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PAX4 loss of function increases diabetes risk
by altering human pancreatic endocrine cell
development

Hwee Hui Lau 1,2,16, Nicole A. J. Krentz 3,4,15,16, Fernando Abaitua4,
Marta Perez-Alcantara 4, Jun-Wei Chan1,2, Jila Ajeian5, Soumita Ghosh6,
Yunkyeong Lee 3, Jing Yang3, Swaraj Thaman3, Benoite Champon4, Han Sun 3,
Alokkumar Jha3, ShawnHoon7,NguanSoonTan 2,8, DaphneSu-LynGardner 9,
Shih Ling Kao 10,11, E. Shyong Tai 10,11,12, Anna L. Gloyn 3,4,6,13,17 &
Adrian Kee Keong Teo 1,11,14,17

The coding variant (p.Arg192His) in the transcription factor PAX4 is associated
with an altered risk for type 2 diabetes (T2D) in East Asian populations. Inmice,
Pax4 is essential for beta cell formation but its role on human beta cell
development and/or function is unknown. Participants carrying the PAX4
p.His192 allele exhibited decreased pancreatic beta cell function compared to
homozygotes for the p.192Arg allele in a cross-sectional study in which we
carried out an intravenous glucose tolerance test and anoral glucose tolerance
test. In a pedigree of a patient with young onset diabetes, several members
carry a newly identified p.Tyr186X allele. In the human beta cell model, EndoC-
βH1, PAX4 knockdown led to impaired insulin secretion, reduced total insulin
content, and altered hormone gene expression. Deletion of PAX4 in human
induced pluripotent stem cell (hiPSC)-derived islet-like cells resulted in dere-
pression of alpha cell gene expression. In vitro differentiation of hiPSCs car-
rying PAX4 p.His192 and p.X186 risk alleles exhibited increased polyhormonal
endocrine cell formation and reduced insulin content that can be reversed
with gene correction. Together, we demonstrate the role of PAX4 in human
endocrine cell development, beta cell function, and its contribution to
T2D-risk.

Diabetes is a chronic condition affectingmore than 537million people
worldwide, giving rise to devastating complications and healthcare
burden on society1. In an effort to identify novel disease-causing
mechanisms and tractable targets for therapeutic development,
numerous genome-wide studies have been performed across different
ancestries to identify genetic variants that influencediabetes risk2–4. An
Asian-enriched PAX4 p.Arg192His (rs2233580) coding variant has been
reproducibly associated with T2D risk [odds ratio of ~1.75]2,5. Addi-
tional studies revealed that 21.4% of 2886 people with early-onset T2D
carried at least one PAX4 p.Arg192His allele6. Participants carrying the

p.His192 allele have a dose-dependent earlier age of T2D-onset6 and
have lower C-peptide levels7, consistent with pancreatic beta cell
dysfunction8. Earlier studies have reported other rare coding allele(s)
in PAX4 as a cause of monogenic diabetes9. However, the high fre-
quency of the variants in the population and a lack of cosegregation
with diabetes has led to discussion over whether they are causal for
diabetes and ifPAX4 shouldbe included indiagnostic testingpanels for
monogenic diabetes10,11.

PAX4 is a paired-homeodomain transcription factor that has been
shown to act as a repressor of insulin and glucagon promoters12,13. In
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mice, Pax4 is broadly expressed throughout the developing
pancreas13,14. Pax4 homozygous knockout mice die three days post-
partum from hyperglycemia, caused by a near complete absence of
insulin-producing beta cells14. Loss of Pax4 in mice also leads to an
increase in the number of alpha cells and an upregulation of the alpha
cell geneArx14,15. Conversely,Arx-/- miceupregulatePax4 andhavemore
beta cells, leading to themodel ofmutual repression of Pax4 andArx to
direct the development of alpha and beta cell lineages, respectively15.
Similar mutual repression of pax4 and arx has been detected in
zebrafish16; however, unlike in mice, Pax4 is not required for beta cell
development16. In humans, it is currently unknown whether PAX4 is
required for endocrine cell formation. As PAX4 variants have been
reported as a potential cause of monogenic diabetes9,17,18 and are
associated with altered T2D risk, investigating their role in human
endocrine cell formation may improve our understanding of the
mechanism(s) underlying the genetic association and clarify the
potential role of PAX4 variants as a cause of monogenic diabetes.

Here we present detailed human in vivo and in vitro studies
on two different PAX4 coding alleles, the East Asian population
enriched p.Arg192His and a novel protein-truncating variant
(PTV) p.Tyr186X identified in a Singapore family with early onset
diabetes. We generated three independent human induced plur-
ipotent stem cell (hiPSC) models: (i) PAX4-knockout and PAX4
variant SB Ad3.1 cell lines using CRISPR-Cas9 genome editing; (ii)
donor-derived cells with p.Arg192Arg, p.Arg192His, p.His192His
and p.Tyr186X genotypes; and (iii) genotype-corrected donor-
derived cells and differentiated all lines into pancreatic islet-like
cells (SC-islets) using two different protocols. Consistently, we
found that PAX4 deficiency and/or loss-of-function to result in
derepression of alpha cell genes, leading to the formation of
polyhormonal endocrine cells in vitro, with reduced total insulin
content. This phenotype was confirmed independently in the
human beta cell line EndoC-βH1 and could be reversed in donor-
derived hiPSC lines through correction of diabetes-associated
PAX4 alleles. We conclude that, whilst PAX4 is not essential for
in vitro stem cell differentiation to SC-islets, both PAX4 hap-
loinsufficiency and loss-of-function coding alleles increase the
risk of developing diabetes by negatively impacting human beta
cell development and insulin secretion. Our observations are
consistent with rare PAX4 alleles resulting in haploinsufficiency
being insufficient to cause fully penetrant monogenic diabetes
but increasing the risk for T2D.

Results
Participants carrying the PAX4 p.Arg192His T2D-risk allele
exhibit decreased beta cell function
We recruited a total of 183 non-diabetic individuals and assessed their
pancreatic beta cell function by a frequently sampled intravenous
glucose tolerance test (Fig. 1a). Participants carrying the T2D-risk allele
(p.His192) had a decreased acute insulin response to glucose (AIRg,
padj = 0.036) after adjusting for age, sex and BMI (Fig. 1b). Participants
carrying the T2D-risk allele p.His192 were more insulin sensitive (Si,
padj = 0.048). There were no differences in disposition index (DI, padj
= 0.396) between the two groups (Fig. 1b). HOMA-B, ameasurement of
beta cell function, was significantly reduced in participants carrying
p.His192 allele(s) after adjusting for age, sex and BMI (padj = 0.027). A
subset of the recruited individuals [n = 57] then underwent an oral
glucose tolerance test (OGTT) which revealed higher fasting and 2-h
glucose levels, aswell as a lower ratio of area under the curve (AUC) for
insulin:glucose (Fig. 1c–e). HOMA-Bwas significantly poorer during the
OGTT in participants carrying the p.His192 risk allele(s) (147.2) com-
pared to controls (124.7) (padj = 0.027). There were no differences in
fasting, 2-hour, or AUC glucagon (Supplementary Fig. 1a–c). However,
there was a significant decrease in the difference between fasting and
2-hour glucagon (delta glucagon), suggesting participants carrying the

p.His192 have less glucagon suppression (Supplementary Fig. 1d).
Therewasnodifference inHOMA-IR (Supplementary Fig. 1e). As lossof
Pax4 impacts enteroendocrine cell formation in mice19, we also mea-
sured GLP-1 in participants carrying the p.His192 and found no sig-
nificant differences in GLP-1 level (Supplementary Fig. 1f–h). Together,
the clinical data are consistent with increased T2D-risk via defects in
pancreatic beta cell mass and/or function.

Identification of a novel PAX4 protein truncating variant
p.Tyr186X in a family with early onset diabetes
A female proband (III-1) of Singapore Chinese ethnicity was diagnosed
with early-onset diabetes at the age of 10 years (random glucose
306mg/dL), verified to be GAD antibody negative, and had detectable
C-peptide (1.2 nmol/L). Upon diagnosis, she was treated with a basal
bolus insulin regimen and metformin for two weeks before being
switched to metformin-alone treatment. Following lifestyle modifica-
tions, she lost weight and nine months post-diagnosis her HbA1c was
7.1% (mean basal glucose level of 156.6mg/dL). The early diabetes
onset, lack of evidence for type 1 diabetes, and persistence of diabetes
despiteweight loss prompted further assessment in the family (Fig. 1f).
II-11 was diagnosed with gestational diabetes (GDM) at the age of 29
years when she was pregnant with the proband. At age 40 years, while
being asymptomatic for diabetes, an OGTT confirmed a diagnosis of
diabetes with a fasting glucose of 100.8mg/dL and a 2-hour glucose of
205.2mg/dL.

Genetic testing for monogenic diabetes with a custom Illumina
Nextera rapid capture next-generation sequencing panel on an Illu-
mina Miseq sequencing platform (HNF4A, GCK, HNF1A, PDX1, HNF1B,
NEUROD1, KLF11, CEL, PAX4, INS, ABCC8, KCNJ11) was performed on
members of the family who were recruited for the clinical study. A
novel (not reported in gnomAD or ClinVar, date accessed Feb 2022),
heterozygous PAX4 mutation (c.555_557dup) predicted to result in a
truncated protein (p.Tyr186X) was identified in the proband (III-1), the
mother (II-11) and a femalemember of the family (II-7) (Fig. 1f). No rare
coding variants were detected in the other genes tested.

Theother female heterozygousp.Tyr186Xvariant carrier (II-7) had
a history of GDM (age 26 years) and at the time of study (age 51 years)
had impaired glucose tolerance (IGT). Family members (II-4, II-5, II-8,
and II-9) with diabetes and another female family member without
diabetes (II-3) did not carry the variant. Unfortunately, the proband’s
grandparents, both diagnosed with diabetes at the age of 40 years,
declined to take part in the study.

Given the high prevalence of diabetes in the family and both
maternal grandparents having diabetes, we evaluated measures of
insulin resistance (HOMA-IR) and beta cell function (DI) in family
members with and without the PAX4 p.Tyr186X variant. Family mem-
ber II-3, who does not have diabetes and does not carry the p.Tyr186X
variant, has the highest beta cell function asmeasured by the DI whilst
those carrying the PAX4 variant (II-11 and II-7) have markedly reduced
function (Fig. 1g). Of note, the family members with diabetes who do
not carry the PAX4 variant all displayed evidence of insulin resistance
(HOMA-IR > 2) and low DI, consistent with T2D (Fig. 1g). Taken toge-
ther, these findings are insufficient to provide support for the
p.Tyr186X variant as the cause ofmonogenic diabetes in this family but
are consistent with the PAX4 variant being associated with decreased
pancreatic beta cell function.

To further explore the role of rare coding variants in the PAX4
gene on T2D risk, we accessed aggregated gene-level exome-sequen-
cing association data from 52K individuals deposited in the Common
Metabolic Disease Portal (https://t2d.hugeamp.org) and in 281,852
individuals from UKBioBank (https://www.ukbiobank.ac.uk/). Burden
and Sequence Kernel Association Test (SKAT) analyses20 computed
using a series of genotypefilters andmasks providednominal evidence
for a gene-level association that is independent of the p.Arg192His
variant (Supplementary Table 1a, b).
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Loss of PAX4 alters hormone gene regulation, reduces insulin
secretion function and total insulin content in a human beta
cell model
To evaluate the consequence of PAX4 loss on beta cell function, we
first performed siRNA- and shRNA-mediated knockdown of PAX4 in
human EndoC-βH1 cells (Fig. 2a). Transient knockdown of PAX4
using siRNAs significantly reduced PAX4 transcript expression
(Fig. 2b) and glucose-stimulated insulin secretion (GSIS) in EndoC-
βH1 cells (Fig. 2c). To model a chronic loss of PAX4 expression, we
generated stable knockdown PAX4 EndoC-βH1 cells via lentiviral
transduction of shRNA followed by antibiotic selection (Fig. 2a).

shPAX4 EndoC-βH1 cells had reduced PAX4 transcript level com-
pared to shScramble control cells (Fig. 2d). Long-term knockdown
of PAX4 completely abolished GSIS compared to shScramble
control cells (Fig. 2e), accompanied by reduced total insulin con-
tent in shPAX4 EndoC-βH1 cells (Fig. 2f). While there was no dif-
ference in INS transcript (Fig. 2g), loss of PAX4 increased GCG
transcript by 2.7-fold in shPAX4 EndoC-βH1 cells (Fig. 2h), con-
sistent with PAX4 being a repressor of GCG expression13,21. In
agreement with ARX having a role in regulating beta cell devel-
opment in humans22, loss of PAX4 led to a decrease in ARX
expression in EndoC-βH1 cells (Fig. 2i).
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Fig. 1 | Reduced pancreatic beta cell function in participants carrying diabetes-
associated PAX4 variants. a, b Mean age and BMI of heterozygous and homo-
zygous carriers of p.His192 PAX4 allele (n = 62) and homozygous p.Arg192Arg
controls (n = 121) who underwent frequently sampled intravenous glucose toler-
ance tests to measure Acute Insulin Response to glucose (AIRg), insulin sensitivity
(Si), disposition index (DI), and HOMA-B. Unadjusted p-value or adjusted p-value
(adjusted for age, sex, and BMI) are indicated in the table for AIRg, Si, DI, and
HOMA-B. *AIRg, Si, Disposition index and HOMA-B values were obtained by back-
transforming Log10 values of themodel-estimatedmeans for controls and carriers.
c,dPlasmaglucose level (mg/dL) at the (c) fasting and (d) 2-hour timepoints during
the oral glucose tolerance test (OGTT) of heterozygous or homozygous
p.Arg192His carriers (n = 29) and p.Arg192Arg controls (n = 28). e Ratio of area
under the curve (AUC) insulin to glucose during the 2-hour oral glucose tolerance

test. f Family pedigree of a Singaporean familywith a novel p.Tyr186X PAX4 variant.
NN,wild-type; NM, heterozygotes; −/−, genotype not accessible. An arrow indicates
the proband (III-1). Age of diagnosis for diabetesmellitus (DM), gestational diabetes
mellitus (GDM), ischemic heart disease (IHD), coronary artery bypass grafting
(CABG), impaired glucose tolerance (IGT), permanent pace-maker implantation
(PPM), chronic renal failure (CRF), and diabetic retinopathy (DR). g Summary of
measures of beta cell function between family members in (f) during a 2-h 75 g
glucose oral glucose tolerance test. Carriers of the p.X186 allele are in bold. HbA1c,
hemoglobin A1c; HOMA-IR, homeostatic model assessment of insulin resistance
(value > 2 indicates insulin resistance); DI, disposition index (Matsuda); ND, not
done. Data are presented as mean± SEM in (b–d). Statistical analyses were per-
formed using two-tailed unpaired t test. *p <0.05, **p <0.01. Source data is pro-
vided in the Source Data File.
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Fig. 2 | PAX4 knockdown and knockout impair glucose-stimulated insulin-
secretion and reduce insulin content in humanEndoC-βH1 cells. a Experimental
design for PAX4 knockdown approaches using siRNA and shRNA in EndoC-βH1
cells. b PAX4 gene expression following transient transfection of siPAX4 and non-
targeting (siNT) control in EndoC-βH1 cells. c Glucose-stimulated insulin secretion
of 2.8mM and 16.7mM glucose in siNT and siPAX4 EndoC-βH1 cells, normalized to
total protein then to 2.8mM glucose. d PAX4 gene expression in PAX4-knockdown
(shPAX4) and control (shScramble) EndoC-βH1 cells following six passages of
antibiotic selection (n = 6). e Glucose-stimulated insulin secretion assay comparing
shPAX4 and shScramble EndoC-βH1 cells, normalized to total DNA and then to

2.8mMglucose (n = 3). fRelative fold change of total insulin content in shPAX4 and
shScramble EndoC-βH1 cells, normalized to total DNA content (n = 3). g INS tran-
script expression in shScramble and shPAX4 EndoC-βH1 cells (n = 8). h GCG tran-
script expression in shScramble and shPAX4 EndoC-βH1 cells (n = 6). i ARX
transcript expression in shScramble and shPAX4 EndoC-βH1 cells (n = 6). Data are
presented asmean ± SEM. Eachdatapoint represents one independent experiment.
Statistical analysis of two samples was performed by paired t test or a two-way
ANOVA for comparison of multiple groups. *p <0.05, ***p <0.001, ****p <0.0001.
Source data is provided in the Source Data File.
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PAX4 knockout in hiPSC-derived islet cells causes derepression
of alpha cell gene expression
While PAX4 transcript and protein can be detected in rat23 and
human islets24, its expression is most abundant during embryonic
development13,14, suggesting that PAX4 variants may mediate
disease risk early on during embryonic development. Homo-
zygous Pax4 knockout mice die within three days of birth and
have a near complete loss of pancreatic beta cells14. Whether PAX4
is similarly required for the formation of human beta cells is
unknown. We generated PAX4 homozygous null hiPSC lines
(PAX4KO/KO) using CRISPR-Cas9 (Fig. 3a) and two single guide RNAs
(sgRNAs) designed for exons 2 and 5 (encoding the paired-
domain and homeodomain) of the PAX4 gene (Supplementary
Fig. 2a). Using Sanger sequencing, we confirmed that two of the
independent cell lines had a homozygous deletion for amino
acids 64 through 200, whilst the other cell line was compound
heterozygous for two premature stop codons at amino acids 61
and 74, respectively (Fig. 3b). Three independent, unedited hiPSC
lines generated during the CRISPR-Cas9 process provided con-
trol PAX4 wildtype (PAX4WT/WT) lines (Fig. 3a). All six hiPSC lines
were differentiated towards SC-islets using a seven-stage
protocol25 (Fig. 3c; Protocol A). Flow cytometry analysis of
CXCR4+ and SOX17+ definitive endoderm (DE) cells determined
that there was no defect in the formation of DE (Supplementary
Fig. 2b, c). As PAX4 is a transcription factor, RNA-seq analysis was
used to determine the transcriptional consequence of PAX4
knockout. RNA-seq samples (n = 8 per genotype) were collected
at DE (before PAX4 expression), pancreatic endoderm (PE),
endocrine progenitor (EP) (at the peak of PAX4 expression) and
SC-islets (Fig. 3d and Supplementary Data 1). The PAX4 transcript
was significantly reduced in PAX4KO/KO PE (padj = 4.25E−05),
EP (padj = 6.15E−05) and SC-islets (padj = 1.27E−06) (Fig. 3d), and
the remaining transcripts were missing exons 2 through 5 (Sup-
plementary Fig. 2d).

Differential expressionanalysis usingDESeq2 showed that the loss
of PAX4 resulted in a derepression of an alpha cell gene signature (ARX,
GCG, TTR) and a repression of the endocrine progenitormarker FEV26,27

in SC-islets (Fig. 3e and Supplementary Fig. 2e–g). To confirm our
results, we differentiated the same PAX4WT/WT and PAX4KO/KO hiPSC lines
into SC-islets using a second protocol (Fig. 3c; Protocol B)28. Using
Protocol B, we found a significant reduction in PAX4 transcript at the
EP stage (Fig. 3f) and a larger number of differentially expressed genes
(Fig. 3g and Supplementary Data 2). Gene ontology (GO) biological
process analysis of the differentially expressed genes in PAX4KO/KO SC-
islets revealed a number of GO terms that included the alpha cell gene
ARX (Fig. 3h).

Using a curated list of genes involved in beta and alpha cell
lineages29, we observed directionally consistent, albeit non-
significant, derepression of alpha cell genes (ARX, GCG, TTR)
(Fig. 3i). The expression of delta cell gene (SST), epsilon cell gene
(GHRL) and PP cell gene (PPY) was also derepressed in SC-islets
derived from PAX4KO/KO lines (Fig. 3i). Some genes that are involved
in beta cell maturation and hormone secretion (MAFA, ISL1, GRHL3,
SLC17A6, PCSK2, EYA2) were downregulated with the loss of PAX4
(Fig. 3i). Importantly, PAX4WT/WT and PAX4KO/KO lines differentiating
into SC-islets repress pluripotency genes and activate genes
involved in endocrine cell fate in a similar manner (Supplementary
Fig. 3), giving rise to similar proportions of DE, EP, and SC-islets
(Supplementary Fig. 4a–c). These observations suggest that, unlike
in mouse, PAX4 is not essential for human beta cell differentiation
in vitro and its loss did not detrimentally impact the differentiation
trajectory of hiPSCs towards pancreatic endocrine cells. Rather,
PAX4 loss-of-function results in a dysregulation of key endocrine
maturation genes in hiPSC-derived SC-islets.

Donor-derived hiPSCs carrying the PAX4 p.Arg192His and
p.Tyr186X alleles have defects in endocrine cell differentiation
in vitro
Having established the effect of PAX4 loss during in vitro beta cell
differentiation, we next generated donor-derived hiPSCs from parti-
cipants carrying PAX4 variant and differentiated them into SC-islets.
Skin biopsies and/or blood samples from recruited donors without
diabetes were used to derive hiPSCs of the following genotypes:
homozygous for the PAX4 p.Arg192 and p.Tyr186 alleles (wildtype),
heterozygous for either the p.Arg192His or p.Tyr186X alleles, and
homozygous for the p.His192 allele (p.His192His) (Fig. 4a). To account
for possible line-to-line heterogeneity in hiPSC-based studies30, three
independent hiPSC lines were generated from two donors forwildtype
cells, four lines from two donors for p.Arg192His, five lines from two
donors for p.His192His, and three lines fromonedonor (II-7; Fig. 1e) for
the p.Tyr186X variant (Fig. 4a). All hiPSC lines were characterized via
pluripotency immunostaining, teratoma assay, karyotyping, and gen-
otypes were confirmed by Sanger sequencing.

We simultaneously differentiated all 15 hiPSC lines into pancreatic
SC-islets using Protocol B and performed qPCR, flow cytometry and
immunostaining analyses. PAX4 transcript expression was unchanged
in carriers of the PAX4 p.His192 allele but elevated in EPs derived from
the p.Tyr186X carrier (Fig. 4b), consistent with transcriptional com-
pensation for the PTV. Heterozygous and homozygous carriers of the
PAX4 p.His192 allele had nomeasurable differences in INS,GCG, or SST
gene expression at the EP or SC-islet stages (Fig. 4b–i). Similar to the
PAX4KO/KO hiPSCs (Fig. 2h), the PAX4 p.Tyr186X hiPSC lines exhibited a
derepression of the GCG gene in both EPs and SC-islets (Fig. 4d, h),
suggesting that the PTV is loss-of-function. Flow cytometry analyses of
EPs and SC-islets foundno significant differences in INS+, PDX1 +GCG+
and SST+ protein expression (Supplementary Fig. 5a–d). On the other
hand, while immunostaining of endocrine hormones found no sig-
nificant differences in GCG+ or INS+ cells (Fig. 4j-l), there was a sig-
nificant increase in the number of polyhormonal (C-PEP+/GCG+) SC-
islets from PAX4 variant hiPSC lines (Fig. 4j, m). SC-islets from the PAX4
p.Arg192His and p.Tyr186X hiPSCs had lowered total insulin content
(Fig. 4n), which is consistent with the in vivo clinical data from parti-
cipants carrying PAX4 variants (Fig. 1). Together, these data suggest
that both PAX4 alleles result in a loss-of-function due to reduced PAX4
gene dosage and/or altered PAX4 transcriptional activity, negatively
affecting pancreatic beta cell differentiation.

PAX4 p.Arg192His and p.Tyr186X alleles reduce the expression
and/or function of PAX4 protein
The PAX4 protein consists of two functional domains, paired and
homeodomain, that are responsible for DNA binding, and two nuclear
localization sequences (NLS) (Fig. 5a)31,32. Both p.Arg192His and
p.Tyr186X variants are located within the functional homeodomain of
the PAX4 protein (Fig. 5a). As the crystal structure of PAX4 protein has
not been elucidated, we obtained the predicted three-dimensional
molecular arrangement of PAX4 protein (AF-O43316-F1-model_v2)
from the AlphaFold database33,34. The p.Arg192 residue is located
within a hydrophobic pocket (Supplementary Fig. 6a), suggesting that
substitution to an uncharged histidine may alter the DNA-binding
function of the PAX4 protein. The PAX4 p.Tyr186X (c.557–559 GTA
duplication) variant causes a frameshift, leading to the introduction of
a premature stop codon at amino acid position 186 (Fig. 5a and Sup-
plementary Fig. 6a). Transcripts containing PTVs, such as PAX4
p.Tyr186X,mayundergo nonsensemediateddecay (NMD), resulting in
haploinsufficiency35. To test whether the PAX4 variants undergo NMD,
we performed allelic-specific qPCR following treatment with the NMD
inhibitor cycloheximide (CHX)36,37. Treatment of hiPSC-derived SC-
islets with CHX overnight stabilized the p.X186 allele (Fig. 5b) but had
no effect on p.His192 (Fig. 5c), confirming NMD of p.X186 and
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supporting PAX4 haploinsufficiency as the mechanism for the
p.Tyr186X variant.

To understand the consequence of PAX4 variants on protein
function, we performed a series of in vitro assays using overexpression
of tagged WT and mutant (p.His192 and p.X186) PAX4 protein (Sup-
plementary Fig. 6b). Western blot analyses demonstrated successful
PAX4 overexpression detected by PAX4 antibody38 and V5 tag
expression (Supplementary Fig. 6c). Overexpression of the PAX4 var-
iants inAD293 cells confirmed that the p.His192 allele does not prevent

nuclear localization and that any p.X186 protein that escaped NMD
remained trapped in the cytoplasmdue to the loss of downstreamNLS
(Supplementary Fig. 6d). We observed fewer PAX4 antibody-positive
cells in p.X186 transfected AD293 cells, despite no difference in overall
transfection efficiency (% GFP+), consistent with decreased stability of
any truncated protein produced by the PTV (Supplementary Fig. 6e).
Treating AD293 cells overexpressing the PAX4 constructs with the
proteasomal inhibitor MG132 revealed an accumulation of the p.X186
protein compared to wildtype or p.His192, demonstrating that the
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overexpressed truncated protein is subject to proteasomal degrada-
tion (Supplementary Fig. 6f, g).

It was previously reported that PAX4 p.His192 results in defective
transcriptional repression of human INS and GCG gene promoters13. In
EndoC-βH1 cells, overexpression of both WT and p.His192 PAX4 pro-
teins resulted in significant repression of INS promoter activity
(Fig. 5d). Although the p.X186 variant most likely results in NMD and
haploinsufficiency, any translated protein was unable to repress INS
promoter activity (Fig. 5d). WT PAX4 protein did not repress the GCG
gene promoter in EndoC-βH1 cells (Fig. 5e) but did so in the rodent
alpha cell model αTC1.9 (Fig. 5f), consistent with cell-type specific
regulationof gene expression by PAX4. Both PAX4p.His192 andp.X186
resulted in a derepression of the GCG promoter in beta cells (Fig. 5e)
and a loss of repression activity in alpha cells (Fig. 5f). Luciferase assays
for INS gene promoter activity were unchanged in EndoC-βH1 cells
following PAX4 (shPAX4) knockdown (Fig. 5g). However, shPAX4
EndoC-βH1 cells had significantly increased GCG promoter activity
(Fig. 5h), consistent with the loss-of-repression of GCG promoter
activity observed in the presence of p.His192 or p.X186. Taken toge-
ther, our studies demonstrate that PAX4 p.Arg192His and p.Tyr186X
variant proteins have altered expression and/or transcriptional
activity.

hiPSC-derived EPs have a distinct metabolic gene signature and
exhibit a bioenergetics switch from glycolysis to oxidative
phosphorylation
To evaluate the overall impact of diabetes-associated PAX4 gene
variants on the global transcriptome of human pancreatic cells,
RNA-seq was performed on PAX4 variant carrier donor-derived
hiPSCs across four differentiation time points using Protocol B:
hiPSCs, PP2 cells, EPs and SC-islets (Supplementary Data 3). Uni-
formManifold Approximation and Projection (UMAP) analyses of a
total of 153 RNA samples demonstrated that sampleswere clustered
based on differentiation day (i.e., largest source of variation is
developmental time point) (Fig. 6a), indicating that the differ-
entiation protocol is robust in directing the hiPSCs toward SC-
islets. Volcano plots comparing the PAX4 p.Arg192His, p.His192His
or p.Tyr186X against wildtype PAX4 donor-derived hiPSCs demon-
strated that most differentially expressed genes were upregulated
at the EP stage (Fig. 6b), coinciding with the peak of PAX4 expres-
sion (Fig. 3d, f). Principal Component Analysis (PCA) revealed that
EPs derived fromPAX4 variants clusteredmore closely to eachother
than to wildtype PAX4 (Fig. 6c), suggesting that the two PAX4 var-
iants shared transcriptional similarity. Gene enrichment analyses of
relevant biological processes of the differentially expressed genes
in the PAX4 p.His192His and p.Tyr186X EPs revealed an association
with metabolic processes and cellular response to stress (Fig. 6d).
Between the PAX4 p.His192His and p.Tyr186X genotypes, there
were 2012 and 452 genes in common within the “metabolic pro-
cesses” and “cellular response to stress”, respectively, most of
which were elevated in expression in the PAX4 variant lines (Sup-
plementary Fig. 7a, b).

To further assess a potential defect in metabolism, we performed
a Seahorse XFe96 Glycolysis Stress Test. The glycolysis stress test
showed that EPs carrying one or two p.His192 risk alleles had lower
measurements of glycolytic function, including non-glycolytic acid-
ification, glycolytic capacity, and glycolytic reserve (Fig. 6e, f). In
addition, EPs carrying the p.Tyr186X risk allele had decreased glyco-
lytic reserve and non-glycolytic acidification (Fig. 6f). Next, we hypo-
thesized that EPs would seek alternative metabolic processes to
compensate for the reduction in energy production, such as oxidative
phosphorylation through mitochondrial respiration. Mitochondrial
function was measured via oxygen consumption in EPs using the
Seahorse XFe96 analyzer. There was an increase in oxidative phos-
phorylation activity in EPs harboring PAX4 variants (Fig. 6g), including
basal respiration, non-mitochondrial O2 consumption, ATP produc-
tion, and H+ (proton) leak (Fig. 6h). Overall, EPs carrying PAX4 diabetes
risk alleles demonstrated a bioenergetic switch from glycolysis to
oxidative phosphorylation.

To investigate if the altered metabolic gene expression and
bioenergetics profile contributed to beta cell maturation from the
EP stage, we treated differentiating cells with the antioxidant
N-acetylcysteine (NAC)39 from EP (when PAX4 expression peaks) to
SC-islet stage and extracted total insulin for assessment. PAX4
p.His192His and p.Tyr186X carrying SC-islets revealed only a mod-
est upregulation in total insulin content (Supplementary Fig. 8a, b),
suggesting that the alleviation of oxidative stress is insufficient to
rescue the total insulin content in SC-islets. We postulate that the
metabolic signature observed in our donor-derived hiPSC model
reflects the physiological status of the EPs rather than being the
immediate cause for the dysregulation of beta cell development
and maturation.

Correction of PAX4 risk alleles in donor-derived hiPSCs with
CRISPR-Cas9 rescues dysregulated endocrine gene expression
and metabolic phenotypes
Next, we used CRISPR-Cas9 to correct the donor-derived hiPSC
lines and to generate engineered PAX4 variant hiPSC lines. We
designed sgRNA#3 to target the donor-derived homozygous
p.His192His line and provided the homology-directed repair (HDR)
template to correct the rs2233580 T2D-risk allele (Fig. 7a). The II-11
donor-derivedhiPSC line that is heterozygous for aGTAduplication
was corrected with sgRNA#4 and an HDR template (Fig. 7b). From
the CRISPR-Cas9 genome editing pipeline, we generated two cor-
rected p.Arg192Arg non-risk and two uncorrected p.His192His
hiPSC lines (Fig. 7c). From the II-11 donor-derived line, four cor-
rected p.Tyr186Tyr and four uncorrected p.Tyr186X hiPSC lines
were derived (Fig. 7c). To control for the different genetic back-
grounds of donors, we genome engineered SB Ad3.1 hiPSCs that are
homozygous for the risk alleles (p.His192His and p.X186X). All the
corrected and uncorrected donor derived hiPSC lines and the
engineered PAX4 variant hiPSC lines were differentiated towards
SC-islets using Protocol B (Fig. 7c, Supplementary Data 4 and 5).
Correction of the p. His192 allele but not the p.Tyr186X allele

Fig. 3 | PAX4 knockout human induced pluripotent stem cell lines have defects
in endocrine cell formation during in vitro differentiation. a CRISPR-Cas9
genome editing was used to generate three independent hiPSC PAX4 homo-
zygous knockout cell lines (PAX4KO/KO) and three unedited wildtype control cell
lines (PAX4WT/WT). b Sanger sequencing for exon 2 and exon 5 of compound het-
erozygous PAX4KO/KO and homozygous deletion PAX4KO/KO hiPSC lines. c Schematic
outline of seven-stage protocol A and six-stage protocol B from human induced
pluripotent stem cells (hiPSC), definitive endoderm (DE), primitive gut tube
(PGT), posterior foregut (PF) or pancreatic progenitor 1 (PP1), pancreatic endo-
derm (PE) or pancreatic progenitor 2 (PP2), endocrine progenitor (EP), endocrine
(Endo), towards islet-like cells (SC-islets). RNA-seq samples were collected at the
end of stages highlighted in blue. d Expression of PAX4 in transcripts per million

(TPM) in PAX4WT/WT and PAX4KO/KO cells at DE, PE, EP and SC-islets derived from
Protocol A. e Volcano plot of differentially expressed genes in PAX4KO/KO versus
PAX4WT/WT SC-islets derived from Protocol A. The top ten differentially expressed
genes are highlighted. f Expression of PAX4 in TPM in PAX4WT/WT and PAX4KO/KO

cells at hiPSCs, EPs and SC-islets derived from Protocol B. g Volcano plot of
differentially expressed genes in PAX4KO/KO versus PAX4WT/WT SC-islets derived
from Protocol B. The top ten differentially expressed genes are highlighted.
h Gene Ontology (GO) analysis of differentially expressed genes in PAX4KO/KO

compared to PAX4WT/WT SC-islets from Protocol B. Bolded are the terms that
include ARX. i Heatmap of relative gene expression for pancreatic endocrine
genes in SC-islets derived from Protocol B.
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rescued glycolytic reserve (Supplementary Fig. 9). Importantly,
correcting the PAX4 p.His192His and p.Tyr186X mutations
decreased the formation of polyhormonal (C-PEP+/GCG+) cells
(Supplementary Fig. 10) and significantly increased the total insulin
content of the SC-islets (Fig. 7d, e), indicating that the PAX4 variants
were a direct cause of reduced insulin content in the donor-derived
SC-islets.

Discussion
Rodent models have demonstrated that Pax4 plays an important role
in beta cell specification during early pancreas development14,40.
However, differences between rodent and human islets in
architecture41 andgene expression42make it challenging to extrapolate
data based on rodent studies directly to humans. For instance, het-
erozygous Pax4 knockout mice do not develop diabetes14 but PAX4
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Fig. 4 | PAX4 p.Arg192His and p.Tyr186X donor-derived hiPSCs have pertur-
bations in differentiation towards SC-islets. a Donor-derived hiPSC lines were
generated from the following genotypes: three lines from two wildtype donors;
four lines from two p.Arg192His donors; five lines from two p.His192His donors;
and three lines from one p.Tyr186X donor. b–e Transcript expression of (b) PAX4,
(c) INS, (d) GCG and (e) SST in hiPSC-derived endocrine progenitor (EP) cells using
differentiation Protocol B. f–iTranscript expressionof (f) PAX4, (g) INS, (h)GCGand
(i) SST in hiPSC-derived islet-like cells (SC-islets) using differentiation Protocol B.
j Representative immunofluorescence images of hiPSC-derived islet-like cells with
C-peptide in red, glucagon in green, and nuclei in blue. Arrows indicate C-PEP + /

GCG+ double-positive cells. Scale bar: 50 µm. k–m Quantification of immuno-
fluorescence images for the percentage of cells expressing (k) GCG (mono-
hormonal), (l) C-PEP (monohormonal) or (m) C-PEP + /GCG+ (polyhormonal).
n Total insulin content normalized to total DNA from SC-islets. Data are presented
as mean± SEM. n = 4 independent differentiation experiments were performed in
(b–i). n = 3 independent differentiation experiments were performed in (k–n).
Statistical analyses were performed using one-way ANOVA. *p <0.05, ***p <0.001,
and ****p <0.0001. Differentiation protocol B was used to derive data in Fig. 4.
Source data is provided in the Source Data File.
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Fig. 5 | Molecular function of PAX4 variants in human EndoC-βH1 cells.
a Illustrationof human full-lengthwildtype (WT) PAX4protein. Functional domains
are depicted in green (paired-domain) and gray (homeodomain). Nuclear locali-
zation sequences (NLS; orange) are located at amino acids 206–210 and 212–216.
Part of the homeodomain sequence that contains the PAX4 variants (c.553–579) and
the amino acid changes of p.Tyr186X and p.Arg192His are highlighted. b Allele-
specific qPCR of PAX4 transcript for p.Tyr186 and p.X186 alleles following cyclo-
heximide (CHX) treatment. c Allele-specific qPCR of PAX4 transcript for p.Arg192

and p.His192 alleles following CHX treatment. d, e Luciferase activity of (d) INS and
(e)GCG gene promoters in EndoC-βH1 cells overexpressingWT-PAX4, p.His192 and
p.X186 (n = 3). f Luciferase activity of the GCG gene promoter in αTC1.9 cells
overexpressingWT-PAX4, p.His192 and p.X186 (n = 5). g, h Luciferase activity of (g)
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Data are presented as mean ± SEM. Statistical analyses were performed by t test or
two-way ANOVA. n > 3. *p <0.05, **p <0.01, ****p <0.0001. Source data is provided
in the Source Data File.
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variants causing altered transcriptional activity are strongly associated
with increased diabetes risk in humans9,17,43,44. These observations
suggest that human beta cells could be more sensitive to changes in
PAX4 gene dosage.

While PAX4 p.Arg192His has been identified as one of the most
reproducible variants uniquely associatedwith East Asian T2D, the role
of PAX4 or its variant p.Arg192His in human beta cell development has
not been addressed. Our study capitalized on access to East Asian

carriers of T2D PAX4 risk alleles to study their effect on humanbeta cell
function in vivo and used donor-derived hiPSCs as a versatile platform
to interrogate the role of PAX4 during human pancreas development
in vitro45–48. Our clinical phenotyping of the participants carrying PAX4
p.Arg192His allele(s) demonstrated decreased pancreatic beta cell
function based on AIRg, HOMA-B, and lowered DI despite the donors
being insulin sensitive based on HOMA-IR measures. Whilst our
investigation of the impact of a novel variant predicted to result in a
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loss of PAX4 function (p.Tyr186X) demonstrated that PAX4 hap-
loinsufficiency is insufficient to cause monogenic diabetes, it was
consistent with a negative impact on beta cell function. This finding is
further supported by large sequencing studies that collectively show
an association of rare alleles in PAX4with an increased risk for diabetes
or elevated HbA1c levels.

While donor hiPSC-derived beta cells can be used to study human
pancreas development in vitro, this experimental model suffers from

the following challenges: (1) hiPSC line-to-line variability, (2) the het-
erogenous nature of differentiated islet-like cells and (3) incomplete
functional maturity of differentiated beta-like cells49. To circumvent
these challenges while leveraging the benefits of this model, we rig-
orously applied two differentiation protocols to multiple donor-
derived and genome-edited hiPSC lines. Our three independent sets of
RNA-seq data using two protocols25,28 in multiple hiPSC models
(PAX4KO/KO knockout, donor-derived and engineered hiPSCs carrying

Fig. 6 | Metabolic seahorse assays revealed alterations in glycolysis function
and oxidative phosphorylation in the presence of the PAX4 p.Arg192His or
p.Tyr186Xvariants. aUniformManifold Approximation and Projection (UMAP) of
153 RNA samples at the hiPSC, PE, EP and SC-islet stages of in vitro differentiation
using Protocol B. b Volcano plots [Log10FDR and log2(FC)] demonstrating pairwise
comparisons of p.Arg192His, p.His192His, and p.Tyr186X against wildtype,
respectively. Red circles represent transcripts with log2FC <−2 or >2 and p <0.05.
c Principal component analysis (PCA) of RNA-seq data for PAX4 donor hiPSC-
derived EP cells. PC1: 35%; PC2: 11%. (d) Geneontology (GO) analysis of differentially
expressed genes in EP comparing p.His192His against p.Arg192Arg (PAX4WT/WT) or
p.Tyr186X against p.Tyr186Tyr (PAX4WT/WT), FC< 0.67 or FC > 1.5. The bars denote
–log10(p-value) with FDR <0.05. e Extracellular acidification rate (ECAR) mea-
surements ofwildtype, p.Arg192His, p.His192His, andp.Tyr186XEP cells following a
sequential addition of glucose, oligomycin, and 2‐deoxyglucose (2-DG). f Non-

glycolytic acidification, glycolysis, glycolytic capacity, and glycolytic reserve mea-
surements during the ECAR of wildtype, p.Arg192His, p.His192His, and p.Tyr186X
EP cells. g Oxygen consumption rate (OCR) measurements of wildtype,
p.Arg192His, p.His192His, and p.Tyr186X EP cells following a sequential addition of
oligomycin, FCCP, rotenone and antimycin-A. h Basal respiration, non-
mitochondrial O2 respiration, ATP production, and H+ (proton) leak of wildtype,
p.Arg192His, p.His192His, and p.Tyr186X EP cells. Box andwhisker plots illustrating
median (center), quartiles (25th and 75th percentile),maximumandminimumof all
data points. n = 3 differentiation experiments were performed for glycolysis stress
test seahorse assays. n = 4 differentiation experiments were performed for mito
stress test seahorse assay. Statistical analyses were performed by one-way ANOVA.
*p <0.05, **p <0.01. Differentiation protocol B was used to derive data in Fig. 6.
Source data is provided in the Source Data File.
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PAX4 variants, and donor-derived gene-corrected hiPSCs)30 demon-
strated that all differentiating cells shared a similar trajectory towards
pancreatic islet-like cells. Knockout of PAX4 did not result in the
ablation of humanbeta cells, but rather, resulted in compromised beta
cells with elevated expression ofmultiple endocrine hormonemarkers
and lowered expression of genes associated with beta cell functional
maturation. These observations were similarly replicated across
donor-derived hiPSCs of three independent genotypes (p.Arg192His,
p.His192His and p.Tyr186X), whereby SC-islets carrying PAX4 alleles
demonstrated increased polyhormonal gene expression and reduced
total insulin content. Our molecular assessments confirmed p.X186 to
undergo NMD, while the p.His192 resulted in altered transcriptional
activity. Contrary to rodent models, our human in vivo and in vitro
findings indicate that differentiating human beta cells are sensitive to
the functional (haploinsufficiency; loss-of-function) PAX4 gene dosage
required to maintain beta cell identity, insulin production and secre-
tion. Our data are consistent with a recent study onHNF1Adeficiency50

and support a model where PAX4 T2D-risk alleles mediate disease risk
by biasing endocrine precursor cells towards an alpha cell fate.

Transcriptomic assessment of EPs identified altered metabolic
signatures in carriers of p.Arg192His or p.Tyr186X allele(s). Indeed,
metabolic stress can compromise beta cell identity and has been
proposed tobeoneof themechanismsunderlyingbeta cell exhaustion
in T2D51,52. Unfortunately, the use of NAC to alleviate oxidative stress
was insufficient to rescue the total insulin content in PAX4 variant-
expressing SC-islets. SC-islets derived from gene-corrected hiPSCs
demonstrated a rescue in total insulin content, affirming the direct
contributionofp.Arg192Hisorp.Tyr186X todecreased insulin content.
While we were unable to determine the direct cause of the altered
metabolic signature observed in EPs or whether the variants were a
direct cause of the metabolic signature, it is tempting to hypothesize
that the inferior beta cells resulting from the PAX4 variants, com-
pounded with cellular metabolic stress, hasten the eventual progres-
sion toward T2D development.

Our hiPSC-derived beta cells were not robustly functional under
high glucose and secreted insulin only when treated with 30mM
potassium chloride (Supplementary Fig. 11). To circumvent the lim-
itations of our hiPSC model in deriving functionally mature beta cells
in vitro, we included the study of PAX4 in the human beta cell line
EndoC-βH1. Knockdown of PAX4 led to a derepression of theGCG gene
promoter and elevated GCG gene expression in beta cells. PAX4
expression requires cooperative activation by several key transcription
factors specific to pancreatic beta cells13 to specify PAX4 exclusively in
beta cells. In rodents, the maintenance of pancreatic beta cell identity
requires a continual repression of non-beta cell gene expression51,52.
The expressionofmultiple hormonalmarkers, includingGCG, is oneof
the hallmarks of immature cells that could have diminished function in
endocrine hormone secretion. The reduced PAX4 levels resulting in the
loss-of-repression of non-beta cell gene expression could possibly
explain the co-expression of GCG in C-PEP-expressing SC-islets carry-
ing the p.His192 or p.X186 allele(s) that is reversed with correction of
the PAX4 gene (Supplementary Fig. 10). We have observed that parti-
cipants carrying p.Arg192His or p.Tyr186X alleles secrete less insulin
during GSIS (Fig. 1), and this was recapitulated in our siPAX4 and
shPAX4 EndoC-βH1 cells (Fig. 2). The insulin content within pancreatic
islet cells has a strong correlation with the amount of insulin secreted
during GSIS53. The reduced total insulin content observed in our hiPSC
and EndoC-βH1 models and subsequent impaired GSIS in EndoC-βH1
cells collectively suggest a role for PAX4 in maintaining beta cell
identity and regulating insulin secretion function.

A limitation of our study is the description of a single familywith a
PAX4 PTV, limiting the confidence with which conclusions can be
drawn fromour observations of an effect of PAX4 haploinsufficiency in
humans. We sought to strengthen our findings through the aggrega-
tion of exome-sequencing data from multiple publicly available

datasets, which both provided nominal evidence for the role of rare
coding variation in elevated diabetes risk and support mounting evi-
dence that PAX4 is not a monogenic diabetes gene11.

The loss of beta cell identity and the acquisition of polyhormonal
cells have been reported in the pancreatic islets of individuals with
diabetes54,55. The transdifferentiation of metabolically stressed beta
cells to express GCG has been proposed by several groups as a
mechanismunderlying beta cell failure in T2D55–57. In the current study,
we demonstrate how coding gene variants in PAX4 can influence
pancreatic beta cell development, identity, and function, thereby
predisposing East Asian carriers to higher risks of developing T2D.

Methods
Our clinical data collection for this study was approved by the Singa-
pore National Healthcare Group Domain Specific Review Board (NHG
DSRB 2013/00937), and written informed consent was obtained from
all participants. Participants were given monetary compensation for
the time during which they participated in this study. The use of
consented de-identified human cells (NHG DSRB 2013/00937) to
generate hiPSCs for this study is covered by A*STAR IRB 2020-096.
This study follows the principles of Declaration of Helsinki. SB Ad3.1
hiPSC, LonzaCC-2511, tissue acquisition number 23447, waspurchased
to be used in this study. We were not responsible for obtaining
approval of its use and consent.

Clinical studies
We recruited by genotype 183 individuals without diabetes (60 het-
erozygous for the p.His192 allele, 2 homozygous for the p.His192 allele,
and 121 controls) from two sources: (1) We recruited individuals by
genotype who did not have diabetes mellitus from the multi-ethnic
cohort maintained by the Saw Swee Hock School of Public Health
(Singapore Population Health Studies; information accessible at
https://blog.nus.edu.sg/sphs/). A subset of participants underwent
whole exome sequencing as part of another study. From this sub-
group, 52 individuals who were heterozygous and 2 individuals who
were homozygous for the p.His192 allele were recruited to participate
in this study. In addition, we recruited 72 individuals (matched for age
to the carriers) who were homozygous for the p.Arg192. (2) A cross-
sectional study of individuals without diabetes recruited to identify
biomarkers of beta cell function conducted at the same time in a
metabolic phenotyping unit using the same study methodology pro-
vided an addition 57 individuals (8 heterozygous for the p.His192 allele
and 49 individuals homozygous for the p.Arg192 allele). All partici-
pants were recruited and studied between 7 February 2013 and 21
August 2015. For both studies, the inclusion criteria were Chinese
ethnicity, age between 21 and 80 years, non-smoker or no use of
nicotine or nicotine-containing products for at least 6 months. Parti-
cipants with a known history of diabetes mellitus, screening HbA1c
greater than 6.5% or fasting plasma glucose greater than 7.0mmol/L
were excluded. Participants with weight loss greater than 5% of body
weight in the preceding six months, major surgery in the last three
months, a history of malignancy, estimated creatinine clearance based
on theMDRD formula less than60mL/min, current corticosteroid use,
or any clinically significant endocrine, gastrointestinal, cardiovascular,
hematological, hepatic, renal, respiratory disease, or pregnancy were
also excluded. Data on demographics and medical history were
obtained through an interviewer-administered questionnaire. Height
andweightweremeasured. All participants underwent confirmation of
genotype by polymerase chain reaction-restriction fragment-length
polymorphism analysis.

Frequently sampled intravenous glucose tolerance test
A 3-hour intravenous glucose tolerance test was performed after an
overnight 10- to 12-hour fast. Participants were required to abstain
from strenuous physical activity, alcohol, and caffeinated beverages
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24 h before the procedure. A bolus of intravenous 50% glucose
(0.3 g/kg body weight) was given within 60 s into the antecubital
vein. Regular insulin (Actrapid; NovoNordisk, Copenhagen, Den-
mark) was administered as a bolus injection at 20min at a dose of
0.03 units/kg bodyweight. Blood was sampled from the contralateral
antecubital vein at −15, −10, −5, 0, 2, 3, 4, 5, 6, 8, 10, 14, 19, 22, 25, 30,
40, 50, 70, 100, 140 and 180min for assessment of plasma glucose
(YSI 2300 STATPLUS; YSI Incorporated, Life Sciences, Yellow
Springs, OH, USA) and insulin (Advia Centaur; Siemens Health-care
Diagnostics, Hamburg, Germany). AIRg (acute insulin response to
glucose) and Si (insulin sensitivity) were estimated using mathema-
tical modeling methods (MINMOD Millennium, ver. 6.02). Disposi-
tion index (DI) was calculated as AIRg x Si. HOMA-B was computed
using the formula: [20 × fasting insulin (μIU/ml)]/[fasting glucose
(mmol/mL)−3.5].

Oral glucose tolerance test (OGTT)
Fifty-seven participants (28 heterozygous and 1 homozygous for the
p.His192 allele, and 28 homozygous for the p.Arg192 allele) agreed to
return for a 3-hour oral glucose tolerance test. The test was performed
after an overnight 10 to 12-h fast. A 75-gram glucose drink in 200mL of
water was administered orally over 5min. Blood samples were col-
lected via an intravenous cannula at −10, 0, 10, 20, 30, 45, 60, 75,
90,120, 150 and 180min for glucose (YSI 2300 STATPLUS; YSI Incor-
porated, Life Sciences, Yellow Springs, OH, USA), insulin (Advia Cen-
taur; Siemens Health-care Diagnostics, Hamburg, Germany), glucagon
(Human Glucagon ELISA; BioVendor R&D, Shizuoka, Japan) and GLP-1
(Glucagon-like peptide-1 total ELISA; IBL International, Hamburg,
Germany). HOMA-B was calculated using the formula: 20 × fasting
insulin (μIU/mL)/fasting glucose (mmol/mL)−3.5. HOMA-IR was com-
puted using the formula: fasting insulin (μIU/ml) × fasting glucose
(mmol/mL)/22.5.

Statistical analysis of clinical data
Analyses were carried out using SPSS software version 28.0 (SPSS
Inc., Chicago, IL, USA). AIRg, Si, DI, HOMA-B, and HOMA-IR were log
transformed to reduce skewness. Independent t-test and Chi-square
tests were used to compare continuous and categorical variables
between carriers and controls, respectively. A multiple linear
regression model was used with adjustment by age, sex and BMI.
Data are shown as the means (SD) or means (95% confidence inter-
vals) and a p-value of <0.05 was considered statistically significant.
Our study had >80% power to detect a 35% difference in AIRg
assuming a one-sided alpha of 0.05 between carriers and non-
carriers of the p.His192 allele. The recall-by-genotype dataset was
enriched for individuals who carried the p.His192 allele. These indi-
viduals were also older. Given that older individuals could have more
impaired beta cell function, this could lead to bias. To address this
source of bias, all analyses were adjusted for age.

Cell culture
Allmammalian cellswere routinely tested tobemycoplasma free using
a MycoAlertTM PLUS mycoplasma detection kit (Lonza Bioscience,
LT07-710). All mammalian cells were cultured in a 5% CO2 humidified
incubator at 37 °C. Unless otherwise stated, cells were passaged using
0.25% trypsin. Alpha TC clone 9 mouse pancreatic adenoma cells
(αTC1.9) (ATCC, CRL-2350™, RRID:CVCL_0150) were cultured in low
glucose DMEM (1.0 g/L) supplemented with an additional 1.0 g/L glu-
cose (final glucose concentration to be 2.0 g/L), 10% FBS, 15mMHEPES
(ThermoFisher Scientific, 15630080), 1% NEAA (Gibco, 11140-50),
0.02% Bovine serum albumin (BSA) (Sigma-Aldrich, A9418) and 1.5 g/L
sodium bicarbonate (ThermoFisher Scientific, 25080094). AD293
(Agilent, 240085, RRID:CVCL_KA63) and 293FT (Invitrogen, R70007,
RRID:CVCL_6911) human embryonic kidney cell lines were cultured in
high glucose DMEM supplemented with 10% FBS and 1% NEAA. EndoC-

βH1 cells58 (Univercell Biosolutions EndoC-βH1, RRID:CVCL_L909)
were cultured according to the manufacturer’s recommendations.
Briefly, tissue culture plates were precoated with high glucose DMEM
supplemented with 2 µg/mL fibronectin (Sigma-Aldrich, F1141) and 1%
ECM (Sigma-Aldrich, E1270) at least 30min prior to cell plating. Low
glucose DMEM (Gibco, 11885084) supplemented with 2% BSA, 10mM
nicotinamide (Sigma-Aldrich, N0636 or N3376), 2mM GlutaMAXTM

(Gibco, 35050061), 50 µMbetamercaptoethanol, 5.5μg/mL transferrin
(Sigma-Aldrich, T8158) and 6.6 ng/mL sodium selenite (Sigma-Aldrich,
214485). Cells were passaged weekly with 0.05% or 0.25% Trypsin and
neutralized with 20% FBS in DPBS and plated at a density of 70,000
cells/cm2. The SB Ad3.1 hiPSC line derived fromhuman skin fibroblasts
from a Caucasian donor with no reported diabetes (Lonza CC-2511,
tissue acquisition number 23447) was obtained from the Human Bio-
materials Resource Centre, University of Birmingham. The SB line and
donor-derived hiPSC lines generated herein were cultured in TeSRTM-
E8TM or mTeSR-1TM medium (StemCell Technologies, 05990 or 85850)
with daily media changes. hiPSCs were passaged twice weekly using
ReLeSRTM (StemCell Technologies, 05872) or Accutase (Gibco,
A1110501) according to themanufacturer’s instructions. Culture plates
were precoated with 0.1% gelatin in cell culture grade water for at least
10min and then with MEF media for at least 48h prior to plating or
with Corning Matrigel hESC-Qualified Matrix (VWR International,
BD354277) for at least an hour prior to plating.

Generating donor-derived hiPSC lines
Skin punch biopsies were obtained from the upper forearm of
recruited participants and cultured in low glucose DMEM supple-
mented with 10% heat inactivated FBS and 1% MEM non-essential
amino acids (Gibco, 11140-50) to obtain fibroblasts. A Human Dermal
Fibroblast Nucleofector™ Kit (Lonza Bioscience, VDP-1001) was used
for episomal reprogramming of fibroblasts. Cells were trypsinized and
washed with DPBS and 500,000 cells were resuspended in
NucleofectorTM Solution according to the manufacturer’s instructions.
The following Yamanaka factors from Addgene were added at 1 µg to
the cell suspension: pCXLE-hOCT3/4-shp53-F (plasmid #27077),
pCXLE-hSK (plasmid #27078), and pCXLE-hUL (plasmid #27080). The
nucleofection program P22 was used to transfect cells. At the end of
the nucleofection, cells were plated onto mitotically inactivated CF1-
MEF (plated one day in advance) (Lonza Bioscience, GSC-6201G) and
cultured in DMEM/F12 (Gibco, 10565018) media supplemented with
20% KnockOutTM serum replacement (Gibco, 10828010), 1% NEAA, and
10 ng/mL FGF-2 (Miltenyi Biotec, 130-093-842). Media were replaced
daily until hiPSC colonies emerged.

Peripheral bloodmononuclear cells (PBMCs) were extracted from
donor blood using a BD Vacutainer® CPT™ Mononuclear Cell Pre-
paration Tube (BD Biosciences, 362753). The white buffy coat layer
containing PBMCs was collected, washed twice with DPBS, and cen-
trifuged at 300xg for 10min to pellet the cells. One to twomillion cells
were seeded and cultured in expansion media: IMDM media (Gibco,
12440053) supplemented with 10% FBS, 50 µg/mL of L-ascorbic acid
(Sigma-Aldrich, A8960), 50ng/mL of Stem Cell Factor (RnD Systems,
255-SC-010), 10 ng/mL IL-3 (StemCell Technologies, 78040), 2 U/mL
Erythropoietin, 40 ng/mL IGF-1 (BioVision, 4119), 1 µMdexamethasone
(Sigma-Aldrich, D8893) and 0.2% Primocin (Invivogen, ant-pm-1).
PBMCs were reprogrammed following themanufacturer’s instructions
using CytoTune™-iPS 2.0 Sendai Reprogramming Kit (Invitrogen™,
A16517) to obtain hiPSCs. For reprogramming, 200,000 PBMCs were
plated in 12-well plates, and Sendai viruses [hKOS (MOI5), hc-Myc
(MOI5), and hKlf4 (MOI3)] were added to culturemedia supplemented
with 8μg/mL of Polybrene (Sigma-Aldrich, TR-1003). Media was
replaced the next day. Cells were collected and plated ontomitotically
inactivated CF1-MEFs (pre-seeded one day in advance) and cultured in
DMEM/F12media supplementedwith 20%KOSR (Gibco, 10828010), 1%
NEAA (Gibco, 11140-50) and 10 ng/ml FGF-2 (Miltenyi Biotec, 130-093-
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842), supplemented with 50 µg/mL of L-ascorbic acid, 50 ng/mL of
Stem Cell Factor, 10 ng/mL IL-3, 2 U/mL Erythropoietin, 40 ng/mL IGF-
1, and 1 µM dexamethasone for the first two days. The reprogrammed
PBMCswere thenmaintained in basalmediawithout growth factor and
small molecule supplementation until hiPSC colony formation. hiPSC
colonies were handpicked and cultured with a TeSRTM-E8TM Kit. Each
colony was designated to be one hiPSC line and expanded for cryo-
preservation, with two to three independent lines per donor.

Immunofluorescence staining was performed on all hiPSC lines
used in this study to confirm the expression of pluripotency markers
OCT3/4, SOX2, NANOG, SSEA-4 and TRA1-60. One representative
donor-derived hiPSC line from each donor was submitted for kar-
yotyping (Cytogenetic laboratories, Singapore General Hospital) and
for teratoma assay (A*STAR Biological Resource Centre (BRC) Animal
Facility). Teratomas were then sent to Advanced Molecular Pathology
Laboratory (AMPL, A*STAR) for paraffin block processing, sectioning
and H&E staining. Derivation of all three germ layers (definitive
endoderm, mesoderm and ectoderm) was confirmed using light
microscopy. A summaryof all the hiPSCs generated in this study canbe
found in Supplementary Table 2.

CRISPR-Cas9 genome editing of hiPSCs
To generate PAX4KO/KO SB Ad3.1 hiPSC lines, a strategy was designed to
mirror the well-studied Pax4-/- mice where almost all of the functional
domains were replaced with a beta galactosidase-neomycin resistance
cassette14. To delete the majority of the paired and homeodomains,
sgRNAs were designed targeting exon 2 (sgRNA#1: CTAGGGCGT-
TACTACCGCAC) and exon 5 (sgRNA#2: TATCCTGATTCAGTGGCCCG)
of PAX4 gene (ENST00000341640.6). Successfully edited clones were
detected using genotyping PCR and primers flanking the exon 2
through 5 deletion. To generate the p.Arg192His and p.Tyr186X var-
iants in the SBAd3.1 hiPSC line, sgRNA#2was electroporatedwithHDR
template with either rs2233580 (G >A) mutation or GTA duplication,
respectively. To correct the donor-derived p.His192His and p.Tyr186X
hiPSCs, sgRNA#3 (GGCAGTAGCCAGCTTTCCAT) or sgRNA#4
(TCTCCGCAGAGTTCCAGCGT) were electroporated with an HDR
repair template, respectively. sgRNAs were synthesized following the
manufacturer’s instructions using the EnGen sgRNA Synthesis Kit, S.
Pyogenes (NEB, E3322), followed by DNase treatment and RNA pur-
ification using the RNA Clean & Concentrator Kit (Zymo Research,
R1017). Ribonucleoprotein (RNP) complexes were formed by com-
bining 20μM(681 ng) sgRNA, 20μMCas9 (NEB,M0646T) andBuffer R
(ThermoFisher, MPK109R) in a total volume of 6μL and incubating at
room temperature for 15min. The RNP complex was then combined
with 250,000 hiPSCs in 15μL of Buffer R and incubated on ice for
5min. Ten microliters of the RNP+cell mixture was electroporated in
two separate electroporations using the Neon™ Transfection System
10μL Kit (ThermoFisher, MPK1025). Electroporated cells were seeded
into Matrigel-coated plates with mTeSR media and 10 μM Y-27632
(StemCell Technologies, 72302). Forty-eight hours after electropora-
tion, hiPSCs were plated at low-density (5000 cells/60mm dish) on
Matrigel-coated plates with mTeSR and 10μM Y-27632. The resulting
colonies were handpicked and expanded for further genotyping and
quality control measures, including karyotyping and pluripotency
staining. Primers were designed to amplify and Sanger sequence the
top predicted off-target sites for each of the four gRNAs. Nomutations
were detected in any of the sequenced potential off-targets sites. A
summary of all the hiPSCs generated in this study can be found
in Supplementary Information.

hiPSC differentiation into SC-islets
For differentiation experiments using Protocol A, hiPSCswerecultured
in mTeSR™1 with daily media changes and passaged using Accutase.
Cells were plated at 106 cells/well in Growth Factor Reduced Matrigel
(Corning, 356230)-coated CellBind 12-well tissue culture plates

(Corning, 356230 and 3336) in mTeSR1 (StemCell Technologies,
85850) supplementedwith 10μMofY-27632dihydrochloride (AbCam,
ab120129). The following morning, the medium was changed to
mTeSR™1, and differentiation was started 24 h after plating. Directed
differentiation protocol was adapted from Rezania et al. and basal
differentiation media (using MCDB-131) was formulated accordingly25.
Media was changed daily to basal media supplemented with growth
factors and small molecules (Supplementary Table 3) with the fol-
lowingmodifications: Activin A and CHIR 99021 were used for Stage 1;
all stages were performed in planar culture; and stages 6 and 7 were
both 6 days in length.

For differentiation experiments using Protocol B, hiPSCs were
plated and maintained in 10 cm plates until 80–90% confluency. Fol-
lowing, hiPSCswerewashedwithDPBS anddissociated into single cells
using TrypLE™ Express (Gibco, 12605-010). Cells were seeded at a
density of 1 million cells per mL of mTeSR™1 kit supplemented with
10μM of Y-27632 (StemCell Technologies, 72303) on non-treated 6
well plate. Cells were then incubated in tissue culture incubator on an
orbital shaker with a shaking speed set at 80 rpm over a duration of
24–48 h before the start of differentiation by changing to differentia-
tionmedia supplemented with growth factors and/or small molecules.
Directed differentiation protocol was adapted from Pagliuca et al. and
basal differentiation media (S1, S2, S3, S5 and S6) were formulated
accordingly28. Fresh differentiation media supplemented with growth
factors and small molecules were added at stipulated timepoints for
directed differentiation over a duration of 35 days. The details of the
culture medium and key reagents used for Protocol B can be found in
Supplementary Table 3.

Cloning
PAX4 plasmid (pLenti6.2/V5-DEST-PAX4, HsCD00329734) was pur-
chased from DNASU plasmid repository. Full-length PAX4 sequence
was confirmed via Sanger sequencing before subcloning into an
engineered lentiviral vector pCDH-MCS-EF1-GFP to include a 5’ Flag tag
and a 3’ V5 tag within the multiple cloning site (MCS). The full-length
PAX4 sequence was subcloned into the pCDH-MCS-EF1-GFP vector for
protein expression. Refer to Supplementary Table 4 for the list of
primers used for cloning in this study. Cloning primers hPax4FLXbaI1F
(forward) and hPax4FLV5Xho1R (reverse) were used to amplify full-
length PAX4 sequence. PCR was performed using Phusion™ High-
Fidelity DNA Polymerase (ThermoScientific, F530) for sequence
amplification. Thermal cycling conditions were set according to the
manufacturer’s instructions. Restriction enzyme digestion was per-
formed on the pCDH-MCS-EF1-GFP and amplified PAX4 sequence
independently usingXbaI (NewEnglandBiolabs,R0145) andXhoI (New
England Biolabs, R0146) according to the manufacturer’s instructions.
Digested products were resolved using gel electrophoresis and gel
extraction was performed using PurelinkTM Quick Gel Extraction Kit
(Invitrogen, K210012). LigationwasperformedusingQuickLigationKit
(New England Biolabs, M2200S) according to the manufacturer’s
instructions. The ligated plasmids were transformed into home-made
competent cells propagated from Stbl3™ competent cells (Invitrogen,
C7373-03) and sequentially amplified in LB broth for plasmid extrac-
tion using PureLink™ HiPure Plasmid Filter Maxiprep Kit (Invitrogen,
K210017). To introduce p.Arg192His and p.Tyr186Xmutations into the
pCDH-PAX4 plasmid, site-directed mutagenesis (SDM) primers were
designed (Supplementary Table 4) and SDMwas performed according
to the procedures described.

For gene promoter cloning, human genomic DNA extracted from
AD293 cells was used as template. The basic luciferase vector, pGL4.10
(Promega) was used as cloning vector for gene promoters. Briefly,
primers targeting the promoter region (-1 nucleotide from ATG
translational start site) were designed (Supplementary Table 4). Tar-
geted promoter regions were amplified, digested with restriction
enzyme, ligated and transformed into competent cells similarly as
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described in the previous section. With the exception of the insulin
gene promoter, all other gene promoters used in this study were
amplified from human gDNA and subcloned into pGL4.10 at the mul-
tiple cloning site. The pGL4.10 INS promoter plasmid was synthesized
by IDT (gBlocks™ Gene Fragments). Length of the various gene pro-
moters used is as follows: PAX4—1384 bp, INS—1499 bp,GCG—1068 bp,
SST—718 bp.

The design of shRNA sequence to knockdown PAX4 gene was
referenced to Genetic Perturbation Platform (Broad Institute), Clone
ID TRCN0000015989. The shRNA targets the coding sequence
CGGATCCTTAAGGTATCTAAT within PAX4 gene (Supplementary
Table 4). The shRNA was ligated into pLKO.1 vector using Quick Liga-
tion Kit (New England Biolabs, M2200S) according to the manu-
facturer’s instructions. Successfully ligated shPAX4 plasmid was
amplified for subsequent experiments.

Lentiviral-mediated shPAX4 stable line generation
Third generation lentivirus system was used for this study. Lentivirus
plasmids used for virus production: pRC/CMV-Rev (Rev), pHDM-
HIVgpm (Gag/Pol) and pHDM-G (Vsv-g). Non-targeting shScramble
and shRNA targeting human PAX4 (shPAX4) gene were subcloned into
pLKO.1 vector for lentiviral packaging in 293FT cells. For the genera-
tion of stable lines, EndoC-βH1 cells wereplated onto 10 cmplates. The
cells were then transduced with pLKO.1 shScramble or shPAX4 lenti-
viruses in the presence of 8 µg/mL polybrene. After 72 h, the trans-
duced cells were cultured in EndoC-βH1 media supplemented with
500μg/mL of G418 antibiotic (Invivogen, ant-gn-1). In parallel, one
plate of untreated EndoC-βH1 cells (plated at the same density) was
cultured in the same antibiotic-supplemented media as a control.
Media were replenished routinely during this selection process. The
surviving EndoC-βH1 cells were expanded to obtain stable lines.

EndoC-βH1 gene silencing using siRNAs
Knockdown studies in EndoC-βH1 cells were performed using Lipo-
fectamine RNAiMAX® transfection protocol and 15 nM SMART pool
ON-TARGETplus siRNAs (Horizon Discovery Biosciences, siNT: D-
001810-10-05, siPAX4: L-012240-00-0005) diluted in Opti-MEM
reduced serum-free medium (ThermoFisher Scientific, 31985062)
and 0.4% RNAiMAX® (ThermoFisher Scientific, 13778150). Silencing
efficiency was determined by qPCR from samples collected during
GSIS, five days post-transfection.

Glucose-stimulated insulin secretion (GSIS) assay
siNT and siPAX4 EndoC-βH1 cells were seeded in 48-well plates at a
density of 180,000 cells six days prior to GSIS. Cells were gently
washed three times with pre-warmed secretion assay buffer (114mM
sodiumchloride, 4.7mMpotassium chloride, 1.2mMcalcium chloride,
1.2mM potassium phosphate, 1.16mM magnesium sulfate, 25mM
sodiumbicarbonate, 0.2% fatty acid-free BSA (Proliant, 68700), 20mM
HEPES, adjusted to pH 7.3). Cells were then incubated in secretion
assay buffer for 1 h before being stimulated with 2.8mM or 16.7mM
glucose for40min. The supernatantwas collected at the endof 40min
for insulin secretion measurements and insulin content was collected
using RIPA buffer. AlphaLISA human insulin research kit (Perkin Elmer,
AL204C) was used to measure insulin secretion and content. Total
protein measurements were determined using a Pierce BCA Protein
Assay Kit (Life Technologies, PI23227). The stimulation index was cal-
culated by normalizing to total protein (quantified using BCA) and
relative to 2.8mM glucose.

shPAX4 and shScramble EndoC-βH1 cells were seeded in 12-well
plate prior to GSIS assay. Before the GSIS assay, cells were gently
washed three times with warm Krebs Ringer bicarbonate (KRB) buffer
(125mM sodium chloride, 4.74mM potassium chloride, 1mM calcium
chloride, 1.2mM potassium phosphate, 1.2mM magnesium sulfate,
5mM sodium bicarbonate, 0.1% fatty acid-free BSA, 25mM HEPES,

adjusted to pH 7.5 ( ± 0.2) with 1M sodium hydroxide). After that, cells
were subjected to normalization at 2.8mMglucose for 1 h before being
stimulated at 2.8mM and 16.7mM glucose for 30min each sequen-
tially. At the end of each stimulation step, KRB buffer was collected for
human insulin ELISA (Mercodia, 10-1113-10). The stimulation index was
computed by insulin secreted at 16.7mMdivided by insulin secreted at
2.8mMglucose. Total insulinwas extracted fromeach sample after the
whole process of GSIS was completed.

Dynamic glucose-stimulated insulin secretion
hiPSC-derived SC-islets were collected at the end of differentiation
using Protocol B and the insulin secretion capacity was assessed using
an automated perifusion system (Biorep). With a flow rate set at
100μL/min, SC-islets were subjected to 60min of perfusion with
2.8mM glucose in KRB buffer before sequential stimulation with
2.8mM (6min), 16.7mM (40min), 2.8mM (16min) and 30mM KCL
(6min). Secreted insulinwas collected asflowthrough for quantitation.

Total insulin content extraction
At the end of the 35-day directed differentiation using Protocol B, SC-
islets from each hiPSC line were handpicked, and 400μL of acid/
ethanol solution was added. Cells were vigorously vortexed and sub-
jected to repeated pipetting to break up cell clumps. SC-islets were
then incubated at 4 °C overnight before total insulin extraction. For
EndoC-βH1 cells, 500,000 cells were seeded onto eachwell of a 12-well
plate. At the endof the experiment, cellswerewashed thricewithDPBS
before adding 500μL of acid/ethanol solution to each well and incu-
bated at 4 °C overnight prior to insulin extraction. After overnight
incubation, the insulin extracts were centrifuged at 300 g for 5min.
The top aqueous layer containing insulin was collected and subjected
to human insulin ELISA assay (Mercodia, 10-1113-10) while the bottom
layer (containing cell pellet) was boiled to dryness at 80 °C on a heat
block. The dried cell pellet was resuspended in water for total DNA
quantification. All data involving total insulin content quantification
were normalized to total DNA. For donor hiPSC-derived SC-islets, the
average total insulin content extracted from various cell lines from
each donor in one experiment is represented as a single data point on
the graph. For genome-edited cells, each data point represents the
average of total insulin extracted from one cell line in one experiment.
For EndoC-βH1 cells, each data point represents the average of total
insulin extracted in independently sampled triplicates in one
experiment.

Gene expression analysis
Total RNA was extracted using MN NucleoSpin RNA Kit (Macherey-
Nagel). RNA was quantified and reverse transcribed to cDNA using
High-capacity cDNA reverse transcription kit (Applied Biosystems,
4368813). qPCR was performed using iTaq™ Universal SYBR ® Green
Supermix (Bio-rad, 172–5124). Thermal cycling was performed using
CFX384 Touch Real-Time PCR System (Bio-rad). Relative quantifica-
tion of each gene expression was normalized to ACTIN, calculated by
the2-ddCtmethod. The sequences of qPCRprimers used in this study are
available in Supplementary Table 5.

The above method was used for all gene expression studies,
except for siRNA EndoC-βH1 experiments. For those samples, RNAwas
extracted using RNeasy Mini Kit (Qiagen, 74104), reverse transcribed
using GoScript Reverse Transcription System (Promega, A5001), and
qPCR was performed using TaqMan Gene Expression Master Mix and
Assays (Applied Biosystems, 4369106; PAX4: Hs00173014_m1; TBP:
Hs00427620_m1) on QuantStudio 7 Real-Time PCR Instrument.

Taqman allelic discrimination assay
Custom Taqman® Assay Design Tool (ThermoScientific) was used to
design probes specific for either thewildtype (p.Arg192 or p.Tyr186) or
PAX4 variant transcripts (p.His192, ANT2HTM or p.X186, ANU7DDJ). A
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template sequence of approximately 600 bp around the SNP of
interest was used as a reference to design custom assay probe. For
Taqman qPCR assays, cDNA from EPs was used as the template. A 5μL
assay with TaqMan® SNP Genotyping MasterMix (Applied Biosystems,
4351384) was prepared according to the manufacturer’s instructions.
Relative fluorescence units (RFUs) from the HEX probe (wildtype
allele) and the FAM probe (either p.Arg192 or p.X186 allele) were
analyzed using the CFX384 Touch Real-Time PCR System (Bio-rad).

Immunofluorescence staining
For pluripotency staining, each donor-derived hiPSC line was seeded
onto a few wells of a precoated 12-well plate. AD293 and EndoC-βH1
cells were seeded onto uncoated and coated coverslips in 12-well
plates, respectively. For overexpression studies, transfection was
performed on seeded cells using LipofectamineTM 2000 transfection
reagent (Invitrogen, 11668-019) or FuGENE® 6 transfection reagent
(Promega, E2691) according to themanufacturer’s instructions. hiPSC-
derived EPs and SC-islets were collected and sent to Advanced Mole-
cular Pathology Laboratory (AMPL, A*STAR) for cryo-embedding, cryo-
block processing and sectioning. For IHC, cryosections were thawed
and dried at room temperature before staining. Cells were washed
thrice with DPBS and fixed with 4% paraformaldehyde (WAKO, 163-
20145) for 20min. Blocking and cell membrane permeabilization were
performed using DPBS supplemented with 5% Donkey serum (Merck
Millipore, S-30) and0.1%Triton-X-100 (MerckMillipore, 9410) for 1 h at
4 °C. Cells were incubated with primary antibodies overnight at 4 °C.
Cryosections were then incubated with corresponding secondary
antibodies for 1 h at room temperature. For nuclear staining, cryo-
sections were incubated with DAPI (1:5000) (Sigma-Aldrich, D9542) in
DPBS for 20min before mounting onto glass slides for imaging with
Olympus Fluoview Inverted Confocal microscope. Refer to Supple-
mentary Table 6 for the list of antibodies used and their respective
dilution factors for IHC.

SDS-PAGE and Western blot
Cells were washed with DPBS and lysed in M-PERTM (Mammalian pro-
tein extraction reagent) (ThermoScientific, 78501) in the presence of
protease inhibitor cocktail (Sigma-Aldrich, P8340), phosphatase-2
inhibitor (Sigma-Aldrich, P5726), and phosphatase-3 inhibitor (Sigma-
Aldrich, P0044). Protein was quantified using PierceTM BCA protein
assay kit (ThermoScientific, 23227) according to the manufacturer’s
instructions before being separated with SDS-PAGE and transferred to
PVDFmembrane. Protein blots were first blocked with 5%milk in TBST
(1X Tris-Buffered Saline, 0.1% Tween 20) for 1 h before incubating with
primary antibody for either 2 h at room temperature or overnight at
4 °C. Blots were washed and then incubated with the respective HRP-
conjugated secondary antibody for 1 h. Chemiluminescence signals
were visualized after incubation with Super SignalTM West Dura
Extended Duration Substrate (ThermoScientific, 34076). Refer to
Supplementary Fig. 12 for uncropped Western blot images. Refer to
Supplementary Table 6 for the list of antibodies used and their
respective dilution factors for western blotting.

Flow cytometry
DE cells generated with Protocol A were collected at the end of Stage 1
using Accutase. For extracellular staining, cellswerewashed twicewith
1X FlowCytometry Staining Buffer (RnD, FC001). Cells were blocked in
Flow Cytometry Staining Buffer with FC block for 5min before adding
human anti-CXCR4 antibody for 45min. Cells were then washed twice
with Flow Cytometry Staining Buffer. For intracellular staining, cells
werefixedusingBDCytoFix Buffer (BDBiosciences, 554655) for 20min
on ice before washing twice with PBS. Using BD Perm/Wash Buffer (BD
Biosciences, 554723), fixed cells were permeabilized for 30min on ice,
washed three times, andhumananti-SOX17 antibodywas incubated for
1 h at 4 °C before a final wash step in PBS. Stained cells were acquired

on SH800 Cell Sorter (Sony), and data analysis was performed using
FlowJo™ 10.6.0.

DE, EPs and SC-islets were collected on D3, D20 and D35,
respectively, following differentiation with Protocol B before being
dissociated into single cells using TrypLE™ Express (Gibco, 12605-010).
Cells were passed through a 40 µm cell strainer and single cells were
fixed with 4% PFA for 20min on ice. Antigen blocking and cell per-
meabilization were performed using DPBS supplemented with 5% FBS
(HyClone, SV30160.03) and 0.1% Triton-X-100 for 30min on ice. Cells
were stained with primary antibodies for 1 h at room temperature. The
cells were then washed three times with DPBS and incubated with
corresponding secondary antibodies for 1 h at roomtemperature. Flow
cytometry analyses were performed with BD® LSR II Flow Cytometer
(BD Biosciences) and data was analyzed using FlowJoTM software (BD
Biosciences). Refer to Supplementary Table 6 for the list of antibodies
used and their respective dilution factors for flow cytometry. Refer to
Supplementary Fig. 13 for the gating strategy that was applied to all
flow cytometry analyses in this study.

Luciferase assays
Cells were plated in triplicate one day prior to co-transfection with
0.5 µg of pCDH-overexpression constructs encoding PAX4 or its var-
iants, 0.4 µg of pGL4.10 luciferase vector and 10 ng of TK Renilla vec-
tor. Transfection was performed using either Lipofectamine 2000
(Invitrogen, 11668-019) or FuGENE® 6 transfection reagent (Promega,
E2691). Cells were lysed with lysis buffer at the end of transfection
(24 h for AD293, 48 h for αTC1.9 and 72 h for EndoC-βH1 cells). Luci-
ferase assaywas performed using Dual-Glo® Luciferase Reporter Assay
Kit (Promega, E2920) following the manufacturer’s instructions. The
luciferase firefly activity was normalized against the Renilla readings
within each well to account for variation in transfection efficiency
across replicate wells. Each triplicate was normalized to the mean of
the pCDH-MCS-EF1-GFP-empty control.

Seahorse metabolic assays
EPs on D19 of directed differentiation using Protocol B were dis-
sociated into single cells using TrypLE™ Express (Gibco, 12605-010)
beforepassing through40μmcell strainer. 80,000or 120,000cells
were plated with S5 differentiation medium28 supplemented with
10 μM of Y-27632 onto pre-coated Seahorse microplate one day
prior to analysis. The same number of cells were seeded across all
cell lineswithin each experiment.On thedayof glycolysis stress test
(Agilent Seahorse XF Glycolysis Stress Test Kit), cells were washed
with unbuffered serum-free assay medium (DMEM 5030, Sigma-
Aldrich; supplementedwith 2mML-glutamine). Following, the cells
were incubated in assaymedium in a non-CO2 incubator at 37 °C for
1 – 2 h before measurements were taken. Extracellular acidification
rates (ECAR) were measured using Seahorse XFe96 analyzer (Sea-
horse Bioscience) at pre-set timings prior to and following
sequential injections of 10mM glucose, 1.5 μM oligomycin and
50mM 2-deoxy-glucose (2-DG). The same number of cells was
seeded across the various genotypes for individual experiments.
Four to eight technical replicates were seeded for each cell line.
Each data point on graph represents the average of all replicates
fromone cell line. For theMito Stress Test (Agilent Seahorse XFCell
Mito Stress Kit), cells were washed with unbuffered serum-free
assay medium supplemented with 20mM glucose (keeping the
glucose level consistent with S5 differentiation medium), 2 mM
pyruvate and 2 mM L-glutamine prior to incubation in assay med-
ium in a non-CO2 incubator at 37 °C for 1 – 2 h before analysis.
Oxygen consumption rates (OCR) were measured using Seahorse
XFe96 analyzer prior to and following sequential injections of
1.5 μM oligomycin, 1 μM FCCP and 0.5 μM rotenone/antimycin-A.
Similarly, the same number of cells was seeded across the various
genotypes for individual experiments. Four to eight technical
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replicates were seeded for each cell line. One data point on the
graph represents the average of all replicates from one cell line.

RNA sequencing and analysis
Total RNAwas extracted from samples generated using differentiation
Protocol A at the end of Stage 1 (DE), 4 (PE), 5 (EP), and 7 (SC-islets)
using RNeasy Mini Kit following the manufacturer’s instructions.
Polyadenylated transcripts were isolated using NEBNext PolyA mRNA
Magnetic IsolationModule (New England Biolabs, E7490). Sequencing
libraries were prepared using the NEBNext Ultra Directional RNA
Library Kit with 12 cycles of PCR and custom 8bp indexes (New Eng-
land Biolabs, E7420). Libraries weremultiplexed and sequenced on the
Illumina NovaSeq 6000 as 150-nucleotide paired-end reads. Reads
were mapped to human genome build hg19 (GRCh37) using STAR
v.2.559, with GENCODE v19 (https://www.gencodegenes.org/human/
release_19.html) as the transcriptomic reference. featureCounts from
the Subread package v1.5 (http://subread.sourceforge.net/) was used
to perform gene-level quantification. Differential expression analysis
was performed per stage using DESeq260 comparing PAX4WT/WT and
PAX4KO/KO cell lines. First, the model was fit using a likelihood ratio test
with genotype as a factor of interest and experiment as a covariate.
From this, genes not within the top 5000 most significant genes were
used as an empirical control (affected only by unwanted experimental
variation) and the estimated factor of unwanted variation (k = 1) was
calculated using the RUVg function from RUVSeq61. To identify dif-
ferentially expressed genes, DESeq2 was performed using a likelihood
ratio test and including the factor from RUV as a covariate along with
the technical replicate (experiment). Significance was determined by
padj <0.05. Sashimi, TPM, and volcano plots were generated using
ggplot2 in RStudio.

Total RNA was extracted from samples generated using differ-
entiation Protocol B on day 0 (hiPSC), day 13 (PP2), day 20 (EP) and day
35 (SC-islets). Poly-A mRNA (10 – 100 ng) was used to construct mul-
tiplexed strand-specific RNA-seq libraries (NEXTflexTM Rapid Direc-
tional RNA-SEQ Kit, dUTP-Based, v2). The quality of individual libraries
was assessed and quantified using Agilent 2100 Bioanalyzer and Qubit
2.0 fluorometer before pooling for sequencing using a HiSeq 2000
(1×101 bp read). Prior to cluster formation, pooled libraries were
quantified using the KAPA quantification kit (KAPA Biosystems). The
processing of raw RNA sequencing data was performed in collabora-
tion with Molecular Engineering Laboratory (A*STAR) to remove low-
quality sequence reads. Filtered read sequences were mapped onto
human genome (hg19). Fragments per kilobase million (FPKM) were
used to calculate differential expression between patient lines using
DESeq2. Using UMAP (Uniform Manifold Approximation and Projec-
tion) and PCA (Principal Component Analysis) dimension reduction
clustering for all four timepoints, 11 out of 164 samples were classified
as outliers and excluded from clustering analyses.

For the generation of PCA plot for EPs differentiated using pro-
tocol B, the TPM read counts for each gene within the transcriptome
were first normalized to calculate a standardized score. To derive a
standardized score, we applied the following formula: log10(((GOI’s
TPM counts for sample of interest +1)/(average TPM counts for GOI
across all samples) + 1), where GOI represents a gene of interest within
the whole transcriptome. Using this standardized score, PCA analysis
was performed in R via the prcomp() function. The ggplot2 package
was used to plot the final PCA biplot based upon the PC1 and PC2
loadings obtained from prcomp(). Finally, the stat_ellipse() function
was used to cluster the transcriptome of cells with the various PAX4
genotypes based upon a confidence interval of 90%.

Statistical analysis
Statistical analyses were performed using GraphPad Prism version 9.
Data are presented as the standard error of the mean (SEM). Unless
otherwise specified, unpaired Student’s t tests were performed to

compare the means of two groups, and one-way ANOVA was per-
formed to compare themeans among three ormore groups. Statistical
significance was set at p <0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Data reported in this study were deposited into public data reposi-
tories, with accession numbers provided. Protocol A PAX4KO/KO RNA-
seq data: EGAS00001006036. Data is available through the EGA -
https://ega-archive.org. Applicants should request access to the data
using the data access agreement form (available from EGA or through
https://med.stanford.edu/genomics-of-diabetes/datasets.html). Upon
receipt of completed forms, a decision on access will be made by the
data access committee (DAC) within 14 days. The chair of the DAC will
inform EGA and EGA will release the data to the account listed in the
data access agreement. Forms should be returned to Anna L. Gloyn,
Stanford University (agloyn@stanford.edu). Protocol B RNA-seq data:
GSE203265. The processed RNA-seq data generated from this study
are available as Supplementary Data 1-5. Source data are providedwith
this paper.

References
1. International Diabetes Federation. IDF Diabetes Atlas 10th edn

(International Diabetes Federation, 2021).
2. Fuchsberger, C. et al. The genetic architecture of type 2 diabetes.

Nature 536, 41–47 (2016).
3. Mahajan, A. et al. Trans-ancestry genetic study of type 2 diabetes

highlights the power of diverse population for discovery and
translation. medRxiv https://doi.org/10.1101/2020.09.22.
20198937 (2020).

4. Vujkovic, M. et al. Discovery of 318 new risk loci for type 2 diabetes
and related vascular outcomes among 1.4 million participants in a
multi-ancestry meta-analysis. Nat. Genet. 52, 680–691 (2020).

5. Cheung, C. Y. et al. Exome-chip association analysis reveals an
Asian-specific missense variant in PAX4 associated with type 2
diabetes in Chinese individuals. Diabetologia 60, 107–115 (2017).

6. Ang, S. F. et al. PAX4 R192H is associated with younger onset of
Type 2 diabetes in East Asians in Singapore. J. Diabetes Complica-
tions 33, 53–58 (2019).

7. Gao, A. et al. Missense variants in PAX4 are associated with early-
onset diabetes in Chinese. Diabetes Ther. 12, 289–300 (2021).

8. Leighton, E., Sainsbury, C. A. & Jones, G. C. A practical review of
C-peptide testing in diabetes. Diabetes Ther. 8, 475–487 (2017).

9. Plengvidhya, N. et al. PAX4 mutations in Thais with maturity onset
diabetes of the young. J. Clin. Endocrinol. Metab. 92,
2821–2826 (2007).

10. Laver, T. W. et al. Evaluation of evidence for pathogenicity
demonstrates that BLK, KLF11, and PAX4 should not be included in
diagnostic testing for MODY. Diabetes 71, 1128–1136 (2022).

11. Laver, T. W. et al. Evaluation of evidence for pathogenicity
demonstrates that BLK, KLF11 and PAX4 should not be included in
diagnostic testing for MODY. Diabetes 71, 1128–1136 (2022).

12. Inoue, H. et al. Isolation of full-length cDNA of mouse PAX4 gene
and identification of its human homologue. Biochem. Biophys. Res.
Commun. 243, 628–633 (1998).

13. Smith, S. B., Ee, H. C., Conners, J. R. & German, M. S. Paired-
homeodomain transcription factor PAX4 acts as a transcriptional
repressor in early pancreatic development. Mol. Cell Biol. 19,
8272–8280 (1999).

14. Sosa-Pineda, B., Chowdhury, K., Torres, M., Oliver, G. & Gruss, P.
The Pax4 gene is essential for differentiation of insulin-producing
beta-cells in themammalianpancreas.Nature386, 399–402 (1997).

Article https://doi.org/10.1038/s41467-023-41860-z

Nature Communications |         (2023) 14:6119 17

https://www.gencodegenes.org/human/release_19.html
https://www.gencodegenes.org/human/release_19.html
http://subread.sourceforge.net/
https://ega-archive.org
https://med.stanford.edu/genomics-of-diabetes/datasets.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE203265
https://doi.org/10.1101/2020.09.22.20198937
https://doi.org/10.1101/2020.09.22.20198937


15. Collombat, P. et al. Opposing actions of Arx and Pax4 in endocrine
pancreas development. Genes Dev. 17, 2591–2603 (2003).

16. Dijotsa, J. et al. Pax4 is not essential for beta-cell differentiation in
zebrafish embryos but modulates alpha-cell generation by repres-
sing arx gene expression. BMC Dev. Biol. 12 (2012).

17. Jo, W., Endo, M., Ishizu, K., Nakamura, A. & Tajima, T. A novel PAX4
mutation in a Japanese patient with maturity-onset diabetes of the
young. Tohoku J. Exp. Med. 223, 113–118 (2011).

18. Chapla, A. et al. Maturity onset diabetes of the young in India—a
distinctive mutation pattern identified through targeted next-
generation sequencing.Clin. Endocrinol. (Oxf.) 82, 533–542 (2015).

19. Larsson, L.-I., St-Onge, L., Hougaard, D., Sosa-Pineda, B. & Gruss, P.
Pax4 and 6 regulate gastrointestinal endocrine cell development.
Mech. Dev. 79, 153–159 (1998).

20. Karczewski, K. J. et al. Systematic single-variant and gene-based
association testing of thousands of phenotypes in 394,841 UK Bio-
bank exomes. Cell Genomics 2, 100168 (2022).

21. Ritz-Laser, B. et al. The pancreatic beta-cell-specific transcription
factor Pax-4 inhibits glucagon gene expression through Pax-6.
Diabetologia 45, 97–107 (2002).

22. Gage, B. K. et al. The role of ARX in human pancreatic endocrine
specification. PLoS ONE 10, e0144100 (2015).

23. Brun, T. et al. The diabetes-linked transcription factor PAX4 pro-
motes {beta}-cell proliferation and survival in rat and human islets.
J. Cell Biol. 167, 1123–1135 (2004).

24. Brun, T. et al. The diabetes-linked transcription factor Pax4 is
expressed in human pancreatic islets and is activated by mitogens
and GLP-1. Hum. Mol. Genet 17, 478–489 (2008).

25. Rezania, A. et al. Reversal of diabetes with insulin-producing cells
derived in vitro from human pluripotent stem cells.Nat. Biotechnol.
32, 1121–1133 (2014).

26. Byrnes, L. E. et al. Lineage dynamics of murine pancreatic devel-
opment at single-cell resolution. Nat. Commun. 9, 3922 (2018).

27. Sean, de la O. Single-cell multi-omic roadmap of human fetal
pancreatic development. bioRxiv https://doi.org/10.1101/2022.02.
17.480942 (2022).

28. Pagliuca, F. W. et al. Generation of functional human pancreatic
beta cells in vitro. Cell 159, 428–439 (2014).

29. Ng, N. H. J., Neo, C. W. Y., Ding, S. S. L. & Teo, A. K. K. Insights from
single cell studies of human pancreatic islets and stem cell-derived
islet cells to guide functional beta cell maturation in vitro. Vitam.
Horm. 116, 193–233 (2021).

30. Chan, J. W. & Teo, A. K. K. Replicates in stem cell models-How
complicated! Stem Cells. 38, 1055–1059 (2020).

31. Ploski, J. E., Shamsher, M. K. & Radu, A. Paired-type homeodomain
transcription factors are imported into the nucleus by karyopherin
13. Mol. Cell Biol. 24, 4824–4834 (2004).

32. Sabherwal, N., Schneider, K. U., Blaschke, R. J., Marchini, A. &
Rappold, G. Impairment of SHOXnuclear localization as a cause for
Leri-Weill syndrome. J. Cell Sci. 117, 3041–3048 (2004).

33. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583–589 (2021).

34. Varadi, M. et al. AlphaFold Protein Structure Database: massively
expanding the structural coverage of protein-sequence space with
high-accuracy models. Nucleic Acids Res. 50, D439–D444 (2022).

35. Kurosaki, T., Popp,M.W.&Maquat, L. E.Quality andquantity control
of gene expression by nonsense-mediated mRNA decay. Nat. Rev.
Mol. Cell Biol. 20, 406–420 (2019).

36. Linde, L. et al. Nonsense-mediated mRNA decay affects nonsense
transcript levels and governs response of cystic fibrosis patients to
gentamicin. J. Clin. Invest 117, 683–692 (2007).

37. Pereverzev, A. P. et al.Method for quantitative analysis of nonsense-
mediated mRNA decay at the single cell level. Sci. Rep. 5,
7729 (2015).

38. Gage, B. K., Baker, R. K. & Kieffer, T. J. Overexpression of PAX4
reduces glucagon expression in differentiating hESCs. Islets 6,
e29236 (2014).

39. Zafarullah, M., Li, W. Q., Sylvester, J. & Ahmad, M. Molecular
mechanisms of N-acetylcysteine actions. Cell Mol. Life Sci. 60,
6–20 (2003).

40. Sosa-Pineda, B. The Gene Pax4 is an essential regulator of pan-
creatic beta-cell development. Mol. Cells. 18, 289–294 (2004).

41. Steiner, D. J., Kim, A., Miller, K. & Hara, M. Pancreatic islet plasticity:
interspecies comparison of islet architecture and composition.
Islets 2, 135–145 (2010).

42. Baron, M. et al. A single-cell transcriptomic map of the human and
mouse pancreas reveals inter- and intra-cell population structure.
Cell Syst. 3, 346–360.e344 (2016).

43. Kooptiwut, S. et al. Defective PAX4 R192H transcriptional repressor
activities associated with maturity onset diabetes of the young and
early onset-age of type 2 diabetes. J. Diabetes Complications 26,
343–347 (2012).

44. Shimajiri, Y. et al. A Missense mutation of Pax4 gene (R121W) is
associated with type 2 diabetes in Japanese. Diabetes 50,
2864–2869 (2001).

45. Amirruddin, N. S., Low, B. S. J., Lee, K. O., Tai, E. S. & Teo, A. K. K.
New insights into human beta cell biology using human pluripotent
stem cells. Semin. Cell Dev. Biol. 103, 31–40 (2020).

46. Teo, A. K., Wagers, A. J. & Kulkarni, R. N. New opportunities: har-
nessing induced pluripotency for discovery in diabetes and meta-
bolism. Cell Metab. 18, 775–791 (2013).

47. Maxwell, K. G. & Millman, J. R. Applications of iPSC-derived beta
cells from patients with diabetes. Cell Rep. Med. 2, 100238 (2021).

48. Balboa, D., Iworima, D. G. & Kieffer, T. J. Human pluripotent stem
cells to model islet defects in diabetes. Front. Endocrinol. (Lau-
sanne) 12, 642152 (2021).

49. Siehler, J., Blochinger, A. K., Meier, M. & Lickert, H. Engineering
islets from stem cells for advanced therapies of diabetes. Nat. Rev.
Drug Discov. 20, 920–940 (2021).

50. González, B. J. et al. Human stem cell model of <em>HNF1A</em>
deficiency shows uncoupled insulin to C-peptide secretion with
accumulation of abnormal insulin granules. bioRxiv https://doi.org/
10.1101/2021.01.26.428260 (2021).

51. Marchetti, P., Bugliani, M., De Tata, V., Suleiman, M. & Marselli, L.
Pancreatic beta cell identity in humans and the role of type 2 dia-
betes. Front. Cell Dev. Biol. 5, 55 (2017).

52. Swisa, A., Glaser, B. & Dor, Y. Metabolic stress and compromised
identity of pancreatic beta cells. Front Genet 8, 21 (2017).

53. Ritzel, R. A., Veldhuis, J. D. & Butler, P. C. Glucose stimulates pul-
satile insulin secretion from human pancreatic islets by increasing
secretory burst mass: dose-response relationships. J. Clin. Endo-
crinol. Metab. 88, 742–747 (2003).

54. Cinti, F. et al. Evidence of beta-cell dedifferentiation in human type
2 diabetes. J. Clin. Endocrinol. Metab. 101, 1044–1054 (2016).

55. Talchai, C., Xuan, S., Lin, H. V., Sussel, L. & Accili, D. Pancreatic beta
cell dedifferentiation as a mechanism of diabetic beta cell failure.
Cell 150, 1223–1234 (2012).

56. Brereton,M. F. et al. Reversible changes in pancreatic islet structure
and function produced by elevated blood glucose. Nat. Commun.
5, 4639 (2014).

57. Wang, Z., York, N.W., Nichols, C. G. &Remedi, M. S. Pancreatic beta
cell dedifferentiation in diabetes and redifferentiation following
insulin therapy. Cell Metab. 19, 872–882 (2014).

58. Ravassard, P. et al. A genetically engineeredhumanpancreatic beta
cell line exhibiting glucose-inducible insulin secretion. J. Clin.
Invest. 121, 3589–3597 (2011).

59. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinfor-
matics 29, 15–21 (2013).

Article https://doi.org/10.1038/s41467-023-41860-z

Nature Communications |         (2023) 14:6119 18

https://doi.org/10.1101/2022.02.17.480942
https://doi.org/10.1101/2022.02.17.480942
https://doi.org/10.1101/2021.01.26.428260
https://doi.org/10.1101/2021.01.26.428260


60. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold
changeanddispersion for RNA-seqdatawithDESeq2.GenomeBiol.
15, 550 (2014).

61. Risso, D., Ngai, J., Speed, T. P. &Dudoit, S. Normalizationof RNA-seq
data using factor analysis of control genes or samples. Nat. Bio-
technol. 32, 896–902 (2014).

Acknowledgements
The authors thank A/P Yee Joo Tan (IMCB, A*STAR) for her support with
antibodies andDanielaMoralli (University ofOxford) for her supportwith
hiPSC karyotyping. We thank the Oxford Genomics Centre at the Well-
come Centre for Human Genetics (funded by Wellcome Trust grant
reference 203141/Z/16/Z) for the generation and initial processing of the
sequencing data. Data used in this manuscript has received funding
from the Innovative Medicines Initiative Joint Undertaking under Grant
Agreement number 115439 (StemBANCC), resources of which are
composed of financial contribution from the European Union’s Seventh
Framework Programme (FP7/2007–2013) and EFPIA companies in kind
contribution. H.H.L. is supported by the Institute of Molecular and Cell
Biology (IMCB) Scientific Staff Development Award (SSDA) for her part-
time Ph.D. N.A.J.K. is supported by the Stanford Maternal and Child
Health Research Institute Postdoctoral Fellowship. A.L.G. is a Wellcome
Senior Fellow in Basic Biomedical Science. A.L.G. is funded by the
Wellcome (200837) and National Institute of Diabetes and Digestive and
KidneyDiseases (NIDDK) (U01-DK105535,U01-DK085545,UM1DK126185,
U01DK123743, U24DK098085) and the Stanford Diabetes Research
Center (NIDDK award P30DK116074). A.K.K.T. is supported by IMCB,
A*STAR, Lee FoundationGrant SHTX/LFG/002/2018, FY2019 SingHealth
Duke-NUS Surgery Academic Clinical Programme Research Support
Programme Grant, Precision Medicine and Personalized Therapeutics
Joint Research Grant 2019, the 2nd A*STAR-AMED Joint Grant Call
192B9002, HLTRP/2022/NUS-IMCB-02, Paris-NUS 2021-06-R/UP-NUS
(ANR-18-IDEX-0001), OFIRG21jun-0097, CSASI21jun-0006, MTCIRG21-
0071, SDDC/FY2021/EX/93-A147, FY 2022 Interstellar Initiative Beyond
grant, H22G0a0005 and I22D1AG053.

Author contributions
Conceptualization: E.S.T., A.L.G., A.K.K.T. Data curation:M.P.A., H.S., A.J.
Formal Analysis: H.H.L., N.A.J.K., M.P.A., H.S., A.J., A.L.G., A.K.K.T.
Funding acquisition: E.S.T., A.L.G., A.K.K.T. Investigation: H.H.L., N.A.J.K.,
F.A., J.W.C., J.A., S.G., Y.L., J.Y., S.T., B.C., S.H., N.S.T., D.G., S.L.K., A.L.G.,
A.K.K.T. Methodology: H.H.L., N.A.J.K., F.A., M.P.A., J.A., A.L.G., A.K.K.T.
Project administration: E.S.T., A.L.G., A.K.K.T. Resources: H.H.L., N.A.J.K.,
F.A., J.A., S.H., D.G., S.L.K., E.S.T., A.L.G., A.K.K.T. Software: M.P.A., A.J.

Supervision: E.S.T., A.L.G., A.K.K.T. Validation: H.H.L., N.A.J.K. Visualiza-
tion: H.H.L., N.A.J.K. Writing—original draft: H.H.L., N.A.J.K., A.L.G.,
A.K.K.T. Writing—review & editing: All authors approved.

Competing interests
A.L.G.’s spouse is an employee of Genentech and holds stock options in
Roche. A.K.K.T. is a co-founder of BetaLife PteLtd. The remaining authors
declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41860-z.

Correspondence and requests for materials should be addressed to
Anna L. Gloyn or Adrian Kee Keong Teo.

Peer review information Nature Communications thanks Benoit Gau-
thier, and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

1Stem Cells and Diabetes Laboratory, Institute of Molecular and Cell Biology (IMCB), Agency for Science, Technology and Research (A*STAR),
Proteos, Singapore. 2School of Biological Sciences, Nanyang Technological University, Singapore, Singapore. 3Division of Endocrinology, Department of
Pediatrics, Stanford University School of Medicine, Stanford, CA, USA. 4Wellcome Centre for Human Genetics, University of Oxford, Oxford, UK. 5Oxford
Centre for Diabetes Endocrinology and Metabolism, University of Oxford, Oxford, UK. 6Cancer Science Institute of Singapore, National University of Singa-
pore, Singapore, Singapore. 7Molecular Engineering Laboratory, Institute ofMolecular andCell Biology (IMCB), Agency for Science, Technology and Research
(A*STAR), Proteos, Singapore. 8Lee KongChian School of Medicine, Nanyang Technological University, Singapore, Singapore. 9Department of Endocrinology,
Singapore General Hospital, Singapore, Singapore. 10Department of Medicine, National University Hospital and National University Health System,
Singapore, Singapore. 11Department of Medicine, Yong Loo Lin School of Medicine, National University of Singapore, Singapore, Singapore. 12Saw Swee Hock
School of Public Health, National University of Singapore, Singapore, Singapore. 13Stanford Diabetes ResearchCenter, Stanford University, Stanford, CA, USA.
14Department of Biochemistry, Yong Loo Lin School of Medicine, National University of Singapore, Singapore, Singapore. 15Present address: Faculty of
Pharmaceutical Sciences, University of British Columbia, Vancouver, BC, Canada. 16These authors contributed equally: Hwee Hui Lau, Nicole A. J. Krentz.
17These authors jointly supervised this work: Anna L. Gloyn, Adrian Kee Keong Teo. e-mail: agloyn@stanford.edu; ateo@imcb.a-star.edu.sg

Article https://doi.org/10.1038/s41467-023-41860-z

Nature Communications |         (2023) 14:6119 19

https://doi.org/10.1038/s41467-023-41860-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:agloyn@stanford.edu
mailto:ateo@imcb.a-star.edu.sg

	PAX4 loss of function increases diabetes risk by altering human pancreatic endocrine cell development
	Results
	Participants carrying the PAX4 p.Arg192His T2D-risk allele exhibit decreased beta cell function
	Identification of a novel PAX4 protein truncating variant p.Tyr186X in a family with early onset diabetes
	Loss of PAX4 alters hormone gene regulation, reduces insulin secretion function and total insulin content in a human beta cell model
	PAX4 knockout in hiPSC-derived islet cells causes derepression of alpha cell gene expression
	Donor-derived hiPSCs carrying the PAX4 p.Arg192His and p.Tyr186X alleles have defects in endocrine cell differentiation in�vitro
	PAX4 p.Arg192His and p.Tyr186X alleles reduce the expression and/or function of PAX4 protein
	hiPSC-derived EPs have a distinct metabolic gene signature and exhibit a bioenergetics switch from glycolysis to oxidative phosphorylation
	Correction of PAX4 risk alleles in donor-derived hiPSCs with CRISPR-Cas9 rescues dysregulated endocrine gene expression and metabolic phenotypes

	Discussion
	Methods
	Clinical studies
	Frequently sampled intravenous glucose tolerance test
	Oral glucose tolerance test (OGTT)
	Statistical analysis of clinical data
	Cell culture
	Generating donor-derived hiPSC lines
	CRISPR-Cas9 genome editing of hiPSCs
	hiPSC differentiation into SC-islets
	Cloning
	Lentiviral-mediated shPAX4 stable line generation
	EndoC-βH1 gene silencing using siRNAs
	Glucose-stimulated insulin secretion (GSIS) assay
	Dynamic glucose-stimulated insulin secretion
	Total insulin content extraction
	Gene expression analysis
	Taqman allelic discrimination assay
	Immunofluorescence staining
	SDS-PAGE and Western blot
	Flow cytometry
	Luciferase assays
	Seahorse metabolic assays
	RNA sequencing and analysis
	Statistical analysis
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




