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Abstract

Aims/hypothesis Paracrine signalling by hormone-producing endocrine cells potentially influences pancreatic development,
but this feedback regulation remains poorly understood. Here, we investigated the roles of gastrin (GAST), cholecystokinin
(CCK) and their receptor cholecystokinin B receptor (CCKBR) during human pancreatic development.

Methods Human iPSCs were differentiated stepwise into definitive endoderm and then the pancreatic endocrine lineage.
To assess CCKBR function, CRISPR/Cas9 was used to generate CCKBR-knockout iPSC lines. We profiled transcriptional
states by bulk and single-cell RNA-seq with computational analyses, and complemented these with biochemical assays, flow
cytometry (FACS) and confocal microscopy.

Results CCKBR expression peaked during definitive endoderm formation and progressively declined during differentiation,
remaining detectable in pancreatic progenitors but largely absent from the endocrine lineage. By contrast, GAST and CCK
were expressed only transiently during pancreatic progenitor and endocrine lineage formation. Pharmacological activation/
inhibition and genetic knockout implicated CCKBR signalling during definitive endoderm formation. Consistently, bulk
RNA-seq indicated that CCKBR deletion triggered ectodermal- and mesodermal-associated transcriptional programs and
diminished pancreatic lineage specification. During pancreatic induction and lineage formation, sustained CCKBR activation
with GAST or CCK attenuated endocrinogenesis and promoted epithelial structure formation. Further analysis revealed the
emergence of a pancreatic ductal-like cell formation under prolonged CCKBR stimulation.

Conclusions/interpretation This study provides mechanistic evidence that the GAST/CCK-CCKBR axis is functionally
important during human endoderm and pancreas development. This pathway is repeatedly required during in vitro pluripo-
tent stem cell differentiation, regulating germ-layer formation as well as ductal vs endocrine fate decisions. These findings
support the optimisation of pancreatic differentiation protocols and inform future studies on whether this axis contributes to
human pancreas development and disease.
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What is already known about this subject?

e  Gastrin and cholecystokinin (CCK) are transiently expressed during embryonic pancreatic development but are

largely absent from the healthy adult pancreas

e In the adult pancreas, gastrin and CCK can reappear in obesity and diabetes and have been linked to exocrine-to-
beta cell reprogramming and pancreatic tumourigenesis in mice

e Cholecystokinin A receptor (CCKAR) and cholecystokinin B receptor (CCKBR) are the well-characterised receptors

mediating gastrin- and CCK-dependent signalling

What is the key question?

e Do CCKBRand its ligands, gastrin and CCK, play a functional role in human pancreatic induction and lineage fate

decisions?

What are the new findings?

e  CCKBRsignalling is required for efficient definitive endoderm induction

e  Sustained CCKBR activation impairs endocrine lineage formation

e  CCKBRactivation in pancreatic progenitors induces a ductal-like epithelial program

How might this impact on clinical practice in the foreseeable future?

e These findings may help refine stem cell differentiation protocols for diabetes cell-replacement therapies and
provide a framework for modelling endocrine, exocrine and ductal pancreatic diseases, including pancreatic ductal

adenocarcinoma

SC-islet Stem cell-derived islet
scRNA-seq Single-cell RNA-seq
YSE Yolk sac endoderm
Introduction

Replacing lost insulin-producing beta cells with exogenous
sources is a promising strategy for treating type 1 diabetes.
Transplantation of human cadaveric islets restores glycaemic
management, but is constrained by limited donor availability,
immune rejection and cellular damage during islet isolation
[1]. Generating functional islet cells from human pluripotent
stem cells (hPSCs) has emerged as a compelling alterna-
tive [2]. Although recent clinical trials have demonstrated
the therapeutic potential of stem cell-derived islet (SC-islet)
transplantation [3], primary engraftment remains markedly
delayed compared with cadaveric islets, often requiring
more than 100 days to achieve functional insulin secretion
in vivo. This highlights the need to refine current protocols
and deepen understanding of mechanisms underlying human
islet formation.

Multiple protocols exist to direct hPSC differentia-
tion into islet cells [4—10]. Initially built on insights from
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mouse pancreatic organogenesis, these protocols have
since been refined using human model systems [11-13].
Broadly, they aim to mimic embryonic development, in
which the definitive endoderm (DE), which gives rise to
organs such as lung, liver, pancreas and gastrointestinal
tract, is guided towards pancreatic differentiation (Fig. 1a).
In this multi-step procedure, DE gives rise to foregut pro-
genitors, from which pancreatic progenitors (PPs) form
and then develop into endocrine progenitors (EPs) marked
by neurogenin-3 (NEUROG3 or NGN3). EPs ultimately
differentiate into hormone-producing cell types, includ-
ing insulin-producing beta cells, glucagon-secreting alpha
cells and somatostatin-generating delta cells (Fig. 1b) [14,
15]. Efficient SC-islet generation in vitro depends on how
efficiently cells are directed towards the endocrine line-
age. Thus, identifying the molecular factors governing
endocrine vs non-endocrine fate decisions is essential for
improving functional SC-islet production.

The adult pancreas comprises ~95% exocrine tissue (aci-
nar and ductal cells) and ~5% endocrine islet cells, both aris-
ing from multipotent progenitor cells (MPCs) during early
organogenesis. Lineage decisions in MPCs are governed by
gene regulatory networks and upstream signalling pathways
[14, 15]. Hormones produced by emerging endocrine cells



Diabetologia

may represent a largely unexplored source of upstream sig-
nals. Insulin receptor signalling, for instance, can restrain
excessive beta cell formation, helping maintain balance with
alpha cells [16, 17], supporting the existence of hormone-
mediated feedback mechanisms that coordinate islet cell
composition. Whether pancreatic hormones influence the
balance between endocrine and exocrine differentiation
remains unclear.

Several hormones are transiently expressed during
pancreatic development but largely absent from the adult
organ, including ghrelin, gastrin (GAST) and cholecysto-
kinin (CCK) [18, 19]. GAST- and CCK-positive cells can
re-emerge in pathological conditions such as diabetes [20],
where beta cell dedifferentiation occurs, suggesting roles in
cellular plasticity [21]. GAST and CCK share a conserved
C-terminal a-amidated pentapeptide (Gly-Trp-Met-Asp-Phe-
NH,) essential for their activity [22], and signal through two
closely related G-protein-coupled receptors (GPCRs), chol-
ecystokinin A receptor (CCKAR), which preferentially binds
sulphated CCK, and cholecystokinin B receptor (CCKBR),
which binds GAST and non-sulphated CCK with high affin-
ity [23]. In adult mice, GAST administration reprograms
pancreatic exocrine cells into beta cells [24], and cerulein,
a CCK analogue, strongly stimulates exocrine secretion and
is widely used to induce experimental acute pancreatitis
[25]. Despite these established roles in the adult pancreas,
the functional significance of the GAST/CCK-receptor axis
during human pancreatic development remains unknown.

To address this gap, we investigated the role of CCKBR
in human endocrinogenesis, using an in vitro stem cell dif-
ferentiation system combined with pharmacological and
genetic perturbations and RNA-seq. We characterised the
expression of GAST, CCK and their receptors across endo-
derm and pancreatic lineage formation, and assessed the
functional consequences of modulating CCKBR activity
at distinct differentiation stages, to define the contribution
of the GAST/CCK-CCKBR axis to human pancreatic line-
age formation.

Methods

Generation and characterisation of CCKBR*® iPSC reporter
cell line The CCKBR locus was targeted by homolo-
gous recombination and CRISPR/Cas9 using a histone
2B (H2B)-Venus-3xHA-tag targeting vector with 897
bp upstream of the start codon and 833 bp downstream
of the stop codon as 5’ and 3’ homology arms (HA),
respectively (electronic supplementary material [ESM]
Table la). A pair of gRNAs (ESM Table 1b) introducing
dsDNA breaks 8 bp downstream of the start codon and 2
bp upstream of the stop codon of CCKBR were cloned into

the pu6-sgRNA-CAG-Cas9-VenusbpA expression vector
that allowed FACS sorting. This vector and the targeting
vector were transfected into HMGUi0O1 iPSCs using the
standard Lipofectamine 3000 protocols. Cas9-Venus™ cells
were FACS-sorted, and colonies were picked, expanded,
screened by PCR and confirmed by Sanger sequencing
(ESM Table lc, d). Karyotyping was performed by the Insti-
tute of Human Genetics, Technical University of Munich,
using 10-30% confluent hiPSCs. Cells were treated with
colcemid, trypsinised, hypotonised and fixed, then placed
on slides, dried overnight and stained with Giemsa. At least
20 metaphases were acquired and analysed using GenASIs
software (version 8.3.1.60377; Applied Spectral Imag-
ing, www.spectral-imaging.com). Clones were negative
for mycoplasma. The obtained clones (HMGUi001-A-65;
CCKBRX?"2!2 and HMGUi001-A-67; CCKBR¥%0) were
registered at the European Human Pluripotent Stem Cell
Registry (hPSCreg). The Ethics Committee of the Technical
University of Munich positively voted on non-commercial
research on hiPSCs (219/20 S).

Differentiation towards SC-islets hiPSCs were differentiated
into SC-islets following a six-stage protocol [7, 26]. Cells
were passaged 2-3 times in 2D culture prior to aggregation,
then seeded into six-well ULA plates at 5x10° cells per well
in StemMACS iPS-Brew XF with 10 pmol/l Y-27632, and
placed on an incubator-based rotational shaker at 100 rev/
min. Aggregates formed after 24 h. The next day, differen-
tiation was started and CCKBR agonist/antagonist (ESM
Table le) was subsequently added according to the stage
throughout the differentiation protocol. The detailed differ-
entiation protocol is provided in the ESM Methods.

Bulk RNA-seq analysis Approximately 150-200 aggregates
per treatment were collected, washed with PBS and centri-
fuged to remove the supernatant. The pellet was snap-fro-
zen on dry ice and stored at —80°C until further processing.
RNA was isolated with the RNeasy mini kit (Qiagen). RNA
integrity number was measured on the Agilent TapeSta-
tion 4200 system. Samples with an RNA integrity number
>7 were selected for poly-A-selected mRNA sequencing.
Libraries were prepared with the Illumina Stranded mRNA
Prep, Ligation kit per the manufacturer's instructions. After
final quality control, libraries were sequenced paired-end
(2x100 bases) on the NovaseqX+ (Illumina) at >30 million
paired-reads per sample. Raw FASTQ files were processed
with the nf-core/rnaseq pipeline (v3.21.0; https://nf-co.re/
rnaseq/3.21.0/) [27] to generate gene counts after alignment
to GRCh38. Differential gene expression used raw counts
from the Salmon tool (v1.10.1; https://github.com/COMBI
NE-lab/salmon) [28], with differentially expressed genes
calculated using DESeq2 (v1.52.0; https://bioconductor.
org/packages/release/bioc/html/DESeq2.html) [29, 30]. GO
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«Fig. 1 Expression patterns of GAST, CCK and their receptors dur-
ing early human development and pancreatic organogenesis. (a)
Schematic overview illustrating the major cellular lineages arising
from pluripotent cells during early developmental specification. (b)
Schematic showing the stepwise differentiation of MPCs into distinct
pancreatic lineages. (c¢) Dot plot showing expression levels of GAST,
CCKBR and CCK during early human embryogenesis, derived from
integrated analysis of six embryonic reference scRNA-seq datasets.
(d) Heat map illustrating the expression of CCK and CCKBR dur-
ing human pancreatic development during 7-20 PCW. (e) Expression
patterns of CCK, CCKBR and GAST in EP-enriched SC-islets at stage
5 (S5). (f) Schematic representation of the in vitro human endocrine
differentiation protocol and growth factors added at each stage. (g)
gPCR analysis of CCKBR and GAST expression levels across sequen-
tial stages of differentiation. n=3. (h) Representative confocal micro-
graphs showing GAST and CCK expression at distinct stages of dif-
ferentiation. Scale bar, 50 pm. (i-k) Confocal images demonstrating
GAST and CCK expression within INS* and GCG" cells at stage 5.7
(S5.7), along with corresponding quantification. Arrowheads indicate
colocalisation of GAST or CCK with GCG* cells. n=3. Scale bar,
50 pm. All statistics were done using one-way ANOVA (¥p<0.05,
*#p<0.01). Data are represented as mean+SD. Schematics (a, b, f)
were created with BioRender.com. EC, endocrine cells

analysis was performed with the Metascape online platform
(https://metascape.org/gp/#/main/stepl) [31].

Single-cell RNA-seq data generation and analysis Around 100—
150 aggregates per treatment were collected and dissociated
into single cells through three cycles of 10 min Accutase
incubation at 37°C. Cells were then centrifuged, washed with
PBS containing 2% FCS and diluted to ~1000 cells/pl in the
same buffer. After quality control and counting, the suspension
was immediately used for single-cell RNA-seq (scRNA-seq)
library preparation targeting 10,000 cells. Library preparation
and data analysis details are provided in the ESM Methods.

Statistical analysis Data are expressed as mean + SD.
Comparison of two groups used an unpaired two-tailed 7 test;
comparison of three or more groups used ordinary one-way
analysis of variance (ANOVA). A p value <0.05 was considered
significant. All statistics were performed using GraphPad Prism
software (RRID:SCR_002798), version 10.1.0 (316); GraphPad
Software, Boston, MA, USA. Each experiment was performed
in a minimum of three independent biological replicates
(independent differentiations), as stated in the figure legends.
Samples were not randomised and experimenters were not
masked to group assignment. Beyond the scRNA-seq quality-
control filtering described below, no data were excluded.
Detailed information on hiPSC maintenance, generation of
stable cell lines (HEK293T cells), flow cytometry staining,
gPCR, western blotting, immunostaining, confocal microscopy
and imaging, assessment of proliferation by EdU pulse and
reanalysis of SCcRNA-seq data is provided in the ESM Methods.
The list of used primary and secondary antibodies and qPCR
probes are provided in ESM Table 1f-h.

Results

GAST, CCK and CCKBR exhibit distinct dynamic expression
patterns during human endoderm and pancreatic develop-
ment in vitro To characterise the expression patterns of
GAST and CCK and their receptors during early human
embryogenesis, we leveraged a reference platform built
from six published human embryonic datasets covering the
zygote stage, embryonic days E1-E10, E12 and E14, and
Carnegie stage 7 (https://petropoulos-lanner-labs.clintec.ki.
se/shinys/app/ShinyEmbryoRef). CCKBR mRNA expression
peaked during DE and yolk sac endoderm (YSE) formation,
consistent with prior reports in mouse in vivo [32]. GAST
transcripts were largely confined to the hypoblast and tro-
phectoderm (TE) lineages, while CCK was predominantly
expressed around the eight-cell pre-implantation stage
and, notably, in axial mesoderm (Fig. 1c), which organises
germ-layer formation and specification [33, 34]. CCKAR
transcripts were not detected at any of these stages. We next
examined the expression of GAST, CCK and their receptors
during human pancreatic development across post-concep-
tion weeks (PCW) 7-20 (ESM Fig. 1a) [35]. While GAST
was not detected in this dataset, CCK expression remained
low overall, with transcripts largely restricted to PP cells at
10-12 PCW and to EPs and pre-alpha populations at 18-20
PCW (Fig. 1d). Both receptors were mainly expressed in
MPC, ductal and acinar compartments, with only weak,
sporadic signal across endocrine and pre-endocrine popu-
lations. CCKBR was broadly expressed across all three
compartments, peaking in MPCs and acinar cells at 10-12
PCW before gradually declining (Fig. 1d). CCKAR showed a
more exocrine-restricted pattern, with strong, sustained aci-
nar expression and moderate MPC expression, but became
largely restricted away from ductal and endocrine lineages at
later stages (ESM Fig. 1b). Analysis of an EP-enriched SC-
islet differentiation at stage S5 [36] revealed only minimal
expression of CCKBR, and no detectable CCKAR. GAST and
CCK, by contrast, were expressed in hormone-positive cells,
with higher expression in alpha, epsilon and polyhormonal
cells than in delta and beta lineages, and higher CCK than
GAST levels overall (Fig. 1e). Together, these analyses dem-
onstrate distinct, stage- and lineage-specific expression pat-
terns of GAST, CCK and their receptors during early human
development and pancreatic organogenesis.

We next experimentally validated these findings using
an established 3D iPSC differentiation system (Fig. 1f) [7].
CCKBR mRNA was highly expressed at the DE stage (S1)
and posterior foregut stage (posterior gut tube [PGT]; S2)
but declined towards the PP stage (PP1 and PP2) (Fig. 1g).
CCKAR expression, in contrast, became detectable at S4
(PP2) and gradually decreased thereafter, with a small
secondary peak at the SC-islet stage (S6) (ESM Fig. 1c¢).
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«Fig.2 CCKBR plays an essential role in DE specification. (a, b)
Representative FACS plots of FOXA27/SOX17+ cell populations at
S1.3 (DE), with corresponding quantification (b), following treat-
ment with PBS (control) or GAST. n=5. (c, d) Representative FACS
plots of FOXA2*/SOX17* cells at S1.3 (DE), with quantification
(d), following treatment with DMSO (control) or CCKBR antago-
nist (YMO022). n=4-5. (e) Quantification of FOXA2*/SOX17* cells
at S2 upon treatment with CCKBR agonists and antagonist. n=3. (f)
Schematic illustrating CRISPR/Cas9-mediated knockin of an H2B-
Venus reporter into the CCKBR locus, replacing the coding region
to generate a CCKBRM2B-Venss knockin (CCKBR-null reporter) allele.
Homozygous clone C108 (CCKBRX?KO) and compound-heterozy-
gous clone C104 (CCKBR¥9A12y were derived. Created with BioRen-
der.com. (g) qPCR analysis of CCKBR mRNA expression in iPSC,
WT, C104 and C108 cells at S1.3 (DE). n=3. (h) Representative con-
focal image showing H2B-Venus expression in CCKBRXOKO cells
at S1.3 (DE). Scale bar, 50 pm. (i, j) Representative FACS plots of
FOXA2%/SOX17* cell populations in CCKBR-targeted cells at S1.3
(DE), with corresponding quantification. n=5. (k) FACS analysis of
PDX1* cells at S3 (PP1) in CCKBR-targeted sample clones C104
and C108. n=4. (1, m) Representative FACS plots of PDX1*/NKX6-
1* cells in CCKBR-targeted clones at S4.5 (PP2) and quantification.
n=4. All statistics were done using two-sided ¢ test (b, d) and one-
way ANOVA (e, g, j, k, m) (¥*p<0.05, **p<0.01, ***¥p<0.001). Data
are represented as mean+ SD

Consistent with prior mouse studies [18, 19], GAST and CCK
mRNAs appeared at the PP2 (S4) and EP stages (S5) but
declined at the hormone-producing cell stage (S6) (Fig. 1g,
ESM Fig. 1c). Immunostaining confirmed GAST and CCK
at the protein level. Neither peptide was detected in iPSCs,
but GAST- or CCK-expressing cells emerged at S5 stage
and declined at S6, confirming their transient appearance
at the endocrine stage (Fig. 1h). We further examined the
identity of these cells using co-immunostaining for GAST
and CCK with insulin, glucagon, somatostatin and ghrelin
in SC-islets at stage S5.7. Both peptides were highly co-
expressed with glucagon-producing alpha and polyhormonal
cells, with only rare overlap with insulin-, somatostatin- or
ghrelin-expressing cells (Fig. 1li—k, ESM Fig. 1d). Collec-
tively, these analyses indicate distinct expression patterns of
GAST, CCK and CCKBR in neighbouring tissues and cell
types, with an overlap between the peptides and CCKBR
during pancreatic lineage formation.

CCKBR loss of function compromises human DE differentia-
tion Due to the high expression levels of CCKBR during
the DE stage (S1), we next asked whether altering its activ-
ity affects DE formation. We thus treated iPSCs from the
onset of differentiation with GAST as CCKBR agonist and
assessed DE differentiation at S1.3. The stimulatory activity
of GAST was first validated in the HEK293T cell line over-
expressing the human CCKBR by measuring downstream
ERK1/2 signalling (ESM Fig. 2a—c). Flow cytometry using
the DE markers FOXA?2 and SOX17 revealed that CCKBR
stimulation slightly but significantly increased the propor-
tion of FOXA2/SOX17 double-positive cells while reducing

the frequency of FOXA2 single-positive cells (Fig. 2a,b).
Conversely, the selective CCKBR antagonist YM022
increased FOXA?2 single-positive cells at the expense of
FOXA2/SOX17 double-positive cells (Fig. 2c,d). Notably,
CCKBR activation no longer had a prominent effect at the
foregut stage (S2), whereas the impact of receptor inhibition
was further increased at this stage (Fig. 2e).

To corroborate these pharmacological results genetically,
we generated CCKBR-knockout (KO) reporter iPSC lines.
Using CRISPR/Cas9-mediated homologous recombina-
tion, we targeted the CCKBR locus in the HMGUi001-A
iPSC line [37] to replace the coding region with a nuclear-
localised H2B-Venus-3xHA cassette (Fig. 2f, ESM Fig. 3a).
Genomic PCR identified two independent CCKBR-targeted
clones carrying the knockin sequence (ESM Fig. 3b). Sanger
sequencing showed clone C108 harboured homozygous loss
of CCKBR (CCKBRXX9)_consistent with biallelic target-
ing. In clone C104, one allele was replaced by the H2B-
Venus cassette, while the second carried a 12-bp deletion
after the starting ATG (CCKBRX?/212)_ causing loss of four
amino acids and probably producing a hypomorphic or non-
functional CCKBR protein (ESM Fig. 3c.d). As expected,
qPCR showed complete loss of CCKBR transcripts in C108
and ~50% reduction in C104 (Fig. 2g). Both clones retained
a normal 46, XX karyotype (ESM Fig. 3e).

We then differentiated CCKBR-targeted clones into DE.
Both clones successfully expressed H2B-Venus protein, con-
firming correct targeting and reflecting high activity of the
CCKBR promoter at this stage (Fig. 2h). Notably, CCKBR-
targeted clones showed a reduced proportion of FOXA2/
SOX17 double-positive DE cells and increased FOXA?2
single-positive mesendoderm progenitors (Fig. 2i,j). This
early DE induction defect propagated forward, causing a
marked reduction in PP1 (PDX1") formation (Fig. 2k, ESM
Fig. 3f) and a >60% decrease in PP2 cell (PDX1*/NKX6-1)
differentiation (Fig. 21,m). Further differentiation towards
the endocrine lineage was thus strongly impaired.

CCKBR deletion promotes non-DE differentiation pro-
grams To further dissect the impact of CCKBR loss of
function on DE formation, we performed bulk RNA-seq
during DE induction at S1.3. Principal component analy-
sis (PCA) revealed a clear separation between WT and
CCKBR-targeted samples (Fig. 3a). Differential gene
expression analysis identified 672 downregulated and 246
upregulated genes in C104 (CCKBRXYA12) ys WT (ESM
Table 2a—c), and 577 downregulated and 238 upregulated
genes in C108 (CCKBRKYKO) yvs WT (Fig. 3b, ESM
Table 2d—f). Intersecting both comparisons revealed 419
commonly downregulated and 154 commonly upregulated
genes across the two clones relative to WT (Fig. 3c, ESM
Table 2g, h). CCKBR transcript levels matched the qPCR
data, being almost absent in C108 and higher in C104.
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«Fig.3 CCKBR deletion disrupts endodermal differentiation and pat-
terning programs. (a) PCA demonstrating clear segregation between
WT and CCKBR-targeted samples, including clones C104 and C108.
(b) Volcano plot illustrating differentially expressed genes in clone
C108 relative to WT controls. Significantly upregulated genes are
highlighted in red, whereas significantly downregulated genes are
shown in blue. (¢) Venn diagrams representing the overlap of down-
regulated and upregulated genes shared between CCKBR-targeted
samples C108 and C104 compared with WT samples. (d, e) Pathway
enrichment analyses of significantly downregulated (d) and upregu-
lated (e) genes in targeted clones relative to WT controls, identify-
ing affected biological processes and signalling pathways. Only 15
selected terms are presented. The list of all identified terms is pro-
vided in ESM Table 2. (f) Heatmap displaying the expression patterns
of selected differentially expressed genes across WT (n=6) and C108
(n=6) samples

Pathway enrichment analysis of differentially expressed
genes showed that downregulated genes were enriched for
cell differentiation, ECM/cell—cell adhesion and secretory/
hormone-response programs, suggesting a shift in dif-
ferentiation state and/or lineage identity (Fig. 3d, ESM
Table 2i). Upregulated genes, in contrast, were enriched
for mesoderm- and ectoderm-derived tissue formation,
including mesodermal commitment, muscle/vasculature/
heart development and ectoderm/neurodevelopmental dif-
ferentiation, highlighting a shift away from DE towards
alternative mesoderm and ectoderm lineage identities
(Fig. 3e, ESM Table 2j).

Among the downregulated genes were CDX4 and sev-
eral HOX genes (HOXB2, HOXB3, HOXB9, HOXD10), sug-
gesting disrupted anterior—posterior endoderm patterning in
CCKBRX clones. Lower FGF19, NTS, SLC51A, ENTPDS
and PLA2G2A, along with epithelial markers CLDN9 and
CDHRI, indicated a reduced anterior/foregut-like epithelial
signature. The upregulated gene set, by contrast, contained
a substantial non-DE component spanning both mesoder-
mal and ectodermal lineages. This mesodermal signature
included vascular/endothelial genes (CD34, TIE1, VCAMI,
ADGRLA4), as well as contractile cardiac (ACTCI, MYLA4,
TBX20) and smooth-muscle genes (ACTG2, CNNI, TAGLN,
LOX). Ectoderm-associated genes encompassed neuroecto-
derm/CNS-like identities, including PAX6, SIM1, NTRK2,
LMXIA, GRM3 and ST8SIA2. The upregulated endoderm-
related genes did not reflect a pancreatic program but
instead matched other endoderm-derived epithelia. VILI
and GUCAZ2A supported an intestinal-like signature, while
BPIFAI and a strong motile-cilia program (ZMYND]I0,
CCDC65, CFAP126/CFAP206, LRRC46, TEKTIPI) sug-
gested ciliated airway-like lineages. Finally, a hepatic-like
metabolic/detox signature (HPX, GSTA2, SULT2A1, TDO2,
SEC14L2) further indicated another non-pancreatic endoder-
mal identity (Fig. 3f).

Sustained CCKBR activation impairs endocrine lineage differ-
entiation To test how prolonged CCKBR stimulation affects
pancreatic differentiation, we treated cells with GAST and
CCK from the onset of differentiation (S1) and performed
FACS analysis at S4.5 to quantify cells co-expressing PDX1
and NKX6-1 (PDX11/NKX6-17) (Fig. 4a). Sustained stimu-
lation of CCKBR with GAST or non-sulphated CCK signifi-
cantly reduced PDX1*/NKX6-1* cells, indicating impaired
PP formation (Fig. 4b,c). FACS further revealed a signifi-
cant reduction in EPs at S5.4 assessed by NGN3 expression
(Fig. 4d,e), and immunostaining confirmed fewer NGN3*
and NKX2-2* cells upon sustained stimulation (Fig. 4f). In
stimulated cells the fraction of hormone-positive endocrine
cells at S5.7 was also reduced, largely due to fewer SC-beta
cells (Fig. 4g—i), indicating reduced endocrine differentia-
tion. To assess whether this impairment reflects reduced PP
specification, we treated cultures with similar PP2 numbers
starting at S4.1 (Fig. 4j,k). This later treatment still reduced
NGN3* cells (Fig. 41,m) and hormone-expressing cells
(ESM Fig. 4a), although the effect was smaller than when
stimulation began at the start of differentiation. Together,
these data demonstrate that sustained CCKBR stimulation
reduces the rate of endocrine lineage formation.

Prolonged CCKBR signalling drives a non-endocrine cell
fate program Reduced endocrine lineage formation upon
sustained CCKBR stimulation coincided with an increased
fraction of cells lacking endocrine (NGN3, NKX?2-2) marker
expression (Fig. 4). This non-endocrine fraction expanded
more when stimulation was applied from the onset of dif-
ferentiation than when treatment began at S4.1 (Fig. 5a).
Consistent with prior reports of mitogenic effects of GAST
and CCK in other tissues (e.g. gastric mucosa and neuronal
cells) [38, 39], the non-endocrine population showed a high
rate of cell division (ESM Fig. 4b).

To identify this population, we treated cells from the start
of differentiation with GAST or non-sulphated CCK and
performed scRNA-seq analysis at S5.4. After quality control,
we profiled 25,651 single cells via droplet-based scRNA-
seq. Unsupervised clustering identified three major cell
clusters including an endocrine pancreatic, a fibroblast-like
and a non-endocrine pancreatic epithelial cluster (Fig. 5b,
ESM Fig. 5a,b). Sub-clustering of the non-endocrine pan-
creatic epithelial cells identified four clusters with distinct
marker genes (Fig. 5¢, d, ESM Table 3a). Pathway enrich-
ment analysis of genes highly expressed (log fold >2) in the
endocrine cluster identified terms associated with endocrine
differentiation and morphogenesis, regulated hormone secre-
tion and synaptic/cellular signalling (Fig. Se, ESM Table 3b,
c). Among the epithelial cells, sub-cluster 3 exhibited an
exocrine/ductal-like identity, with genes enriched for ductal/
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«Fig. 4 Prolonged CCKBR signalling hampers endocrine cell forma-
tion. (a) Schematic diagram illustrating the initiation of treatments
at S1.1 in differentiated cells. (b, ¢) Representative FACS plots and
corresponding quantification of PDX1*/NKX6-1* cells at S4.5 (PP2)
following GAST and CCK treatment. n=3. (d, e) FACS analysis and
quantification of NGN3 expression at S5.4 (EP) after stimulation with
the indicated treatments. n=9. (f) Representative confocal micro-
graphs showing NGN3*/NKX2-2* cells at S5.4 (EP) upon sustained
activation of the CCKBR. Scale bar, 50 pm. (g-i) Representative con-
focal images of hormone-expressing cells, including INS and GCG,
following treatment at S5.7. Scale bar, 50 pm. Quantifications of the
percentage of total endocrine cells (endo) relative to total cells (h)
and the percentage of hormone-positive cells relative to total cells (i)
are shown. n=3. (j) Schematic diagram illustrating the initiation of
treatments at S4.1 (PP2) in differentiated cells. (k) FACS-based quan-
tification of PDX17/NKX6-1* cells at S4.5 (PP2) following treatment.
n=6. (I, m) Representative confocal images and the respective quan-
tification of NGN3* cells at S5.4 (EP) upon treatment from beginning
of PP2 stage. n=3. Scale bar, 50 pm. All statistics were done using
one-way ANOVA (¥p<0.05, **p<0.01). Data are represented as
mean + SD. Schematics (a, j) were created with BioRender.com

exocrine lineage specification, epithelial morphogenesis and
adhesion, and exocrine secretory function (Fig. 5f, ESM
Table 3d, e). More specifically, this cluster showed promi-
nent expression of SLC4A4, SOX9, CA2, CA12, ONECUTI,
ONECUT2, AGR2, MUCI3, TFF1, TFF2, SULTIC2 and
MBOAT?2 (Fig. 5g). Additional expression of CTSE, TCNI,
CBLIF, AOXI, HABP2, ASAH2, SLC47A1, UGT2B7,
UGT2B10 and UGT2B11 further supported this epithelial
exocrine/ductal-like profile. These genes were largely absent
or lower in the endocrine pancreatic and fibroblast-like
clusters, and more limited across the other non-endocrine
epithelial populations (Fig. 5g), with higher expression in
GAST-treated and, to a lesser extent, CCK-treated samples
compared with controls (ESM Fig. 5¢). However, other
canonical ductal markers (CFTR, KRT19, SPP1, MUCI,
GP2) and acinar markers (CPAI, AMY2A) were absent or
low in this cluster (Fig. 5g), indicating only a partial ductal
program rather than a fully mature identity. Together, these
data support that sustained CCKBR activation biases cell
fate towards an exocrine/ductal-like trajectory rather than
endocrine commitment.

We then validated the ductal-like identity of the non-
endocrine fraction upon GAST and non-sulphated CCK
treatment from the S1 stage by immunostaining. Epithelial
identity was supported by polarised staining of the apical
marker Ezrin, consistent with apico—basal organisation
(ESM Fig. 6a). Treated samples also showed strong, spe-
cific CK7 (a pancreatic ductal keratin) expression, further
supporting a ductal-like identity (Fig. Sh). When treatment
began at S4, we still observed Ezrin and CK7 expression
upon CCKBR stimulation (Fig. 51, ESM Fig. 6b), indicating
a fate shift of PPs towards ductal-like identity.

Discussion

Here, we identify a previously unrecognised pathway
in which CCKBR first promotes DE formation and ante-
rior—posterior patterning, and later, in pancreatic differ-
entiation, restrains the endocrine program and favours an
exocrine/ductal-like fate. CCKBR expression peaks during
human DE specification in vitro and then progressively
declines, becoming nearly absent at the hormone-producing
stage. Pharmacological activation of CCKBR promotes DE
induction, but when sustained, reduces PP2 cell formation
and endocrine lineage specification. These two later effects
are mechanistically separable, since stimulating CCKBR
in cultures with comparable PP2 cell numbers still reduced
NGN3* cell formation, indicating that sustained CCKBR
signalling acts directly on endocrine induction independ-
ent of its earlier effect on progenitor numbers. In contrast,
genetic deletion of CCKBR impairs DE formation, with
this early defect propagating to later stages as reduced PP
differentiation, consistent with reports that DE patterning
perturbations, such as altered WNT signalling, have last-
ing downstream effects on pancreatic differentiation effi-
ciency [40]. Thus, although pharmacological and genetic
perturbations of CCKBR converge on a similar net reduc-
tion in endocrine cell formation, they do so through distinct
mechanisms. Sustained pharmacological activation directly
suppresses the endocrine differentiation program, whereas
genetic loss of CCKBR reduces endocrine output indirectly,
via impaired earlier DE specification and diminished pro-
genitor supply. Together, our data support a biphasic model
of CCKBR action, whereby this receptor facilitates DE for-
mation during germ-layer specification and, at later stages,
redirects PPs towards an exocrine/ductal-like rather than
endocrine identity, potentially balancing the proportion of
these compartments.

GAST and non-sulphated CCK are the best-established
ligands for CCKBR [23, 41]. scRNA-seq of early human
embryos revealed expression of these ligands in mesen-
dodermal tissues, including the primitive streak and axial
mesendoderm, raising the possibility that ligand-dependent
CCKBR signalling specifies anterior endodermal fates.
However, in our in vitro system, neither GAST nor CCK
transcripts are detected at the DE stage, nor are these ligands
supplied in the culture medium, yet CCKBR deletion still
impairs DE specification. This indicates that CCKBR sig-
nalling is already active during DE induction, possibly
engaged by an unrecognised medium-derived or endogenous
ligand, or through ligand-independent constitutive activity,
a property common among GPCRs [42]. Supporting this, a
constitutively active CCKBR splice variant (CCK-BRi4sv/
CCK2i4sv) described in colorectal cancer cells shows spon-
taneous signalling and increased growth without ligand [43].
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«Fig.5 Prolonged CCKBR activation shifts cells towards secretory
ductal-like cell fate. (a) Representative confocal images illustrating
the effects of GAST and non-sulphated CCK on PDX1* cell popula-
tions and E-cadherin expression, initiated at S1 and S4, respectively.
Arrow heads denote expansion of the non-endocrine epithelial frac-
tion. Scale bar, 50 pm. (b) UMAP visualisation of scRNA-seq data
showing clustering by sample origin. (¢) UMAP visualisation of
scRNA-seq data showing sub-clustering of non-endocrine pancreatic
epithelial (non_endo_epithelial) clusters. (d) Dot plot displaying the
expression of top genes across six distinct cellular clusters identified
by unsupervised analysis. (e, f) Pathway enrichment analysis of genes
significantly upregulated in endocrine (e) and non_endo_epithelial_3
(f) lineages. Only 12 selected terms are presented. The list of all iden-
tified terms is provided in ESM Table 3. (g) Dot plot illustrating the
expression levels of ductal/exocrine-associated genes across identified
lineages. (h, i) Representative confocal images showing expression
of CK7 in cells treated from S1 (h) and S4 (i). Arrowheads indicate
CK7 localisation within the expanded non-endocrine cell population.
Scale bar, 50 pm

Because endocrinogenesis is not synchronous, early dif-
ferentiated endocrine cells may remain in close contact with
bipotent progenitors that retain ductal or endocrine potential.
GAST and CCK expression, predominantly in (pre-)alpha
cells, is therefore consistent with a model in which endocrine
cells provide paracrine feedback influencing the endocrine-vs-
ductal fate decision in neighbouring progenitors. This is con-
ceptually similar to Notch-mediated lateral inhibition, where
emerging EPs restrain further endocrine induction in adjacent
bipotent progenitors [44, 45]. This suggests layered feedback
mechanisms from EPs or hormone-producing cells may shape
pancreatic organogenesis, influencing not only endocrine sub-
type composition, as reported for insulin receptor signalling
[16], but also the endocrine and exocrine balance. Consist-
ent with this, GAST and CCK are transiently expressed dur-
ing this window and then disappear [18, 19]. Notably, in vivo
analysis across fetal pancreas stages showed only very low
CCK expression restricted to pre-alpha cells and no detect-
able GAST, contrasting with the broader and higher expres-
sion of both peptides in the stem cell-derived system. This
difference may partly reflect off-target generation of intestinal
hormone-expressing cells during stem cell differentiation, such
as enterochromaffin-like cells [9], for which there is limited
evidence in the developing human pancreas in vivo [46].

Sustained CCKBR activation reduced endocrine lineage
formation and shifted cells towards a ductal-like fate. How-
ever, this population expressed only a subset of ductal/epi-
thelial markers, while several canonical ductal markers were
not detected, indicating that these cells only partially resem-
ble ductal cells and lack a fully established mature ductal
program. The differentiation protocol used is optimised for
islet cell generation, particularly beta cells. Therefore, the
emergence of ductal-like cells under these pro-endocrine
conditions suggests that effect on ductal specification could
be stronger in a protocol tailored for ductal differentiation.
Indeed, GAST has been used in human pancreatic ductal

organoid culture media, perhaps to reinforce ductal identity,
but CCKBR expression has not been shown in this model
system [47]. It thus remains unclear whether GAST acts via
CCKBR here or via other receptors. Future work should
assess whether CCKBR activation enhances ductal forma-
tion in ductal-directed differentiation protocols, supporting
studies of ductal plasticity and disease models such as pan-
creatitis and pancreatic cancer [48—50].

In summary, our findings demonstrate that CCKBR
signalling is functionally required at two distinct develop-
mental windows, first for DE formation and later for pan-
creatic lineage fate decisions, providing the first evidence
for a functional GAST/CCK-CCKBR axis during human
endoderm and pancreatic development. However, the down-
stream signalling pathways through which CCKBR shapes
these processes warrant further investigation. Nonetheless,
these results may already help refine differentiation proto-
cols to better direct specific pancreatic lineages for distinct
applications. Beyond stem cell differentiation, given reports
of GAST and CCK re-expression in the adult pancreas in
diabetes [20, 21], our work may also inform the role of these
hormones in islet regeneration. Finally, our findings may
extend to pancreatic ductal adenocarcinoma, where CCK
has been implicated in endocrine—exocrine crosstalk and
exocrine tumour progression [51].
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