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SUMMARY
A central question in cell and developmental biology is how extracellular cues control the differentiation of
multipotent progenitors in a dynamically changing niche. Here, we identify apical-basal polarity as the
main regulator of the differentiation of multipotent pancreatic Neurogenin3+ endocrine progenitors (EPs)
into the beta or alpha cell fates. We show that human EPs dynamically change their apical-basal polarity sta-
tus. Whereas polarized EPs are predisposed to differentiate into beta cells rather than alpha cells, inhibiting
apical-basal polarity selectively suppresses beta cell differentiation. Single-cell RNA sequencing and com-
plementary mechanistic data demonstrate that apical-basal polarity in human EPs promotes beta cell spec-
ification via cyclic AMP (cAMP)/PKA-cAMP response element binding protein (CREB)-EGR1-mediated inhi-
bition of ARX expression, while reduced cAMP levels in non-polarized human EPs maintain expression of
ARX, leading to alpha cell differentiation. These findings identify the apical-basal polarity status of multipo-
tent EPs as a critical epithelial feature that determines their fate into the alpha or beta cell lineages.
INTRODUCTION

Fate commitment is the sum of unique intrinsic properties and

extrinsic cues a progenitor/stem cell receives. While our knowl-

edge of intrinsic properties, such as transcriptional signa-

tures,1–4 is extensive, much less is known about how fate

commitment is regulated by extrinsic cues, such as cell-cell

and cell-extracellular matrix (ECM) interactions.5–8 Discerning

the cues that induce cell fate within a dynamically shifting micro-

environment constitutes an essential step in understanding

organogenesis.

The pancreas is an endoderm-derived glandular organ

composed of an exocrine and an endocrine compartment.9 As

pancreas development proceeds, an elaborate tubular network

of peripheral tip and central trunk domains forms.10,11 The tips

give rise to acinar cells, whereas the trunk contributes to the

duct and endocrine lineages.12 We have previously demon-

strated that differential cell-cell adhesion controls the fate ofmul-

tipotent pancreatic progenitors by identifying their migration to

either the tip or trunk niche, where they are exposed to specific

fate-inducing cues.13 For example, changes in mechanosignal-

ing via actin dynamics instruct the fate of bipotent progenitors

into the endocrine and duct lineages within the trunk.14
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Lineage tracing and loss-of-function experiments prove that all

endocrine subtypes, including alpha, beta, delta, epsilon cells,

and PP cells, go through an NEUROG3-expressing stage.15–18

Despite this role ofNEUROG3as themaster regulator of theendo-

crine progenitor (EP) program, the mechanism by which

NEUROG3+ cells give rise to each of the five different endocrine

cell types remainsundetermined,particularly regardingspecifying

the fate of the two primary endocrine cell populations, alpha and

beta cells. Interestingly, activation of the endocrine program early

(embryonic day [E] 8.5) in mouse development, when most of the

pancreatic epithelium is non-polarized, almost exclusively yielded

alpha cells. In contrast, late (E14.5) endocrine induction, when the

progenitor nicheconsists of amorecomplex luminal plexuswhere

more EPs have acquired apical-basal polarity, resulted in

increasedcommitmentofbetacells.19–21Consistently, time-lapse

imaging experiments confirmed that beta cells are born as apical-

basally polarized epithelial cells.13,19 Furthermore, forced exiting

of NEUROG3+ cells from the polarized luminal epithelium through

conditional ablation of p120ctn or E-cadherin in NEUROG3+ cells

shift their differentiation toward alpha cells at the expense of beta

cells.13 However, far less is known about dynamic changes in the

EP niche and the temporal occurrence of hormone cell types

during human fetal development.
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Drawing upon the aforementioned findings, together with the

fact that cadherin-mediated cell-cell adhesion provides essential

physical and signaling cues for establishing apical-basal polar-

ity,22–24 we postulated a connection between cell adhesion

and apical-basal cell polarity in influencing the fate determination

of NEUROG3+ cells into the alpha and beta cell lineages. This

study demonstrates that dynamic modulation of apical-basal

polarity, either directly or indirectly via cell-cell adhesion, within

human EPs changes the cell fate preference. While polarized

EPs preferentially turn into beta cells via cyclic AMP (cAMP)-

mediated inhibition of Aristaless-related homeobox (ARX)

expression, non-polarized EPs primarily differentiate into the

alpha cell lineage because of failure to increase cAMP levels

leading to maintenance of ARX expression.

RESULTS

Cell-cell adhesion is linked to apical-basal polarity and
cell fate in the human EP niche
To validate the mouse data on the role of cell-cell adhesion for

alpha and beta cell specification13 inside the human EP niche,

we generated human embryonic stem cell (hESC) lines that over-

express dominant-negative E-cadherin (CDH1) mutants,

CDH1DE25 and CDH1DP,26 in a doxycycline (Dox)-inducible

manner (Figures 1A and S1A). Overexpression of these mutants,

therefore, lowers the adhesive strength between epithelial cells

to different degrees.27 As expected, colonies of CDH1DE and

CDH1DP undifferentiated hESCs lost their epithelial morphology

uponDox treatment and grew as disconnected, spindle-like cells

(Figure S1B).

To mimic the in vivo epithelial niche of human EPs in vitro, we

developed a Matrigel overlay culture system based on a previ-

ously developed differentiation protocol.28 In brief, hESCs are

seeded in the medium supplemented with Matrigel, which then

forms a gelatinous ECM layer covering the cells throughout the

subsequent six differentiation stages (S1–S6; Figures S1C and

S1D). This allows the cells to efficiently differentiate into a

pancreatic endoderm-like epithelium that grows in multiple

layers and forms expanding and coalescing luminal cavities

with well-defined localized expression of apical-basal polarity

markers (Figures S1E and S1F).

The expression of the inducible CDH1 mutant transgenes can

be monitored by an internal ribosome entry site (IRES)-coupled

mCherry (mCh) fluorescent reporter (Figure S1A). Dox treatment

during progressed stages of the differentiation (S4 and later) re-

sulted in a mosaic expression pattern with an average of 40%

and 20% expression of mCh in CDH1DE and CDH1DP cells,

respectively (Figures S1G and S1H). We induced dominant-

negative E-cadherin overexpression shortly before the first

NEUROG3+ progenitors arise until after the hormone subtypes

are specified (S4–S6) and quantified insulin (INS) and glucagon

(GCG) expressing cells by flow cytometry. GCG+INS+ polyhor-

monal cells have previously been shown to mature into alpha

cells29,30 and will, together with GCG+INS� cells, be referred to

as alpha cells, while GCG�INS+ cells are considered to represent

beta cells. The differentiating mutant cells only formed very

few microlumens that failed to expand into a network of

larger connected lumens as observed in the untreated control

cultures (Figure 1B). Strikingly, the ratio of beta-to-alpha cells
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(beta-to-alpha) was reduced by almost 4-fold in CDH1DE- and

CDH1DP-expressing cells compared with their transgene non-

responsive counterparts (Figure 1C). These results strongly sug-

gest that lowered cell-cell adhesion interferes with apical-basal

polarity in the human EP niche favoring commitment to an alpha

fate over a beta cell fate.

Disruption of apical-basal polarity in the developing
mouse pancreas alters endocrine cell specification
To test whether apical-basal polarity in EPs controls alpha

versus beta cell fate in vivo, we analyzed conditional Cdc42

knockout mice. Ablation of the small Rho-family GTPase

Cdc42 in the pancreatic epithelium causes a severe perturbation

of apical-basal polarity, lumen expansion, and overall endocrino-

genesis.10 We dissected E16.5 fetal pancreata of Pdx1-Cre;

Cdc42fl/fl; R26-YFP mice (homozygous pancreatic Cdc42

knockout) and compared them with their Pdx1-Cre� litter mates

as a wild-type control (Figure S2A). More than 95%of the epithe-

lial cells in the knockout expressed yellow fluorescent protein

(YFP), indicating a high recombination efficiency (Figure S2B).

Consistent with the reported knockout phenotype, only very

small microlumens but no tubular network were visible, and the

apical membrane-specific marker Muc1 was abundantly mislo-

cated in intracellular aggregates (Figure S2B).10 Surprisingly,

we found that the number of beta cells was dramatically

reduced, while the number of alpha cells remained unchanged

in the knockout tissue, resulting in a more than 5-fold reduction

in the beta-to-alpha ratio in theCdc42 knockout (Figures 1D–1F).

In conclusion, disruption of apical-basal polarity in the mouse

pancreatic epithelium inhibits beta cell differentiation but does

not affect alpha cell differentiation.

A dynamically changing apical-basal polarity status of
human EPs affects alpha versus beta cell fate
Then, we used human fetal pancreas material to examine the

apical-basal polarization of EPs. At 9.9 weeks post conception

(wpc), we could distinguish roughly equal numbers of polarized

and non-polarized EPs in sections stained for NEUROG3 and

EZRIN (EZR) (Figure S3A). Furthermore, in our Matrigel overlay

hESC model, a plexus-like luminal network, similar to the corre-

sponding luminal network in vivo, develops over time from ex-

panding and fusing lumens. Within the 3 days when most EPs

are specified (days 10–13; S5), the apical membrane content in-

creases on average by almost 4-fold (Figures 2A and 2B). To

quantify the EP polarization status, we utilized a NEUROG3

reporter19 that allows EP segmentation based on a cytosolic

fluorescence signal (enhanced green flurescent protein [EGFP]

under the control of the endogenous NEUROG3 locus; Fig-

ure S3B). Due to different protein synthesis and turnover rates,

the EGFP and NEUROG3 expression do not entirely overlap in

this reporter31 (Figure 2B). Only EGFP+ cells that also stained

positive for a NEUROG3 antibody were, therefore, segmented

and analyzed. Significantly more NEUROG3+/EGFP+ cells

featured an apical (EZR+) membrane domain on day 13 than

on day 10 (Figure 2C). We further analyzed the concomitant

lumen expansion and EP appearance by combining the

NEUROG3-EGFP reporter with an EZR-mKATE2 fusion reporter

(Figure S3C). Long-term (72 h) live-imaging experiments during

S5 revealed a highly dynamic epithelial environment in which



Figure 1. Disruption of apical-basal polarity by dominant-negative CDH1 mutants in the Matrigel overlay culture system or by Cdc42

knockout in the developing mouse pancreas alters beta cell specification

(A) Design of dominant-negative CDH1 mutants with deletions in the extracellular domain (CDH1DE) or the p120ctn-binding site (CDH1DP). mCh, internal

ribosome entry site (IRES)-coupled mCh (red fluorescent protein) reporter.

(B) Confocal images of S5 (day 13) differentiated cells (± 72 hDox treatment). EZR, EZRIN, green; BCAT, beta-catenin, gray; mCh,mCherry, red. Scale bar, 50 mm.

(C) Flow cytometry quantification of INS single-positive beta cells and GCG positive alpha cells in mCherry+ and mCherry� subpopulations after Dox treatment

(S4–S6). CDH1DE and CDH1DPmutations led to the same degree of reduction in the INS+GCG�/GCG+ ratio in mCherry+ mutant cells compared with mCherry�

wild-type cells (4.1-fold reduction in CDH1DE and 4.2-fold reduction in CDH1DP). Data represent the mean ± SD (n = 5 independent repeats).

(D) Maximum intensity projections (z stack) of confocal tile scans for E16.5 dorsal pancreata stained for INS and GCG expression. INS, green; GCG, red; Cdh1

(E-cadherin), gray. Scale bar, 25 mm.

(E) Image quantification based on INS+ and GCG+ cell segmentation, normalized to segmented Cdh1+ epithelial tissue. Data represent the mean ± SD (n = 6

embryos from 3 litters). Different data point symbols indicate different litters.

(F) Image quantification of beta-to-alpha ratio based on segmentation of INS+ and GCG+ cells. Data represent the mean ± SD (n = 6 embryos from 3 litters).

Different data point symbols indicate different litters.

*p < 0.05, **p < 0.01 (two-tailed paired Student’s t test).

See also Figures S1 and S2.
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the EPs dynamically shifted from being integrated within remod-

eling lumens and moving around outside the lumens, presum-

ably because of a constant change in their apical-basal polarity

status (Video S1).

These results indicate that EPs spend less time in a polarized

state before committing to a specific hormone+ cell type if they

arise early during the differentiation. If apical-basal polarization

indeed enhances the likelihood for EPs to differentiate into

beta cells, one would expect that early-induced EPs give rise

to more alpha cells than late-induced EPs. To test this hypothe-

sis directly, we modified the Matrigel overlay differentiation pro-

tocol to achieve a more synchronized induction of endocrino-

genesis at the earliest time when few EPs normally occur (after

the first day of S4). To this end, a set of EP-promoting factors
was added for 2 days (days 8 and 9) to boost early differentiation

into EPs, followed by 7 days of culture in basal medium without

differentiation factors. A combination of a Notch inhibitor, an

ALK5 inhibitor, and the actin polymerization inhibitor latrunculin

B14,28 gave the best results, leading to a wave of NEUROG3 cells

that peaked at day 11 and then rapidly subsided (Figures 2D and

2E). For comparison, EP formation was induced the same way

3 days later. Here, we extended the S4 stage to 4 days before

adding pro-endocrine factors to limit early EP induction and to

allow maturation of the epithelial niche (luminal network) without

altering the exposure to other factors. Indeed, a delayed defined

EP wave peaking at day 13 was accomplished using this setup

(Figures 2D and 2E). We then quantified the resulting alpha and

beta cells from the early and late EP protocols by flow cytometry.
Developmental Cell 60, 1–13, July 7, 2025 3



Figure 2. Apical-basal polarity in the human EP niche affects alpha versus beta cell fate

(A) Luminal network development and EP generation in S5 differentiating cultures. Images show maximum intensity projections of confocal z stacks. EZR, red;

NEUROG3-EGFP, green; NEUROG3 (antibody staining), gray; DNA (DAPI), blue. Scale bar, 50 mm.

(B) Image quantification of apical membrane content is based on the segmentation of the luminal EZR signal, normalized to DNA content. In detail, the surface

module of the Imaris image analysis software (Oxford Instruments) was used to render a 3D segmentation of the luminal/apical EZR signal. The volume of the

segmented structures (V [luminal EZR]) was quantified and divided by the volume of the DNA (DAPI) signal (V [DNA]) to normalize for differences in cell numbers

between different images. ‘‘Volume’’ in this context refers to the sum of voxels of the EZR segmentation (representing a quantification of the apical membranes).

Data represent the mean ± SEM (n = 4 independent repeats).

(C) Image quantification of apical-basally polarized EPs. The percentage of NEUROG3+ cells (identified byNEUROG3-EGFP+ and nuclear NEUROG3+) containing

EZR+ membranes is shown. Data represent the mean ± SEM (n = 4 independent repeats).

(D) Experimental setup for assessing the differentiation potential of early- and late-induced EPs. EP factors were treated on day 8 (early-induced) or day 11 (late-

induced) for 2 days. LatB, latrunculin B.

(E) Flow cytometry quantification of synchronized endocrinogenesis. The periods of treatment with pro-endocrine factors and the percentage of NEUROG3+ cells

are indicated.

(F) Flow cytometry quantification of the beta-to-alpha ratio after early or late EP induction. Data represent the mean ± SEM (n = 6 independent repeats).

*p < 0.05, ***p < 0.001 (two-tailed paired Student’s t test).

See also Figure S3 and Video S1.
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Strikingly, the beta-to-alpha ratio was, on average, more than

10-fold higher in hormone cell populations derived from EPs

that originated in a more mature environment characterized by

a more apical-basally polarized epithelium (Figure 2F).

Apical-basally polarized human EPs are primed to
become beta cells
Next, we set out to test more directly whether alpha and beta cell

fate depends on the apical-basal polarity status of EPs by a cell

sorting approach. Prominin-1 (PROM1, CD133) was identified as
4 Developmental Cell 60, 1–13, July 7, 2025
a specific marker of apical membranes/lumens in the Matrigel

overlay culture system (Figure 3A). Moreover, PROM1 is exclu-

sively expressed in apical membrane domains and co-localizes

with other apical markers (MUC1, EZR, and aPKC) in 10.6 wpc

human fetal pancreas tissue (Figures S3D and S3E). PROM1 is

a highly evolutionary conserved transmembrane glycoprotein

located within the apical microvilli of embryonic and adult

mammalian epithelial cells. Importantly, it contains two large

extracellular loops, rendering it a potential marker for antibody-

based cell sorting for apical-basally polarized cells.32



Figure 3. Apical-basally polarized human EPs are primed to become beta cells

(A) Apical membrane-specific localization of PROM1 in S5 (day 13) differentiating cultures. PROM1, CD133, green; EZR, red; PDX1, gray; DNA (DAPI), blue. Scale

bar, 25 mm.

(B) A subset of cells in S5 differentiating cultures retain a PROM1+membrane domain (green) after dissociation. Phase-contrast image andmagnifications (square

insert) show dissociated S5 cells. EZR (red) is expressed in all cells but is enriched in the apical domain. Scale bar, 25 and 5 mm (magnifications and square insert,

respectively).

(C) Flow cytometry quantification of the percentage of PROM1� and PROM1+ cells in NEUROG3+ cell population at S5 (day 13). Data represent the mean ± SD

(n = 10 independent repeats).

(D) Experimental setup for assessing the differentiation potential of polarized and non-polarized EPs by flow cytometry sorting. S5 (day 13) cells are dissociated

and sorted by NEUROG3-TagRFPt and PROM1. The sorted TagRFPt+PROM1� and TagRFPt+PROM1+ cells were reseeded in 2D and cultured for 4 days with

basal medium.

(E) Immunocytochemistry for INS and GCG expression in sorted and reseeded PROM1+ and PROM1� EPs after 4 days of culture. Confocal tile scans and

magnifications (square insert). INS, red; GCG, green; DNA (DAPI), blue. Scale bars, 500 mm (left)/100 mm (insert, right).

(F) Imaging-based quantification of the beta-to-alpha ratio after sorting EPs for PROM1. Data represent the mean ± SEM (n = 7 independent repeats).

*p < 0.05 (two-tailed paired Student’s t test).

See also Figure S3.
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Interestingly, a subset of dissociated S5 cells stained with a

PROM1 antibody featured a cap-like PROM1+ structure on one

side of the cell. This PROM1+ membrane area was also enriched

in EZR, suggesting that it represents the remnant of the apical

domain in previously polarized cells (Figure 3B). In contrast,

other cells showed no PROM1 staining and homogeneousmem-

brane and intracellular EZR distribution, presumably represent-

ing previously non-polarized cells (Figure 3B). This observation

is consistent with the finding that polarization can be sustained

by single cells in suspension.33 Furthermore, PROM1+ and

PROM1� cell populations could be separated from S5 Matrigel

overlay differentiation cultures by flow cytometry. To specifically

sort EPs based on their apical-basal polarization status

(PROM1+/PROM1�), we took advantage of a NEUROG3-

TagRFPt fusion reporter34 (Figure S3F). At S5, the NEUROG3-

TagRFPt+ cell population contained around 45.13% PROM1�

and 54.87% PROM1+ cells (Figure 3C).

After completion of the EP stage (S5), Matrigel overlay-differ-

entiated NEUROG3high cells were sorted for membranous

PROM1 expression, reseeded at low density onto Matrigel-

coated surfaces, and allowed to differentiate for an additional

4 days without any specific factors (Figure 3D). These cultures

were then stained for INS and GCG expression and quantified

by image analysis (Figure 4E). The beta-to-alpha ratio was

more than twice as high in hormone+ cell populations derived

from PROM1+ EPs than in those derived from PROM1� EPs (Fig-

ure 3F), suggesting that EPs that were polarized at the time of

sorting are predisposed to adopt a beta cell fate.

scRNA-seq reveals differentiation propensities in
polarized EPs
To gain further insight into the link between the apical-basal po-

larity status of EPs and fate allocation, we conducted single-cell

RNA sequencing (scRNA-seq) of early-induced EPs, late-

induced EPs, PROM1� late-induced non-polarized EPs, and

PROM1+ late-induced polarized EPs (Figure 4A). We then

labeled these samples with four different antibodies conjugated

to barcoded oligonucleotides (‘‘hashtags’’) before pooling and

sequencing all samples together (Figure 4A).

This cellular indexing of transcriptomes and epitopes by

sequencing (CITE-seq)35 allowed us to allocate each single-cell

transcription profile to the cell’s original characteristics (apical-

basal polarization and time of endocrine induction). After quality

filtering for viability parameters and normalization, we obtained

transcriptional data from 3,811 cells, including counts for

25,917 genes. Based on clustering and marker gene expression

(Figures S4A and S4B), we identified populations of bipotent

pancreatic progenitors, ductal cells, pancreatic stellate cell

(PSC)-like cells, as well as a big supercluster corresponding to

cells of the endocrine lineage. Most of the latter expressed the

EP-state marker NEUROG3 and pan-endocrine genes like

NEUROD1, NKX2-2, and CHGA. While a subset of cells also ex-

pressed markers of early hormone+ cells such as MAFB and INS,

markers of more mature hormone+ cells such as MAFA were ab-

sent (Figure S4B). These signatures suggest that, as intended, we

captured different EP stages, including both unspecified progen-

itors and cells that have already committed to specific endocrine

subtypes. Moreover, we identified 3,281 cells (86%) labeled with

a single hashtag, with a roughly equal contribution by the four
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barcodes (Figure S4C). Hashtag-negative and double-labeled

cells/doublets were excluded from all subsequent analyses.

Sub-clustering of the endocrine cell population yielded 12

distinguishable populations (Figure 4B). The transcriptional pro-

files (Figures S4D and S4E) and pseudo-time analysis (Fig-

ure S4F) suggest that clusters 9 and 11 contain unspecified

early-state EPs. The clusters 8 (‘‘pre-alpha 1’’) and 12 (‘‘pre-

alpha 2’’) have increasingly specific alpha-like signatures,

whereas clusters 2, 3, 1 (‘‘pre-beta 1’’), and 10 (‘‘pre-beta 2’’)

appear to represent a distinct differentiation trajectory leading

to beta-like transcriptional profiles. Cluster 7 comprises endo-

crine cells committed to the delta lineage (‘‘pre-delta’’).

Next, we analyzed the distribution of the four hashtags

throughout the endocrine population (Figures 4C and 4D). The

same number of endocrine cells originated from early and late in-

duction cultures. Early-induced EPs mainly contributed to clus-

ters 4, 5, and 9, as well as clusters pre-alpha 1 and pre-delta.

While late-induced EPs contributed to all clusters, the pre-beta

1 and pre-beta 2 clusters were almost exclusively comprised

of late-induced cells. Most of all endocrine cells were non-polar-

ized. Polarized endocrine cells were mostly confined to fate-

specified clusters. The pre-beta 1 and pre-beta 2 clusters

contained significantly more polarized cells (52% and 89%,

respectively) than the pre-alpha 1, pre-alpha 2, and pre-delta

clusters (4%, 33%, and 23%, respectively).

We directly compared the transcriptional profiles between

early- and late-induced and between non-polarized and polar-

ized endocrine cells and observed an overlap with genes associ-

ated with beta cell differentiation in the late-induced and polar-

ized EP signatures (e.g., DLK1, CHGA, and INS) (Figure 4E).

The top differentially expressed genes in early-induced versus

late-induced and non-polarized versus polarized endocrine cells

were validated by quantitative real-time PCR analysis (Fig-

ure S4G). Among these genes, DLK1, a non-canonical Notch

ligand, is considered a beta-lineage-specific marker and is

more highly expressed in beta cells comparedwith other pancre-

atic endocrine cell types.36 However, knockdown ofDLK1 in EPs

using small interfering RNA (siRNA) did not alter the differentia-

tion into alpha or beta cells (Figures S4H and S4I), suggesting

that DLK1 is not involved in determining beta cell fate. Addition-

ally, Sox4 has been shown to regulate endocrine pancreas for-

mation cooperatively with Neurog3, but there is no evidence to

suggest that SOX4 is involved in the human alpha and beta cell

fate choice.37,38

In conclusion, the CITE-seq data indicate that most alpha cells

are generated from non-polarized EPs (either early or late-

induced), while beta cells arise predominantly from late-induced,

polarized EPs.

Apical-basal polarity promotes beta cell fate by
suppressing ARX expression
To identify potential candidate genes relevant for alpha versus

beta cell fate allocation, we filtered our CITE-seq data of non-

polarized versus polarized EPs with previously published pre-

beta and pre-alpha scRNA-seq data (Table S3).39 This analysis

revealed ten genes that were consistently upregulated in polar-

ized EPs and early beta cells (DLK1, CRYBA2, TAGLN2,

SCGN, FABP7, TSPAN1, AIF1, PAM, CHGA, and SLC8A8) and

two genes that were consistently upregulated in non-polarized



Figure 4. scRNA-seq reveals differentiation propensities in polarized EPs

(A) Setup of the CITE-seq experiment to investigate different types of EPs by hashtag conjugation. All cells were sorted for single, living (DAPI�) cells before

treatment with hashtag antibodies. Late-induced cell cultures were additionally sorted for apical-basal polarity (PROM1�, non-polarized; PROM1+, polarized).

Each sample consists of three biological replicates.

(B) Clustering uniform manifold approximation and projection (UMAPs) showing 12 endocrine subclusters in all four samples.

(C) Allocation of hashtags to individual cells and subclusters. Early-induced EPs, blue; late-induced EPs, orange; late-induced non-polarized EPs, red; late-

induced polarized EPs, green.

(D) Comparison of fraction of cells labeled with hashtags for early/late EP induction and non-polarized/polarized status in selected subclusters.

(E) Enriched transcripts upon the comparison between early- and late-induced and between non-polarized and polarized endocrine cells (log2 fold change > 1,

adjusted p value < 0.0001).

See also Figure S4.
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EPs and early alpha cells (ARX andC7) (Figure 5A). Notably, ARX

is a downstream target of NEUROG3 and has been previously

demonstrated to regulate the generation of alpha cells.40 In

line with previous findings, we confirmed the absence of

ARX expression in early EPs (NEUROG3-TagRFPt+EGFP�)
by immunocytochemistry, contrasting with its later expression

(NEUROG3-TagRFPt+EGFP+ and NEUROG3-TagRFPtEGFP+)

(Figures S5A and 5B). Additionally, quantitative real-time PCR

data show that ARX expression precedes GCG expression (Fig-

ure S5C). Both immunofluorescence and flow cytometry ana-

lyses reveal a nearly complete overlap between GCG+ cells
and ARX+ cells (Figures S5D and 5E). Taken together, these find-

ings suggest that ARX, as a downstream component of

NEUROG3, may influence the fate determination of alpha cells

(Figure S5F). In alignment with the scRNA-seq data, RT-qPCR

and western blot analysis confirmed elevated expression of

ARX in PROM1� EPs compared with PROM1+ EPs (Figures 5B

and 5C). Moreover, flow cytometry analysis showed that

PROM1� cells exhibited a higher proportion of ARX+ cells

when compared with PROM1+ cells (Figure 5D). Collectively,

these findings suggest that a non-polarized status of EPs main-

tains ARX expression.
Developmental Cell 60, 1–13, July 7, 2025 7



Figure 5. Apical-basal polarity promotes beta cell fate by suppressing ARX expression

(A) Venn plots showing overlaps of enriched genes between polarized EPs (versus non-polarized EPs) and early beta cells (versus early alpha cells), as well as of

enriched genes between non-polarized EPs (versus polarized EPs) and early alpha cells (versus early beta cells). The scRNA-seq data from pre-beta cells versus

pre-alpha cells were obtained from a published dataset.39

(B and C) Validation of differentialARX expression between TagRFPt+PROM1� and TagRFPt+PROM1+ cells at day 13 by quantitative real-time PCR (B) andwestern

blot (C). GAPDH served as a loading control. Data represent the mean ± SD (n = 6 for quantitative real-time PCR; n = 4 for western blot, independent repeats).

(D) Flow cytometry quantification of the percentage of ARX+PROM1� and ARX+PROM1+ cells in S5 (day 13) differentiating Matrigel overlay cultures. Data

represent the mean ± SD (n = 6 independent repeats).

(E and F) Flow cytometry quantification of the percentage of NEUROG3+ cells (E) and ARX+ cells (F) betweenmCherry+ andmCherry� subpopulations during days

10–13 after Dox treatment. Data represent the mean ± SD (n = 6 independent repeats).

*p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed paired Student’s t test).

See also Figures S5 and S6and Tables S2 and S3.
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To further validate these findings, we utilized our previous

observation that inhibition of cadherin function in EPs interferes

with apical-basal polarity promoting alpha cell differentiation

(Figure 1C). The ratio of NEUROG3+ cells was not significantly

different between CDH1DE and CDH1DP expressing (mCherry+)

cells and mCherry� control cells (Figure 5E) except for day 13

CDH1DE cultures, indicating that CDH1 mutations do not affect

EP generation. However, the ratio of ARX+ cells was higher in

CDH1DE and CDH1DPmCherry+ cells compared with mCherry�

cells on S5 (days 12 and 13), demonstrating that CDH1 muta-

tions increase ARX expression (Figure 5F).

Apical-basal polarity regulates ARX expression via
cAMP signaling
To further explore how apical-basal polarity regulates ARX

expression, we performed an in silico transcription factor (TF)

motif analysis41,42 of the ARX locus to predict which TFs can

bind within 2 kb of the transcriptional start site of ARX

(Table S2). The only TF with a binding motif in this region of the

ARX locus that was differentially expressed in polarized versus

non-polarized EPs was Early growth response 1 (EGR1)

(Tables S2 and S3). Consistent with the scRNA-seq data, we de-

tected an elevated expression of EGR1 in PROM1+ EPs

compared with PROM1� EPs by quantitative real-time PCR

and western blot analyses (Figures 6A and 6B). EGR1 has

been shown to bind to Pdx1 andArx in mice, positively regulating
8 Developmental Cell 60, 1–13, July 7, 2025
Pdx1while negatively regulatingArx expression. Moreover, high-

fat-fed Egr1�/� mice exhibit decreased beta cell and increased

alpha cell numbers.43 To test whether EGR1 expression is linked

to alpha and beta cell fate choice, we knocked down EGR1

expression in S5 cells using siRNAs. Based on the quantitative

real-time PCR results, we confirm that EGR1 negatively regu-

lates ARX expression (Figure 6C). Furthermore, we observed a

decreased beta-to-alpha cell ratio in EGR1 knockdown (EGR1-

siRNA) cells compared with the negative-siRNA (NEG-siRNA)

control group (Figure 6D).

The cAMP/protein kinase A (PKA)-cAMP-response-element-

binding protein (CREB) signaling pathway can enhance EGR-1

gene transcription.44 By ELISA analysis, we found cAMP levels

to be higher in PROM1+ polarized EPs compared with

PROM1� non-polarized EPs (Figure 6E). To more directly test

whether increased cAMP activity promotes beta cell differentia-

tion, we treated EP-stage cells (S5, days 10–13) with the cAMP

agonists forskolin (FSK, an adenylate cyclase activator) and

3-isobutyl-1-methylxanthin (IBMX, a competitive non-selective

phosphodiesterase inhibitor), separately. Although cocktails of

FSK together with other small molecules/growth factors have

been used to boost differentiation of beta cells,45–47 no data on

its mechanism of action have been provided. FSK treatment

led to a pronounced and transient elevation in the phosphoryla-

tion of CREB, peaking within 1–2 h (Figure 6F). Consistently, the

expression level of EGR1 also exhibited a pronounced and



Figure 6. Apical-basal polarity regulates ARX expression via cAMP signaling

(A and B) Quantification of EGR1 expression in PROM1� and PROM1+ EPs at day 13 by RT-qPCR (A) and western blot (B). GAPDH served as a loading control

(n = 10 for quantitative real-time PCR; n = 3 for western blot, independent repeats).

(legend continued on next page)
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transient increase, reaching its maximum at 2 h (Figure 6G).

Conversely, the expression level of ARX decreased after

3 days of FSK treatment (Figure 6H). Importantly, while FSK

treatment did not alter the proportion of NEUROG3-GFP+ endo-

crine cells, it significantly reduced the fraction of ARX+ cells (Fig-

ure 6I), resulting in an elevated beta-to-alpha ratio (Figure 6J).

Consistently, IBMX treatment yielded comparable results to

FSK treatment in reducing ARX expression and increasing the

beta-to-alpha ratio (Figures 6K–6M). Thus, our data not only

identify apical-basal polarity as the epithelial feature that con-

trols the specification of EPs into alpha and beta cells but also

explain how.
DISCUSSION

In early mammalian embryo development, apical-basal polarity

plays a critical role in the initial lineage allocation between inner

cell mass and trophectoderm. By the end of the 8-cell stage,

the outer cells of embryos acquire apical-basal polarity, which

promotes Yap nuclear localization, leading to the expression of

Cdx2 and the commitment to the trophectoderm lineage.48–50

During organogenesis, multipotent epithelial progenitors coor-

dinate tissue remodeling and fate decisions, and compelling

evidence exists for a reciprocal governance relationship be-

tween these processes. While it is known that apical-basal po-

larity governs the balance between proliferation and differenti-

ation of neural progenitors through Notch signaling,51–54 it

remains unclear whether apical-basal polarity controls subse-

quent fate decisions of multipotent neural progenitors. The dy-

namic nature of tissue remodeling implies that epithelial fea-

tures, such as apical-basal polarity, continuously change.

Therefore, a fundamental question is how dynamic changes
(C) Validation of EGR1 and ARX expression by quantitative real-time PCR in NE

dependent repeats).

(D) Flow cytometry quantification of the beta-to-alpha ratio in NEG-siRNA and EG

(n = 6 independent repeats).

(E) ELISA quantification of cAMP level in PROM1� and PROM1+ EPs at day 13.

(F and G) Western blot quantification of phosphorylated CREB (pCREB) (F) and E

represent the mean ± SD (n = 4 for pCREB; n = 3 for EGR1, independent repeat

(H) Western blot quantification of ARX protein levels in control and FSK treatment

loading control. Data represent the mean ± SD (n = 5 independent repeats).

(I) Flow cytometry quantification of the NEUROG3-EGFP+ (represents the whole e

(NEUROG3: n = 7; ARX: n = 9, independent repeats).

(J) Flow cytometry quantification of the beta-to-alpha ratio in control and FSK-tre

independent repeats).

(K) Western blot quantification of ARX protein levels in control and IBMX treatmen

loading control. Data represent the mean ± SD (n = 5, independent repeats).

(L) Flow cytometry quantification of the NEUROG3-EGFP+ (represents the whole

13. Data represent the mean ± SD (n = 5, independent repeats).

(M) Flow cytometry quantification of the beta-to-alpha ratio in control and IBMX-tr

independent repeats).

(N) Model illustrating the proposed mechanism for regulation of pancreatic beta

essential physical and signaling cues for establishing apical-basal polarity. Within

bring PKA tomembrane lipid rafts where GPCR, AC, and PKA substrates are in clo

activity of cAMP/PKA-CREB signaling promotes the expression of EGR1 and furth

cells. In the non-polarized environment, EPs exhibit relatively low activity of c

permitting the expression of ARX. This shift allows EPs to differentiate into alpha c

and promote the generation of beta cells.

*p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed paired Student’s t test).

See also Figure S6.
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in multipotent epithelial progenitor features directly affect their

cell lineage decisions.

In this study, we identified a direct role of apical-basal polarity

in the fate allocation of EPs into the beta and alpha cell lineages.

Specifically, we demonstrate that apical-basal polarity in EPs

promotes beta cell specification via cAMP/PKA-CREB-EGR1-

mediated inhibition of ARX expression, while reduced cAMP

levels in non-polarized EPs maintain expression of ARX leading

to alpha cell differentiation.

Inmice, Pax4 promotes the formation of beta cells by inhibiting

Arx.40 However, while PAX4 plays a role in regulating human beta

cell function, it is not crucial for beta cell specification.55 While

depletion of ARX in mouse and human (hESCs) leads to the

removal of alpha cells,40,55 the beta cell number increases in

mouse but decreases in human.40,56,57 Importantly, temporary

rescue of ARX expression in ARX-knockout pancreatic progeni-

tors restores the specification of beta cells but not alpha cells,

suggesting that sustained ARX expression is vital for alpha cell

formation.56

The key link between the cAMP/PKA-CREB signaling pathway

and the transcriptional machinery involved in beta and alpha cell

specification is mediated by EGR-1 and ARX. We identified

EGR-1 as a negative regulator of ARX expression. EGR-1 gene

transcription is regulated by G-protein-coupled receptors

(GPCRs) via the cAMP/PKA-CREB signaling pathway in pancre-

atic beta cells.44 However, none of the GPCRs expressed in EPs

are differentially expressed in polarized versus non-polarized

EPs. Another potential regulator of this pathway is PROM1. First,

PROM1 is specifically expressed in polarized EPs (Figures 3A,

S3D, and S3E). Second, Prom1 regulates hepatic gluconeogen-

esis and adipogenesis via membrane recruitment of EZR-Radi-

xin-Moesin (ERM) family proteins, thereby bringing PKA in close

proximity to GPCRs, adenylyl cyclase (AC), and PKA substrates
G-siRNA and EGR1-siRNA cultures. Data represent the mean ± SD (n = 6 in-

R1-siRNA cultures on day 17. Data represent the individual biological repeats

Data represent the mean ± SD (n = 5 independent repeats).

GR1 (G) protein levels after 0, 0.5, 1, 2, 6, and 24 h 10 mM FSK treatment. Data

s).

cells at S5 (day 13). FSK was treated from days 10 to 13. GAPDH served as a

ndocrine cells) and ARX+ proportion in control and FSK-treated cells at day 13.

ated cultures on day 17. Data represent the individual biological repeats (n = 9,

t cells at S5 (day 13). IBMX was treated from days 10 to 13. GAPDH served as a

endocrine cells) and ARX+ proportion in control and IBMX-treated cells on day

eated cultures on day 17. Data represent the individual biological repeats (n = 5,

and alpha cell allocation by apical-basal polarity. Tight junctions (TJs) provide

the polarized EPs, PROM1 facilitates the recruitment of ERM family proteins to

se proximity to increase the response of cAMP signals. The resulting increased

er inhibits the expression of ARX, thereby allowing EPs to differentiate into beta

AMP/PKA-CREB signaling, subsequently diminishing EGR1 expression and

ells. FSK and IBMX, as cAMP agonists, can increase intracellular cAMP levels
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within membrane lipid rafts.58,59 The fact that PROM1 and EZR

are specifically localized at the apical membrane of polarized

EPs (Figures 3A and S3E) suggests a similar role of PROM1 in

the regulation of the cAMP/PKA-CREB signaling pathway in

polarized EPs.

Considering the dynamic shift of EPs between polarized and

non-polarized states and the short half-life of cAMP, we

speculate that only when apical-basal polarity stabilizes will

PROM1/EZR proteins be able to bring all the components of

the cAMP/PKA-CREB signaling pathway in proximity on the api-

cal membrane. This enables activation of the pathway to ulti-

mately induce beta cell specification via reduced expression of

ARX. In such a scenario, the reason that some polarized

(PROM1+) EPs do not differentiate into INS+GCG� cells may

be due to an insufficient accumulated time in a polarized state

or failure to acquire a mature state of apical-basal polarity.

Our findings emphasize the importance of temporal analysis of

the microenvironment of multipotent progenitors, including their

cell biological features, to identify the unique signal for each fate-

inducing event. We therefore expect that dynamic analysis of

multipotent progenitors in other organs, such as the lung, brain,

andmammary gland, is likely to be of great help in identifying the

fate-inducing extrinsic cues in respective organs.

Limitations of the study
While we have demonstrated that EPs retain their apical-basal

polarity following cell dissociation, it is important to acknowl-

edge that the processes of cell dissociation and sortingmay alter

the original status of the cells. These changes may introduce ar-

tifacts or variability that could impact the outcomes of the CITE-

seq analysis. However, functional validation of the CITE-seq

data eliminated the risk that the differentially expressed genes

in polarized and non-polarized EPs were irrelevant. In addition,

although we have established a role of apical-basal polarity in

alpha and beta cell fates in vivo (mice), we have yet to fully vali-

date in vivo that this observation is mediated by the cAMP/PKA-

CREB-EGR1-ARX signaling pathway.
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with animal experiments; and to Gelo dela Cruz and Paul van Dieken for assis-

tance with flow cytometry. Human fetal pancreas samples were kindly pro-

vided by Raphael Scharfmann. The NEUROG3-TagRFPt reporter was a kind
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Generation of transgenic Human embryonic stem cell (hESC) lines
CDH1 mutant cell lines: The mutant CDH1 sequences27 (Addgene #45770 and #45773) were cloned into the piggyBac destination

vector PB-TAC-ERN (Addgene #80475) for doxycycline induction and mCherry co-expression using Gateway technology (Thermo

Fisher). A piggyBac transposase vector (System Biosciences) was co-transfected for the generation of CDH1DE and CDH1DP.

EZR-mKATE2/NEUROG3-EGFP double reporter cell line: The EZR sequence, including 1,000 bp homology arms, was amplified

from human genomic DNA and cloned into a pBluescriptSK vector backbone using Seamless cloning (Thermo Fisher) to generate the

EZR-mKATE2 fusion cassette. Two guide-RNA sequences targeting the EZR locus were cloned into a Cas9 expression vector

(pX458-HF1, Addgene #48138) and co-transfected.

Plasmids (1-5 mg/106 cells) were transfected into hESCs by the P3 Primary Cell Kit (Lonza) using the CA137 program on the Lonza

4D-Nucleofector. Transfected cells were selected by 100 mg/ml G418 (Thermo Fisher) or 50 mg/ml hygromycin (Thermo Fisher) for

1-3 days, and single colonies were manually picked to generate clonal cell lines. Inducible cell lines were treated with 2 mg/ml doxy-

cycline (Sigma-Aldrich).

Human fetal pancreas
Fixed human fetal pancreatic tissue (sex unknown) was supplied by Raphael Scharfmann, French Institute of Health and Medical

Research, Paris, France. The use of human tissue was approved by ‘‘French Agence de Biomedecine’’ (accreditation # PFS08-

011) and informed consent was obtained from all donors for the use of these human tissues in research.

The use of animals
Mouse pancreatic dissection, fixation, sectioning, and embedding were performed as previously described.10

Mice were housed at the University of Copenhagen under controlled conditions in specific-pathogen-free (SPF) facilities. These

mice were housed at 2h light/dark cycles at a room temperature of 22�C (± 2�C) and a humidity of 55% (±10%), with the air in the

room changed 8-10 times per hour. Food and water were provided ad libitum. Mice were healthy and routinely genotyped.

All experiments were performed according to guidelines and ethics approved by the Danish Animal Experiments Inspectorate

(Dyreforsøgstilsynet). Data were collected from both male and female embryos.

METHOD DETAILS

hESC culture and differentiation
hESCswere cultivated on dishes coatedwith hESC-qualifiedMatrigel (Corning) in mTESR1medium (Stemcell Technologies) at 37 �C
and 5% CO2 and passaged using TrypLE (Thermo Fisher) and 10 mM ROCK inhibitor Y-27632 (Merck Millipore).

Unless otherwise stated, all experiments were conducted with the wild-type hESC cell line SA121 (Takara Bio), which was also

used to generate the inducible overexpression cell lines CDH1DE and CDH1DP. The NEUROG3-eGFP reporter19 is likewise based

on SA121 and was used to generate the EZR-mKATE2/NEUROG3-eGFP double reporter cell line. NEUROG3-tagRFPt/EGFP double

reporter cell line generated based on wild-type hESC cell line H1.34

For Matrigel overlay differentiation, 130,000-150,000 cells/cm2 were seeded in an ice-cold dilution of 33% (v/v) growth factor

reducedMatrigel (Corning) in mTESR1medium plus 10 mMROCK inhibitor and placed at 4�C for 20-30min to allow the cells to settle

before matrix solidification was induced at 37�C. The next day, liquid mTESR1 medium was added. Daily media changes were per-

formed manually with great caution to avoid disturbing the delicate matrix, and a washing step with PBS (Thermo Fisher) was

included.

The directed differentiation toward pancreatic endocrine cells can be divided into six stages (S1-S6) with distinct media based on a

previous study28 with modifications as indicated. Two days after cell seeding, the medium was shifted to S1 differentiation medium

for 3 days, containing 100 ng/ml Activin A (PeproTech; replacing GDF8) and CHIR-99021 (AxonMedChem; 3 mM on day 1, 0.3 mMon

day 2, withdrawal on day 3). Unless otherwise stated, the remaining stages followed the standard durations and media composi-

tions28: S2 (2 days), S3 (2 days), S4 (3 days), S5 (3 days), S6 (4-7 days). For synchronized endocrinogenesis, S4 medium was sup-

plemented for 2 days with 0.1 mM gSec-iXX (Merck Millipore), 1 mM Latrunculin B (Sigma-Aldrich), and 10 mM ALK5iII (Santa Cruz)

after either one day (early induction) or four days (late induction) in standard S4 medium, followed by 7 days of basal S4 medium

without cytokines.28

Flow cytometry analysis and sorting
Cells were retrieved from Matrigel overlay cultures using Cell Recovery Solution (Corning) and dissociated by TrypLE treatment and

straining (50 mM). Sorting of living cells was performed on a BD FACS Aria III sorter after staining with an APC-conjugated PROM1-

antibody (1:10) with gating for single (scatter characteristics), living (DAPI-) cells based on single-color isotype and unstained controls

in 0.5% fatty acid-free BSA/PBS.

Flow cytometry quantification of fixed, stained cells was performed as previously described19 on a BD LSR Fortessa analyzer or

Miltenyi MACSQuant analyzer. Antibodies are listed in the key resources table.
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Immunofluorescence staining
Fixation and immunological staining of hESC and mouse material were performed as previously described.14,19 Human fetuses

(9-12.5 weeks post conception) were staged by foot length. The pancreas was dissected from the gut and stomach, fixed in

3.7% formalin for 72h, and embedded in paraffin. Longitudinal sections (4-8 mm) were cut on a microtome. For immunological stain-

ing, sections were cleared of paraffin by sequential washing in xylene, ethanol, and water. Antigen retrieval was performed in TE

buffer (10 mM Tris, 1mM EDTA, 0.05% Tween20, pH 9.0) at 95 �C for 20 min, followed by quenching with 3% hydrogen peroxidase

for 7 min, permeabilization by 0.3% Triton X-100 and blocking for 1 h in a TSA amplification buffer (Perkin Elmer). Primary antibodies

are listed in the key resources table. All Alexa Fluor-conjugated secondary antibodies (Thermo Fisher) were used as 1: 500 dilutions.

Samples were imaged with Zeiss LSM780, Zeiss LSM880, CellDiscoverer 7, or Leica SP8 confocal microscopes. Image analysis,

segmentation, and quantification were performed with Fiji (ImageJ) and Imaris (Oxford Instruments).

Quantitative real-time PCR
Total RNA was extracted using the RNeasy Mini Kit (Qiagen, Cat#74106) or RNeasy Micro Kit (Qiagen, Cat#74004). According to the

manufacturer’s instructions, reverse transcription was performed with iScript cDNA Synthesis Kit (BIO-RAD, Cat#1708891). Real-

time PCR measurements were performed in technical duplicates using the QuantStudio 7 Flex Real-Time-PCR-System (Thermo

Fisher) with TaqMan FAM probes (Thermo Fisher) with TaqMan Master Mix (Thermo Fisher, Cat#4364103) or primers (Integrated

DNA Technologies) with SYBR Green PCRMaster Mix (Thermo Fisher, Cat#4309155). Relative gene expression was determined us-

ing the housekeeping genes GAPDH. TaqMan probes and primers are listed in Table S1.

Western blot
Cells were washed twice in PBS, collected, and lysed in RIPA buffer (Thermo Fisher, Cat#8990) on ice for 30 min and then sonicated

for 1 min at 5 s intervals. After centrifugation at 10,000 g at 4 �C for 10 min, the supernatant was transferred into new tubes. The con-

centration of the cell protein sample was measured by bicinchoninic acid, and protein samples were boiled in an SDS sample buffer

at 95 �C for 5min. The cell extract sample was resolved by 10%Acr-Bis SDS-PAGE and transferred to polyvinylidene difluoridemem-

branes (PVDF, Merck Millipore). Nonspecific binding was blocked by incubation in 3% non-fat milk in TBS at room temperature for

1 h. Blots were then probed with primary antibodies overnight by incubation at 4 �C with anti-ARX, anti-EGR1, anti-CREB or anti-

pCREB. GAPDH served as a loading control. Immunoreactivity bandswere then probed for 1 h at room temperature with horseradish

peroxidase (HRP)-conjugated secondary antibodies. Protein bands were detected by Chemiluminescent HRP substrate (Thermo

Fisher, Cat#34579) or 1-step ultra TMB blotting solution (Thermo Fisher, Cat#37574). Protein bands were quantified by densitometry

using Fiji (ImageJ) software.

scRNA-seq sample preparation, library building, and analyses
The sample preparation was performed as previously described.35 Briefly, non-polarized (PROM1-) and polarized (PROM1+) cells

from three independent late-induced differentiation cultures were purified by flow cytometry for PROM1. Early-induced and late-

induced cells, as well as purified non-polarized late and polarized cells, were then barcoded with unique Oligonucleotide Hash

Tags (early, CAG TAG TCA CGG TCA; late, ATT GAC CCG CGT TAG; polarized, TAA CGA CCA GCC ATA; non-polarized, AAA

TCT CTC AGG CTC). After Hash- and CITE-tagged cells were counted and checked for viability using a hematocytometer,

25,000 cells were loaded into a Chromium Controller (10X Genomics). The library was prepared using the Chromium Single Cell

3’ v2 protocol (10X Genomics). Indexed cDNAs were then pooled and amplified by PCR according to the Chromium Single Cell 3’

v2 protocol (10X Genomics) and with specific primers amplifying the antibody-derived tags. The single cell 3’ v2 protocol (10X Ge-

nomics) was used for the mRNA-derived cDNA library preparation, and the KAPA HiFi HotStart Library Amplification Kit (Roche) was

used for the antibody-derived tagged library. Following the final bead purification, all the libraries were pooled together and

sequenced using Illumina NextSeq 500.

For analysis, raw reads were pre-processed using the 10X genomics Cell Ranger pipeline. The reads were aligned to the GRCh38

2020-A genome. cDNA reads were used to construct a count matrix, while HTO reads were used to count HTO tags using the CITE-

seq-Count-1.4.3 tool. Further downstream analysis with integration was done using both Seurat and Scanpy.

In the analysis for Figure 5A, a Venn diagram was used to identify overlapping differentially expressed genes between polarized

EPs (versus non-polarized EPs) and early beta cells (versus early alpha cells), as well as between non-polarized EPs (versus polarized

EPs) and early alpha cells (versus early beta cells). The list of differentially expressed genes is provided in Table S3.

In Silico transcription factor binding analysis
The Gene Search function of the online tool at http://motifmap.ics.uci.edu41,42 was employed to search for transcription factor bind-

ing sites 2,000 base pairs upstream and downstream of the transcriptional start site of ARX.

siRNA knockdown of EGR1 and DLK1

The end of S4 cells (at day 10) were dissociated to single cells as described above and reverse transfected with 50 nM of two siRNA

against EGR1 (Thermo Fisher, ID# S4537 and S4538) or 50 nM of three siRNA against DLK1 (Thermo Fisher, ID# S16738, S16739

and S16740) or 100/150 nM negative control siRNA (Thermo Fisher, Cat# 4390843) using Lipofectamine RNAiMAX (Thermo Fisher,

Cat# 13778030). In brief, in a 24-well format, 2 ml RNAiMAX was premixed with siRNA(s) in 100 ml OptiMEMmedium (Thermo Fisher,
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inhibitor. 24-48 hrs after transfection, cells were harvested for transcriptional analyses. On Day 13, the S5 medium was switched to

basal medium for 4 days for flow cytometry analyses.

cAMP ELISA
The sample preparation was performed according to the protocol instructions of the cAMP XP Assay Kit (Cell Signaling). Briefly,

sorted cells were rinsed with 200 ml ice-cold PBS and then 100 ml 1X lysis buffer was added. The samples were incubated on ice

for 10 min for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with GraphPad Prism (version 10.0, GraphPad Software). Unless otherwise noted, a paired

nonparametric test (Wilcoxon matched-pairs signed-rank test) was used to assess significance. Asterisks denote p-values as fol-

lows: * p < 0.05; ** p < 0.01; *** p < 0.001. Each n represents a biological replicate (mice or independent experiments). Data figures

illustrate the mean with standard deviation and the values of individual biological replicates.
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