
itors with a beta cell fate and function. Further studies would
be needed to address the microenvironment around βduct and
βvessel cells, which may lead to the discovery of new
substances critical for beta cell specification.

We performed single-cell transcriptome analysis with Ins1-
GFP; Timer embryos and found five unique populations
among green fluorescent newborn beta cells. Since Mafb
mRNAs were differentially expressed in GPdx1 cells (Fig.
5b) and MafB proteins were detected in a larger number of
βduct cells thanβvessel cells, it is possible thatMafb-expressing
GPdx1 cells may comprise MafB-expressing βduct cells.
However, there are some difficulties to validating the correla-
tions between the five populations annotated by scRNA-seq
and the two populations observed on microscopy. For exam-
ple, neither SST nor NEUROG3 overlapped with fluorescent
proteins, probably because the detection threshold of immu-
nostaining was not sufficiently high or alternatively the
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proteins were not translated. On the other hand, some tran-
scripts like Mafa were not sequenced well by scRNA-seq as
reported previously [46], althoughMafA proteins were clearly
detected (Figs 2c, 8g). The proximity of MafA-positive
newborn beta cells to blood vessels might, if not transcription-
ally related, be implicated in the post-translational regulation
of MafA [47, 48].

Although more than 80% of analysed cells were beta-
lineage cells, insufficient removal of undesired cell types such
as acinar and stellate cells is a limitation of scRNA-seq and
cell sorting (ESM Table 2) [49]. We cannot completely
exclude the possibility that Sst- and Gcg-expressing green
fluorescent cells (GSst, GGcg) may represent ‘contaminated’
sequencing droplets. However, past studies do support the
existence of endocrine cells expressing more than one
hormone at least at the transcript level, e.g., as insulin/SST
or insulin/GCG. For example, our scRNA-seq data of E18.5
Neurog3-Cre; mTmG mouse pancreas [15] show that devel-
oping beta cells do co-express Sst and Gcg (ESM Fig. 9).
More recently, another study demonstrated that human islets
contain bihormonal cells co-expressing pancreatic polypep-
tide Y (PPY) with other hormones, including insulin [50].
Technical improvement in scRNA-seq methodologies
combined with fluorescence in situ hybridisation would
advance our understanding concerning transcriptional
heterogeneity.

Single-cell transcriptome analysis of hESC-derived beta-
like cells identified SST-expressing hβSST cells as an earlier
cluster (Fig. 9), showing similarity with the mouse Sst-
expressingGSst cluster in newborn beta cells, which was locat-
ed at an earlier stage than some other clusters. In addition, the
integration analysis between Ins1-GFP; Timer embryos and
hESC-derived beta-like cells confirmed shared transcriptional
profiles among Sst/SST-expressing subsets (ESM Fig. 7d, e).
These findings suggest that Sst-expressing cells are in an inter-
mediate state during beta cell maturation in both mouse and
human, which is consistent with recent findings that hESC-
derived beta-like cells co-expressed SST transcripts during
differentiation [12].

In summary, this time-resolved reporter system in mice
revealed spatial and transcriptional heterogeneity during beta
cell neogenesis, showing similarities and differences between
mouse beta cells and hESC-derived beta-like cells. These find-
ings lead to new questions that should be addressed, and
further time-resolved comprehensive analyses at the single-
cell level will provide us with novel insights, which could be
applied to regeneration therapy for diabetes.

Supplementary Information The online version of this article https://doi.
org/10.1007/s00125-022-05662-0 contains peer-reviewed but unedited
supplementary material.
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