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Belin Selcen Beydag-Tasöz,1,2 Joyson Verner D’Costa,2 Lena Hersemann,2 Byung Ho Lee,2 Federica Luppino,2,3

Yung Hae Kim,1,2 Christoph Zechner,2,3,4 and Anne Grapin-Botton1,2,3,4,5,6,*
1The Novo Nordisk Foundation Center for Stem Cell Biology, Copenhagen 2200, Denmark
2Max Planck Institute of Molecular Cell Biology and Genetics, Dresden, Saxony 01307, Germany
3Center for Systems Biology Dresden Dresden 01307, Germany
4Cluster of Excellence Physics of Life, TU Dresden, Dresden 01062, Germany
5Paul Langerhans Institute Dresden of the Helmholtz Zentrum M€unchen at the University Clinic Carl Gustav Carus of Technische Universit€at

Dresden, Helmholtz Zentrum M€unchen, Neuherberg, Germany
6Lead contact
*Correspondence: botton@mpi-cbg.de

https://doi.org/10.1016/j.devcel.2023.07.019
SUMMARY
Basic helix-loop-helix genes, particularly proneural genes, are well-described triggers of cell differentiation,
yet information on their dynamics is limited, notably in human development. Here, we focus on Neurogenin 3
(NEUROG3), which is crucial for pancreatic endocrine lineage initiation. By monitoring both NEUROG3 gene
expression and protein in single cells using a knockin dual reporter in 2D and 3D models of human pancreas
development, we show an approximately 2-fold slower expression of human NEUROG3 than that of the
mouse. We observe heterogeneous peak levels of NEUROG3 expression and reveal through long-term live
imaging that both low and high NEUROG3 peak levels can trigger differentiation into hormone-expressing
cells. Based on fluorescence intensity, we statistically integrate single-cell transcriptome with dynamic be-
haviors of live cells and propose a data-mapping methodology applicable to other contexts. Using this meth-
odology, we identify a role for KLK12 in motility at the onset of NEUROG3 expression.
INTRODUCTION

Pancreatic organogenesis and lineage hierarchy are generally

considered to be similar between humans and mice.1,2 In the

context of endocrine differentiation, transient expression of the

basic-helix-loop-helix (bHLH) transcription factor Neurogenin 3

(NEUROG3) initiates endocrine lineage formation in both spe-

cies.3–11 Neurog3 knockout mice fail to produce any pancreatic

endocrine cells and die postnatally from diabetesmellitus.3 Simi-

larly, patients with mutations severely impairingNEUROG3 func-

tion in humans, develop diabetesmellitus early in life.9,10,12 How-

ever, some other aspects of endocrine pancreas development

are not conserved between humans and mice. One example is

the biphasic Neurog3 expression observed in mice,13 which

does not seem to exist in humans.1,14 Therefore, studying human

pancreatic development is essential to uncover interspecies dif-

ferences. We previously showed that Neurog3 reaches its peak

expression level in about 12 h in single cells in mouse embryonic

pancreas explants.15 In comparison, the duration of NEUROG3

transcript and protein expression in single cells has not yet

been measured in a human system. With the increased levels

of NEUROG3, the mouse endocrine progenitors start to exit
2292 Developmental Cell 58, 2292–2308, November 6, 2023 ª 2023
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the cell cycle, as NEUROG3 is known to induce the expression

of cell-cycle inhibitors such as cyclin-dependent kinase inhibitor

1a (Cdkn1a) and p21 (RAC1) activated kinase 3 (Pak3).16,17 How-

ever, recent studies have shown that cells with low levels of

Neurog3mRNA can proliferate, but the extent of this proliferation

is not clear.18 Whether such proliferative, low NEUROG3-ex-

pressing cells exist in humans as well has not yet been ad-

dressed, but this is a key question as a proliferative population

committed to the endocrine lineagewould be interesting to prop-

agate with the aim of producing b cells for cell therapy.

In this study, we set out to determine the kinetics of human

endocrine progenitor differentiation and investigate their prolifer-

ation capacity using two-dimensional (2D) and three-dimen-

sional (3D) in vitro human culture systems to model early steps

of human pancreatic endocrine development.19–21 Moreover,

we engineered a tagged human NEUROG3 protein that enabled

us to determine the duration of NEUROG3 expression in human

endocrine progenitors. Our construct also monitors NEUROG3

gene expression, which can be compared with similar reporters

in mice.15 Mapping live imaging to the deep single-cell RNA

sequencing (scRNA-seq) when endocrine progenitors emerged

allowed us to correlate cellular dynamics to transcriptomics
The Author(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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and identified that KLK12 promotes the motility of early NEUR-

OG3+ endocrine progenitors. This work highlights the impor-

tance of using human systems to study pancreatic endocrine

cell differentiation for a better control over in vitro endocrine

cell production for diabetes mellitus therapy.

RESULTS

Generation of a dual reporter line monitoring NEUROG3

expression and protein in a human system in real time
To visualize the first stepsof endocrine pancreas specification in a

human system, we inserted a dual reporter of NEUROG3 in a hu-

man embryonic stem cell (hESC) line using CRISPR-Cas9 gene

editing in one of the alleles at the endogenous NEUROG3 locus

(Figure 1A). This reporter line produces a fusion protein of

NEUROG3 with TagRFP-T (RFP) to live-monitor the human

NEUROG3 protein and nuclear EGFP (GFP) translated from the

same mRNA as a proxy for cumulative expression. Considering

that human NEUROG3 protein can be degraded relatively

quickly,22,23 the slow degradation of the GFP protein makes it

possible to continuously follow the cells that turned offNEUROG3

expression.19

Our NEUROG3 dual reporter hESC line showed no genome

abnormality (Figure S1A) and differentiated similarly to the

mother H1 ESC line using a 7-stage in vitro human pancreatic en-

docrine differentiation protocol19 (Figures 1B and S1B). GFP+

and RFP+ endocrine progenitors started to emerge during stage

(S) 4 of differentiation, with their percentage increasing throu-

ghout S4 and S5 (Figures 1C and S1C). Notably, the RFP signal

was not detectable through flow cytometry, although it was de-

tected by microscopy (Figure 1D). We found that 92% and 94%

of NEUROG3+ cells expressed RFP and GFP, respectively, at-

testing to the reliability of the reporter (Figures 1D–1F). The re-

porters were also specific for NEUROG3-expressing cells as

over 96% of RFP+ cells expressed NEUROG3.

NEUROG3 expression levels are heterogeneous among
human pancreatic cells in 2D and 3D culture conditions
To visualize newly emerging NEUROG3+ endocrine progenitor

cells, we used live imaging from the beginning of S4 (S3D2), at

the onset of NEUROG3 expression (Figures 1C and 2A; Video

S1).Weobservedahighdegreeof heterogeneity in theNEUROG3

expression peak level and dynamics (Figures 2B, S2A, and S2B).
Figure 1. Construction and characterization of a reliable hESC-based

expression

(A) Schematic of dual fluorescent reporter construct introduced in the endogenou

cells. The upper lane shows the wild-type NEUROG3 allele, and the lower lane th

with a flexible GSx3 linker, a self-cleaving peptide (P2A), and EGFP tagged with a

NEUROG3 coding sequence. With this setup, NEUROG3-expressing cells are nu

EGFP accumulates in the cell, and after NEUROG3 is downregulated, longer-livi

(B) Illustration of in vitro pancreatic differentiation protocol starting from hESCs. The

(C) Progression of the GFP expression from S3D2 to S6D1 of the in vitro pancrea

profiles obtained from cells collected at different stages are shown. Light green g

gate indicates GFP� cells.

(D) Representative immunofluorescencemicroscopy images showing NEUROG3

S4D3. The left panels show single colors, while the right panels show the co-exp

(E) Boxplots showing the efficiency of the NEUROG3 dual reporter line calculated

GFP or RFP within the NEUROG3+ compartment. Whiskers indicate minimum and

(F) Representative immunofluorescence images showing NEUROG3 (cyan), GFP

S, stage; D, day.
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Human NEUROG3-RFP fusion protein peaked around 11 h after

induction but remained above base levels during 26 h of imaging

(Figure 2C). Using the GFP expression proxy reporter, we

compared the gene expression dynamics from the human

NEUROG3 locus in individual cells to the published work in which

mouse Neurog3 promoter was used to drive turboRFP expres-

sion.15 In human cells, the NEUROG3 expression proxy reached

its peak in around 22 h on average, whereas in the mouse cells,

the transcription proxy reached it in 12 h accompanied by a

steeper slope of reporter signal accumulation, suggesting a faster

process in mice than in the human systems (Figure 2D).

As the reporters in the two species were not exactly the same

and the experimental conditions were different, we further as-

sessed the robustness of our findings, using the 3D human

pancreatic progenitor spheroid system we previously devel-

oped.21 In this system, pancreas progenitors expand in 3D, and

about 1%–2%of cells spontaneously differentiate into endocrine

cells. We thus induced endocrine differentiation in pancreatic

progenitor spheroids 48 h after seeding by adding a gamma-sec-

retase inhibitor XX to the culture medium for downregulation of

Hes family bHLH transcription factor 1 (HES1), an important

Notch signaling effector that directly binds to NEUROG3 pro-

moter and suppresses its transcription.24,25 Starting light-sheet

microscopy 48 h after treatment (Figure 3A; Video S2), we de-

tected bothGFPandRFP signalswithin the spheroids (Figure 3B;

VideoS2), indicating initiation of endocrine differentiation. Similar

to the 2D conditions, there was a high degree of heterogeneity in

the NEUROG3 expression levels and dynamics in the 3D human

pancreatic cells (Figures 3C, S3A, and S3B). The average GFP

and RFP fluorescence accumulation rates and dynamics of the

human NEUROG3 fusion protein within single cells were similar

in 3D and 2D. NEUROG3 expression ramped up and culminated

around 22 h, and the human NEUROG3-RFP fusion protein

reached a peak at around 11 h and went back to baseline by

40h (Figure 3D). This finding suggests thatNEUROG3expression

kinetics may be invariable between these two different differenti-

ation systems, and as long as there is a sufficient trigger for the

initiation of promoter activation, NEUROG3 expression may

occur with similar dynamics in individual cells.

Cells with low NEUROG3 peak levels can differentiate
The observation of cells with heterogeneous NEUROG3 expres-

sion peaks raised the question as to whether cells with low
dual reporter line monitoring human NEUROG3 protein and gene

sNEUROG3 locus and the fluorescence progression of NEUROG3-expressing

e targeted NEUROG3 locus where the reporter sequence encoding TagRFP-T

nuclear localization signal (NLS) was introduced before the stop codon of the

clear-labeled with RFP and GFP. As NEUROG3 is transcribed and translated,

ng EGFP allows the tracing of these cells using green fluorescence.

individual stages are indicated along with the timescale and added components.

tic differentiation analyzed by flow cytometry. Backscatter (BSC) versus GFP

ate marks GFP-low cells, while the dark green gate marks all GFP+ cells. Gray

(cyan), GFP (green), andRFP (magenta) expression in human pancreatic cells at

ression of pairs, as indicated by color bars. Scale bars, 10 mm.

by image-based quantification of the co-expression between NEUROG3 and

maximum values. NER = 3 and n = 10 for GFP, and NER = 1 and n = 8 for RFP.

(green), and SOX9 (gray). Scale bars, 10 mm.
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expression could differentiate and whether they differentiated

into the same endocrine subtypes. To address these questions,

we imaged the differentiating cells in 2D for 6 days to selec-

tively track hormone-producing cells (Figure 4A; Video S3). Iden-

tifying hormonal cells (C-peptide-positive, glucagon-positive, or

C-peptide/glucagon double positive) at the last movie frame and

focusing on cells in low-density areas to ensure reliable tracing,

we back-traced 9 hormonal cells (Figures 4A–4C). We could

detect the onset and their peaks of NEUROG3 expression and

these peaks were at heterogeneous amplitude, as seen before.

It is thus clear that cells with low peaks can differentiate into hor-

mone-expressing cells, as do the ones with higher amplitude

peaks. Further, we observed that the 4 cells with the lowest

amplitude became C-peptide-positive, whereas cells with high

amplitude became glucagon positive or double positive. This

experiment also gave us an idea of the timeline of human endo-

crine differentiation, showing that 64 h was sufficient for a cell to

move from NEUROG3 initiation to expressing hormones.

Human endocrine progenitors can divide after
NEUROG3 onset
Since mice studies have suggested that a proliferative popula-

tion of endocrine progenitors may exist,18 we next addressed

whether it was also true for human endocrine progenitors. Quan-

tification from live imaging revealed that, on average, 4.8% of

GFP+ cells divide in 26 h (Figures 5A–5C). We did not notice a

pattern in timing (Figure 5C) or location (Figure S4A) of the divi-

sion events that might indicate a hotspot for a time or place.

Even when we normalized the timing of the division to the onset

of GFP, cells divided rather asynchronously, relative to GFP

onset (Figure 5C). In our 3D spheroid system, we also observed

a number of GFP+ cells dividing (Figure 5D). In general, we noted

that these proliferative endocrine progenitor cells tend to divide

within 12 h after NEUROG3 induction marked by low GFP levels,

with a few exceptions (Figures 5C and 5E).

In 80%of the division events that we could record and catego-

rize, both daughters of a GFP+ cell had similar trajectories of

fluorescence accumulation, which we qualify as a symmetric

division. This nomenclature does not refer to the uneven segre-

gation of a marker during division but to the subsequent fluores-

cence trajectory of the daughter cells. For the remaining 20%,

we observed that one of the daughter cells continued to upregu-

late GFP and RFP, whereas the other stayed at a low fluores-

cence intensity in both channels, which we termed as an asym-

metric division (Figure 5E). This observation suggests that either

NEUROG3+ cells act as an endocrine progenitor pool in which

asymmetric cell division ensures the maintenance of a prolifera-
Figure 2. Live imaging of NEUROG3+ human pancreatic cells reveals h

expression reporter signal compared with that of the mouse

(A) Schematic of live imaging and single-cell tracing over the in vitro pancreatic d

(B) Representative fluorescence tracing plots for three selected NEUROG3+ cell

fluorescence intensities were scaled between 0 and 1.

(C) Plots showing fluorescent traces of all tracedNEUROG3+ cells together. On th

and red (RFP) lines show smoothened mean intensities. The distribution represen

confidence interval. NER = 3, n = 52.

(D) Comparison of the dynamics of human NEUROG3 expression with the mouse

GFP fluorescence intensities for the human NEUROG3 reporter, and the gray lin

distribution represents individual values for each track per time point, and the gray

for mouse RFP.
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tive population with low NEUROG3 levels,18 or that at this early

point of NEUROG3 transcription, the cells can still revert, gradu-

ally losing their fluorescent signal. However, no cells were seen

to divide more than once over 5 days of imaging. Comparing

the dividing and non-dividing NEUROG3+ cells revealed that

the dividing NEUROG3+ cells accumulated GFP and RFP inten-

sities with similar slope and profile on average to their non-

dividing counterparts (Figures 5F, S4B, and S4C).

Our analysis so far indicated that although dividing

NEUROG3+ cells exist throughout differentiation and in different

culture systems, they may neither have unique characteristics

nor be a part of a stable population. To rule out the possibility

that the limited sample size did not allow us to uncover transcrip-

tional differences of the dividing NEUROG3+ cells, we also per-

formed bulk RNA-seq with four sorted cell populations: GFP+ in

G0/G1, GFP+ in G2M, GFP� in G0/G1, and GFP� in G2M. Prin-

cipal-component analysis (PCA) revealed that GFP+ cells in

G2M cells represent a transitory state along the path of endo-

crine differentiation (Figures 5G and 5H). When cycling and

non-cycling GFP+ cells were compared, the gene set enrich-

ment analysis (GSEA) included genes related to G2M checkpoint

and E2F targets, as expected from the cell-cycle category, as

well as genes upregulated by Kirsten rat sarcoma virus (KRAS)

activation, Notch signaling-related, and epithelial-mesenchymal

transition-related genes being enriched in the cycling GFP+ cells

(Figure S5A). Supporting the idea that the cycling GFP+ cells

have newly activated endocrine differentiation, the non-cycling

GFP+ cells expressed more b cell-related genes (Figure S5A).

Proliferating GFP+ cells were found throughout differentiation,

from S3D2 to S6D1 using flow cytometry-based live cell-cycle

analysis as well as immunostaining (Figures 5I, S4D, and S4E).

Even though the percentage of GFP+ cells in G2M decreased

over time due to the accumulation of GFP+ cells further along

the differentiation path in culture, the percentage of cells in

G2Mwas relatively stable over timewithin theGFP-low compart-

ment, further demonstrating that the newly induced NEUROG3+

cells with low expression levels are more likely to divide (Fig-

ures 5I and S4D). Taken together, we show that human endo-

crine progenitors can divide after NEUROG3 onset once, mainly

in the early phase of NEUROG3 expression.

Newly emerging human endocrine progenitors
differentiate in a gradual and uniform trajectory
The increased propensity to proliferate at low NEUROG3 levels

suggested that theremay bemolecularly and functionally different

populations amongNEUROG3+ cells. To compare theirmolecular

identity globally, we next performed deep scRNA-seq using the
eterogeneity of NEUROG3 expression and a slower accumulation of

ifferentiation timeline.

s, showing GFP and RFP fluorescence intensities over time. On the left panel,

e left panel, fluorescence intensities were scaled between 0 and 1. Green (GFP)

ts individual values for each track per time point, and the gray area shows the

Neurog3 transcription from Kim et al.15 The blue line shows smoothened mean

e shows average mean RFP intensities for the mouse Neurog3 reporter. The

area shows the confidence interval. NER = 3, n = 52 for human GFP, and n = 6
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Figure 3. NEUROG3 expression and protein dynamics are very similar in 2D and 3D culture systems

(A) Schematic of pancreatic progenitor spheroid culture and differentiation induction by a gamma-secretase inhibitor, XX, as well as live imaging timeline.

(B) Sample fluorescence image from differentiated spheroids at day 6 of culture, showing brightfield (BF, gray), GFP (green), and RFP (magenta). Asterisks

indicate debris. Scale bars, 10 mm.

(C) Plots showing fluorescent traces of all cells traced from 3Dculture. On the left panel, fluorescence intensities were scaled between 0 and 1. Green and red lines

indicate smoothened mean fluorescence intensities of GFP and RFP, respectively. The distribution represents individual values for each track per time point, and

the gray area shows the confidence interval. NER = 1, n = 30.

(D) Comparison of GFP and RFP intensities of traced cells from 2D and 3D cultures. Light green and red lines and dark green and red lines indicate smoothened

mean fluorescence intensities from 2D and 3D, respectively. The distribution represents individual values for each track per time point, and the gray area shows

the confidence interval.
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Figure 4. Cells with low and high NEUROG3 peak levels can differentiate into hormonal cells

(A) Schematic of live imaging and single-cell back-tracing of immunostained hormonal cells over in vitro pancreatic differentiation timeline.

(B) Representative immunofluorescence images showing GFP (gray), C-peptide (magenta), and glucagon (cyan) expression in differentiated human pancreatic

cells at S5D3. Scale bars, 10 mm.

(C) Plot showing smoothened GFP mean intensities of C-peptide-positive cells (magenta), glucagon-positive cells (cyan), and a C-peptide and glucagon double-

positive cell (blue) over live imaging time. The highlighted area along each line shows the confidence interval, and the dashed line indicates the endpoint of tracing

in the earlier cell tracings in Figure 2A. NER = 3, n = 9.

S, stage; D, day.
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plate-based Smart-seq2 platform,26 prioritizing sequencing depth

over the number of cells analyzed. We index-sorted pancreatic

cells obtained in 2D at S4D1, corresponding to the end of the

live imaging tracks, using fluorescence-activated cell sorting

(FACS) sampling predetermined ratios of cells with no GFP,

low GFP, and high GFP levels (Figures 1C and 6A). 97% of the

NEUROG3 mRNA-containing cells from the scRNA-seq also ex-

pressed the reporter (Figure S6A). Unsupervised cell embedding

using uniform manifold approximation and projection (UMAP) re-

vealed that cells align with their FACS-based GFP categories, re-

flecting their differentiation trajectory (Figures 6B, 6C, and S6B).

Though our scRNA-seq results indicated an overall differentia-

tion continuum toward a pancreatic endocrine fate, clustering

analysis enabled us to categorize the cells as pancreatic progen-

itors (PPs), proliferative cells, and cells in the early steps of the

endocrine differentiation, named EP1, EP2, and EP3 (Figures 6D,

S6C, and S6D). Finally, we identified a cluster of cells expressing

early liver marker genes such as alpha fetoprotein (AFP), which

were also observed in other pancreatic differentiation data-

sets21,28 and assumed to be an earlier progenitor population (Fig-

ures 6D, S6C, and S6D). Most cells in the G2M phase of the cell

cycle formed a proliferative cluster, which included PPs as well

as some NEUROG3 mRNA-containing cells, further supporting

that some of the NEUROG3+ cells do indeed express the tran-

scriptional signature of dividing cells (Figures 6C and 6E). Cell-cy-

cle classification for each identified cluster showed a decrease in

the percentage of cycling cells from PPs to EP3 (Figure S6E). We

also noted the expression of known cell-cycle exit-related genes,

such as Cyclin Dependent Kinase Inhibitor 1C (CDKN1C), BTG

Anti-Proliferation Factor 2 (BTG2), and Growth Arrest And DNA

Damage Inducible Alpha (GADD45A) in endocrine progenitor

(EP) cells (Figure S6F). Using the data from Yu et al.,27 where

different populations from human fetal pancreata spanning from

9 to 19 weeks post-conception were sequenced using a deep

scRNA-seq method,27 we observed that some human fetal

NEUROG3+ cells also expressed the transcriptional signature of

cells that divide (Figures 6F–6H). Therefore, this characteristic of

early NEUROG3+ cells is reflected in vivo as well.

RNA velocity analysis performed on the data after cell-cycle

regression indicated a high degree of transcriptional changes,
Figure 5. Dividing NEUROG3+ cells do not have a unique transcriptom

(A) Snapshot images showing division (arrowhead) of a GFP+ human endocrine

(B) Boxplot showing the percentage of dividing cells within the GFP+ compartm

observations. NER = 3.

(C) Plots showing the division time of NEUROG3+ cells. The upper panel shows th

panel shows division times normalized to the onset of GFP in each cell (relative

experiments. NER = 3, n = 27.

(D) An example of a division event of a GFP+ cell during live imaging of 3D differen

showing 0, 10, and 20 min (relative time). Scale bars, 10 mm.

(E) Representative fluorescence tracing plots for three selected dividing NEURO

different division modes. Dark and light lines indicate daughter cells after the div

graph shows the quantification of different division modes. NER = 3, n = 29.

(F) Plot showing fluorescent traces of all traced cells together for dividing (light

Fluorescence intensities were scaled between 0 and 1. All lines show smoothene

per time point, and the gray area shows the confidence interval. NER = 3, n = 52

(G)PCAplot showing thedistancebetween transcriptomesofGFP+andGFP� cells

(H) Mean TPMs (transcripts per million) with standard deviation error bars for sele

progenitor (EP) genes (DLL1, NEUROG3, and NEUROD1) per sequencing catego

(I) Flow cytometry-based live cell-cycle analysis of GFP-low and GFP+ cells fro

values ± SEM. NER = 2 for S3D2 and NER = 4 for all the other groups (extended
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with a faster change in transcription at the onset of NEUROG3

expression (Figure 6I). In addition, proliferative NEUROG3+ cells

without the cell-cycle signature were mostly scattered to EP1

and EP2 clusters, indicating their transitioning statuswith fast pro-

gression toward the endocrine lineage, further supporting our

earlier conclusions (Figures 5H and 6I). At S4D1 of endocrine dif-

ferentiation, we did not yet find many hormonal transcript-ex-

pressing cells or cells expressing marker genes for specific endo-

crine subtypes, such as aristaless-related homeobox (ARX),

indicating their further endocrine fate (Figure S6B). CHGA+ cells

were the most mature population in our dataset, suggesting the

transition fromNEUROG3 onset to hormone transcript expression

takes more than 26 h (Figure 6C). An exception is Ghrelin (GHRL)

(Figure S6B), as previously been shown to be activated early in

endocrine progenitors in vitro and in vivo.19,29

In order to deepen the comparison of our endocrine progenitor

clusters with cells in vivo, we performed an integrated analysis of

in vitro clusters PP and EP1–EP3 from our study with the clusters

EP1–EP4 of human fetal endocrine progenitors from the study by

Yu et al.27 (Figures 6J and 6K). To check which stages of human

pancreas development our identified cell clusters most closely

resemble, we used highly variable genes shared by the two data-

sets for the integration, using the reciprocal PCA approach. As a

result, we could identify the following defining characteristics: (1)

the clustering of our PP cells close to fetal EP1, (2) a unique clus-

ter of in vitro EP1 cells, which we most likely capture as our anal-

ysis has enriched for intermediates at low levels of GFP, (3) our

EP2 cells being closest to fetal EP2–EP3, and (4) the fetal EP4

cells being somewhat close to our EP3 cells with a tendency

to form a distinct cluster as expected, considering EP4 cells

were more differentiated than our EP3 cells by their gene signa-

ture (Figure 6J). These observations were further supported by

the scores of identified integration anchors as visualized in

Figure 6K.

Integrating live imaging and scRNA-seq identifies
KLK12 as a protein promoting early endocrine
progenitor movement
In order to identify gene signatures correlating with dynamic cell

behaviors observed in movies, we integrated our live imaging
ic signature but are in transition to the endocrine progenitor lineage

progenitor cell in 2D at 0, 6, and 12 min (relative time). Scale bars, 10 mm.

ent from live imaging experiments. Whiskers indicate the highest and lowest

e division times with respect to the start of the movies (real time), and the lower

time), as indicated in the schematic on the left. Colors indicate independent

tiating spheroids. Arrowheads indicate the dividing cell over time, with 3 panels

G3+ cells in 2D, showing GFP and RFP fluorescence intensities over time for

ision event. Fluorescence intensities were scaled between 0 and 1. The right

colors, until division point) and non-dividing (dark colors) NEUROG3+ cells.

d mean intensities. The distribution represents individual values for each track

for non-dividing cells, and NER = 3, n = 27 for dividing cells.

inG0/G1andG2M.NER=3 forGFP+G0/G1andNER=4 for theother categories.

cted pancreatic progenitor (PP) genes (PDX1, HES1, and SOX9) and endocrine

ry.

m different stages of in vitro differentiation. Bars indicate mean percentage

plot provided in Figure S4E).
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and scRNA-seq dataset. Using quantile transformation, we

aligned relative GFP intensity values from the index-sorted cells

for scRNA-seq with those measured at the last time point of

traced cells from live imaging (Figure 7A). Using Gaussian

mixture modeling, we statistically predicted which sequencing

cluster each non-dividing NEUROG3+ (GFP+) cell from our

short-term and long-term live imaging dataset would most likely

fall into (Figures S7A and S7E). Based on this prediction, it is

possible to correlate the dynamic cellular properties of cells as

observed by live image analysis to their transcriptomic profiles

(Figures 7B, 7C, S7B, and S7C). Building upon prior literature

on the motility of NEUROG3+ cells,30 we compared the global

displacement, as a readout for cell motility, for the cells in these

three predicted clusters with different levels of NEUROG3

expression. We observed that EP3 cells with decreasing

NEUROG3 expression were significantly slower than EP1 and

EP2 cells (Figures 7B, 7C, S7B, and S7C). We did not find a po-

sitional bias for cells predicted to belong to different transcrip-

tomic clusters (Figure S7D).

In our scRNA-seq analysis, we identified KLK12 as a transcript

that was associated with the migratory phase. Its transient

expression started at the initiation of NEUROG3 expression

(EP1) and was downregulated in the CHGA+ cells (EP3)

(Figures 7D and S6D). KLK12 encodes kallikrein-related pepti-

dase 12, a serine protease implicated in the sprouting andmigra-

tion of endothelial cells through extracellular matrix remodeling.

This protein was previously shown to cleave human fibronectin

and tenascin.31 Its transient expression may enable the move-

ment of cells aggregating into islets, possibly via the digestion

of fibronectin produced by PPs at this stage (Figure S6D). We

first tested if the finding had any in vivo relevance using the pub-

lished dataset of human fetal pancreas atlas,27 andwe found that

KLK12 was expressed in the early phases of NEUROG3 tran-

script accumulation in vivo, as it is in vitro (Figures 7D and 7E).

We then used a previously identified and commercially available

blocking antibody as well as Serpin Family F Member 2

(SERPINF2), a general serine protease inhibitor to test if inter-

fering with KLK12 function changed the motility of cells at EP1,

EP2, and EP3 stages in a live imaging experiment. By quantifying

the global displacement of GFP+ cells over time and comparing

their behavior under perturbation, we found that the KLK12

blocking antibody decreased cell motility at EP1 and EP2 stages
Figure 6. Deep single-cell sequencing of NEUROG3+ cells during hum

tiation trajectory prior to hormonal transcription

(A) Schematic depicting the indexed FACS strategy for the scRNA-seq experime

(B) UMAP colored by FACS-based GFP categories.

(C) Selected normalized marker gene expression levels projected on the UMAP,

(D) UMAP colored by detected clusters.

(E) UMAP colored by sequencing-based cell-cycle categories.

(F) UMAP plots generated from NEUROG3+ cells from Yu et al.27 showing selec

(G) UMAP plots generated from NEUROG3+ cells from Yu et al.27 showing sequ

(H) Quantification of NEUROG3+ cells from scRNA-seq (in vitro) and Yu et al.27 (in

are represented for in vitro, and 969 cells are represented for in vivo.

(I) RNA velocity projected onto the UMAP produced after cell-cycle regression

lated state.

(J) UMAP plots generated from the integrated dataset of pancreatic progenitors (P

stages EP1–EP4 of human fetal endocrine progenitor cells from the study by Yu et

indicates their sources.

(K) Violin plots showing anchor scores of the anchors used for the pairwise data in

the in vivo dataset from Yu et al.27
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but not at the EP3 stage (Figure 7F). SERPINF2 also had a similar

effect on the cells, where it decreased cell motility of EP1 cells

and to a lesser extent (not significant) of EP2 cells but not EP3

cells. Interestingly, adding activated KLK12 protein in the culture

medium did not increase motility further and, on the contrary,

reduced in EP1 and EP2 cells (Figure 7F), possibly because the

matrix was too disrupted at the dose used or because the matrix

disruption should be local and/or directional. We indeed see that

PPs express inhibitors of KLK proteins and serine proteases that

may counterbalance KLK12, such as serine protease inhibitor

Kazal-type 1 (SPINK1) and Serpin Family A Member 1 (SER-

PINA1) (Figure S7F). Taken together, our integrated analysis

method uncovered increased motility in the NEUROG3-high

phase of human pancreatic endocrine progenitors and evidence

that KLK12 promotes their mobility, as a proof-of-concept of our

methodology.

DISCUSSION

NEUROG3 dynamics are slower in humans compared
with mice
The human pancreas develops over a longer period but is also

larger than in mice, with its ratio of endocrine cells being similar.

Using theGFP signal we show that in the human pancreatic cells,

NEUROG3 expression reached its peak in around 22 h, whereas

in a mouse line where Neurog3 promoter was used to drive tur-

boRFP expression, it peaked at around 12 h.15 Though the con-

structs and the differentiation conditions used in mice and hu-

man cells were not identical, the two different conditions we

tested in the human system gave very similar outcomes, str-

engthening our conclusions. Since EGFP used in human cells

matures 6-fold faster than turboRFP inmice,32 the approximately

2-fold longer timing in human NEUROG3+ cells is likely due to

longer transcription, splicing, and/or translation than in mice.

This notion is supported by recent species comparison studies

in presomitic mesoderm and motor neurons showing that differ-

ences in global biochemical rates play a substantial role in

creating the divergence in the timespan of development and

that human cells display twice slower kinetics of protein expres-

sion and decay than mouse cells.33,34 Live imaging using a

mouse Neurog3 fusion protein can more accurately determine

the species differences, which has not yet been done, although
an pancreatic endocrine differentiation indicates a gradual differen-

nt, indicating the percentage of cells in different GFP categories sequenced.

highlighting pancreatic differentiation trajectory.

ted normalized gene expression levels projected.

encing-based cell-cycle categories projected.

vivo) according to their sequencing-based cell-cycle categorization. 193 cells

, colored by detected clusters as in Figure 6H. Arrows indicate the extrapo-

P) and clusters EP1–EP3 identified in our study with sequential developmental

al.27 The left panel indicates the clusters from both datasets, and the right panel

tegration of clusters PP, EP1, EP2, and EP3 from this study, and EP1–EP4 from
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Figure 7. Integrating live imaging and single-cell sequencing datasets identifies KLK12 as a gene promoting early endocrine progenitor

motility

(A) Schematic outline of the analysis pipeline. GFP measurements from live imaging were quantile-transformed to match the distribution of GFP values from flow

cytometry. The GFP values of sequenced cells obtained from FACS were grouped according to three identified clusters. For each cluster, the corresponding

conditional distribution over GFP levels was estimated using Gaussian mixture modeling.

(legend continued on next page)
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a mouse model is available.35 In our system, human NEUROG3

protein peaks 11 h after its expression onset and remains for

about 40 h. The reduction of NEUROG3-RFP levels by half, com-

bining the protein decay and the progressively slower rate of

new transcription, takes about 12 h after the peak. The protein

degradation measurements indicate that NEUROG3 half-life

is shorter in mice, ranging from 12 to 15 min36,37 than in humans,

30 to 67 min,23 although caution is needed as it was measured

in less physiological systems and the half-life was cell

type-dependent.23

Even though it is risky to claim the relevance of in vitro obser-

vations to the development in the womb, we show robustness in

the differentiation timing across culture systems. In vitro human

NEUROG3 expression and protein dynamics are very similar

between different culture platforms (2D vs. 3D), media with

different growth factors (high fibroblast growth factor (FGF) 2 in

3D), and even different induction methods (Notch inhibition in

3D and FGF7, retinoic acid, SANT1, LDN, and TPB in 2D), sug-

gesting that these measurements may be relevant to an in vivo

setting.

An important new observationwemadewas the high degree of

variability in the NEUROG3 peak expression among cells, both in

the 2D and 3D conditions. Notably, we could show that cells with

both low and high peak levels could further differentiate into

endocrine cells by back-tracing. In mice, previous experiments

using a bacterial artificial chromosome (BAC) reporter for Neu-

rog3 traced some progeny to the exocrine lineage.38,39 Since

we were not able to forward trace thousands of cells, we cannot

conclude that all cells expressing NEUROG3 become endocrine.

The limited number of tracings showed that cells with low

NEUROG3 peak expression were biased toward the insulin line-

age, but tracing more cells at different time points would be

necessary to be fully conclusive.

NEUROG3+ humanpancreatic cells can divide but do not
act as a specialized population
In this work, we showed that NEUROG3+ human pancreatic cells

could divide in different culture systems based on live imaging,

flow cytometry-based cell-cycle analysis, as well as RNA-seq-

based cell-cycle categorization. Dividing NEUROG3+ cells exist

throughout the in vitro pancreatic differentiation, and the cells

are more likely to divide when they have low NEUROG3 levels.

Following the daughters after division through live imaging, we

saw that different division modes exist. In most cases, both

daughters upregulated NEUROG3 (80%), and in others, only

one daughter upregulated NEUROG3 while the other stayed

low (20%). It is currently unclear whether the asymmetric division

results in one daughter turning NEUROG3 expression off and re-

verting to a PP fate or sustaining a low level of NEUROG3

expression.
(B) Point plot showing the global displacement of cells over time during 26-h imag

with a confidence interval of 95%. NER = 2.

(C) Boxplot comparing distributions of global displacement of cells during 26-h

indicate 25% and 75% quantiles with median (line in the box) and mean (red dot

(D) Normalized gene expression levels of NEUROG3 and KLK12 projected on th

(E) UMAP plots generated from Yu et al.27 data showing normalized gene expres

(F) Boxplots comparing distributions of global displacement of cells according

SERPINF2, and activated KLK12) during stage 4 day 1. Whiskers indicate 25% an

determined by the Kruskal-Wallis test. NER = 2.
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Even though human pancreatic cells can divide after NEU-

ROG3 initiation, we could neither detect any cell dividing more

than once, even in 5-day movies, nor find any dynamic or tran-

scriptomic signature associated with these cells to indicate

they are a specialized population. Prior to division, these cells ex-

hibited the sameNEUROG3 expression and protein dynamics as

their non-dividing counterparts in live imaging. Bulk RNA-seq of

NEUROG3+ endocrine progenitors in G2/M only uncovered cell

division signatures and a signature of a transitionary state be-

tween pancreas progenitors and endocrine progenitors. Tog-

ether with the expression of cell-cycle exit-related genes such

as CDKN1C,25 GADD45A, and BTG240,41 in NEUROG3+ EP1

population, we conclude that NEUROG3+ human pancreatic

cells do not act as a stable endocrine progenitor pool as pro-

posed in mice.18,42 Rather, these cells most likely finish their

last cell-cycle round before further upregulating NEUROG3

and becoming post-mitotic. Recent mouse studies found that

G1 lengthening in bipotent progenitors drives endocrine differen-

tiation by delaying NEUROG3 phosphorylation, thereby stabiliz-

ing NEUROG3 protein.22,36,37 Human NEUROG3 phosphoryla-

tion was also shown,22 but its phosphorylation sites and

mechanisms may differ from mouse NEUROG3.23 If phosphory-

lation in humans acts mechanistically similarly as proposed in

mice, our observations suggest that delayed phosphorylation

may participate in a feed-forward loop enabling the ramping

up of NEUROG3, rather than keeping cells in a cycling

NEUROG3-low state with recurrent degradation over multiple

cell cycles.

The initial steps of endocrine differentiation are similar
in vitro and in vivo

A limitation of work on in vitro systems addressing human devel-

opment is the difficulty of assessing their relevance to the in vivo

context.21 Our scRNA-seq dataset indicated that human pancre-

atic cells undergo a gradual endocrine differentiation process af-

terNEUROG3 initiation. The similarity between in vitro and in vivo

gene expression profiles indicates that the downstream tran-

scriptional program after NEUROG3 expression is robust and

can be captured faithfully in in vitro pancreatic differentiation

systems.27 This finding extends previous observations as the

convergence of the transcriptional program during endocrine in-

duction was also reported in less extensive quantitative real-time

PCR (qPCR)-based single-cell profiling of in vivo- and in vitro-

derived pancreatic cells.29

Even though the dataset from Yu et al.27 predominantly

included more mature endocrine populations than described

here, findingNEUROG3+ human fetal pancreatic cells with a pro-

liferation signature in vivo further validates the relevance of

this study to the human fetal endocrine pancreas development.

We could further draw comparisons between in vitro and
ing throughout S4D1, binned every 2 h (time data points). Lines indicate mean

imaging throughout S4D1 according to their predicted EP clusters. Whiskers

). p values were determined by the Kruskal-Wallis test. NER = 2.

e UMAP from our scRNA-seq.

sion levels of NEUROG3 and KLK12 projected.

to their predicted EP clusters, under different treatments (blocking antibody,

d 75% quantiles with median (line in the box) and mean (red dot). p values were
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fetal endocrine cells at different maturation stages within endo-

crine progenitor clusters, suggesting a similar differentiation

progression.

Integrating live imaging and scRNA-seq connects
dynamic behaviors to the transcriptomic signature and
identifies KLK12 as a migration potentiator
Linking scRNA-seq profiles to functional readouts is a new

emerging challenge in cell omics. In this study, by using a

plate-based scRNA-seq platform in combination with indexed

FACS, we were able to recall fluorescence intensities of

sequenced cells in different transcriptomic clusters and compare

them with the intensities of the live-imaged NEUROG3+ cells.

With this mapping strategy, it is possible to correlate dynamic

cell properties such as motility exemplified here, to their tran-

scriptomic profiles. Using this approach, we found that endo-

crine progenitors with the highest NEUROG3 levels, EP2 cells,

exhibit increased motility, and the most mature endocrine pro-

genitors, EP3 cells, start to slow down. This finding is in line

with our previous studies showing that NEUROG3 triggers

motility and partial epithelial delamination,30 while the Neurog3+

cells and their endocrine progeny remain connected to the

epithelium.43 Our observations extend these findings by identi-

fying the serine protease KLK12 as a protein associated with

the peak migration phase and promoting migration. Conceptu-

ally, our study reveals that differentiation dynamics during the

initiation of endocrine commitment by NEUROG3 in human

pancreas development is slower than in mice and seemingly sto-

chastic with regards to expression levels but very reproducible in

its timing across cells and conditions.

The methodology used here could be transposed to other

developmental processes to link changes in genome-wide

gene expression to observable events in live imaging, which en-

ables a comprehensive overview of a system in dynamically

changing landscapes.

Limitations of the study
Our study focuses primarily on the NEUROG3+ human pancre-

atic endocrine progenitors at a specific stage of a commonly

used in vitro human pancreatic differentiation protocol. Even

though we validated some of our claims in a 3D pancreatic cul-

ture system and showed similar markers being expressed in

in vivo datasets, this study could be extended to the progeni-

tors produced later in the protocol to strengthen these claims.

Furthermore, in the nervous system, some bHLH family mem-

bers including Neurog2 are known to oscillate,44,45 and

recently, in the mouse fetal pancreas, DLL1 and HES1 were

also shown to oscillate.46 There is currently no data available

on the potential oscillation of NEUROG3 in any organ systems

studied, and we did not observe oscillations in our data. How-

ever, it is possible that our reporter line and imaging conditions

could not detect such a phenomenon, notably if it concerns

the low expression phase, due to the inherent noise in this

system.
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Grapin-Botton (botton@mpi-cbg.de).
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Materials availability
The NEUROG3 dual reporter hESC line generated during this study will be provided upon reasonable request.

Data and code availability
The raw single-cell and bulk RNA sequencing datasets have been deposited to ArrayExpress (ArrayExpress < EMBL-EBI) with the

identification numbers E-MTAB-11208 and E-MTAB-11210 respectively. Codes related to this paper can be found at https://doi.org/

21.11101/0000-0007-F075-6. Any additional information required to reanalyze the data reported in this work paper is available from

the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Culturing of human embryonic stem cells
The H1 hESC line was purchased fromWiCell. Approval to work on hESC was obtained from De Videnskabsetiske Komiteer, Region

Hovedstaden under number H-4-2013-057 and Central Ethics Commission for Stem Cell Research (ZES) and the Robert Koch Insti-

tute (RKI) (AZ: 3.04.02/0148). The hESCswere cultured on hESC-QualifiedMatrigel (Corning) andmaintained usingmTESR1medium

(StemCell Technologies). Themedia was changed daily, and the cells were kept at 37�C and 5%CO2. Approximately every 3-4 days,

after the cell confluence had passed 70-80%, the cells were passaged by dissociating with TrypLE (Thermo Fisher) and replating at a

density of 40,000 cells/cm2. During the first 24 hours after passaging, hESCswere supplemented with 10 mMROCK inhibitor Y-27632

(Sigma). The cells were periodically tested and cleared for mycoplasma and karyotypic abnormalities. The hESC work was conduct-

ed according to the guidelines.

METHOD DETAILS

Construction of NEUROG3 dual reporter hESC line
For the construction of the NEUROG3 dual reporter hESC line, insertion of GSx3 linker-TagRFP-T-P2A-EGFP-NLS-STOP coding

sequence immediately before the stop codon of the NEUROG3 coding sequence in H1 hESCs was achieved by homology-directed

repair of a CRISPR/Cas9-induced DNA break.

A guide RNA targeting the NEUROG3 locus (CTTTTGAGGGCCGCCGCCGT) was designed with CRISPR design (http://crispr.mit.

edu), using the pX330 vector that encodes for human codon-optimized SpCas9.47 The DNA plasmid included around 1000 base

pairs-long homology arms from NEUROG3 genomic DNA with a point mutation of protospacer adjacent motif (PAM) sequence in

a vector backbone (pBluescriptSK), with the desired construct and an Flippase (FLP)-based selection cassette. The fragments

were assembled using the Seamless cloning kit (Thermo Fisher), according to the manufacturer’s instructions. The two

plasmids were co-electroporated into H1 hESCs, and antibiotic selection was performed. After the initial screening, 30 of the surviv-

ing colonies were analyzed for correct integration. Following validation, the selection cassette was excised by FLP recombinase.

From the nine reporter colonies that were validated, the choice was made on in vitro pancreatic differentiation efficiency.

The karyogram of the NEUROG3 dual reporter was analyzed on metaphase spreads at P14 (Cell Guidance Systems, Cambridge,

UK) and P17 (Organisation Genetische Diagnostik Institut f€ur Klinische Genetik Medizinische Fakult€at Carl Gustav Carus TU

Dresden).

In vitro differentiation into the pancreatic lineage
In vitro differentiation of hESCs into pancreatic endocrine cells was performed as previously described,19,29 based on the protocol

published by Rezania et al.,20 with minor adjustments. In summary, hESCs were dissociated into single cells using TrypLE and re-

suspended inmTeSR1with 10 mMROCK inhibitor Y-27632. The cells were seeded at a density of 350,000 cells/cm2 onto 1:30 diluted

growth-factor reduced Matrigel (Corning). The cells were incubated for 24 hours in mTeSR1 medium before transitioning to the dif-

ferentiationmedia. Modifications from the original protocol20 include the usage ofMCDB131medium (Life Technologies) as the basal

medium throughout differentiation instead of BLAR medium, activin A (PeproTech) at 100 ng/ml during S1 instead of GDF8,

CHIR99201 (Axon Medchem) at 3 mM and 0.3 mM for the first two days of S1 instead of MCX-928, and keeping the cells in 2D culture

throughout the protocol instead of transitioning to air-liquid interface at S5. The modified protocol’s differentiation efficiency was re-

ported by Petersen et al.19 and is further documented for the reporter line in this paper (Figures 1 and S1). For the live imaging ex-

periments, reporter hESCs and H1 hESCs were mixed in a 1:1 ratio and then differentiated for the ease of tracking fluorescent cells.

The generation of human pancreatic progenitor spheroids was performed as previously described in Gonçalves et al.21 Pancreatic

progenitors differentiated from hESCs at the end of S4 using the described pancreatic differentiation protocol were dissociated into

single cells with TrypLE and resuspended in a 3:1 mixture of growth-factor reduced Matrigel and expansion medium (DMEM/F12

Glutamax (Thermo Fisher), 10 mM ROCK inhibitor Y-27632, 64 ng/ml FGF2 (Peprotech), and B-27 supplement (Thermo Fisher).

The cells were seeded at a density of 1000 cells/ml of Matrigel mixture onto pre-warmed Nunc cell culture-treated 4-well dishes

(Thermo Fisher) to form a 3D dome. The expansion medium was added after Matrigel polymerization and replenished every

3 days. The spheroids were passaged every 10 days. For the induction of endocrine differentiation in pancreatic progenitor spher-

oids, 48 hours after seeding, 100 nM gamma-secretase inhibitor XX (EMD Millipore) was added to the expansion medium and was

replenished every other day.
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Live imaging and cell tracking
Short-term live imaging experiments with the 2D differentiation systemwere carried out using aDeltavisionmicroscope (PerkinElmer)

with the 20X objective in a humidified, heated, and CO2-controlled chamber. Tiled positions (4x4 tiles, 16 tiles per acquisition) were

scanned every 6 minutes. Long-term live imaging experiments with the 2D differentiation system were carried out using the Andor

Revolution WD Borealis Mosaic spinning disc microscope (Andor) with the 40X silicone objective in a humidified, heated, and

CO2-controlled chamber. Tiled positions (5x5 tiles, 25 tiles per acquisition) were scanned every 12 minutes with the z-step of

4 mm covering 60 mm in total. At the end of the imaging sessions, the cultures were immediately fixed with 4% PFA (Thermo Fisher)

for immunocytochemistry. Imaris (Bitplane, Switzerland) software was used to perform manual tracking of NEUROG3+ cells over

time, using spots of 5 mm diameter.

For the 3D cultures, a Viventis light-sheet microscope was used with a Nikon 25x 1.1 NAwater immersion objective in a humidified,

heated, and CO2-controlled chamber. Set positions were images every 10 minutes. Manual tracing of NEUROG3+ cells was per-

formed with Imaris (Bitplane, Switzerland) software, using spots of 5 mm diameter.

Flow Cytometric Analyses
For flow cytometry-based live cell cycle analysis, at different time points during human in vitro pancreatic differentiation, cells were

dissociated and collected as described above and reconstituted in FACS buffer (1% BSA (Sigma) in 1X PBS (Thermo Fisher)). Ghost

dye red 780 (Cell Signaling Technology) for live/dead stain and Hoechst 33342 Ready FlowReagent (Thermo Fisher) were addedwith

the concentration of 1 ml/1,000,000 cells and 2 drops/1,000,000 cells in 1 mL, respectively. The cells were incubated at 37�C for

1 hour, followed by filtering with a 35 mm cell strainer and flow analysis on a BD FACSAria (BD Biosciences).

For fixed flow cytometric analyses, after dissociating cells to a single cell suspension, the cells were washed with 1X PBS and incu-

bated on ice in the darkwith 1 ml of live/dead stain (Ghost dye red 780) in 1XPBS for 10minutes. Afterward, the cells were washedwith

1x PBS and fixed with 4% PFA on ice for 20 minutes. After spinning down, the cells were resuspended in a permeabilization buffer

(0.2% Triton X-100 (Sigma) and 5% Donkey serum (Sigma) in 1X PBS) and incubated on ice for 30 minutes. After pelleting, primary

antibodies conjugated with a fluorophore in a blocking buffer (0.1% Triton X-100 and 5%Donkey serum in 1X PBS) were added, and

the samples were incubated at 4�C overnight. The next day, the cells were washed 3 times with an IC buffer (1%BSA in 1X PBS) and

passed through a 35 mm cell strainer. Flow analysis was performed on a FACSAria or a Sony MA900 cell sorter (Sony). The primary

antibodies for flow cytometry were: rat anti-C-peptide-Alexa Fluor 647 (1:200, 565831, BD Pharmigen) and mouse anti-Glucagon-

BV421 (1:100, 565891, BD Pharmigen).

Immunostaining
For the staining of hESC-derived pancreatic cells, culture wells were washed with 1X PBS and fixed with 4% PFA at room

temperature for 30 minutes. Afterward, the cells were washed with 1X PBS and permeabilized with 0.5% Triton X-100 in 1X PBS

for 10 minutes. The cells were incubated in blocking buffer (0.1 M Tris-HCl (pH 7.5), 0.15 M NaCl, 0.5% TSA Blocking Reagent

(PerkinElmer)) for 30 minutes, followed by overnight incubation at 4�C with primary antibodies diluted in 0.1% Triton X-100 in 1X

PBS. The following day, cells were washed 3 times with 1X PBS for 5 minutes each and incubated with secondary antibodies in

0.1% Triton X-100 in 1X PBS for an hour at room temperature and imaged with a Leica Thunder microscope. The primary antibodies

were: sheep anti-NEUROG3 (1:1000, AF3444, R&D Systems), chicken anti-GFP (1:1000, ab13970, Abcam), rat anti-RFP (1:1000,

5F8, Chromotek), rabbit anti-MKI67 (1:500, ab16667, Abcam), and rabbit anti-SOX9 (1:2000, AB5535, Millipore).

Image analysis
Image processing prior to manual cell tracing in 2D/3D and quantification of the overlap of NEUROG3 immunostaining and the fluo-

rescence from the reporter linewas performed using the ImageJ distribution Fiji (v1.53c) (https://fiji.sc/).48 For live imaging processing

prior to manual 2D cell tracing, an automated script was used to perform the following steps: Stitching tile positions, drift correction,

background subtraction, and downscaling. For live imaging processing prior to manual 3D cell tracing, cropping, and bit conversions

were applied.

For quantification of the overlap of NEUROG3 immunostaining and the fluorescence from the reporter line, nuclei were segmented

using StarDist49 (https://imagej.net/plugins/stardist) frommerged channel images. An 8 mm diameter size filter and nuclei signal filter

(> background mean intensity) were applied to the segmented nuclei to select positive cells, and overlapping cells between channels

were identified.

The segmentation of GFP-positive nuclei in 3D-imaged 2D cultures was performed using StarDist.49,64 First, random images from

live imagingweremanually annotated using Napari as training data to create a StarDist model. After, the trainedmodel was applied to

predict and segment the nuclei. The nuclear segmented output was used to quantify the nuclear GFP intensities that were normalized

by mean background subtraction using py-clesperanto V0.20.0.50

In order to understand the correlation of motility of the endocrine progenitor cells in different transcriptomic clusters with the in-

tensity levels of GFP, the global displacement of cells was quantified. This was achieved by extracting the centroids of the segmented

nuclei using py-clesperanto and these centroids were then treated as a point-cloud in the corresponding timepoint. The distance

between the median position of the point-clouds between successive timepoints was used as a measure to quantify the global

displacement of EP cells over time.
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FACS, scRNA-seq, and downstream analysis
At S4D1 of differentiation, the cells were dissociated into single cells with TrypLE and resuspended into a FACS buffer containing

0.5% BSA and 2 mM EDTA (Thermo Fisher) in 1X PBS. The cells were index-sorted according to their GFP expression (categorized

into GFP-low and GFP-high based on the distribution of global GFP values) into 384-well plates on a BD FACSAria and snap-frozen.

397 sorted cells were processed using a modified version of the Smart-seq2 protocol.26

FastQC (http://www.bioinformatics.babraham.ac.uk) was used to perform basic quality control of resulting sequencing data. Trim-

ming of low quality bases, Smartseq2 adapter sequences, and poly(A)/poly(T) stretches was done with cutadapt (v2.6)51 and the

following parameters: ‘‘-q 5 -m 20 -a smartseq1=AAGCAGTGGTATCA -a smartseq2=AACGCAGAGTGCAGTGC -b smartse-

q3=AACGCAGAGTGCAGTGC -a smartseq4=CTGTCTCTTATA -a polyA=AAAAAAAA -a polyT=TTTTTTTTTT -b smartseq5=GGTAT

CAACGCAGA –times 5’’. Trimmed fragments were aligned to the human reference genome hg38 with support of the Ensembl 92

splice sites using the aligner gsnap (v2018-07-04).52 The sequence of the NEUROG3 fusion reporter was included in the reference

without the NEUROG3 sequence to allow for mapping to the endogenous NEUROG3 gene. Counts per gene and sample were ob-

tained based on the overlap of uniquely mapped fragments with the same Ensembl annotation and the included fusion reporter

sequence using featureCounts (v1.6.3).53 After removing three sequencing controls (positive, negative, and bulk controls) from

the count matrix, the remaining 397 cells were checked for overall quality using the scater package v1.16.2.54 Detected outlier cells

were removed from the data set, and the remaining 380 cells were further analyzed with Scanpy v1.8.155 to perform clustering with

the Leiden algorithm56 and marker gene detection using the Wilcoxon rank-sum test.

For RNA velocity analysis, spliced and unspliced transcripts were quantified with smartseq2 command of velocyto v0.17.1757 and

served as input for further analysis with scVelo v0.2.358 using dynamical modeling. RNA velocity was projected upon a UMAP ob-

tained with Scanpy after additional regression of cell cycle scores assigned based on cell cycle genes defined in Tirosh et al.65

RNA extraction and sequencing of human pancreatic cell populations
Bulk RNA sequencing was performed on cells from 4 independent in vitro pancreatic differentiation experiments. The cells were FAC-

sorted into RLT buffer (QIAGEN) with 1% b-mercaptoethanol (Sigma Aldrich) according to their GFP fluorescence intensity and cell

cycle category with live cell cycle staining described above on a SonyMA900 sorter. RNA was extracted from each sample using the

RNeasy Micro Kit (QIAGEN), according to the manufacturer’s guidelines. Subsequent RNA quality assessment was done with Bio-

analyzer (Agilent). Samples of extracted RNA were sequenced with the Smart-Seq2 protocol for the low RNA abundance, providing

datasets of unstranded, paired-end (2x101) reads of sizes between 54 Mio and 102 Mio. Smart-Seq2 adapters and poly-A tails were

aggressively cut fromboth ends of the paired-end readswith Cutadapt v1.16, discarding reads shorter than 15 nucleotides, which left

datasets of sizes between 37 Mio and 80 Mio. Reads were mapped to the human genome version GRCh38.p13 with splice-aware

mapper STAR v2.7.3. with high alignment rates (93.3% to 94.9%), and the number of uniquely mapping, unstranded fragments per

gene were determined with STAR option –quantMode GeneCounts.

These fragment counts per gene (sum over all genes 28 Mio to 63Mio) were analyzed for differential gene expression with R v3.5.1

and DESeq2 v1.22.1.59 Normalizing with DESeq2 sizeFactors for different dataset sizes and applying PCA to regularized-log-trans-

formed counts, we identified one outlier sample gfpp_g1_2 whose location in the PC1-PC2 plot is far from its biological replicates.

Thus, we discarded this outlier sample from any further analysis. To be considered as differentially expressed genes comparing any

two groups of samples, we required that these genes had at least 10 counts in at least one sample, an absolute log2-fold change

larger than 1, and an adjusted p-value of max 0.05. Gene set enrichment analyses were run against MSigDB hallmark genes set

with more than 15 and less than 500 genes (msigdb v7.2.1)60,61 using fgsea v1.8.062 by applying an adjusted p-value cutoff of

0.05. For this analysis, the ranking of input genes was done using the negative log10 of obtained p-valueswhichwere then additionally

multiplicated with -1 in case of a negative log2 fold-change.

Integration of scRNA-seq datasets
Data integration of our in vitro clusters PP and EP1-EP3 and in vivo clusters EP1-EP4 of the published human fetal pancreas

mSTRTSeq dataset (BioProject: PRJCA00433627) was done with Seurat v4.1.3.63 The count matrices were filtered for features ex-

pressed in at least 10 cells and cells with at least 2500 detected features, resulting in 323 cells and 19130 features for our in vitro data

and 163 cells and 11376 features for the in vivo dataset. Based on 4000 highly variable genes detected per dataset, 1000 integration

features were selected and used for the identification of anchors using reciprocal PCA.66 The first two principal components of the

PCA space were used for the analysis. In total, 95 anchors were identified with a medium score of 0.69 and used for pairwise data

integration.

Integration of live-imaging and sequencing datasets
Intensity measurements were used to link transcriptome and live-cell data statistically. Due to potential differences between FACS

and live imaging in terms of sensitivity and dynamic range, the raw GFPmeasurements of both methods are not directly comparable.

To account for this, GFP measurements obtained from live imaging were quantile-transformed to match the distribution of GFP

values from flow cytometry. The latter was normalized to forward scatter (FSC) as a proxy for intensity per volume for the entire pop-

ulation of S4D1 cells. This strategy assumes that the ordering of GFP values revealed by both techniques is approximately equal. The

GFP values of sequenced cells obtained from FACS were then grouped according to the three transcriptional clusters identified

(EP1-3) using the Leiden algorithm. For each cluster, we estimated the corresponding conditional distribution over GFP levels using
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Gaussian mixture modeling. Each cell tracked from imaging was then classified into different clusters by picking the cluster for which

it had the highest likelihood. Different features revealed from imaging were then analyzed according to the predicted clusters. Ana-

lyses were performed in Matlab using a custom code.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical significance tests were performed using the stat_compare_means function in the ggpubr R package v0.4.0 (https://github.

com/kassambara/ggpubr). Significance was defined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. P values were determined

by Wilcoxon and Kruskal-Wallis tests. The number of replicates is provided in the figure legends. N denotes the number of indepen-

dent experiments, and n denotes the total number of measurements.
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