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BSTRACT 

ellular identity during development is under the 

ontrol of transcription factors that form gene regula- 
ory networks. Ho we ver, the transcription factor s and 

 ene regulator y networks underlying cellular identity 

n the human adult pancreas remain lar gel y une x- 
lored. Here, we integrate multiple single-cell RNA- 
equencing datasets of the human adult pancreas, 
otaling 7393 cells, and comprehensively reconstruct 
 ene regulator y networks. We show that a network 

f 142 transcription factors forms distinct regulatory 

odules that characterize pancreatic cell types. We 

resent evidence that our approach identifies regu- 
ators of cell identity and cell states in the human 

dult pancreas. We predict that HEYL, BHLHE41 and 

UND are active in acinar, beta and alpha cells, re- 
pectivel y, and sho w that these proteins are present 
n the human adult pancreas as well as in human 

nduced pluripotent stem cell (hiPSC)-derived islet 
ells. Using single-cell transcriptomics, we found 

hat JUND represses beta cell genes in hiPSC-alpha 

ells. BHLHE41 depletion induced apoptosis in pri- 
ary pancreatic islets. The comprehensive gene reg- 
latory network atlas can be explored interactively 

nline. We anticipate our analysis to be the starting 

oint for a more sophisticated dissection of how tran- 
g  

o
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 fundamental question in biology is how a single genome 
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of de v eloping and mature organs such as the pancreas,
an essential organ at the basis of multiple human disor-
ders including diabetes and cancer ( 1–3 ). Single-cell RNA-
sequencing (scRNA-seq) provides a powerful tool to resolve
cellular heterogeneity, identify cell types and capture high-
resolution snapshots of gene expression in individual cells
( 4 ). With the advent of single-cell transcriptomics, great
progress has been made toward the creation of a r efer ence
cell atlas of the pancreas ( 3 , 5–14 ). Work from se v eral groups
provided cellular atlases of the pancreas during mouse de-
velopment ( 15–18 ), in adult mice ( 19 ) and in human fe-
tal ( 20–25 ) and adult pancreas ( 3 , 5–10 , 19 , 26–28 ). Efforts
have also been made to map cellular identity during pan-
creas de v elopment starting from human pluripotent stem
cells ( 11 , 22 , 27 , 29–38 ). Taken together, these studies provide
an opportunity to better understand the establishment and
maintenance of cellular identity among different pancreatic
cell types. 

Wor k ov er the past decades indica ted tha t cellular iden-
tity is established by combinations of transcription factors
(TFs) that recognize and interact with cis- regulatory ele-
ments in the genome ( 39 ). TFs, together with chromatin
modifiers, deploy gene expression programs. A small num-
ber of core TFs are thought to be sufficient for the es-
tablishment and maintenance of gene expression programs
that define cellular identity during and after de v elopment
( 40 ). Studies conducted in both mouse and human have
successfully identified TFs that are pivotal for the acqui-
sition and maintenance of pancreatic cell fates ( 41 ). These
include PDX1 ( 42 , 43 ), MAFA ( 44 ), NGN3 ( 45 ), NKX2.2
( 46 ), PAX4 ( 47 ), NKX6.1, NEUROD1 ( 48 ), ARX ( 49 ),
MAFB ( 50 ), RFX6 ( 51 , 52 ), GATA4 ( 53 ), FOXA2 ( 54 ) and
SOX9 ( 43 , 55 ). Conditional deletion of TFs such as FOXA2
and PDX1 in adult beta cells results in the loss of cellu-
lar identity and function ( 56 , 57 ). Robust genetic evidence
for the role of these TFs in establishing human pancreatic
cell identity is provided by the identification of TF loss-of-
function mutations that cause pancreatic agenesis ( 15 , 58–
61 ) or neonatal or young-onset diabetes ( 60 , 62–66 ). In ad-
dition, TF ov ere xpression can reprogram somatic cells to
adopt alternati v e identities ( 67–69 ). For e xample, the in-
duced expression of Ngn3 , Pdx1 and Mafa was shown to
reprogram mouse alpha cells into beta-like cells in vivo ( 42 ).
Howe v er, how key TFs underlie the maintenance of cellular
identity in the human pancreas remains incompletely un-
derstood. 

Multiple approaches to reconstruct gene regulatory net-
works (GRNs) from bulk and single-cell omics data have
been de v eloped ( 39 , 70–72 ). In particular, it is now possib le
to combine single-cell transcriptomic data with either cis-
regula tory informa tion ( 73–76 ) or chroma tin accessibility
( 74 , 75 ) to infer GRNs. Because TFs recognize DNA mo-
tifs in the genome, one can measure if inferred target genes
ar e expr essed within single cells, and ther efor e quantify the
activity of TFs. Such approaches have revealed the regula-
tory programs in distinct systems including the Drosophila
brain ( 76 ), cancer ( 77 ), during early mouse embryonic ( 78 )
and pancreas de v elopment ( 79 ), reprogramming to induced
pluripotency ( 80 ), in a mouse cell atlas ( 81 ) and a human
cell atlas ( 3 ). 

Analysis of GRNs in the human adult pancreas has iden-
tified distinct endocrine and exocrine regula tory sta tes with
multiple stable cell states for alpha, beta and ductal cells
( 82 ). No change in GRN activity of alpha and beta cells was
reported in type 2 diabetes or related to body mass index
(BMI) ( 82 ). Previous data show that type 2 diabetic ( 83–86 )
and non-diabetic human islet preparations vary greatly de-
pending on age ( 9 , 87 ) and BMI ( 88 ) warranting the explo-
ration of GRNs across multiple integra ted da tasets. Hence,
it remains unclear whether previous GRN findings can be
extrapolated to a br oader, highly heter ogeneous population
comprising non-diabetic and type 2 diabetic donors. The de-
velopment of integration methods provides an opportunity
to analyze multiple scRNA-seq studies from multiple labo-
ratories and patients ( 89 , 90 ). Additional knowledge on how
GRNs maintain cellular identity in the human adult pan-
creas may further the understanding of disease states and
improve ongoing efforts to convert human induced pluripo-
tent stem cells (hiPSCs) into functional, mature beta cells
for diabetes treatment. 

Here, we build an integrated human pancreas gene reg-
ula tory a tlas. In this r esour ce, we use single-cell transcrip-
tomes of the human adult pancreas, taking advantage of
integr ation str ategies and computational tools to recon-
struct GRNs. Our analysis identifies the GRN landscape
and candidate regulators that may regulate cellular iden-
tity and cell states in the human adult pancreas. Finally, we
knockdown candidate TFs in primary and hiPSC-deri v ed
islets to test their implication in regulating pancreatic
GRNs. 

MATERIALS AND METHODS 

Reagents 

See Table 1 . 

Biological r esour ces 

See Table 2 . 

Data availability / sequence data resources 

See Table 3 . 

Web sites / data base r efer encing 

See Table 4 . 

Statistical analyses 

Statistical tests were performed using the stats package
(v3.5.2) in R and GraphPad Prism 9 (GraphPad Software).
Wilco x on rank sum tests with FDR corr ection wer e used
as indicated. All data, unless indicated otherwise, are pre-
sented as the mean ± s.d. P values of < 0.05 were considered
statistically significant. 

Method details 

Motif discovery of bulk A TA C-seq data. P air ed-end raw
reads for bulk ATAC-seq (see Data Availability / Sequence
Data Resour ces) wer e downloaded from SRA using SRA
toolkit (v2.9.4). Reads were aligned and further analyzed
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Table 1. Reagents 

Reagent Catalog number Identifier 

Monoclonal mouse anti-human ASCL2 Cat# MAB4418, clone 7E2 Millipore, RRID:AB 10561764 
Rabbit anti-human JUND Cat# HPA063029 Atlas Antibodies, RRID:AB 2684925 
Rabbit anti-human HEYL Cat# HPA076960 Atlas Antibodies, RRID:AB 2732326 
Rabbit anti-human BHLHE41 Cat#HPA056035 Sigma Aldrich, RRID:AB 2683017 
Guinea pig anti-human INS Cat# IR002 Agilent, RRID:AB 2800361 
Monoclonal mouse anti-human GCG Cat# G2654 Sigma-Aldrich, RRID:AB 259852 
Goat Anti-Guinea Pig IgG Alexa Fluor 568 Cat# A-11075 Thermo Fisher Scientific, 

RRID:AB 2534119 
Donkey anti-Rabbit IgG Alexa Fluor 488 Cat# A-21206 Thermo Fisher Scientific, 

RRID:AB 2535792 
Donkey Anti-Mouse IgG Alexa Fluor 647 Cat# A-31571 Thermo Fisher Scientific, 

RRID:AB 162542 
RNeasy Micro Kit Cat#74004 Qiagen 
Platinum ™, SYBR ™ Platinum ™ SYBR ™ Green 
qPCR SuperMix-UDG 

Cat# 11733046.00 Thermo Fisher Scientific 

Table 2. Biological r esour ces 

Resource Origin 

Control iPSC line HEL115.6 ( 95 ) 
Control iPSC line 1023A ( 96 ) 
Human pancreas sections Biobank of the Uni v ersity Hospital 

Leuv en (Leuv en, Belgium) 
Non-diabetic human 
pancreatic islets 

Laboratory for Translational 
Research on Diabetes (Lille, France) 

Type 2 diabetic human 
pancreatic islets 

Laboratory for Translational 
Research on Diabetes (Lille, France) 
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sing the ENCODE ATAC-seq pipeline with default pa- 
ameters using the ENCODE human r efer ence genome 
RCh38.15 (Lee, 2016). Bed files containing the global 

pen chromatin landscape of adult alpha (Alpha 1; EA4 

nd Alpha 2; EA28), beta (Beta 1; EA5 and Beta 2; EA29), 
cinar (Acinar 1; EA7 and Acinar 2; EA27) and ductal 
EA11) cells or cell type specific differentially accessible re- 
ions were used as input for motif discovery by HOMER 

v4.10.4) using the ‘findMotifsGenome.pl’ with options us- 
ng hg38 with size gi v en (Heinz et al ., 2010). The TFs
hose motifs identified by HOMER correspond with TFs 

dentified by p ySCENIC ar e visualized in Supplementary 

igure S2A. 

nalysis of pub lic ly availab le scA TA C-seq data. Motif dis- 
overy results by HOMER of a publicly available scATAC- 
eq dataset (see Key Resource Table) was retrie v ed from 

upplementary Table S8 of (Rai et al. 2020). The TFs whose 
otifs identified by HOMER correspond with TFs identi- 

ed by pySCENIC are visualized in Supplementary Figure 
2B using pheatmap (v1.0.12). 

nalysis of pub lic ly availab le scRNA-seq data. Raw reads 
or fiv e pub licly availab le scRNA-seq datasets (see Key 

esour ce Table) wer e downloaded from SRA using SRA 

oolkit (v2.9.4). Afterwards, reads were aligned to the hu- 
an r efer ence genome GRCh38.95 using STAR (v2.5.3a) 
ith default parameters followed by the conversion to 

he coordinate sorted BAM format. Next, the feature- 
ounts command from the ‘Rsubread’ (v1.5.2) package in 

 (v3.6.1) was used to assign mapped reads to genomic 
eatures. Low quality transcriptomes with a mitochondrial 
ontamina tion grea ter than 5% and less than 200 expressed 
enes per cell were excluded from subsequent analyses. The 
esulting raw count matrix was batch corrected using the 
indIntegr ationAnchors and Integr ateData functions from 

he ‘Seurat’ package (v3.1.1) after which subsequent anal- 
ses were carried out in the R package ‘Seurat’ (v3.1.4). 
ene expression was used to cluster all 7393 cells with uni- 

 orm manif old appr oximation and pr ojection (UMAP), us- 
ng Seurat’s function RunUMAP. 

Clusters for cell type annotation were defined using Seu- 
at’s shared nearest neighbor algorithm FindClusters func- 
ion after which differential expression analysis was per- 
ormed using Wilco x on’s rank sum test with a minimum cut- 
ff of 0.25 average log fold change and min.pct of 0.25. 

ySCENIC. GRNs were inferred using pySCENIC 

python implementation of SCENIC, v0.9.15) in Python 

ersion 3.6.9 ( 91 ). Integrated read counts were used as in- 
ut to run GENIE3 ( 92 ) which is part of arboreto (v0.1.5). 
RNs were subsequently inferred using pySCENIC with 

he hg38 refseq-r80 motif database and default settings. 
o control for the stochasticity, which is inherent to 

ySCENIC, a consensus GRN was generated by merging 

esults from fiv e repeat pySCENIC runs. If regulons were 
dentified in multiple pySCENIC runs, only the regulon 

ith the highest AUC value was retained. Regulon activity 

 epr esented by AUCell values was used to cluster all 7393 

ells with UMAP, using Seurat’s RunUMAP function. 
All 142 regulons within non-diabetic cell types were visu- 

lized using the ‘clustermap’ function of the Python pack- 
ge ‘seaborn’ (v0.9.0). The z-score for each regulon across 
ll cells was calculated using the z-score parameter of the 
eaborn ‘clustermap’ function. 

Extended analysis of the target genes of specific regulons 
as conducted in Cytoscape (v3.7.1) using the iRegulon ap- 
lication (v1.3). The list of target genes of a specific regulon 

as downloaded from the loom file through the SCope plat- 
orm ( https://github.com/pasquelab/scP ancr easAtlas ) ( 76 ). 

egulon ranking. To quantify the cell-type specificity of a 

egulon, we utilized an entropy-based strategy as described 

reviously (Suo et al. , 2018) using the AUCell matrix as in- 
ut in MATLAB R2019b. The top 10 most specific regulons 
ere subsequently visualized using the R package ggplot2 

https://github.com/pasquelab/scPancreasAtlas
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Table 3. Da ta availability / sequence da ta r esour ces 

Resource Reference Repository Identifier 

Reanalyzed human pancreatic scRNA-seq dataset ( 10 ) GEO GEO: GSE86469 
Reanalyzed human pancreatic scRNA-seq dataset ( 8 ) GEO GEO: GSE81608 
Reanalyzed human pancreatic scRNA-seq dataset ( 7 ) GEO GEO: GSE83139 
Reanalyzed human pancreatic scRNA-seq dataset ( 9 ) GEO GEO: GSE81547 
Reanalyzed human pancreatic scRNA-seq dataset ( 6 ) ArrayExpress ArrayExpress: E-MTAB-5061 
Reanalyzed human pancreatic bulk ATAC-seq 
dataset of FACS sorted beta, alpha, ductal and 
acinar cell populations 

( 113 ) GEO GEO: GSE79468 

Human pancreatic scATAC-seq dataset ( 114 ) Publication Supplementary Table S8 
.loom file containing regulon and gene expression 
data 

This study GEO GEO: GSE156490 

Human P ancr eas Anal ysis Pro gram Database https://hpap .pmacs .upenn.edu HPAP-RRID:SCR 016202 
scRNA-seq of siRNA treated hiPSC-deri v ed islet 
cells 

This study GEO GEO: GSE218547 

Table 4. Web sites / data base r efer encing 

Software Version Identifier 

SRA toolkit v2.9.4 
STAR v2.5.3a RRRID:SCR 015899 
Rsubread v1.5.2 RRRID:SCR 016945 
ENCODE ATAC-seq pipeline (Lee, 2016) 
HOMER v4.10.4 RRRID:SCR 010881 
pheatmap v1.0.12 RRRID:SCR 016418 
Integrati v e Genomics Viewer V2.8.0 RRRID:SCR 011793 
Seurat v3.1.1 RRRID:SCR 007322 
seaborn v0.9.0 RRRID:SCR 018132 
pySCENIC v0.9.15 RRRID:SCR 017247 
Cytoscape v3.7.1 RRRID:SCR 003032 
iRegulon (Cytoscape plugin) v1.3 (Janky et al. , 2014) 
MATLAB R2019b RRRID:SCR 001622 
GraphPad Prism 9 RRRID:SCR 002798 
ggpubr v0.2.5 RRRID:SCR 021139 
ggplot2 v3.1.1 RRRID:SCR 014601 
LoomPy v2.0.17 RRRID:SCR 016666 
R v3.6.1 RRRID:SCR 001905 
Python 3.6.9 RRRID:SCR 008394 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(v3.1.1). The complete regulon ranking list is available in
Supplementary Table S1. 

HPAP scRNA-seq data processing and analysis. Raw fastq
files of scRNA-seq data were obtained from the portal of
Human P ancr eas Anal ysis Pro gram ( https://hpa p .pmacs .
upenn.edu ). We analyzed 12 type 2 diabetic donors (HPAP-
058, 088, 065, 051, 081, 083, 085, 057, 091, 079, 070, 061)
and 32 non-diabetic donors (042, 044, 039, 047, 034, 038,
043, 024, 072, 050, 019, 029, 036, 026, 082, 045, 052, 049,
027, 056, 035, 037, 040, 059, 075, 022, 054, 074, 063, 077,
093, 053). Cell Ranger (10 × Genomics; v6.1.2) was used for
alignment (r efer ence genome hg38) and filtering of sequenc-
ing reads. For each sample, decontamination of the ambient
mRNA was done with SoupX (v1.6.1) by using the auto-
matic selection of the background genes to adjust the gene
profiles. The new single-cell gene expression profiles were
imported into Seurat (v4.1.1) for quality control. We kept
genes expressed in at least three cells that express at least
200 genes. Potential doublet cells were evaluated by R pack-
age scDbIFinder (v3.16) and removed. Further filtering was
performed by criteria of nFeature RNA < 9000, percent
of mitochondrial genes < 10 and nCount RNA < 10 000.
We obtained 78 927 single cells for downstream analysis.
We next used the Seurat SCTransform (SCT) function to
measur e the differ ences in sequencing depth per cell and
normalize the counts by removing the variation due to se-
quencing depth (nUMIs). Top 3000 of the variable features
were selected to perform dimensionality reduction by prin-
cipal component analysis (PCA) and UMAP embedding.
Lastly, R package scSorter (v0.0.2) was used to assign cells
to known cell type based on the marker genes. We extracted
the ‘alpha’, ‘beta’, ‘acinar’ and ‘ductal’ cells to check the top
10 regulons predicted by SCENIC analysis in the present
study. 

scRNA-seq sample pr epar ation. hiPSC islets were washed
with Versene (Thermo Fisher Scientific, 15040066) and in-
cubated with Accutase (Sigma-Aldrich, A6964-100ML) for
10 min at 37 

◦C. Dissociation was stopped by the addition of
PBS supplemented with 1% bovine serum albumin (BSA).
Dissociated cells were washed twice in PBS (1%BSA) buffer,
centrifuged at 300 rcf for 5 min, filtered using Flowmi
40 �m tip strainer (Bel-Art, H13680-0040), counted and ad-
justed to 1 × 10 

6 cells ml –1 cells in PBS (1%BSA) for en-
capsulation. Cell count and viability wer e measur ed using
the Luna-Fl automated Fluorescence Cell Counter (Logos
Biosystems). 

For each siRNA treatment, 6000 cells were loaded onto
the 10 × Chromium Single Cell Platform (10X Genomics)
using the Next GEM Single Cell 3 

′ library and Gel Bead
Kit (v3.1 chemistry) according to manufacturer’s instruc-
tions (10 × User Guide CG000204, Revision D). RNA qual-
ity was assessed using Tapestation (Agilent). Libraries were
quantified using Tapestation (Agilent), the Qubit 2.0 (Ther-
moFisher Scientific) and KAPA Library Quantification Kit
for Illumina Platform (KAPA Biosystems) before pooling.
Libraries were pooled in equimolar amounts for paired-
end sequencing on an Illumina NextSeq 2000 instrument
to yield ∼168 million (range 147–195 million) 100-bp-long
reads on average per sample. 

scRNA-seq analysis. Raw data was processed using the
10x Genomics CellRanger software (v4.0.0) and mapped
to the pre-built human reference genome GRCh38-2020-
A. Contamination by background RNA from disrupted
cells was estimated and corrected for using SoupX ( 93 )
with Seurat identified clusters, and known cell type spe-
cific marker genes (GCG, TTR; INS, IAPP; SST; PPY;

https://hpap.pmacs.upenn.edu
https://hpap.pmacs.upenn.edu
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HRL; CP A1, CLPS, CP A2, REG1A, CELA3A, CTRB1, 
TRB2, PRSS2; KRT19, VTCN1). Cells with less than 200 

xpressed genes and more than 25% mitochondrial reads 
ere excluded from future analyses. DoubletFinder (v2.0.3) 

 94 ) was used with default settings to identify and remove 
otential doublets. The resulting counts were normalized, 
caled and analyzed for PCA and UMAP on the first 20 

rinciple components (PCs) using 2000 variable genes us- 
ng Seurat (v3.1.1). Clusters for cell type annotation were 
efined using Seurat’s shar ed near est neighbor algorithm as 
efined above. 
To compare our dataset to the sc-deri v ed and primary cell 

opulations described in ( 35 ), we downloaded the countma- 
rix and metadata files from the Single Cell Portal from the 
road Institute (SCP1526). The resulting Seurat object was 

ntegrated with our dataset using the FindIntegrationAn- 
hors and Integra teDa ta functions from the ‘Seurat’ pack- 
ge (v3.1.1) after which subsequent analyses were carried 

ut in the R package ‘Seurat’ (v3.1.4). Gene expression was 
sed to cluster all 57158 cells with UMAP, using Seurat’s 
unction RunUMAP. 

uman islets. Human islets (se v en non-diabetic donors, 
ge 43 ± 15 years, BMI 30 ± 6 kg / m 

2 and one type 2 diabetic
onor, age 66 years, BMI 36.5 kg / m 

2 ) were isolated by en-
ymatic digestion and density gradient purification in Lille 
r Edmonton, with the approval of the local Ethical Com- 
ittee. After overnight recovery in Ham’s F-10 containing 

.1 mM glucose, 10% FBS, 2 mM GlutaMAX, 0.75% BSA, 
0 units / ml penicillin, and 50 �g / ml streptomycin, human 

slets were dispersed for RNA silencing. The percentage 
f beta cells, assessed by insulin immunofluorescence, was 
0 ± 11% (mean ± SD). 

iPSC-derived islet cell differentiation and immunocyto- 
 hemistr y. Control iPSC lines HEL115.6 ( 95 ) and 1023A 

 96 ) were dif ferentia ted into pancreatic islet cells using a 

re viously pub lished 7-step protocol ( 97 , 98 ). Briefly, iPSCs 
er e cultur ed in Ma trigel (Corning BV, #354277)-coa ted 

lates in E8 medium (Life Technology #A1517001). When 

ells reached 70–80% confluency, they were incubated with 

ccutase (3 min) in order to obtain a single cell solution. 
ells were seeded at density 15.6 million cells / 6-well plate 

n E8 medium supplemented with ROCK inhibitor (STEM 

ELLS Technologies #72304, 10 �M). Sixteen-to-twenty- 
our hours later E8 medium was r efr eshed and, when con- 
uency was reached, cells were dif ferentia ted in Ma trigel- 
oa ted pla tes until the stage of pancreatic progenitors (stage 
). At the end of this stage, cells were seeded into 24-well Ag- 
rewell 400 microwell plates (Stem Cell Technologies) at a 

ensity of 0.9 × 10 

6 cells per well after which dif ferentia tion 

as carried out as described previously until stage 7 ( 97 ). 
v ervie ws of the dif ferentia tion protocol and efficiency are 

hown in Supplementary Figure S4 and Supplementary Ta- 
les S2 and S3. 
Stage 7 dif ferentia ted islet cells were washed twice with 

BS containing 0.5 mM EDTA and incubated in Accumax 

SIGMA #A7089) for 8 min at 37 

◦C after which 50% 

olume of KnockOut Serum Replacement (ThermoFisher 
10828028) was added to stop the reaction. After centrifu- 
a tion a t 400 g for 5 min a t room tempera tur e, cells wer e r e-
uspended in 1 ml HAM’s F-10 medium, supplemented as 
ndicated before (Demine et al. , 2020). 75000 cells in 500 �l 

edium were seeded per square of a Nunc Lab-Tek II ICC 

hamber (ThermoFisher). 
Imm unohistochemistry anal yses were carried out largel y 

s described previously ( 99 ), using the following primary 

ntibodies: INS (Dako (Agilent), IR002, Ready to use so- 
ution), GCG (Sigma-Aldrich, G2654, 1 / 1000) and JUND 

Atlas Antibodies, HPA063029, 1 / 100) and secondary anti- 
odies A-11075, A-21206, A-31571 (ThermoFisher, 1 / 500). 
ictur es wer e tak en using an Axio vert fluorescence micro- 
cope (Zeiss). 

NA silencing in dispersed human islets and hiPSC-derived 

slets. Dispersed human islets and hiPSC-deri v ed islets 
ere transfected with siRNAs for human JUND, (Dhar- 
acon, LQ-003900–00-0002) or human BHLHE41 (Dhar- 
acon, LQ-010043–00-0002). siRNA with no homology 

o any known mammalian gene was used as negati v e con- 
rol (AllStars Negati v e Control siRNA, Qiagen). siRNA- 
ipofectamine RN AiMAX (Invitro gen, Life Technolo gies) 
omplex es wer e f ormed in Opti-MEM and diluted f our 
imes in Ham’s F-10 medium without BSA or penicillin- 
treptomycin. Transfection was done using 30 nM siRNA 

nd Lipofectamine at a final dilution of 1 / 250. Medium was 
 efr eshed after 16 hours and cells were studied after another 
8 hours. 

ssessment of cell apoptosis. The percentage of apoptotic 
ells was determined by nuclei staining with propidium io- 
ide (5 �g / ml in PBS, Sigma-Aldrich) and Hoechst 33342 

10 �g / ml in PBS, Sigma-Aldrich), as described ( 96 , 100– 

04 ). This method (images available in ( 99 )) has previously 

een validated against other methods to assess apopto- 
is, including electr on micr oscopy ( 105 , 106 ), DNA strand 

reaks ( 100 , 101 ), Bax translocation ( 101 ), caspase cleavage 
 101 , 102 ) and cytochrome C release ( 103 ). A minimum of
00 cells were counted for each experiment by two opera- 
ors, one of them unaware of sample identity. The propor- 
ion of apoptotic cells was calculated by quantifying pro- 
idium iodide-positi v e apoptotic nuclei relati v e to total cell 
umber. The Pearson and Spearman correlation coefficient 
etween apoptosis and BHLHE41 or JUND transcript lev- 
ls was calculated using the R-package ggpubr (v0.2.5). 

RNA extraction and real time PCR. Total RNA was ex- 
racted using the RNeasy Plus micro kit (Qiagen), accord- 
ng to the manufacturer’s instructions. Briefly, cells were 
ashed once with PBS and collected in 100 �l of the kit’s 

 ysis buffer. RN A was eluted in 14 �l and retro-transcribed 

s described previously ( 107 ). Primer sequences are listed in 

upplementary Table S4. All assays had an efficiency above 
5%. Relati v e quantities of each transcript were calculated 

s arbitrary units from comparison to the standard curve. 
elati v e e xpression le v el of the target transcript was pre-

ented as the ratio of the target transcript quantity to the 
 efer ence transcript quantity (GAPDH, ACTB). 

mmunohistoc hemistr y. Briefly, 4 �m tissue sections were 
etrie v ed from 4% formalin-fixed, paraffin-embedded tissue 
locks of normal pancreas tissue (68-year-old male, 59 year- 
ld-male and 64-year-old female) from the biobank of the 
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Uni v ersity Hospital in Leuven (Belgium). Two pathologists
(M.V.H. and T.R.) separately evaluated all histological sec-
tions. This study was approved by the ethical committee of
the Uni v ersity Hospital in Leuv en (Belgium) (S32980). 

Imm unohistochemistry anal yses were carried out largel y
as described previously ( 108 ), using primary antibodies
against the following proteins: ASCL2 (Merck, MAB4418,
clone 7E2, 1 / 5000), JUND (Atlas Antibodies, HPA063029,
1 / 50), BHLHE41 (Sigma Aldrich, HPA056035, 1 / 25),
HEYL (Atlas Antibodies, HPA076960, 1 / 200) and INS
(Agilent, IR002, 1 / 100). Pictur es wer e taken using a Leica
DMLB (Leica Microsystems). 

SCope. The integrated scRNA-seq data and pySCENIC
results can be explored interacti v ely in SCope ( 76 ). Loompy
(v2.0.17) (Linnarsson Lab., 2015) was used to create the
loom files which were uploaded to SCope. The embedding
of the regulon and integrated gene expression based UMAP
clustering, as seen in this article, were added to the loom file.

In vitro glucose-stimulated insulin secretion assay. Fifty
aggr egates wer e pr e-incubated with Krebs buffer (Human
Cell Design, #BK-25) supplemented with 0.1% BSA and
2.8 mM glucose for 90 min prior the sequential exposure
to glucose 2.8 mM, 16.7 or 16.7 mM glucose plus 10 �M
forskolin. Each incubation lasted for 30 min and super-
natants were collected for insulin measurement by ELISA
(Mercodia, 10-1113-10). Intracellular insulin was extracted
using acid ethanol (95% ethanol, 5% 12N hydrochloric acid)
and quantified by human insulin ELISA. Data of insulin se-
cretion and content were normalized to total protein con-
tent, measured by protein assay dye (Bio-Rad, #5000006). 

RESULTS 

Integrated analysis of scRNA-seq data identifies 12 human
adult pancreatic cell types 

Integrating multiple human adult pancreas scRNA-seq
datasets can improve the power of scRN A-seq anal yses to
cr eate a compr ehensi v e human adult pancreas cell atlas.
We set out to analyze and integrate fiv e pub licly availab le
datasets covering a total of 35 non-diabetic, one type 1 di-
abetic and 15 type 2 diabetic individuals using Seurat v3.0
canonical correlation analysis (CCA) integration tools (Fig-
ure 1 A, Supplementary Table S5) ( 6–10 , 109 , 110 ). After fil-
tering out low quality transcriptomes and data integration,
unif orm manif old appr oximation and pr ojection for dimen-
sion reduction (UMAP) visualization re v ealed that 7393
cells localized into distinct clusters (Figure 1 B, Supplemen-
tary Figure S1A, B). Cells from each original dataset local-
ized together suggesting that there is good correspondence
between identical cell types from different datasets. 

We next sought to identify pancreatic cell types (Figure
1 C). Clustering analyses based on the expression of well-
established cell type specific markers led to the identification
of eight cell types in the human adult pancreas: beta, alpha,
gamma, delta, acinar, ductal, stellate and endothelial cells
(Figure 1 D, Supplementary Table S6). UMAP visualization
allowed the segregation of endocrine, exocrine and other
lineages (Supplementary Figure S1C). Beta cells grouped
together, away from other clusters and were marked by INS
(Figure 1 E). Other distinct clusters corresponded to alpha,
gamma and delta cells based on global transcriptional sim-
ilarity and GCG, PPY and SST, and other markers, respec-
ti v ely (Figure 1 E, Supplementary Table S6). Using a simi-
lar approach, we detected other, previously described, ma-
jor pancreatic cell types including acinar, ductal, endothelial
and stellate cells (Figure 1 D, Supplementary Figure S1C,
D). All cell types were detected in both non-diabetic and
type 2 diabetic pancreases (Figure 1 F). Four additional rare
cell popula tions, tha t cannot be r obustly identified thr ough
clustering analyses, were identified manually by assessing
GHRL (epsilon cells), TPS1AB (mast cells), CD86 (Ma-
jor histocompatibility complex (MHC) class 2 cells) and
SOX10 (schwann cells) (Figur e 1 G) ( 6 , 111 ). These rar e cell
types often cluster with other common cell types. Impor-
tantl y, our annotation largel y reca pitulated previous anno-
tations ( Supplementary Figure S1D–F). In summary, we
reconstructed an integrated single-cell atlas of the human
adult pancreas, and annotated 12 pancreatic cell types. 

Reconstruction of gene regulatory networks in the human
adult pancreas 

Next, we set out to comprehensively reconstruct GRNs
for all pancreatic cell types from single-cell transcriptomic
data, a ppl ying single-cell regulatory network inference and
clustering (pySCENIC) ( 112 , 91 ). PySCENIC links cis -
regulatory sequence information together with single-cell
transcriptomes in three sequential steps by (i) co-expression
analysis, (ii) target gene motif and ChIP-seq track enrich-
ment analysis and (iii) regulon activity evaluation (Figure
2 A). Each regulon consists of a TF with its predicted target
genes (co-expressed genes with an enriched TF motif), al-
together forming a r egulon. p ySCENIC identified 142 reg-
ulons that characterize the GRNs of the human adult pan-
cr eas (Figur e 2 B , C , Supplementary Table S7). Multiple reg-
ulons identified here as acti v e in the pancreas correspond
to TF binding motifs enriched in accessible chromatin in
the pancreas, assessed by both ATAC-seq of FACS-purified
pancreatic cells ( 113 ) and scATAC-seq of human pancreatic
cells ( 114 ), supporting the validity of the approach (Supple-
mentary Figure S2A, B). 

UMAP visualization based on the activity of 142 regu-
lons in non-diabetic and type 2 diabetic pancreata re v ealed
groups of cells that differ from one another based on their
regulatory activity (Figure 2 B, C). In particular, there are
distinct regula tory sta tes for exocrine and endocrine pan-
crea tic lineages, stella te and endothelial cells (Figure 2 B, C).
Endocrine cell types clustered together, indicating shared
regula tory sta tes, while exocrine cell types formed two dis-
tinct clusters. Stellate and endothelial cells differed most
from other cell types in their regulatory states. These results
are consistent with previous analyses ( 5 , 10 , 82 ) and are also
in line with our findings based on gene expression analy-
sis (Figure 1 D). As expected, regulons acti v e in endocrine
cell types include RFX6, PAX6 and NEUROD1 (Figure
2 D–G). These TFs have reported roles in endocrine cell
fate commitment and maintenance of cell identity through-
out adult life ( 48 , 51 , 52 , 115 ). Using iRegulon for visual-
ization, many of the NEUROD1 target genes identified
here have been previously linked to beta cell survival and
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Figur e 1. Integrated anal ysis of scRN A-seq identifies 12 pancrea tic cell types. ( A ) Schema tic of workflow used in this paper. Cells from fiv e pub lic datasets 
were processed uniformly from raw SRA files and integrated, resulting in one dataset of 7393 cells of 51 individuals. ( B ) Integrated gene expression 
based UMAP of 7393 single cells annotated by dataset of origin. ( C ) Schematic ov ervie w of di v erse cell types in the human adult pancr eas. Cr eated with 
BioRender.com ( D ) Integrated gene expression based UMAP of 7393 single cells annotated by cell type. ( E ) Integrated gene expression based UMAP 

of 7393 single cells colored by non-integrated INS, GCG, PPY and SST expression. ( F ) Integrated gene expression based UMAP of 7393 single cells 
annotated by disease status. ( G ) Bubble plot showing various known marker genes across all annotated cell types. The bubble size is proportional to the 
percentage of cells that express a specific marker gene with the color scale representing the average non-integrated scaled gene expression within the specific 
cell population. 
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Figure 2. Reconstruction of gene regulatory networks in the human adult pancreas. ( A ) Schematic ov ervie w of the pySCENIC wor kflow used in this study. 
(B, C) Regulon activity based UMAP of 7393 single cells colored by pancreatic lineage ( B ) and cell type annotation ( C ). Endocrine cells include alpha, beta, 
epsilon, gamma and delta cells. Exocrine cells include acinar and ductal cells. Other cells r epr esent schwann, MHC class 2, mast, stellate and endothelial 
cells. ( D ) Heatmap based on unsupervised clustering of all 142 regulons (rows) for 4795 non-diabetic cells (columns). Color scaling is based on a z-score 
calculated based on the activity of each regulon. (E–G) Regulon activity based UMAP colored by the regulon activity of RFX6 ( E ), PAX6 ( F ), NEUROD1 
( G ). ( H ) Regulon activity based UMAP colored by the regulon activity of NR5A2, ARX, MAFB, PDX1, RXRG, GATA4, RBPJL and SOX9. 
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unction, such as SNAP25, TSPAN2, ELAVL4, PLCXD3 

nd NRNX1 ( 116–120 ) (Supplementary Figure S2C). In- 
erestingly, other NEUROD1 target genes ar e r eported to 

e involved in cell fa te specifica tion during endocrine pan- 
reas de v elopment such as PAX6, NKX2.2, INSM1 and 

DAC6, suggesting an overlap in NEUROD1 target genes 
n adult life and embryonic de v elopment ( 115 , 121 , 122 ).
lustering all cells based on the activity of all regulons 

dentified regulatory modules (Figure 2 D, black squares). 
n the exocrine pancreas, one regulatory module, contain- 
ng NR5A2, was shared between acinar and ductal cells, 
lthough with a tendency for increased regulon activity in 

uctal cells (Figure 2 D, H). Other exocrine regulons in- 
luded ONECUT1, REST and HNF1B, with reported roles 
n exocrine development ( 123 , 124 ) and the adult exocrine 
ancreas ( 125 , 126 ) (Figure 2 D). In summary, this analy- 
is confirms the expected separation of exocrine and en- 
ocrine cells with distinct gene regulatory programs, and 

dentifies known and novel candidate regulators of pancreas 
ell states. 

Se v eral regulatory modules are shared between different 
ell types within the endocrine and exocrine pancreas. Ad- 
itionally, each cell type is defined by cell type-specific reg- 
latory modules (Figure 1 D). In the endocrine pancreas, 
lpha and beta cells shared endocrine regulons (MAFB, 
EIS2), whereas we observed distinct activities for ARX 

nd IRX2 regulons in alpha cells and RXRG and PDX1 

n beta cells (Figure 2 D, H), expanding previous findings 
 82 ). Using iRegulon for visualization, PDX1 target genes 
nclude SLC6A17, PDIA6 and ABHD3, which have been 

eported to control insulin release ( 127 , 128 ) (Supplemen- 
ary Figure S2D). Interestingly, gamma and delta cells over- 
apped with alpha and beta cells, respecti v ely, suggesting a 

har ed r egula tory sta te (Figur e 2 C-D). This includes shar ed
egulon activity for ARX in gamma and alpha and PDX1 in 

eta and delta cells (Figure 2 D, H), consistent with their re- 
orted expression in published scRNA-seq studies ( 5 , 6 , 10 ). 
ATA4 and RBPJL, known acinar-specific TFs ( 129 , 130 ), 
ere highly acti v e in acinar cells (Figure 2 H). Similarly, 
uctal cells were characterized by highly acti v e SOX9 and 

OU2F3 regulons, in line with previous literature ( 55 , 131 ) 
Figure 2 D,H). In sum, this analysis confirms that alpha, 
eta, acinar and ductal cells are characterized by the activ- 

ty of distinct combinations of acti v e TFs that form gene 
egulatory modules. 

In conclusion, the network approach recovers many of 
he expected regulators of pancreatic cellular identity allow- 
ng for the comprehensi v e characterization of the gene reg- 
la tory sta te of all major human adult pancreatic cell types. 

rediction of regulators of endocrine cell identity and cell 
tates in the human adult pancreas 

 comprehensi v e networ k analysis provides an opportu- 
ity to predict and identify regulators of cell identity and 

ell states. To identify regulons with highly cell type-specific 
ctivities within the human adult non-diabetic pancreas, 
e calculated regulon specificity scores (RSS) ( Supplemen- 

ary Table S1) ( 81 ). The RSS utilizes Jensen – Shannon di-
ergence to measure the similarity between the probability 

istribution of the r egulon’s enrichment scor e and cell type 
nnotation wherein outliers recei v e a higher RSS and are 
her efor e consider ed cell type-specific ( 81 ). It can ther efor e
e used to rank the activity of TFs within specific cell types. 
Among the top regulons identified in alpha cells, we re- 

over well known regulators of alpha and endocrine cell 
ate such as ARX, IRX2, PAX6, MAFB, NEUROD1 and 

FX6 (Figure 3 A,B) ( 48–52 , 132 , 133 ). In addition, we iden-
ified JUND, EGR4, SREBF1 and STAT4 that have not 
et been implicated in alpha cell identity or state. EGR1 

but not EGR4) has been shown to transcriptionally reg- 
late GCG ( 134 ) as well as the PDX1 promoter in beta 

ells ( 135 ). STAT4 and JUND have been described respec- 
i v ely in pancreatic tissue in general and in beta cells but 
ot in alpha cells ( 136–138 ) (Figure 3 B, C). Interestingly, 
hese TFs were also highly expressed in primary alpha cells 
ound in the PANC-DB scRNA-seq dataset ( 139 ) ( Supple- 

entary Figure S3A). These TFs respond to the JNK and 

GFR signaling pathways and may have important phys- 
ological functions. Both JUND and the JUND / JNK sig- 
aling pathway have been implicated in pancreatic cancer 
 140 , 141 ). Immunocytochemistry of the human adult pan- 
reas confirmed the presence of nuclear JUND in islets (Fig- 
re 3Di). We also detected nuclear JUND protein in a sub- 
et of hiPSCs subjected to beta cell dif ferentia tion (Figure 
 E, F). Surprisingly, we also detected JUND protein in duc- 
al cells, despite lower JUND regulon activity in this cell 
ype (Figure 3 C, Dii). Thus, protein expression does not 
ecessarily mean that the TF is acti v e in a gi v en cell type.
e also confirmed the expression of putati v e JUND target 

enes in primary alpha cells using the PANC-DB scRNA- 
eq dataset ( 139 ) (Supplementary Figure S3B). Ne v erthe- 
ess, these results show that JUND is present and acti v e in a
ubset of pancreatic cell types in the human adult pancreas 
nd hiPSC-deri v ed islet cells. Alto gether, this anal ysis pre- 
icts TFs acti v e in human alpha cells, recovering known as 
ell as new candidate TFs. 
Among the top regulons identified in beta cells, we 

etrie v ed well-known as well as new candidate regula- 
ors of beta and endocrine cell identity. Known TFs 
nclude RXR G, PDX1, NEUR OD1, PAX6 and RFX6 

 42 , 51 , 52 , 115 , 142 , 143 ) (Figure 3 G, H). In addition, we
ound that ZNF705D, ASCL2, BHLHE41 and HOXD13 

ere highly ranked regulons (Figure 3 H, I). HOXD13 and 

HLHE41 have been shown to be present in the exocrine 
ancreas ( 144 , 145 ). We confirmed that these TFs were also 

xpressed in primary beta cells of the PANC-DB scRNA- 
eq dataset ( 139 ) (Supplementary Figure S3C). Interest- 
ngly, ASCL2 has been reported to interact with �-catenin 

f the Wnt pa thway; the la tter has an established role in 

ndocrine fate specification during in vitro differentiation 

 146–148 ). Many putati v e target genes of ASCL2 includ- 
ng PDX1, INS, ABCC8, FOXA1, KCNK16, FXYD2 are 
ir ectly r elated to glucose sensing and beta cell identity, in 

ine with the beta cell-specific regulatory activity of ASCL2 

Supplementary Figure S3D) ( 117 , 149 , 150 ). FXYD2 �a, a 

egulatory subunit of the Na 

+ -K 

+ -ATPase, is a transcript 
 xclusi v ely e xpressed in human beta cells ( 151 ). Immuno-
istochemistry of human adult pancreas sections showed 

hat ASCL2 is expressed in INS+ beta and islet cells (Figure 
 J). Surprisingly, ASCL2 was mainly localized to the cyto- 
lasm (Figure 3 J), which is unexpected for TFs which tend 



10 NAR Genomics and Bioinformatics, 2023, Vol. 5, No. 3 

Figure 3. Prediction of regulators of endocrine cell identity in the human adult pancreas. ( A ) Regulon activity based UMAP of 7393 single cells with 
the alpha cell population highlighted. ( B ) Top 10 ranked regulons in non-diabetic alpha cells based on regulon specificity score (RSS). Known cell type 
specific r egulons ar e color ed gr een. ( C ) Regulon activity based UMAP color ed by the r egulon activity of JUND and EGR4 showing the cell type specificity 
of regulons. ( D ) Immunohistochemical evaluation of JUND in healthy human adult pancreata showing nuclear JUND expression in alpha, beta (i) and 
ductal (ii) cells. Representati v e images are shown (n = 3 individuals), Scale bar: 50 �m. ( E ) Immunofluorescence evaluation of JUND, INS, GCG and SST 

at stage 7 of hiPSC-islet differentiation. Box indicates a GCG + cell with nuclear JUND expr ession. Repr esentative images examined for JUND (green), 
INS (red), GCG (purple) and DAPI (blue, nuclei counterstaining) are shown ( n = 3 hiPSC-islet dif ferentia tions). Scale bar: 50 �m. ( F ) The percentage 
of cells with nuclear JUND expression within the INS + , GCG 

+ , polyhormonal and INS −/ GCG 

− cell populations. Results are shown as the normalized 
mean ± s.d. ( n = 3 hiPSC-islet dif ferentia tions). ( G ) Regulon activity based UMAP of 7393 single cells with the beta cell population highlighted. ( H ) Top 
10 ranked regulons in non-diabetic beta cells based on regulon specificity score (RSS). Known cell type specific regulons are colored green. ( I ) Regulon 
activity based UMAP colored by the regulon activity of ASCL2 and BHLHE41 showing the cell type specificity of regulons. ( J ) Immunohistochemical 
evaluation of ASCL2 in healthy human adult pancreata showing cytoplasmic ASCL2 expression in mainly beta cells. Representati v e images examined for 
INS (gr een), ASCL2 (r ed) and DAPI (blue, nuclei counterstaining) are shown ( n = 3 individuals), Scale bar: 50 �m. ( K ) Immunohistochemical evaluation 
of BHLHE41 at stage 7 of hiPSC-beta cell dif ferentia tion showing nuclear BHLHE41 expression in beta cells. Representati v e images examined for INS 
(green), BHLHE41 (red) and DAPI (blue, nuclei counterstaining) are shown (n = 2 hiPSC-islet dif ferentia tions), Scale bar: 50 �m. 



NAR Genomics and Bioinformatics, 2023, Vol. 5, No. 3 11 

t
A
c
i
a
fi
u
t
c
i
w
o

u
d
s
r

B

T
i
t
v
a
(  

k
d  

i
b

f
f
h
S
k
s
fi
e
C
k
s
t

R
s
u
t
t
p
t

l
d
F
d
a
t
v

t

p
a
a
d
S
t
t
c
p
B
n
v

o
d
t
c
c
c
G
b
d
d
i
t
C  

c
S
y
u
p
o
J
o
T
J
s
t
(

B
c

G
d
o
t  

n
s
a
fi
d
W
b
B
a
(
t
o

l

o localize to the nucleus ( 152 ). Cytoplasmic localization of 
SCL2 has been reported in the context of colon and breast 

ancer ( 153 , 154 ). Immunohistochemistry of hiPSC-deri v ed 

slet cells showed that BHLHE41 is expressed both in nuclei 
nd cytoplasm of INS+ beta cells (Figure 3 K). We also con- 
rmed the expression of putati v e BHLHE41 target genes 
sing the PANC-DB scRNA-seq dataset ( 139 ) (Supplemen- 
ary Figure S3E). These results implicate additional TFs in- 
luding ASCL2 and BHLHE41 in the regulation of beta cell 
dentity and cell states. They also illustrate the value of net- 
ork analyses to increase our understanding of the biology 

f the human pancreas. 
In summary, GRN analysis and regulon ranking allowed 

s to pinpoint both known and previously unknown candi- 
a te regula tors of pancrea tic endocrine cell identity and cell 
tates, providing a r esour ce f or further in vestigation of their 
oles in cellular identity, state and function. 

HLHE41 and JUND depletion in hiPSC-derived islet cells 

o examine the effect of perturbation of candidate TFs 
n the human adult pancreas, we selected two TFs for 
argeting with siRNAs in hiPSC-deri v ed islet cells, an in 

itr o pancrea tic islet model ( 35 ). JUND was identified as 
 regulator of oxidati v e stress and lipotoxicity in beta cells 
 137 , 138 ) but its potential role in alpha cells remains un-
nown. BHLHE41 was of interest due to its role in circa- 
ian rhythm regulation ( 155 ) but its putati v e impact on cell

dentity and cell state in the human pancreas has not yet 
een investigated. 
To gain insight into how candidate TF knockdown af- 

ects the transcriptome, cell identity and cell states, we dif- 
erentiated hiPSCs into islet cells using a protocol that we 
av e pre viously described (Supplementary Figure S4A–H, 
upplementary Table S2-S3, ( 97 )), then performed siRNA 

nockdown of JUND or BHLHE41, followed by scRNA- 
eq 72 h post siRNA transfection (Figure 4 A). We con- 
rmed that both JUND and BHLHE41 transcript lev- 
ls were decreased in siRNA-transfected cells (Figure 4 B, 
, Supplementary Figure S5A, B). BHLHE41 and JUND 

nockdown did not result in global gene expression changes 
uggesting that perturbation of these TFs is compatible with 

he maintenance of GRNs (Figure 4 D). 
We next sought to annotate cell types within our sc- 
NAseq dataset using clustering analyses and the expres- 

ion of well-established cell type specific markers (Fig- 
re 4 E-F). This led to the identification of nine popula- 
ions among the hiPSC islet cells: alpha, beta, delta, en- 
er ochr omaffin, endocrine pr ogenitor, exocrine and non- 
ancr eatic cells (Figur e 4 E), in line with previous publica- 
ions ( 11 , 22 , 29–35 , 79 ). 

To cross-r efer ence our data with primary islets and pub- 
ished islet dif ferentia tion experiments, we integra ted the 
ataset with previously described data ( 35 ) (Supplementary 

igure S5C, D). Most of the cell types identified in our 
ataset grouped together with previous datasets ( 35 , 36 ) and 

way from the primary human islet dataset ( 8 ) suggesting 

hat our cell populations are transcriptionally similar to pre- 
iously published datasets. 

Next, we investigated whether BHLHE41 or JUND per- 
urbation altered cell type proportions (Figure 4 G, Sup- 
lementary Table S8). The number of sc-beta and sc- 
lpha cells remained unchanged upon either BHLHE41 

nd JUND perturba tion, suggesting tha t TF knockdown 

id not result in specific loss of these cells (Figure 4 G). 
c-enter ochr omaffin cells are a kno wn off-tar get popula- 
ion generated during the differentiation of hiPSCs towards 
he beta cell fate ( 34 , 35 ). Recently, sc-enter ochr omaffin 

ells were found to more closely resemble a pre-beta cell 
opulation in the fetal pancreas ( 79 ). Interestingly, both 

HLHE41 and JUND deficiency tended to increase the 
umber of sc-enter ochr omaffin cells (25% siBH, 23% siJU 

ersus 19% siControl (siCT)) (Figure 4 G). 
Ne xt, we e xamined which genes were affected by JUND 

r BHLHE41 depletion in hiPSC-deri v ed islet cells by 

etermining differ entially expr essed genes compar ed to 

he control condition (adjusted P -value < 0.05, log 2 fold 

hange = 0.1). In sc-alpha cells, the expression of key beta 

ell genes INS, PCSK1, HADH and NKX2.2 ( 66 ) was in- 
reased upon JUND depletion (Figure 4 H). Additionally, 
O analysis identified ‘insulin secretion’ and ‘alpha cell to 

eta cell conversion’ as top enriched pathways upon JUND 

epletion (Supplementary Figure S5E). Upon BHLHE41 

epletion, sc-beta cells incr eased expr ession of multiple 
on channels and proteins involved in endocrine cell elec- 
rical activity and granule exocytosis such ABCC8 ( 156 ), 
ACNA1A ( 157 ), KCNK16 ( 150 ) and VAMP2 ( 158 ). In

ontrast, the expression of key beta cell markers INS, 
CG3 and TTR ( 159 ) decreased (Figure 4 I). GO anal- 
sis identified ‘Type 2 diabetes’ as an enriched pathway 

pon BHLHE41 depletion (Supplementary Figure S5F). 
ySCENIC can be used to predict putati v e target genes 
f TFs (Supplementary Table S9) ( 112 , 91 ). We assessed if 
UND and BHLHE41 knockdown altered the expression 

f their predicted target genes (Supplementary Table S9). 
he expression of the majority of BHLHE41 (10 / 12) and 

UND (24 / 32) target genes in sc-alpha and sc-beta cells 
eemed to be unaffected upon siRNA treatment suggesting 

hat the effect of TF knockdown was specific to a few genes 
Supplementary Figure S5G, H). 

HLHE41 deficiency induces apoptosis in human adult pan- 
reatic islets 

RNs were computed using primary pancreas scRNA-seq 

ata ( 6–10 ), but the validation experiments were carried 

ut in hiPSC-deri v ed islet cells. Since differences exist be- 
ween hiPSC-deri v ed islets and primary islets ( 35 , 97 ), we
ext assessed whether JUND and BHLHE41 modulate cell 
tates in primary islets, using a knockdown approach. 72h 

fter siRNA transfection into primary islet cells, we con- 
rmed that JUND and BHLHE41 transcript le v els were 
ecr eased (Figur e 5 A–C, Supplementary Figure S6A, B). 
hile JUND depletion did not affect human islet cell via- 

ility (Pearson correlation, R = -0.34, p = 0.23), reduced 

HLHE41 transcript le v els did correlate with increased 

poptosis (Spearman correlation, R = –0.6, P = 0.025) 
Figure 5 D, E, Supplementary Figure S5C). Interestingly, 
hese results suggest that BHLHE41 promotes the survival 
f primary islets. 
JUND depletion had no significant effect on transcript 

e v els of alpha cell marker genes GCG, MAFB and ARX, 
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Figure 4. BHLHE41 and JUND depletion in hiPSC-deri v ed islet cells. ( A ) Scheme of siRNA mediated BHLHE41 and JUND knockdown in hiPSC-islet 
cells. Created with BioRender.com (B, C) JUND ( B ) and BHLHE41 ( C ) transcript le v el 72h after siRNA transfection by RT-qPCR. Results are relati v e 
to the expression of GAPDH (arbitrary units) ( n = 1 hiPSC-islet dif ferentia tion). (D, E) Gene expression based UMAP of 10897 single cells annotated by 
siRNA transfection ( D ) and cell type ( E ). ( F ) Bubble plot showing the expression of various known marker genes across all annotated cell types. The bubble 
size is proportional to the percentage of cells that express a specific marker gene with the color scale representing the average scaled gene expression within 
the specific cell population. ( G ) Percentage of different cell types in each siRNA condition. ( H ) Volcano plot of differentially expressed genes in siCT and 
siJUND treated sc-alpha cells. Genes with an adjusted P -value < 0.05 are shown in red. Black represents genes that were not found to differ significantly 
between siRNA transfected groups. ( I ) Volcano plot of differentially expressed genes in siCT and siBHLHE41 transfected late sc-beta cells. Genes with an 
adjusted P -value < 0.05 are shown in red. Black represents genes that were not found to differ significantly between siRNA treated groups. 
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Figure 5. BHLHE41 deficiency induces apoptosis in human adult pancreatic islets. ( A ) Scheme of siRNA mediated BHLHE41 and JUND knockdown in 
primary pancreatic islets. Created with BioRender.com (B, C) JUND ( B ) and BHLHE41 ( C ) transcript le v els 72 h after siRNA transfection. ( D ) Pearson 
correlation between the percentage of apoptotic cells and JUND transcript le v el. ( E ) Spearman correlation between the percentage of apoptotic cells and 
BHLHE41 transcript le v el. (F–L) GCG ( F ), MAFB ( G ), ARX ( H ), INS ( I ), MAFA ( J ), ISL1 ( K ) and PDX1 ( L ) transcript le v els 72 h after JUND siRNA 

transfection. n = 6 islet preparations (M–S) INS ( M ), GCG ( N ), MAFB ( O ), ARX ( P ), MAFA ( Q ), ISL1 ( R ) and PDX1 ( S ) transcript le v els 72 h after 
BHLHE41 siRNA transfection. n = 3 islet preparations (T) Transcript le v el of BHLHE41 putati v e target genes WLS, GOLGB1, RNF13, SNX2 and 
TRAM1 72 hours post transfection in primary human islets. n = 3 islet preparations. * P < 0.05, ** P < 0.01 (Wilco x on rank sum test with FDR correction 
compared to siCT). Results are shown as the normalized mean ± s.d. Each symbol represents one independent experiment. 
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nor on beta cell marker genes INS and MAFA, while ISL1
and PDX1 transcript le v els incr eased (Figur e 5 F–L). In-
terestingl y, BHLHE41 siRN A treatment tended to increase
INS, GCG and MAFB transcript le v els, albeit not signifi-
cantly (Figure 5 M–O). We did not observe changes in ARX,
MAFA, ISL1 and PDX1 transcript le v els (Figure 5 P–S).
We further assessed whether the expression of predicted
BHLHE41 targets changed upon BHLHE41 knockdown.
There was a trend for increased GOLGB1 expression, a
component of the Golgi complex that is pivotal for proper
insulin secr etion (Figur e 5 T) ( 160 ). Altogether, these data
suggest that BHLHE41 deficiency induced apoptosis, in-
creased INS, GCG and MAFB le v els and altered transcript
le v els of a predicted target gene in primary islets. 

Prediction of regulators of e x ocrine cell identity and cell
states in the human adult pancreas 

The comprehensi v e networ k analysis abov e also provides an
opportunity to predict and identify regulators of exocrine
cell identity and cell states. 

We identified known and new TFs in acinar cells. Among
the top acinar-specific regulons, we recovered well known
regulators of acinar and exocrine cell identity such as
PTF1A, RBPJL, GATA4 and NR5A2 ( 53 , 123 , 130 , 161 )
(Figure 6 A, B). These findings are in line with a recent
stud y tha t used single-nucleus RNA-seq on pancreatic aci-
nar tissue ( 162 ) and the expression of TFs in acinar cells
of the PANC-DB scRNA-seq dataset ( 139 ) (Supplementary
Figure S7A). Furthermore, we identified MECOM, HEYL
and TGIF1 as highly ranked regulons (Figure 6 B / C). In-
ter estingly, MECOM expr ession has been linked to acinar
cell dedif ferentia tion which increases susceptibility to ma-
lignancy ( 163 ). The loss of TGIF1 has been linked to pan-
creatic ductal adenocarcinoma progression making further
exploration of these r egulons inter esting in the context of
cancer biology ( 164 , 165 ). Ectopic expression of Tgif2 (but
not Tgif1 ) reprograms mouse li v er cells towards a pancreas
progenitor state ( 166 ). HEYL is a reported Notch signaling
target gene in NGN3 

+ exocrine cells ( 167 ). We confirmed
nuclear expression of HEYL in human acinar and islet cells
(Figure 6Di / ii, donor information can be found in Sup-
plementary Table S5) by immunohistochemistry, in agree-
ment with elevated HEYL regulon activity in acinar cells
(Figure 6 C). 

Top ranked regulons in ductal cells included well known
regulators of ductal and exocrine cell identity such as
POU2F3, NR5A2 and HNF1B ( 123 , 125 , 131 ) (Figure
6 E, F). In addition, we observed CDX2 and PPARD as
highly specific ductal regulons (Figure 6 F, G). Both PPARD
and CDX2 have been reported to be involved in human
pancreatic ductal carcinoma, warranting further functional
studies ( 168 , 169 ). We confirmed the expression of pre-
dicted TFs within ductal cells of the PANC-DB scRNA-seq
dataset ( 139 ) (Supplementary Figure S7B). 

In summary, GRN analysis and regulon ranking allowed
us to pinpoint both known and predicted candidate regula-
tors of pancreatic exocrine GRNs and cell identity. Specifi-
cally, we identified HEYL as a candida te TF tha t might be
implicated in regulating acinar cell identity, warranting fur-
ther investigation. 
Type 2 diabetes does not affect the global gene regulatory
state of alpha and beta cells 

Finally, we compared single cell regulon pr ofiles fr om type
2 diabetic and non-diabetic individuals to identify potential
shifts in regulatory state and increase insight into the impact
of type 2 diabetes at the GRN le v el. Unsupervised cluster-
ing re v ealed that type 2 diabetes does not appear to cause
global shifts in the gene regulatory landscape in alpha and
beta cells, in agreement with a previous study ( 82 ) (Figure
7 A, B). For UMAP regions where cells appeared to cluster
together based on disease state, we found that the donor was
an underlying factor, emphasizing the importance of study-
ing large patient numbers (Supplementary Figure S8A, B). 

Comparing the average regulon activity of type 2 dia-
betic and non-diabetic alpha cells did identify differentially
activated r egulons (Figur e 7 C, Supplementary Table S10).
Type 2 diabetic alpha cells exhibit a significantly higher
EGR1 regulon activity (Figure 7 D, E). EGR1 was shown
to be essential for basal and gastrin-dependent glucagon
gene transactivation in alpha cells, consistent with observed
chronic hyperglucagonemia in type 2 diabetes ( 170 ) (Figure
7 D). HIF1A, which has a significantly higher average reg-
ulon activity in type 2 diabetic alpha cells, has been linked
to hypoxia-induced beta cell dysfunction in type 2 diabetes
warranting the study of HIF1A in non-beta cells ( 171 ) (Fig-
ure 7 E). 

Comparing the average regulon activity of type 2 diabetic
and non-diabetic beta cells did not identify differentially ac-
tivated regulons, suggesting that the global gene regulatory
state is not greatly affected (Figure 7 F, Supplementary Ta-
ble S11). Higher regulon activity of RXRG in type 2 dia-
betic beta cells could explain the beneficial effect of RXR
agonists on enhancing glucose-stimulated insulin secretion
in type 2 diabetes ( 142 ) (Figure 7 G). There was no decrease
in PAX6, MAFB, NKX6.1 or PDX1 regulon activity, con-
trary to what has been reported in type 2 diabetes mouse
models ( 172 ) and human type 2 diabetic beta cells ( 173 ). 

Alto gether, these findings impl y that the activity of a sub-
set of TFs may be affected in alpha cells in type 2 diabetes,
possibly affecting the activity of a subset of regulons in al-
pha cells without altering the general beta cell gene regula-
tory state. 

An interactive online resource for visualization of the human
adult pancreas cell network atlas 

To enable users to easily navigate the human pancreatic cell
network atlas, we provide a loom file that allows for the vi-
sualiza tion and explora tion of the da ta using the w e b-based
portal SCope ( 76 ) (.loom file and tutorial available at http:
//scope.aertslab.org/#/P ancr easAtlas/ ∗/ welcome and https:
//github.com/pasquelab/scP ancr easAtlas ). Featur es such as
cell type annotation as defined in this paper, gene expression
and regulon activity, can be explored on the regulon and
gene expression based UMAPs. This resource enables users
to select and visualize up to three genes or regulons simulta-
neously and select subsets of cells for downstream analyses.
Target genes of a specific regulon can be downloaded to fa-
cilitate further exploration, for example in iRegulon or gene
ontolo gy anal ysis ( 73 ). A list of predicted target genes of all
142 regulons can also be found in Supplementary Table S9.

http://scope.aertslab.org/#/PancreasAtlas/*/
https://github.com/pasquelab/scPancreasAtlas
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Figure 6. Prediction of regulators of exocrine cell identity in the human adult pancreas. ( A ) Regulon activity based UMAP of 7393 single cells with the 
acinar cell population highlighted. ( B ) Top 10 ranked regulons in non-diabetic acinar cells based on regulon specificity score (RSS). Known cell type specific 
r egulons ar e color ed gr een. ( C ) Regulon activity based UMAP color ed by the r egulon activity of TGIF1 and HEYL showing the cell type specificity of 
regulons. ( D ) Immunohistochemical evaluation of HEYL in healthy human adult pancreata showing nuclear HEYL expression in acinar (i) and islet (ii) 
cells. Representati v e images are shown ( n = 3 individuals), Scale bar: 50 �m. ( E ) Regulon activity based UMAP of 7393 single cells with the ductal cell 
population highlighted. ( F ) Top 10 ranked regulons in non-diabetic ductal cells based on regulon specificity score (RSS). Known cell type specific regulons 
ar e color ed gr een. ( G ) Regulon activity based UMAP color ed by the r egulon activity of CDX2 and PPARD showing the cell type specificity of r egulons. 
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urthermore, a list of target genes can be manually defined 

o compute the activity of a custom regulon. This resource 
an be used to further study cell identity, cell states, GRNs 
nd gene regulation in the context of the pancreas. 

ISCUSSION 

n this r esour ce, we take advantage of integration strate- 
ies and new computational tools to reconstruct an inte- 
rated cell and GRN atlas of the human adult pancreas 
rom single-cell transcriptome data. This approach provides 
 comprehensi v e analysis of the gene regulatory logic un- 
erlying cellular identity and cell states in the human adult 
ancreas in a broad range of individuals, limiting the influ- 
nce of inter-donor variability. We r ecover ed known regula- 
ors of pancreatic cell identity and uncovered predicted can- 
ida te regula tors of cell identity and cell sta tes tha t can be
urther investigated for their roles in cellular identity, state 
nd function. By validating regulon analyses and creating 
n easily accessible interactive online r esour ce which allows 
or the exploration of the gene regulatory state of 7393 cells 
rom 51 individuals, this approach extends beyond previous 
ene regulatory studies in the human adult pancreas ( 82 ). 

The present analysis identified regulators of pancreatic 
e v elopment, function and survival that are known to be 
ritical in humans because loss-of-gene function causes 
ancreatic agenesis or young onset diabetes. For example, 
TF1A and GATA4, whose loss of function are linked to 

ancreatic agenesis and neonatal diabetes ( 58 , 60 , 174 ), were 
mong the top acinar-specific regulons (Figure 6 ). In addi- 
ion, monogenic diabetes related genes PDX1 ( 175 ), NEU- 
OD1 ( 64 ), PAX6 ( 63 ), RFX6 ( 51 , 176 ) and GLIS3 ( 62 )
ere among the top beta cell-specific regulons (Figure 3 and 

upplementary Table S1). 
Se v eral top regulons in endocrine but not exocrine cells 

re TFs involved in endoplasmic reticulum stress signaling 

Supplementary Table S1). CREB3 and CREB3L2 are non- 
anonical endoplasmic reticulum stress transducers that are 



16 NAR Genomics and Bioinformatics, 2023, Vol. 5, No. 3 

Figure 7. Disease state does not majorly impact regulon activity in alpha and beta cells. ( A ) Regulon based UMAP of 3215 alpha cells annotated by disease 
status. ( B ) Median regulon activity in non-diabetic (ND) alpha cells versus type 2 diabetic (T2D) alpha cells. Regulons with an adjusted P -value < 0.05 are 
shown in red. Black represents regulons that were not found to differ significantly between ND and T2D cells. (C, D) Violinplot of EGR1 ( C ) and HIF1A 

( D ) regulon activity. ( E ) Regulon based UMAP of 1538 beta cells annota ted by disease sta tus. ( F ) Median regulon acti vity in ND beta cells v ersus T2D 

beta cells. Regulons with an adjusted p-value < 0.05 are shown in red. Black represents regulons that were not found to differ significantly between ND 

and T2D cells. ( G ) Violinplot of RXRG regulon activity. *** P < 0.0001 non-parametric Wilco x on rank sum test. In C,D and G, boxes correspond to the 
25th and 75th quartiles, horizontal lines to the median, and whiskers extend to 1.5 times the interquartile range. 
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nduced in human islets and clonal beta cells upon expo- 
ure to the sa tura ted fa tty acid palmita te ( 177 ). Interest-
ngly, SREBF1 and -2 undergo similar endoplasmic retic- 
lum exit and proteolytic processing in the Golgi as these 
ndoplasmic reticulum stress transducers, but they do so in 

esponse to changes in endoplasmic reticulum cholesterol 
ontent; both also have high regulon activity in alpha and 

eta cells. XBP1 is abundantly expressed in the exocrine 
nd endocrine pancreas ( 178 ), but the XBP1 regulon has 
ts highest specificity in beta cells. ATF3 and ATF4 are TFs 
ha t are activa ted upon eIF2 � phosphoryla tion, an endo- 
lasmic r eticulum str ess r esponse pathway to which no less 
han 5 monogenic forms of diabetes belong ( 179 ). Our data 

nderscore the importance of these TFs for endocrine pan- 
reatic cell identity. 

Disruptions of circadian clock genes within the pan- 
reas have been linked to impaired glucose tolerance and 

ype 2 diabetes ( 180–182 ). The mammalian circadian clock 

onsists of transcriptional oscillators that coordinate be- 
avior and metabolism within a 24h light-dark cycle. The 
ore loop consists of BMAL1-CLOCK tha t activa te clock- 
ontrolled genes, including PER and CRY genes, which in 

urn form complexes that inhibit CLOCK-BMAL1 medi- 
ted transcription upon entry in the nucleus ( 183 ). Here, we 
nvestigated the role of BHLHE41, a transcriptional r epr es- 
or of CLOCK-BMAL1 that in turn activates clock target 
enes ( 184 , 185 ). We found that BHLHE41 deficiency in- 
uced apoptosis in human islets. This finding is consistent 
ith reports of apoptosis caused by disrupting the circadian 

hythm of diabetic rats ( 186 ). The high le v el of redundancy
etween different clock genes could help explain the limited 

ranscriptional effects of the depletion of a single clock gene 
 187 ). It is speculated that this genetic and functional redun- 
ancy of clock genes ensures tight control and entrainment 
f circadian rhythm ( 188–190 ). 
Gi v en that we predict regulators of cell identity and cell 

tates in the human pancreas, it will be interesting to ex- 
and this analysis to embryonic de v elopment of the pan- 
reas ( 3 , 20–22 , 191 ). Our work may also be beneficial in
uiding the in vitro differentiation of pancreatic cell types 
nd minimize the emergence of off-target cell populations 
uch as sc-enter ochr omaffin cells. For example, the emer- 
ence of SST-positi v e cells together with beta-like cells at 
he end of in vitro differentiation could be explained by 

he overlap in regulatory states between beta and delta 

ells ( 5 ). A better understanding of the regulatory logic un- 
erlying the control of beta cell fate through these GRN 

nalyses may help improve or facilitate future applica- 
ions in regenerati v e medicine ( 29 , 192–195 ). Alternati v ely,
any TFs such as ASCL2, MECOM, PPARD, GATA6 

nd CDX2 are linked to pancreatic cancer making the ex- 
loration of GRNs interesting in the context of cancer bi- 
logy ( 153 , 154 , 164 , 168 , 169 , 196 , 197 ). Recent reports have
tratified type 2 diabetes patients based on age at diag- 
osis, BMI, HbA1c and insulin secretion and sensitivity, 
nd identified subtypes with different genetic predisposi- 
ion, tr eatment r esponse, disease progr ession and compli- 
a tion ra tes ( 198 ). Hence, it would be interesting to assess
ifferences in gene regulatory state and gene expression pro- 
les of alpha and beta cells between different type 2 diabetic 
ubgroups. 
Taken together, our GRN atlas, containing 51 individ- 
als, provides a valuable r esour ce for future studies on hu- 
an pancreas homeostasis, donor variability, de v elopment, 

nd disease including type 2 diabetes and pancreatic cancer. 
inally, our results provide new insights into the activity of 
Fs and gene regulation in the human adult pancreas from 

 gene regulatory perspecti v e. 

imitations of the study 

t is important to note that pySCENIC is a stochastic al- 
orithm that does not produce precisely the same regu- 
ons for repeated runs, limiting reproducibility when com- 
aring different datasets and when SCENIC is used mul- 
iple times on the same dataset ( 112 , 92 ). To mitigate this
ncertainty, we ran the full pySCENIC pipeline fiv e times 
nd only kept consistent regulons with the highest regu- 
on acti vity. Alternati v ely, SCENIC could be automated to 

e run hundreds of times to further mitigate stochasticity 

 112 ). The performance of pySCENIC and other GRN in- 
erence methods suffers due to the large amount of drop- 
ut e v ents in scRN A-seq data warranting caution w hen in- 
erpr eting r esults ( 199 ). This could explain the absence of 
ell-established pancreas TFs such as MAFA ( 200 ), MNX1 

 66 ), NEUROG3 ( 201 ), FOXA2 ( 54 ) and NKX2-2 ( 202 )
n this analysis. Ne v ertheless, in support of the validity of 
ur findings, ATAC-seq, the literature and immunohisto- 
hemistry of human pancreas sections corroborate se v eral 
 ySCENIC pr edictions r eported her e such as BHLHE41, 
UND and HEYL ( 137 , 138 , 167 ). Chen and colleagues un-
erline the importance of using large sample sizes to deri v e 
he most accurate network inference possible ( 199 ), high- 
ighting the importance of dataset integration to increase 
he number of cells analyzed. Howe v er, we cannot exclude 
ha t integra tion of da tasets may mask dif ferences between 

atasets of origins. In the future, it will be interesting to ex- 
end these analyses to include many more cells and patients, 
nd to de v elop methods for better differential regulon anal- 
sis across datasets. Despite current caveats, GRN analysis 
as enabled the capture of biological relevant information 

 203 ). 
In this work, we tested the effect of BHLHE41 and 

UND knockdown in both hiPSC-deri v ed and primary 

slets. The absence of complete BHLHE41 and JUND de- 
letion could explain the limited effect on candidate tar- 
et genes. CRISPR knockout approaches could be used in 

he future to mitigate this limitation ( 204 ). Additionally, we 
annot exclude that the dispersion of cells and 2D culture 
rior to siRNA transfection affects islet cell behavior ( 205 ). 
One additional limitation of this study is the assumption 

hat all TFs bind their binding motifs in the promoters of 
 xpressed genes. Howe v er, TF binding can be restricted to a 

ubset of TF motifs in the genome due to influence of chro- 
atin processes including the presence of nucleosomes as 
ell as DNA methylation. Ther efor e, additional approaches 

uch as single cell multi-omics that capture additional lay- 
rs of genome regulation will be helpful to increase our un- 
erstanding of gene regulation in the context of the human 

ancreas. Recently de v eloped computational tools includ- 
ng SCENIC + and CellOracle could help towards this goal 
 74 , 75 ). 
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DA T A A V AILABILITY 

Further information and requests for r esour ces should
be directed to and will be fulfilled by the Lead Contact,
Vincent Pasque (vincent.pasque@kuleuven.be). This study
did not generate new unique reagents. Regulon data, raw
and integrated gene expression matrices and the .loom
file are available in the Gene Expression Omnibus (GEO)
repository under accession code GSE156490 [ https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?&acc=GSE156490 ] 
and GSE218547 [ https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE218547 ]. A SCope tutorial is available at
https://github.com/pasquelab/scP ancr easAtlas . This study
did not generate any new software; questions about data
analysis should be directed to the Lead Contact, Vincent
Pasque (vincent.pasque@kuleuven.be). 

SUPPLEMENT ARY DA T A 

Supplementary Data are available at NARGAB Online. 
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Harb,G., Poh,Y.-C., Sintov,E., Gürtler,M., Pagliuca,F.W. et al. 
(2019) Charting cellular identity during human in vitro �-cell 
dif ferentia tion. Natur e , 569 , 368–373. 

35. Balboa,D., Barsby,T., Lithovius,V., Saarim ̈aki-Vire,J., 
Omar-Hmeadi,M., Dyachok,O., Montaser,H., Lund,P.-E., 
Yang,M., Ibrahim,H. et al. (2022) Functional, metabolic and 
tr anscriptional matur ation of human pancreatic islets deri v ed from 

stem cells. Nat. Biotechnol. , 40 , 1042–1055. 
36. Krentz,N.A.J., Lee,M.Y .Y ., Xu,E.E., Sproul,S.L.J., Maslova,A., 

Sasaki,S. and Lynn,F.C. (2018) Single-cell transcriptome profiling of 
mouse and hESC-deri v ed pancreatic progenitors. Stem Cell Rep. , 11 , 
1551–1564. 

37. Budnik,B., Straubhaar,J., Ne v eu,J. and Shvartsman,D. (2022) 
In-depth analysis of proteomic and genomic fluctuations during the 
time course of human embryonic stem cells directed dif ferentia tion 
into beta cells. Proteomics , 22 , e2100265. 

38. Augsornworawat,P., Hogrebe,N.J., Ishahak,M., Schmidt,M.D., 
Marquez,E., Maestas,M.M., Veronese-Paniagua,D.A., Gale,S.E., 
Miller,J.R., Velazco-Cruz,L. et al. (2023) Single-nucleus multi-omics 
of human stem cell-deri v ed islets identifies deficiencies in lineage 
specification. Nat. Cell Biol. , 25 , 904–916. 

39. Fiers,M.W .E.J., Fiers,M.W .E., Minnoye,L., Aibar,S., 
Gonz ́alez-Blas,C.B., Atak,Z.K. and Aerts,S. (2018) Mapping gene 
regulatory networks from single-cell omics data. Brief Funct 
Genomics , 17 , 246–254. 

40. Ohno,S. (1979) The number of genes in the mammalian genome and 
the need for master regulatory genes. In: Ohno,S. (ed.) Major 
Sex-Determining Genes . Springer Berlin Heidelberg, Berlin, 
Heidelberg, pp. 17–21. 

41. Dassaye,R., Naidoo,S. and Cerf,M.E. (2016) Transcription factor 
regulation of pancreatic organogenesis, differentiation and 
ma tura tion. Islets , 8 , 13–34. 

42. Zhou,Q., Brown,J., Kanarek,A., Rajagopal,J. and Melton,D.A. 
(2008) In vivo reprogramming of adult pancreatic exocrine cells to 
beta-cells. Nature , 455 , 627–632. 

43. Shih,H.P ., Seymour,P .A., Patel,N.A., Xie,R., Wang,A., Liu,P .P ., 
Yeo,G.W., Magnuson,M.A. and Sander,M. (2015) A gene regulatory 
networ k cooperati v ely controlled by Pdx1 and Sox9 gov erns lineage 
allocation of foregut progenitor cells. Cell Rep. , 13 , 326–336. 

44. Nishimura,W., Takahashi,S. and Yasuda,K. (2015) MafA is critical 
for maintenance of the mature beta cell phenotype in mice. 
Diabetologia , 58 , 566–574. 

45. Gradwohl,G., Dierich,A., LeMeur,M. and Guillemot,F. (2000) 
Neurogenin3 is r equir ed for the de v elopment of the four endocrine 
cell lineages of the pancreas. Proc. Natl. Acad. Sci. U.S.A. , 97 , 
1607–1611. 

46. Sussel,L., Kalamaras,J., Hartigan-O’Connor,D.J., Meneses,J.J., 
Pedersen,R.A., Rubenstein,J.L. and German,M.S. (1998) Mice 
lacking the homeodomain transcription factor Nkx2.2 have diabetes 
due to arrested dif ferentia tion of pancreatic beta cells. Development , 
125 , 2213–2221. 

47. Sosa-Pineda,B., Cho w dhury,K., Torres,M., Oli v er,G. and Gruss,P. 
(1997) The Pax4 gene is essential for dif ferentia tion of 
insulin-producing � cells in the mammalian pancreas. Nature , 386 , 
399–402. 

48. Mastracci,T.L., Anderson,K.R., Papizan,J.B. and Sussel,L. (2013) 
Regulation of Neurod1 contributes to the lineage potential of 
Neurogenin3+ endocrine precursor cells in the pancreas. PLos 
Genet. , 9 , e1003278. 

49. Collombat,P., Mansouri,A., Hecksher-Sorensen,J., Serup,P., 
Krull,J., Gradwohl,G. and Gruss,P. (2003) Opposing actions of Arx 
and Pax4 in endocrine pancreas de v elopment. Genes Dev. , 17 , 
2591–2603. 

50. Artner,I., Le Lay,J., Hang,Y., Elghazi,L., Schisler,J.C., 
Henderson,E., Sosa-Pineda,B. and Stein,R. (2006) MafB: an 

https://doi.org/10.1101/2022.02.17.480942
https://doi.org/10.1101/2021.11.30.470583
https://doi.org/10.1101/2021.01.14.426320


20 NAR Genomics and Bioinformatics, 2023, Vol. 5, No. 3 

 

 

 

 

 

 

activator of the glucagon gene expressed in developing islet alpha- 
and beta-cells. Diabetes , 55 , 297–304. 

51. Smith,S.B., Qu,H.-Q., Taleb,N., Kishimoto,N.Y., Scheel,D.W., 
Lu,Y., Patch,A.-M., Grabs,R., Wang,J., Lynn,F.C. et al. (2010) Rfx6 
directs islet formation and insulin production in mice and humans. 
Nature , 463 , 775–780. 

52. Piccand,J., Strasser,P., Hodson,D.J., Meunier,A., Ye,T., Keime,C., 
Birling,M.-C., Rutter,G.A. and Gradwohl,G. (2014) Rfx6 maintains 
the functional identity of adult pancreatic � cells. Cell Rep. , 9 , 
2219–2232. 

53. Ketola,I., Otonkoski,T., Pulkkinen,M.-A., Niemi,H., Palgi,J., 
Jacobsen,C.M., Wilson,D.B. and Heikinheimo,M. (2004) 
Transcription factor GATA-6 is expressed in the endocrine and 
GATA-4 in the exocrine pancreas. Mol. Cell. Endocrinol. , 226 , 
51–57. 

54. Lee,K., Cho,H., Rickert,R.W., Li,Q.V., Pulecio,J., Leslie,C.S. and 
Huangfu,D. (2019) FOXA2 Is r equir ed for enhancer priming during 
pancrea tic dif ferentia tion. Cell Rep. , 28 , 382–393. 

55. Shroff,S., Rashid,A., Wang,H., Katz,M.H., Abbruzzese,J.L., 
Fleming,J.B. and Wang,H. (2014) SOX9: a useful marker for 
pancreatic ductal lineage of pancreatic neoplasms. Hum. Pathol. , 45 , 
456–463. 

56. Sund,N.J., Vatamaniuk,M.Z., Casey,M., Ang,S.-L., 
Magnuson,M.A., Stoffers,D.A., Matschinsky,F.M. and 
Kaestner,K.H. (2001) Tissue-specific deletion of Foxa2 in pancreatic
� cells results in hyperinsulinemic hypo gl ycemia. Genes Dev. , 15 , 
1706–1715. 

57. Gao,T., McKenna,B., Li,C., Reichert,M., Nguyen,J., Singh,T., 
Yang,C., Pannikar,A., Doliba,N., Zhang,T. et al. (2014) Pdx1 
maintains � cell identity and function by r epr essing an � cell 
program. Cell Metab. , 19 , 259–271. 

58. Sellick,G.S., Barker,K.T., Stolte-Dijkstra,I., Fleischmann,C., 
Coleman,R.J., Garrett,C., Gloyn,A.L., Edghill,E.L., 
Hattersley,A.T., Wellauer,P.K. et al. (2004) Mutations in PTF1A 

cause pancreatic and cerebellar agenesis. Nat. Genet. , 36 , 1301–1305.
59. Allen,H.L., Flanagan,S.E., Shaw-Smith,C., De Franco,E., 

Akerman,I., Caswell,R. and International P ancr eatic Agenesis 
ConsortiumInternational P ancr eatic Agenesis Consortium, 
Ferrer,J., Hattersley,A.T. and Ellard,S. (2011) GATA6 
haploinsufficiency causes pancreatic agenesis in humans. Nat. 
Genet. , 44 , 20–22. 

60. Shaw-Smith,C., De Franco,E., Lango Allen,H., Batlle,M., 
Flanagan,S.E., Borowiec,M., Taplin,C.E., van Alfen-van der 
Velden,J ., Cruz-Rojo,J ., Per ez de Nanclar es,G. et al. (2014) GATA4 
mutations are a cause of neonatal and childhood-onset diabetes. 
Diabetes , 63 , 2888–2894. 

61. De Franco,E., Watson,R.A., Weninger,W.J., Wong,C .C ., 
Flanagan,S.E., Caswell,R., Green,A., Tudor,C., Lelliott,C.J., 
Geyer,S.H. et al. (2019) A specific CNOT1 mutation results in a 
novel syndrome of pancreatic agenesis and holoprosencephaly 
through impaired pancreatic and neurological de v elopment. Am. J. 
Hum. Genet. , 104 , 985–989. 

62. Sen ́ee,V., Chelala,C., Duchatelet,S., Feng,D., Blanc,H., Cossec,J.-C.,
Charon,C., Nicolino,M., Boileau,P., Cavener,D.R. et al. (2006) 
Mutations in GLIS3 are responsible for a rare syndrome with 
neonatal diabetes mellitus and congenital h ypoth yroidism. Nat. 
Genet. , 38 , 682–687. 

63. Solomon,B.D ., Pineda-Alvarez,D .E., Balog,J.Z., Hadley,D ., 
Gropman,A.L., Nandagopal,R., Han,J.C., Hahn,J.S., Blain,D., 
Brooks,B. et al. (2009) Compound heterozygosity for mutations in 
PAX6 in a patient with complex brain anomaly, neonatal diabetes 
mellitus, and microophthalmia. Am. J. Med. Genet. A , 149 , 
2543–2546. 

64. Rubio-Cabezas,O., Minton,J.A.L., Kantor,I., Williams,D., Ellard,S. 
and Hattersley,A.T. (2010) Homozygous mutations in NEUROD1 
ar e r esponsib le for a nov el syndrome of permanent neonatal 
diabetes and neurological abnormalities. Diabetes , 59 , 2326–2331. 

65. Bonnefond,A., Vaillant,E., Philippe,J., Skrobek,B., Lobbens,S., 
Yengo,L., Huyvaert,M., Cav ́e,H., Busiah,K., Scharfmann,R. et al. 
(2013) Transcription factor gene MNX1 is a novel cause of 
permanent neonatal diabetes in a consanguineous family. Diabetes 
Metab. , 39 , 276–280. 

66. Flanagan,S.E., De Franco,E., Lango Allen,H., Zerah,M., 
Abdul-Rasoul,M.M., Edge,J.A., Stewart,H., Alamiri,E., 
Hussain,K., Wallis,S. et al. (2014) Analysis of transcription factors 
key for mouse pancreatic de v elopment estab lishes NKX2-2 and 
MNX1 mutations as causes of neonatal diabetes in man. Cell 
Metab. , 19 , 146–154. 

67. Takahashi,K. and Yamanaka,S. (2006) Induction of pluripotent 
stem cells from mouse embryonic and adult fibroblast cultures by 
defined factors. Cell , 126 , 663–676. 

68. Vierbuchen,T., Ostermeier,A., Pang,Z.P., Kokubu,Y., Südhof,T.C. 
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