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Permanent neonatal diabetes-causing insulin
mutations have dominant negative effects on
beta cell identity
Yuwei Zhang 1,5, Lina Sui 1,5, Qian Du 1, Leena Haataja 2, Yishu Yin 1, Ryan Viola 1, Shuangyi Xu 1,
Christian Ulrik Nielsson 1, Rudolph L. Leibel 1, Fabrizio Barbetti 3,4, Peter Arvan 2, Dieter Egli 1,*,6
ABSTRACT

Objective: Heterozygous coding sequence mutations of the INS gene are a cause of permanent neonatal diabetes (PNDM), requiring insulin
therapy similar to T1D. While the negative effects on insulin processing and secretion are known, how dominant insulin mutations result in a
continued decline of beta cell function after birth is not well understood.
Methods: We explored the causes of beta cell failure in two PNDM patients with two distinct INS mutations using patient-derived iPSCs and
mutated hESCs.
Results: we detected accumulation of misfolded proinsulin and impaired proinsulin processing in vitro, and a dominant-negative effect of these
mutations on beta-cell mass and function after transplantation into mice. In addition to anticipated ER stress, we found evidence of beta-cell
dedifferentiation, characterized by an increase of cells expressing both Nkx6.1 and ALDH1A3, but negative for insulin and glucagon.
Conclusions: These results highlight a novel mechanism, the loss of beta cell identity, contributing to the loss and functional failure of human
beta cells with specific insulin gene mutations.

� 2024 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Neonatal Diabetes Mellitus (NDM) is a rare disorder with an incidence
of about 1/100,000 live births; approximately 50% of cases are per-
manent (PNDM) [28]. Heterozygous coding sequence mutations of the
insulin (INS) gene are among the leading causes of PNDM
[13,15,17,62]. In Western Europe and the U.S., mutations in KCNJ11,
INS and ABCC8 account for about 65e70% of PNDM cases [22]. Other
causes are structural abnormalities on chromosome 6q24, as well as
biallelic GCK and PDX1 mutations, but the latter are exceedingly rare
[15]. In the Middle East, the leading gene is EIF2AK3 causing Wolcotte
Rallison syndrome, followed by mutations in other recessive genes,
including PTF1A and biallelic recessive INS mutations [25]. PNDM is
usually diagnosed within 6 months of birth, presenting variously as
mild hyperglycemia with failure to thrive or fatal diabetic ketoacidosis
(DKA) [13,14,16,30,52].
Diabetic mouse models segregating for dominant INS gene mutations,
such as the Akita (INS2þ/C96Y) and Munich (INS2þ/C95S) mice have
been studied to elucidate the molecular pathogenesis of the resulting
diabetes, as their early-onset diabetic phenotypes resemble human
1Naomi Berrie Diabetes Center & Department of Pediatrics, College of Physicians and S
United States 2Metabolism Endocrinology & Diabetes, University of Michigan, Ann Arbor,
Tor Vergata, Rome 00133, Italy 4Monogenic Diabetes Clinic, Endocrinology and Diabe

5 These authors contributed equally.
6 Lead contact.

*Corresponding author. E-mail: de2220@cumc.columbia.edu (D. Egli).

Received October 6, 2023 � Revision received January 8, 2024 � Accepted January 9

https://doi.org/10.1016/j.molmet.2024.101879

MOLECULAR METABOLISM 80 (2024) 101879 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
PNDM [26,32,48,70,76]. Disrupted proinsulin folding and activated
endoplasmic reticulum (ER) stress have been implicated in these
heterozygous mutant mice. Transfection of mutated insulin transcripts
nominally affecting protein folding in beta cell lines causes cell death
[13]. In all of these models, the presence of a non-mutant INS allele
does not rescue the beta cell failure phenotype [72].
Proinsulin folding occurs primarily within the ER. Native proinsulin
folding is associated with the formation of three specific disulfide
bonds pairing 6 cysteines (A6eA11, A7eB7, and A20eB19; A: A
chain, B: B-chain) [71]. Conserved among most members of the insulin
superfamily, these disulfide bridges are critical to the 3-dimensional
structure of proinsulin and the bioactivity of insulin [41]. INS muta-
tions affecting cysteine residues can directly interfere with proper
proinsulin disulfide bond formation [13,31,75]; and various non-
cysteine mutations can also impair cysteine alignment leading to
defective disulfide bond formation [13,23,26]. Increased accumulation
of misfolded proinsulin invokes ER chaperone proteins such as BIP/
GRP78 and GRP94 [41,48]. Pancreatic beta-cells are susceptible to
perturbations of ER homeostasis which can cause cell death in mice
with insulin mutations [48], T2D and possibly T1D [8]. However, direct
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proof that ER stress triggers programmed beta-cell death in diabetic
patients (or in PNDM infants) is lacking [55,74].
Patient-derived human induced pluripotent stem cells (hiPSCs) can be
differentiated to pancreatic beta-cells (SC beta-cells), offering the
prospect of replacement cell therapy for both T1D as well as for
monogenic forms of diabetes [9,33]. Many studies have shown the
value of stem cell models of monogenic forms of diabetes for gaining
understanding of the pathophysiology of more prevalent types of
diabetes mellitus [1].
Endoplasmic reticulum (ER) stress affects insulin biosynthesis and
secretion in stem cell derived beta cells [5,44,56]. In the present study,
we sought to understandmechanisms driving beta cell failure associated
with two distinct pathologic INS mutations: LB15YB16delinsH and YB26C
(current nomenclature according to Human Genome Variation Society:
p.Leu39_Tyr40delinsHis and p.Tyr50Cys), using differentiation of hu-
man iPSCs and embryonic stem cells (hESCs). We corrected patient-
derived iPSCs using CRISPR/Cas9 to create isogenic controls, along
with WT iPSCs and hESCs as additional controls. Differentiation effi-
ciency, and short-term proinsulin/insulin synthesis and proinsulin fold-
ability were examined in vitro. Development and maintenance of beta-
cell identity, as well as ER stress, were assessed in vivo upon trans-
plantation of stem cell-derived beta cells into immunodeficient mice.
Collectively, our findings indicate that specific heterozygous INS muta-
tions in human beta cells cause diabetes by dominant-negative effects
Figure 1: Generation of neonatal diabetes disease models with insulin mutations an
patients segregating formutations in the insulin gene (INS). Age at diagnosis is shown, with
at day 40 for PTV1 and day 37 for PTV2. PTV: Policlinico Tor Vergata patient variant; F: f
reprogrammed to iPS cells, isogenic controls were made by gene correction, and both mu
patient variants PTV1 and PTV2 and CRSPR/Cas9-corrected isogenic controls were examin
PTV1C, PTV2 and PTV2C, and WT iPSC-derived beta cell clusters at d27 for C-peptide (the a
(E). Quantitation of beta cell differentiation efficiency indicated by C-peptideþ population (%
differentiation experiments per genotype. Respective cell numbers quantified in cell blocks
with *: P < 0.05.
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on insulin biosynthesis and secretion, as well as through a newly
identified mechanism: de-differentiation and loss of beta-cell identity.

2. RESULTS

2.1. Two patients segregating for INS mutations with distinct
neonatal diabetes syndrome
A female neonate (Policlinico Tor Vergata PTV1) born at term (birth
weight: 3350 g) after an uneventful pregnancy was diagnosed with
diabetic ketoacidosis (DKA) at 37 days of age; plasma glucose
613 mg/dL and arterial blood pH 7.22 [13]; (kindred D), (Figure 1A).
T1DM-related autoantibody status is unknown. Plasma C-peptide
was low but measurable up to one year of age and subsequently
became undetectable. Insulin administration was initiated at the time
of diagnosis (d37) with a full dose at 1 UI/kg/d with good metabolic
control (mean HbA1c 7.3% from 1994 to 2013). Currently at age 24,
she remains free of diabetic complications (Figure 1A) [29]; case #2).
A second patient (PTV2; a female with a birth weight of 2500 g) was
diagnosed with diabetes (plasma glucose 509 mg/dL) at one month of
age, without accompanying ketoacidosis or other complications [47];
plasma C-peptide (0.47 ng/l). The patient was treated with continuous
subcutaneous insulin infusion (0.7 UI/kg/d) and discharged unevent-
fully. Good metabolic control without complications (mean HbA1c
6.4%) has been maintained up to the present age of 8 years (Figure 1A
d their isogenic controls. (A). Diagnosis of two permanent neonatal diabetes (PNDM)
corresponding glucose levels, and symptoms. C-peptide concentrations were measured
emale; KA: Ketoacidosis. (B). A schematic of the PNDM model. Patient fibroblasts are
tant and corrected cells were differentiated to beta-like cells. (C). Molecular identity of
ed by DNA sequencing. (D). Immunostaining of frozen sections of PTV1 and corrected
ntibody detects both C-peptide and aa 33e63 of proinsulin), NKX6.1. Scale bar: 20 mm.
) and (F) C-peptideþ cells co-expressing NKX6.1 population (%). n ¼ 5e9 independent
with a mean of w130 cells per block and presented as mean � SEM. One-way ANOVA
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and Table S1). However, C-peptide levels were halved within six
months of diagnosis, and were barely detectable by age 6 years. The
phenotype of both patients is consistent with declining function of beta
cells over time.

2.2. INS mutant iPSC lines efficiently generate insulin-producing
cells
We generated patient-specific iPSC cell lines by reprogramming skin
fibroblasts of the two patients (designated PTV1 and PTV2; Figure 1B).
The patients carried distinct heterozygous mutations: an in-frame
substitution in which B-chain Leu15 and Tyr16 are replaced by a sin-
gle His residue (LB15YB16delinsH; PTV1); a point mutation in which B-
chain Tyr26 is replaced by Cys (YB26C, adding an additional cysteine to
the B chain PTV2). We established 3 isogenic control cell lines by
correcting the mutation of patient-derived iPSCs with CRISPR/Cas9: 2
corrected cell lines edited from PTV1 (denominated PTV1C-1 and
PTV1C-2), and 1 corrected cell line from PTV2 (denominated PTV2C)
(Figure 1C).
We differentiated 6 iPSC lines: 2 patient-derived iPSCs, 1 non-isogenic
healthy control WT-iPSCs (line # 1159, from donors without diabetes)
and 3 isogenic control iPSC lines into SC-derived beta cells using a
previously published protocol [64]. The differentiation protocol is out-
lined in Figure S1A. All cell lines were differentiated into islet-like
clusters containing insulin-expressing cells and were karyotypically
normal (Figure S1B, C).
We characterized the islet-like clusters by immunochemistry and flow
cytometry for beta cell markers: C-peptide and NKX6.1. Equivalent
percentages (w50%) of C-peptide-positive cells were detected among
all the cell lines (Figures 1D, E and S1B). For PTV1, 36% of cells co-
expressed both C-peptideþ and NKX6.1, similar to isogenic controls
including PTV1C-1 (34%) and PTV1C-2 (38%). The percentage of
NKX6.1þ/C-peptideþ double-positive cells in PTV2 patient cell lines
with (PTV2C) or without correction was 30% and not significantly
different from other lines (Figures 1D, F and S1B). These data suggest
that PTV1 and PTV2 mutations do not affect cellular developmental
ability to generate pancreatic beta-like cells.

2.3. Defective proinsulin processing, insulin formation, and
secretion in patient-derived beta cells
To determine if these INS mutations affect insulin production in
differentiated stem cell derived beta cell clusters on d27, we examined
proinsulin and insulin levels by immunoassay in PTV1 and PTV2 cells,
their isogenic controls (PTV1C-1, PTV1C-2, and PTV2C) and WT iPSCs.
Our prior findings indicated a lower insulin content and comparable
proinsulin levels between SC-derived islets and primary islets.
Furthermore, the ratio of proinsulin/insulin content is lower in primary
human beta cells, though the difference was not significant [63].
Though the experimental system used here is not identical to mature
primary pancreatic beta cells, we are comparing within a consistent
experimental system. Using this system, we observed that PTV1C-1,
PTV1C-2 cells produced more proinsulin and insulin compared to
PTV1 and PTV2 cells (Figure 2A, B). We also evaluated expression of
proinsulin and insulin in SC-clusters by immunostaining (Figure S2A).
A similar percentage of proinsulin positive cells was detected in each
genotype (Figure S2B). However, the insulin producing cell number
was reduced in SC-clusters with PTV1 mutation (HB15, B16) compared
to isogenic controls, and a similar trend was observed in clusters with
the PTV2 mutation (CB26) (Figure S2C). The ratio of proinsulin to insulin
immunopositive cells was significantly higher in both patient-derived
sc-clusters, suggesting that these mutations may be associated with
deficient insulin formation from proinsulin (Figure S2D).
MOLECULAR METABOLISM 80 (2024) 101879 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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We introduced the PTV1 mutation (HB15, B16) into the Mel1 human
embryonic stem cell line (Mel1-WT) and generated two hemizygous cell
lines (Mel1-PTV1-1 and Mel1-PTV1-2) and one insulin knock out cell
line as a negative control (Mel1-INS KO). Several attempts to introduce
the PTV2mutation into the Mel1 ESC line were unsuccessful. Genotypes
of the 4 cell lines used are illustrated in Figure 2C, and Figure S3A.
Because Mel1 cells carry an inactivating GFP knock-in on one of the
insulin alleles [45], Mel1-derived cell lines express only a mutant pro-
tein, while patient cells express both a wild type and a mutant protein
(Figures 2C, S3AeE). These mutant Mel1 cell lines differentiated to
beta-like cells with efficiency comparable to that of unmanipulatedMel1
cells, as quantified by flow cytometry using an antibody recognizing C-
peptide (including cleaved C-peptide and aa 33e63 of proinsulin) and
Nkx6.1, and GFP fluorescence (Figure S3F and G). Insulin knockout cell
lines expressed GFP, but no insulin (Figure S3H). All cell lines had
normal karyotypes (Figure S3I). Similar to patient iPSCs, Mel1 cells
carrying a PTV1 mutation were immunopositive for proinsulin, and only
weakly insulin immunopositive (Figure S3J and K).
To assess proinsulin processing in the mutant cells we performed
Western blotting for processing intermediates. Normally, upon excision
of the preproinsulin signal peptide in the endoplasmic reticulum,
proinsulin disulfide bridges form between specific cysteine residues,
followed by intracellular transport of proinsulin to secretory granules in
which proinsulin is cleaved by PCSKs to generate mature insulin [42]
(Figure 2D).
We quantified synthesis of proinsulin, its processing to insulin and the
secretion of insulin. Stem cell derived beta cells (sc-beta) PTV1 cells
were pulse-labeled using 35S-amino acids, and chased for either 5 min
or 90 min. At 5 and 90 min, proinsulin and insulin were immuno-
precipitated with anti-insulin and analyzed by nonreducing SDS-PAGE.
Whereas gene-corrected PTV1C cells formed native proinsulin, the
uncorrected patient cells exhibited a proinsulin band of abnormal
mobility (i.e., non-native), detected after both 5 min and 90 min of
chase (Figure 2E). Additionally, whereas the gene-corrected cells
synthesized and secreted insulin, in the PTV1 patient cells, formation
and secretion of labeled insulin was markedly impaired (Figure 2E).
These data are consistent with defects in proinsulin folding and insulin
formation in PTV1 sc-derived beta cells.
Misfolding of proinsulin monomers can promote the formation of
aberrant intermolecular proinsulin disulfide bonds [3,4,23,66]. We
examined this possibility using anti-proinsulin immunoblotting of
protein extracts from stem cell derived beta cell clusters, and resolved
by nonreducing SDS-PAGE. All genotypes were examined, including
normal controls, heterozygous mutant, and corrected patient cells for
both variants, as well as PTV1 hemizygous mutant ESCs and controls.
In cells carrying at least one copy of WT INS (WT iPSC, PTV1, PTV1C,
PTV2, PTV2C and Mel1-WT), proinsulin was detected in two bands
near the 6 kD molecular mass marker, representing intact proinsulin
(lower band) and a proinsulin conversion intermediate (upper band), a
pattern consistent with proinsulin folding, trafficking, and ongoing
maturation in the secretory pathway (Figure 2F). In contrast, no normal
proinsulin (or intermediate) bands were found in samples carrying only
the mutant INS copy (Mel1-PTV1-1 and Mel1-PTV1-2). These two cell
lines had only a proinsulin band of abnormal mobility, consistent with
defective proinsulin monomer folding and an inability of that proinsulin
to undergo normal trafficking and maturation in the secretory pathway
(Figure 2F). Consistent with these findings, by reducing SDS-PAGE,
cells containing a wild type copy showed the presence of a pro-
cessed insulin B-chain, confirming the ability of proinsulin to undergo
trafficking and maturation in the secretory pathway. Whereas in cells
bearing only a mutant PTV1 allele, this pattern was not observed
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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Figure 2: Reduced Proinsulin and insulin production in INS mutants accompanied by elevated ER stress and UPR. (A) Human proinsulin content and (B) insulin content in
sorted SC-beta cells clusters derived from WT iPSC, PTV mutants (PTV1 and PTV2) and their isogenic controls (PTV1C-1, PTV1C-2 and PTV2C). Content was normalized to the
percentage of insulin-positive cells determined by flow cytometry. n ¼ 4 per genotype. Data plots are presented as mean � SEM. One-way ANOVA test with *P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001. (C) Genotypes of iPSC lines and Mel1-hESC lines. Insulin-expressing allele is shown in gray; GFP allele is shown in green. PTV1 and
PTV2 mutations are indicated respectively by orange and blue bars. (D) Schematic of insulin processing. Uncleaved pre-proinsulin in a reduced monomer form is processed to
proinsulin, which is then cleaved to intermediates in the ER visible as double proinsulin bands on a non-reducing gel in the process of cleavage of proinsulin to insulin. Intermediate
state: The junctions of the B and A chains, between residues 32 and 33 (RYE) and residues 65 and 66 (RYG) are recognized by the neuroendocrine convertases PC1/3 and PC2,
respectively, during initial processing cleavages to form split-proinsulin. The resulting cleavage products extend insulin at the B chain C terminus through R31-R32 and extend C-
peptide C-terminally through K64-R65. Subsequently, carboxypeptidase E (CPE) trims these products by removing the basic residues to form des-proinsulin (Top). A reducing gel
shows only the processed B chain with the antibody used (Bottom). Illustrated using Biorender. (E) Pulse-chase experiment using non-reducing gel. Western blot for insulin using
an antibody specific to B-chain for cellular content and secretion. Misfolded non-native proinsulin with abnormal disulfide linkages (red arrow), normally folded proinsulin (green
arrow, below), conversion intermediate of proinsulin to insulin (purple arrow) and insulin (black arrow). C: samples collected from cells; M: samples collected from media to detect
secreted insulin. Note that only gene-corrected cells process and secrete insulin efficiently. (F) Western blots showing the processing of non-reduced proinsulin monomer (Proins)
and distinct higher molecular weight bands corresponding to dimeric and trimeric proinsulin (dimer and trimer) indicating intermolecular disulfide bond formation in mutants (Top
area). Anti-proinsulin antibody specifically detecting BeC junction sequence KTRREAEDLQ was used to detect non-reduced proinsulin, hence the “Proins” bands denote the
normally processed monomers. This antibody detects a mutant protein in MEL-1cells.The expression of processed B-chain recognized by an anti-Insulin antibody binding on B-
chain is shown using a reducing gel below. (GeH) Quantitation of Western blot for proinsulin processing products. For quantification purpose, the WT iPSC and Mel1-WT groups
were consolidated into the WT group; four cell lines displaying PTV mutation (PTV1, PTV2, Mel1-PTV1-1, Mel1-PTV1-2) were merged into the PTV-mut group; two isogenic
(corrected) controls (PTV1C and PTV2C) were combined as the PTV-cor group. (G) Proinsulin monomer is normalized with b-actin and differentiation efficiency quantified by flow
cytometry for the percentage of C-peptide positive cells (%C-pepþ). (H) Trimer/monomer and dimer/monomer ratio as an indication of proinsulin to insulin processing failure in PTV
mutant cells. (I) Representative Western blots showing ER stress markers including Grp94, BIP, P-eiF2a and proinsulin expression in all lines. Normalized with b-actin. Additionally,
quantification is normalized to differentiation efficiency (C-pepþ), which was above 40% for all samples. Lanes are denominated by their origins (WT iPSCs from a healthy control.
PTV1 and its isogenic control PTV1C from patient carrying PTV1 mutation, PTV2 and PTV2C from another patient with PTV2 mutation. WT-MEL1, Mel1-PTV1-1 and Mel1-PTV1-2
from Mel1-hESC). All lanes stained for different proteins are from the same membrane. (J) Quantitation of Western blot for ER stress proteins. WT includes WT iPSC and Mel1-WT;
PTV-mut comprises PTV1, PTV2, Mel1-PTV1-1, Mel1-PTV1-2; PTV-cor includes PTV1C and PTV2C.
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(Figure 2F). Thus, the variant PTV1 mutation (HB15, B16) is incompatible
with the formation of mature insulin.
We also detected aberrant disulfide-linked proinsulin dimers and tri-
mers within patient-derived and Mel1-derived beta-like cells bearing
the PTV1 INS mutation (Figure 2F). Though these complexes were also
seen in wild type cells, PTV1 mutant cells showed decreased proinsulin
monomer per insulin-positive cell (Figure 2G, Table S2), and an
increased ratio of proinsulin trimer and dimer to monomer, especially
in the sc-derived beta-like cells expressing the proinsulin mutant
(PTV2) bearing the extra cysteine residue (Figure 2H, Table S2). These
aberrant signals are allele-specific, as insulin knockout cells do not
show either monomeric or oligomeric proinsulin signals despite their
ability to differentiate (Figure 2F).
These data demonstrate that the PTV mutations interfere with proper
formation of disulfide bonds and increase aberrant disulifide-linked
proinsulin dimers and trimers, resulting in diminished proinsulin
endoproteolytic processing due to defective anterograde proinsulin
trafficking in the secretory pathway. These derangements contribute to
reduced insulin production in INS mutant cells.

2.4. Increased ER stress in insulin mutant sc-beta cells
Retention of proinsulin in the ER has previously been reported in Akita
mice segregating for a tertiary structure-altering missense mutation
(Cys96Tyr) of INS2 [13,48]. We assessed ER stress in sc-derived beta
cell clusters (at 27d of in vitro differentiation) by assaying protein levels
of BIP, GRP94 and phospho-eiF2a. By Western blotting, we found only
a modest activation of ER stress pathways: BIP and GRP94 exhibited an
increase in mutant PTV cell lines (Figure 2I), and a decrease upon
correction, though the effect was small, but significant when consid-
ering all genotypes (Figure 2J, Table S2). In contrast, the normally
folded proinsulin is increased after gene correction as the dimerization
and trimerization of proinsulin effectively reversed in PTV corrected
cells (Figure 2F, I and J). Specifically, in patient iPSC-derived beta cell
clusters carrying PTV1 and PTV2 mutations, immunofluorescence of
BIP was increased in insulin-positive cells (Figure S4A and C). Like-
wise, Mel1 cells carrying a PTV1 mutation also showed an increased
number of BIP/insulin double-positive cells (Figure S4B and D). These
data suggest that - as in Akita mouse beta cells - impaired folding of
proinsulin results in increased ER stress which decreases insulin
production [38].

2.5. Reduced C-peptide secretion in patient-derived beta cell grafts
transplanted in NSG mice
We tested the function of patient-derived SC-beta cells in vivo, by
grafting these cells into immunodeficient NSG mice. We transplanted
1w2 � 106 beta cells from mutant, isogenic gene-corrected controls,
and WT controls, into the gastrocnemius muscle of NSG mice. Beta
cells grafted into mice display physiologic glucose-stimulated insulin
secretion, allowing detailed functional interrogation of specific beta cell
genes [65]. Here, we monitored human C-peptide secretion in the fed
state and after intraperitoneal glucose challenge.
In mice engrafted with WT iPSC (1159)-derived or ESC (Mel1)-derived
cells, interim serum concentrations of human C-peptide in the random
(fed) state rose gradually to 1248 pM in Mel1-WT engrafted mice or
1210 pM in WT-iPSC (Figure 3A). This time course suggests that the
SC-derived beta cells integrated with the mouse vascular system and
were maturing in vivo. In contrast, NGS mice transplanted with PTV1 or
PTV2 grafts showed detectable but extremely low random C-peptide
concentrations post-transplantation (Figure 3A). We also examined
random mouse C-peptide concentrations at 7 months after grafting. As
expected, secretion of mouse C-peptide in WT SC-islets engrafted
MOLECULAR METABOLISM 80 (2024) 101879 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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mice was suppressed due to insulin secretion from the human beta cell
grafts. In PTV SC-islets engrafted mice, high levels of mouse C-peptide
persisted, consistent with a failure of human insulin secretion in these
animals (Figure 3B, C). Thus, whereas a single wild type insulin gene is
sufficient in MEL-1 cells to regulate mouse blood glucose levels, cells
with a single wild type insulin allele in combination with a mutant
insulin allele fail to secrete physiologically sufficient amounts of insulin.
These data are consistent with a dominant-negative impact of struc-
tural mutations of proinsulin molecules on the function of patient-
derived SC-beta cells in vivo.
To further assess the metabolic physiology of mice transplanted with
beta cells expressing mutant or corrected INS, mice were fasted
overnight and then challenged with intraperitoneal glucose (2 g/kg
body mass). Mice engrafted with PTV1 or PTV2 cells displayed
impaired human C-peptide secretion after glucose stimulation,
compared to mice engrafted with wild type ESC and iPSC controls
(Figure 3D). Importantly, mice with PTV1C and PTV2C gene-corrected
transplants showed physiological decreases of circulating human C-
peptide during fasting and increased C-peptide in response to glucose,
while mice with uncorrected mutant cells did not (Figure 3E, F).
However, the absolute serum concentration of human C-peptide in
mice with gene-corrected cells did not reach those of MEL-1 cells, and
were not sufficient to fully substitute for the endogenous mouse beta
cells (Figure S5A). We attribute this partial substitution to the variability
in iPSC quality [64]. Importantly, we did not ablate mouse beta cells in
any of these studies. Streptozotocin can be dosed to preferentially kill
endogenous mouse beta cells, but not transplanted human cells
[19,69] Here, we were concerned that the proposed increased ER
stress-susceptibility of the mutant cells would render them more
sensitive to the STZ, confounding subsequent inferences regarding
effects of the mutations on cell-autonomous in vivo functions of these
cells.
We also measured serum glucose concentrations during intraperito-
neal GSIS. Mice transplanted with PTV cells had higher serum glucose
concentrations at 30 min post injection than mice with either MEL-1
grafts or with control iPS grafts (Figure S5B). Random glucose con-
centrations were lower in mice engrafted with control grafts derived
from Mel1-WT/WT-iPSC compared to those bearing PTV grafts
(Figure S5C). The disparity in glucose concentration thresholds for
insulin secretion between human and mouse islets could underly this
observation. Notably, human islets have a glucoseedependency curve
shifted to lower concentrations, with a threshold of w54e72 mg/dL
compared to w90 mg/dL for mouse islets [2,54]. This moves mouse
blood glucose levels lower than usually observed in mice, which others
also have documented [36].
We also transplanted NSG mice with Mel1 hESCs carrying the PTV1
mutation; controls were grafted with Mel1-WT cells (Figure 2C). As
noted, Mel1 cells have only one functional INS allele as the other allele
is null by virtue of insertion of GFP. Hence the Mel1 cells are all
hemizygous for INS. No circulating human C-peptide was detected in
mice engrafted with Mel1-PTV1 cells (Figure 3G), and no human in-
sulin was detected during an GSIS during which wild type grafts
produced concentrations of insulin (Figure 3H). These data indicate
that the PTV1 allele does not produce secretable insulin (Figure 3C).

2.6. Loss of INS mutant beta-like cells after transplantation is
associated with ER stress
We assessed the impact of nominal ER stress on survival of PTV1 and
PTV2 beta cells after grafting. We compared grafted PTV1 and PTV2
beta cells with their corresponding corrected and wild-type control
beta cells at 7 months post transplantation. We observed a severe
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: PTV SC-islets fail to secrete insulin and are unable to respond to glucose challenge in mice. (A) Human specific C-peptide levels(pM) in WT-iPSC (INSwt/wt),
Mel1-WT (INSgfp/wt), PTV1 (INSptv1/wt) and PTV2 (INSptv2/wt) in plasma of mice engrafted with SC-islets. Human (B) and Mouse (C) fed state C-peptide levels(pM) after 7 months
of transplantation. (Tx: Transplantation). Individual data points presented. One-way ANOVA and Tukey’s multiple comparisons test. (DeF) Human C-peptide (pM) measured during
glucose-stimulated insulin secretion (GSIS) at 7 months post-transplantation. Mice were injected IP with 2 g of glucose/kg body mass after overnight fasting (16 h). (G) Mea-
surements of human specific C-peptide levels(pM) in Mel1-WT (INSþ/GFP) and Mel1-PTV1 (INSPTV1/GFP) SC-islets engrafted mice blood after transplantation. (H) Human Insulin (mU/
L) measured during glucose-stimulated insulin secretion (GSIS) at 7 months post-transplantation. Mice were injected IP with 2 g of glucose/kg body mass after overnight fasting
(16 h). Data plots are presented as mean � SEM. Two-way ANOVA test with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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reduction in the percentage of C-peptide-expressing cells or Insulin
producing cells in the mutants (Figures 4A, B and S6A and B). How-
ever, at the time of initial transplantation, these alterations had not yet
occurred, as the differentiation efficiency remained equivalent between
mutant subjects and control groups (Figure 1E, F). Interestingly, most
of the limited number of C-peptide-expressing cells in PTV1 and PTV2
grafts were immunopositive for the ER stress marker BIP, in contrast to
much lower frequency in gene-corrected beta cells or uncorrected
control cells (Figures 4A, C and S6A and C). Specifically, 64% and
67%, respectively of PTV1 and PTV2 C-peptide positive cells co-
expressed BIP. Such double-positive cells were much rarer in con-
trol (3.50%) and corrected isogenic PTV1C (8.28%) and PTV2C (0.36%)
cells (Figure 4C).
Introduction of the PTV1 mutation in Mel1 cells also reduced the
number of C-peptide positive cells in grafts, and increased the BIPþC-
6 MOLECULAR METABOLISM 80 (2024) 101879 � 2024 The Author(s). Published by Elsevier GmbH. T
peptideþ population from zero to 80% (Figure S6A and C). These
results (Figure 4B) indicate significant beta cell loss resulting from the
presence of the mutant INS alleles.
We evaluated the possibility that apoptosis may contribute to beta cell
loss in mutant beta cells, we observed TUNEL-positive, C-peptide-
producing cells in PTV cells after 27 days of in vitro differentiation
(Figure S6D and E). However, gene-corrected isogenic control cells, did
not significantly reduce apoptosis, suggesting that apoptosis observed
may also be due to other causes, including spontaneous cell death
(Figure S6D and E). Apoptosis was nearly undetectable in transplanted
beta cells at seven months after in vivo engraftment (Figure S6F). Our
findings are thus consistent with prior observations, that the loss of
beta cells through apoptosis is not the primary mechanism in PNDM.
This raises the question of whether other mechanisms might
contribute to beta cell loss.
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Figure 4: Increased expression of ER-stress markers grafts with PTV mutations. (A) Immunohistochemistry showing expression of ER stress marker-BIP in WT iPSC, PTV1,
PTV1C, PTV2, and PTV2C SC-islets excised at 7 months post-transplantation. Scale bar: 50 mm. (B) Quantification of percentage of C-peptideþ cells of total graft cells quantified
by Hoechst staining. The C-peptide antibody used detects both C-peptide and aa 33e63 of proinsulin. n ¼ 3e4 independent transplanted mice per cellular genotype. 1-2 sections
per mouse were analyzed, and the data points represent the percentage of C-peptide producing cells calculated from each section. (C) Quantification of colocalization of C-
peptideþ and BIPþ.The C-peptide antibody used detects both C-peptide and aa 33e63 of proinsulin. n ¼ 3e4 independent transplanted mice per cellular genotype. Data were
quantified by cell numbers and presented as mean � SEM. One-way ANOVA test with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
2.7. Beta cells with INS mutation lose their identity after
transplantation as a consequence of dedifferentiation
We immunostained stem cell-derived beta cell clusters for the presence
of the alpha cell marker, glucagon, and assessed the ratio of C-
peptideþ cells to Glucagonþ cells before and after 7 months of
transplantation. Both controls (WT-iPSC) and corrected isogenic con-
trols had similar percentage of C-peptide positive cells as a fraction of
total cells prior to transplantation (Figure 5A, C). There was a w70%
reduction of c-peptide positive beta-like cells in PTV1 and PTV2 mutant
grafts at 7 months post-transplantation (Figure 5B, C). The ratio of
proinsulin or C-peptide-positive cells/Glucagon-positive cells was
approximately 1.6 in isogenic corrected and WT groups both before and
after transplantation. In contrast, PTV1 and PTV2 grafts exhibited a
decline in this ratio: decreasing from 1.7 (PTV1) and 1.5 (PTV2) before
transplantation, to 0.5 (PTV1, P¼ 0.002) and 0.4 (PTV2, P¼ 0.012) at 7
months post-transplantation (Figure 5A, B and D). We observed the
most significant reduction in this ratio in Mel1-PTV1 grafts, decreasing
from 1.7 to 0.1 after 7 months of transplantation (P < 0.0001)
(Figure S7A and B).
Specific factors can trigger loss (dedifferentiation) of mature beta cell
identity. These include: oxidative stress [35,68], ER stress [11],
inflammation [46] and hypoxia [49]. We performed immunoreactivity
assays for ALDH1A3 (Figures 6A and S8A), which is upregulated in
diabetic beta cell failure [12,67]. The mean percentage of ALDH1A3-
positive cells per block was elevated more than 3-fold in PTV grafts
compared with controls (P ¼ 0.0012 for Mel1-PTV1 vs Mel1-WT) and
isogenic corrected controls (P< 0.001 for PTV1 vs PTV1C and P¼ 0.037
for PTV2 vs PTV2C) (Figures 6B and S8B). In PTV1 grafts, more than 30%
of ALDH1A3þ cells expressed NKX6.1, a beta cell specification tran-
scription factor; the percentage of ALDH1A3þNKX6.1þ cells in PTV1
grafts were about 17 times higher than in isogenic control grafts
(P¼ 0.016) (Figure 6C). In PTV2 patient cells, total ALDH1A3þ cells and
ALDH1A3þ cells co-expressing NKX6.1 were also reduced after gene
correction, although the difference was less significant (P ¼ 0.036 in
ALDH1A3þ cells and P ¼ 0.038 in ALDH1A3þNKX6.1þ cells)
MOLECULAR METABOLISM 80 (2024) 101879 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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(Figure 6C). To further examinewhether insulin mutations are associated
with molecular stigmata of de-differentiation, we examined iMel1-PTV1
grafts. Over 20% of ALDH1A3þ cells co-expressed NKX6.1, and the
percentage of these double-positive cells were 4-fold higher than in
Mel1-WT grafts (P< 0.0001) (Figure S8C). These findings are consistent
with the inference that ALDH1A3 positive cells that are also positive for
NKX6.1 are de-differentiated beta cells [12]. Of note is that the
ALDH1A3þNKX6.1þ double-positive populations were no longer
expressing insulin (Figures 6A and S8A).
ALDH1A3 is normally expressed in alpha cells, which are increased in
T2D. Glucagon negative alpha cells are thought to be a consequence of
beta cell de-differentiation [12]. The percentage of GCG-negative
ALDHA3-expressing cells, representing a progenitor cell-like stage,
was significantly increased in PTV grafts compared with their isogenic
controls in both patient genotypes (P ¼ 0.0013 for PTV1 vs PTV1C,
P < 0.0001 for PTV2 vs PTV2C) (Figure 6D, E). A difference was also
seen in Mel1-PTV1 grafts when compared with Mel1-Wt controls,
though it did not reach statistical significance (Figure S8D and E).
Collectively, these results suggest that beta cells subjected to ER stress
by misfolded insulin molecules exhibit heightened dedifferentiation,
characterized by increased ALDH1A3 expression and loss of insulin
expression.

3. DISCUSSION

We used patient-derived iPSCs as well as mutated human ESCs
bearing two distinct clinically dominant INS mutations to identify
genetically dominant derangements in proinsulin processing, proin-
sulin folding, ER trafficking and insulin production, associated with
increased ER stress, beta cell dedifferentiation and death. These
molecular-cellular phenotypes are consistent with the early onset in-
sulin deficient phenotype of patients with these mutations.
Consistent with clinical data, stem cell-derived beta cell grafts
harboring these specific mutations - in comparison to isogenic controls
e produced less human insulin and showed reduced insulin-expressing
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Figure 5: Loss of Insulin producing cells in PTV SC-islets engrafted to NSG mice. Immunohistochemistry for beta cell marker C-peptide and alpha cell marker Glucagon at
d27 of in vitro differentiation. Scale bar: 20 mm. (B) Immunohistochemistry for beta cell marker C-peptide and alpha cell marker Glucagon at 7 months post transplantation. Scale
bar: 20 mm. (C) Comparisons of percentage of C-peptide positive cells (%C-peptideþ/Hoechestþ) before(d27) and after transplantation (7months). (D) Ratio of insulin-producing
cell number to Glucagon-producing cell number in vitro (27d) and in vivo (7months). The C-peptide antibody used detects both C-peptide and aa 33e63 of proinsulin. 3e4
transplanted mice were included, and cell numbers were counted from 1 to 3 sections obtained from each mouse. Each data point represented in the bar graph signifies the
analysis conducted on a single section. Cell numbers are presented as mean � SEM. Two-way ANOVA test with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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cell numbers after 7 months of transplantation. This decrease in the
number of insulin-producing cells was due in part to cellular de-
differentiation with loss of insulin protein production. From these find-
ings, we infer that beta cells carrying the implicated neonatal diabetes
INS mutations are subjected to proteotoxic misfolding of insulin pre-
cursors with attendant elevated ER stress and impaired insulin secre-
tion. In addition, apoptosis, and beta cell de-differentiation reduce the
number of insulin secreting cells. Thus, the clinical phenotype of severe
insulin insufficiency results from convergent molecular and cellular
events compromising the production of insulin.
Proinsulin misfolding has been proposed as a mechanism in PNDM
[18,57]. These patients frequently segregate for heterozygous
missense INS mutations leading to early onset (generally within the 1st
6 months of life) of permanent insulin deficiency [14,30]. Heterozy-
gosity for null mutations of INS predisposes to diabetes, but of later
onset and presumably in individuals with an enabling genetic
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background [10,51]. Thus, dominantly inherited INS mutations impli-
cated in early onset insulin-dependent diabetes must have conse-
quences for insulin processing and/or the viability of cells expressing
the mutant peptide. This inference is supported by human clinical
phenotypes as well as animal models including mouse and transgenic
pigs [6,48,53]. In Akita mice expressing 3 copies of wild type INS (two
INS1 and one INS2) and 1 copy of a misfolding INS mutation (INS2þ/

C96Y), mutated proinsulin protein accounting for 36% of total translated
proinsulin products was misfolded to higher-molecular-weight forms
and that were associated with activation of the UPR [39]. We observed
dimerized and trimerized proinsulin, as well as an elevated ratio of
each higher-molecular-weight isoform to its monomer in cells
expressing LB15YB16delinsH (PTV1) or YB26C (PTV2) heterozygous
mutations. These mutations interfere with the cleavage and processing
of proinsulin, and prohibit the formation of disulfide bonds in mature
insulin [41,50]. A dominant-negative effect of the mutant insulin on
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 6: Increased beta cell dedifferentiation in stem cell-derived islet-like grafts carrying PTV mutations. (A) Immunohistochemistry for colocalization of dedifferentiation
marker ALDH1A3 (ALDH) with beta cell marker C-peptide, NKX6.1 in 7-month-old grafts. Scale bar: 10 mm. (B) Percentage of ALDH1A3 positive cells. (C) Percentage of NKX6.1
positive cells co-expressing ALDH1A3, indicating dedifferentiated beta cells. (D) Immunohistochemistry for colocalization of dedifferentiation marker ALDH1A3 (ALDH) with C-
peptide and alpha cell marker Glucagon in 7-month-old grafts. The C-peptide antibody used detects both C-peptide and aa 33e63 of proinsulin. Scale bar: 20 mm. (E) Quantitation
of GCG-negative ALDH1A3 expressing cells. Each data point represents an independent frozen section randomly selected from 3 to 4 independent transplanted mice per cell
genotype. Cell numbers are presented as mean � SEM. One-way ANOVA test with *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
processing of the wild type allele has been demonstrated [40]. This
dominant effect in vitro in sc-beta cells, which resemble fetal-like beta
cells [27]. This effect reduces, but does not eliminate all insulin
secretion. Additional cellular consequences account for the long-term
decline of insulin production after birth and diabetes. Heterozygous INS
mutations may also cause diabetes with later onset in childhood,
mimicking type 1 diabetes [7,77]. In these instances, C-peptide is
usually detectable at the time of diagnosis and persists in gradual
decline, suggesting that cell death and/or de-differentiation are
contributing to the hypoinsulinemic phenotype. These long-term con-
sequences are more accurately modeled by grafting of beta cells in
mice (this study, and Ref. [21]).
We observed severe reductions of insulin-producing cells in both
LB15YB16delinsH and YB26C islet-like grafts at 7-months post trans-
plantation. The majority of the surviving insulin-producing cells
showed evidence of increased ER stress characterized by elevation of
canonical molecular markers. However, given the impacts of
LB15YB16delinsH and YB26C mutations on INS folding we identified
ex vivo, these findings are not surprising. Beta-cell apoptosis has been
proposed as a main consequence of insulin misfolding and ER stress in
many types of diabetes, including in T2D [37,48], MODY [70] and
permanent neonatal diabetes (PND) [13,62]. The LB15YB16delinsH
mutation in patient PTV1 has been previously shown to cause
apoptosis in cell-based assays [13]. Similarly, we detected increased
apoptosis by TUNEL staining in stem cell derived beta cells in vitro. In
contrast, we saw little apoptosis in transplanted beta-cells over a 7-
MOLECULAR METABOLISM 80 (2024) 101879 � 2024 The Author(s). Published by Elsevier GmbH. This is an open
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month period. TUNEL may have missed a transient in vitro signal
and in vivo adaptations may have mitigated longer term effects of the
mutations. Compensatory reductions in (pro)insulin biosynthesis can
reduce ER stress [55]. The YB26C mutation in PTV2 patients seems to
have a greater effect on insulin synthesis and beta cell dedifferentiation
than apoptosis. PNDM mutation INS C96R impacts a crucial cysteine
residue responsible for the inter-chain disulfide bonds A7eB7; higher
levels of ER stress were observed both in vitro and in vivo models of
this mutation [5]. These findings are consistent with a modest acti-
vation of the unfolded protein response (UPR) noted in our study. But no
increase in apoptosis was noted at any stage of differentiation in INS
C96R cells [5]. Apoptosis may not be the primary cause of loss of beta
cell function in PNDM caused by insulin mutations.
Here we have identified beta cell dedifferentiation as an important
possible mechanism for loss of beta cell function in PNDM due to
dominant/negative INS mutations as reflected in the presence of
indicative molecular signatures: ALDH1A3þNKX6.1þ and ALDH1A3þ
GCG-cells in SC-islet-like grafts after long term in vivo maturation. In
agreement with a recent study showing a significant increase of
Aldh1a3þ cells in islets of Akita mice at 5 months after birth, we found
a distinct increase of Aldh1a3 expression in mutant transplants after
months of in vivo maturation [34]. Upregulation of ALDH1A3 has been
confirmed as a signature of dedifferentiation in human T2D diabetes
islets, but has not been previously shown to occur in INS mutated
human islets, or associated with ER stress caused by protein mis-
folding. Stem cell models of beta cell dysfunction involving ER stress
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have been previously reported [5,56], but were not examined for ev-
idence of de-differentiation. Though our stem cell model uses cells that
are not fully mature at the time of transplantation, and thus may be less
stable in their identity, this model system is still likely relevant to the
disease in patients. During normal development, cells progress from
immature to mature and de-differentiation triggered by mutant insulin
may contribute to lower beta cell mass in neonatal diabetes patients.
Our data implicate beta cell de-differentiation as a proximate mech-
anism for the beta cell failure characteristic of PNDM resulting from
dominant-negative INS mutations. Hyperglycemia-induced ER stress is
characteristic of T2D [37], and likely contributes to beta cell de-
differentiation. Other genetic forms of neonatal diabetes due to
explicit ER stress, including Wolfram and WolcotteRallison syndromes
[61] may also be associated with beta cell de-differentiation. ER stress
e perhaps depending on intensity and duration e can have various
outcomes, including beneficial ones, such as cell proliferation [58,59].
In the case of insulin folding mutation, which appear to cause relatively
modest ER stress levels, but over long-time frames, a prevalent
consequence is de-differentiation.
Our results have implications regarding the biology of diabetes at several
levels. They are consistent with recent suggestions that therapeutic
Inhibition of ALDH1A3 might be useful to mitigate loss of functional beta
cells in diabetes [60]. They also point to the likely clinical utility of
isogenic stem cell lines in the creation of genetically “corrected” beta
cells for transplantation in patients with monogenic etiologies of dia-
betes. However, such therapeutic advances will also require parallel
improvements in iPSC reprogramming and quality control, as the dif-
ferentiation potential of iPSCs to insulin producing cells often remains
very variable (this study & Ref. [63]). And they again emphasize the utility
of human stem cell-derived beta cells - and their in vitro and in vivo
analyses e in understanding the molecular physiology of specific ge-
netic derangements leading to clinical diabetes [21,56].

4. MATERIALS AND METHODS

4.1. Patients and cell lines
This study includes 10 human cell lines: a. 4 human embryonic stem
cell lines (Mel1-WT: INSþ/GFP, Mel1-PTV1: INSPTV1/GFP, Mel1-PTV2:
INSPTV1/GFP, Mel1-INS KO: INS�/GFP). Mel1-WT was generated previ-
ously [45]; the other three were gene-edited using CRISPR/Cas9. b. 6
human pluripotent stem cell lines: (WT-iPSC: INSþ/þ, PTV1: INSPTV1/þ,
PTV2: INSPTV2/þ, PTV1C1: INSþ/þ, PTV1C2: INSþ/þ, PTV2C: INSþ/þ).
WT-iPSC was derived from a healthy donor (cell line 1159) [73]; PTV1
and PTV2 were reprogrammed from 2 PNDM patients as described in
Results. 2 isogenic controls denominated PTV1C1 and PTV1C2 were
corrected from PTV1 and another isogenic control PTV2C was cor-
rected from PTV2. iPSCs derived from healthy or diabetic donors were
reprogrammed from fibroblasts using mRNA reprogramming kit [43].
Additional details including cell lines, gRNAs, ssDNA templates and
PCR primers are provided in Tables S3 and S4.
Cell lines were karyotyped by G band karyotyping by Cell Line Genetics.
Karyotyping was also performed using low pass whole genome
sequencing. Libraries were prepared using the Illumina DNA prep kit
(catalog 20060059). Sequencing was performed using Illumina HiSeq
2500 with 2 � 150 bp configuration. Sequenced samples were
analyzed using bwa aligner (v.0.7.17), samtools (v.1.11), and R
package QDNAseq (v1.26.0.) Karyotypes were inspected using quan-
tification of read numbers with a bin size of 500 kb.
Human fibroblasts were obtained after informed consent of the legal
guardians of the patient at Salesi Hospital. Samples were de-identified
and numbered PTV1, PTV2. Genetic analysis and use of patient
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samples in research was done with IRB approval at the University of
Rome Tor Vergata. Work with human pluripotent stem cell lines was
reviewed and approved by the Columbia University Embryonic Stem
Cell Committee.

4.2. INS variants correction by CRISPR/Cas9
CRISPR/Cas9 gene editing system was employed to correct 2 patho-
genic variants of INS (PTV1: LB15YB16delinsH, PTV2: YB26C) and to
generate 3 corrected cell lines (PTV1C1, PTV1C2 and PTV2C). Guide
RNAs against INS loci adjacent to the mutations were designed using
the online tool (https://www.idtdna.com/pages/tools/alt-r-crispr-hdr-
design-tool) and synthesized by IDT (Integrated DNA Technologies).
gRNAs were then assembled in a backbone vector (gBlock) by PCR for
further functional expression using the method of Gibson [20]. gBlocks,
correction template composed of single strand DNA (IDT) and Cas9-GFP
were then transfected into human iPSCs for INS mutation correction
using embryonic stem cell Nucleofector Kit (VVPH-5012, Lonza).
Transfected cells were cultivated in StemFlex medium (catalog
#A3349401, Thermo Fisher Scientific) supplemented with 10 mmol/L
ROCK inhibitor-Y26732 (catalog #S1049; Selleckchem). After 48 h of
proliferation, GFP positive cells were sorted by flow cytometry facilities
in Columbia stem cell core and seeded onto GelTrex (catalog A1413302,
Thermo Fisher Scientific) coated plates. ROCK inhibitor was removed
after 24 h and the medium was refreshed every other day until 2 weeks
later. Each clone was picked up and analyzed by PCR and sanger
sequencing to select corrected INS clones. Additional details including
cell lines, gRNAs, ssDNA templates and PCR primers are provided in
Tables S3 and S4.

4.3. Cell culture and SC-derived beta-cell differentiation
All iPSCs and ESCs employed in this paper were seeded on GelTrex-
coated plates, cultured in StemFlex medium and passaged with Try-
pLE Express (catalog #12605036; Life Technologies) every 3e5 days.
Undifferentiated cells were then cultivated following a step-wise dif-
ferentiation protocol previously established by our lab [64]; graphics
illustrating differentiation stages are provided in Figure S1A. Cells were
aggregated into clusters at Pancreatic Progenitor stage and were
collected for further analysis within pancreatic beta-cell stage on d27.
Images showing GFP-positive insulin-expressing cells were captured
by an OLYMPUS IX73 fluorescent microscope.

4.4. Flow cytometry analysis
The SC-derived islet-like clusters were dissociated into single cells on
d27 of differentiation using TrypLE Express. Dispersed cells were
suspended in 5% FBS-containing PBS buffer for further use. Cells were
then fixed in 4% paraformaldehyde (PFA) for 10 min followed by
permeabilization at 20 �C with cold methanol for 10 min. Primary
antibodies were incubated with cells for 1 h at 4 �C with a dilution of
1:100 in 0.5%BSA. Secondary antibodies were incubated with cells at
a dilution of 1:500 for 1 h at room temperature. Cells were washed
twice between every step by 5% FBS-containing PBS buffer. Lastly,
collected cells were filtered into a Falcon round-bottom 12 � 15 mm
tube through the cell strainer cap (catalog #352235; Corning) and
analyzed by flow cytometer in Columbia stem cell core. All staining was
performed at 4 �C. Data analysis was performed on FlowJo Software.
Refer to Table S5 for additional information of primary antibodies and
Table S6 for secondary antibodies.

4.5. Immunohistochemistry
SC-derived islet-like clusters were collected at day 27 of culture and
fixed with 4% PFA at room temperature for 10e20 min. Grafts were
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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retrieved from the NSG mice post 7 months of transplantation, fixed
with 4% PFA at room temperature for 1 h. The next steps were
performed according to our formerly published method [64]. Briefly,
fixed clusters and grafts were washed twice by PBS and incubated
with 30% sucrose overnight at 4 �C to dehydrate and precipitate
clusters. Aggregated clusters were transferred into a cryomold and
immersed with O.C.T. medium over dry ice for cryosection. The
frozen blocks were cut into 5-mm sections sections for further im-
munostaining. Primary antibodies used with this assay are listed in
Table S5, and secondary antibodies are listed in Table S6. Images
were taken with an OLYMPUS IX73 fluorescent microscope or a
ZEISS LSM 710 confocal microscope. Frozen sections stained with
the same markers were performed simultaneously and imaged with
same parameters settings to ensure reliable quantification and
comparison. Imaging processing and later quantification were per-
formed blind, without labels using Fiji Software. Cell numbers were
counted manually to calculate the positive or negative cell pop-
ulations in all immunostaining sections. Apoptosis analysis was
carried out with TUNEL assay. Frozen sections were processed with
TUNEL apoptosis detection kit-CF594 (catalog #30064, Biotium)
following the manufacturer’s instructions.

4.6. Western blotting
SC-derived islet-like clusters at d27 were collected into pre-chilled
1.5 ml tubes and lysed with RIPA at 4 �C for 30 min. Clusters were
vortexed every 5 min to ensure sufficient lysis. Supernatants con-
taining total protein were retrieved after centrifuge. Samples were
resolved by SDS in 4e12% BiseTris NuPAGE gels under either non-
reducing or reducing conditions and electrotransferred to nitrocellu-
lose. Development of immunoblots used enhanced chem-
iluminescence, captured with a Fotodyne gel imager, quantified using
Fiji software. Of note, anti-KDEL antibodies were used to detect both
Grp94 and BIP. Moreover, the proinsulin antibody (DSHB, Cat# GS-9A8;
RRID: AB_532383) is highly specific, binding solely to the BeC
junction of human proinsulin, and it exhibits no cross-reactivity with
insulin or C-peptide. Additional details including primary and sec-
ondary antibodies are provided in Tables S5 and S6.

4.7. Metabolic labeling and immunoprecipitation
The pulse-chase experiment was performed as described previously
[24]. Briefly, SC-derived islet-like clusters at d27 were dissociated to
w2e4 million cells and then labeled with 35S-Cys/Met by incubation
with cysteine/methionine-absent media for 30 min and defined pulse
chase times. Labeled cells were washed with PBS containing
20 mmol/L N-ethyl maleimide (NEM) and then lysed in radio-
immunoprecipitation assay buffer (25 mmol/L Tris, pH 7.5; 1% Triton
X-100; 0.2% deoxycholic acid; 0.1% SDS; 10 mmol/L EDTA; and
100 mmol/L NaCl) with 2 mmol/L NEM and protease inhibitor.
Centrifuged cell lysates, normalized to trichloroacetic acid precipitable
counts and precleared with zysorbin, were immunoprecipitated and
probed with anti-proinsulin and anti-insulin (B-chain) antibodies
overnight at 4 �C. Immunoprecipitants were analyzed by nonreducing
TrisetricineeureaeSDS-PAGE, with phosphor imaging.

4.8. ELISA assays
Human proinsulin and insulin levels measured from cell content using
human Proinsulin ELISA kit (Catalog #10-1118-01, Mercodia) and
human Insulin ELISA kit (Catalog #10-1113-01, Mercodia). Human C-
peptide level in mice serum sample were detected by Ultra-sensitive C-
peptide ELISA kit (Catalog #10-1141-01, Mercodia). Mouse C-peptide
levels were measured from plasma samples by using mouse C-peptide
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ELISA kit (Catalog #90050, Crystal Chem). All procedures were per-
formed according to their manufacturing instructions.

4.9. Transplantation to NSG mice of SC-derived islet-like clusters
and their in vivo assay
8-week-old male NOD-SCID-gamma (NSG) mice were purchased from
Jackson Laboratories (catalog #005557) and housed at Columbia
University Medical Center animal facility. Intra-leg quadriceps muscle
transplantations were performed in 8 to10-week-old mice with
approximately 2 million beta cells per mouse in accordance with
published methods [21]. Briefly, SC-derived islet-like clusters were
collected at d27 into a 1.5 ml pre-chilled tube with 50 mL Matrigel.
Mice were anesthetized with isoflurane. Clusters mixed with gel were
injected into the quadriceps using a 21-gauge needle. Fed state human
C-peptide levels were detected and recorded (@ 4e5 pm) at 2 weeks
post engraftment and every subsequent month. Glucose-stimulated
insulin secretion was performed by fasting overnight (15e17 h) and
2 g/kg d-glucose intraperitoneal injection. Blood was collected from
the tail vein into heparin-coated tubes at fed state, fasting state (0 min)
and 30 min post injection (30 min). Whole blood glucose was also
measured by glucometer at each time point. Supernatant plasma was
separated through centrifugation at 2000 g for 15 min at 4 �C for
human and mouse C-peptide measurement.

4.10. Statistical analysis
Statistical analysis was performed with Prism software (GraphPad
Prism 9, GraphPad Software, Inc.). Differences between experimental
groups were tested by 2-tailed unpaired or paired t test and by one-
way or two-way ANOVA followed by Tukey’s multiple-comparison
test and presented as mean � standard error of mean (SEM). The
differences observed were considered statistically significant at the 5%
level and annotated: *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001.

MANUSCRIPT PREPARATION

This manuscript was prepared in part using solar electricity collected
with a V250 Voltaic Systems solar panel and external laptop battery for
a MacBook Pro between sea level in NYC and 17,200 feet (High Camp)
in Denali National Park in the United States. Figure schematics were
prepared using Biorender. ChatGPT was used to consider alternate
synonymous wording of text.
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