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Summary

Neurogenin3 (NEUROGS3) is required for endocrine lineages formation of the pancreas and
intestine. Patients with NEUROG3 mutations are born with congenital malabsorptive diarrhea due
to complete loss of enteroendocrine cells, whereas endocrine pancreas development varies in an
allele-specific manner. These findings suggest a context dependent requirement for NEUROG3 in
pancreas versus intestine. We utilized human tissue differentiated from NEUROG3™~ pluripotent
stem cells for functional analyses. Most disease-associated alleles had hypomorphic or null
phenotype in both tissues, whereas the S171fsX68 mutation had reduced activity in the pancreas
but largely null in the intestine. Biochemical studies revealed NEUROGS3 variants have distinct
molecular defects with altered protein stability, DNA binding and gene transcription. Moreover,
NEUROG3 was highly unstable in the intestinal epithelium, explaining the enhanced sensitivity of
intestinal defects relative to the pancreas. These studies emphasize that studies of human
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mutations in the endogenous tissue context may be required to assess structure-function
relationships.

Graphical Abstract

Zhang et al. use a human pluripotent stem cell-based system to study the impact of patient-derived
mutations in NEUROGS3 on the development of pancreatic and intestinal endocrine cells. This
system recapitulates patient phenotypes, identifies hypomophic alleles, and uncovers the
mutations’ effects on dimerization, DNA binding, transcription, and protein stability.
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Introduction

Endocrine cells in the pancreas and throughout the gastrointestinal tract secrete hormones
that regulate many bodily functions including satiety, digestion, motility, nutrient absorption,
and blood glycemia. The development of both pancreatic and intestinal endocrine cells is
dependent on the basic helix-loop-helix (bHLH) transcription factor Neurogenin3
(NEUROGS3). In mice, loss of Neurog3 results in the absence of pancreatic and intestinal
endocrine cells, causing diabetes and a failure in nutrient absorption (Gradwohl et al., 2000;
Jenny et al., 2002). Patients with homozygous or compound heterozygous NEUROG3
mutations are similarly born without any intestinal enteroendocrine cells (EECs), resulting
in malabsorptive diarrhea (Hancili et al., 2017; Pauerstein et al., 2015; Pinney et al., 2011;
German-Diaz et al., 2017; Rubio-Cabezas et al., 2011, 2014; Sayar et al., 2013; Unlisoy
Aksu et al., 2016; Wang et al., 2006). Interestingly, however, some patients maintain
sufficient glycemic control into adulthood indicating a functional endocrine pancreas, while
others are diabetic at birth (neonatal diabetes) (Table S1).

The cause of variability in human phenotypes is not known; however, it is possible that each
mutation has unique effects on the structure and function of NEUROG3. Alternatively,
humans may not have an absolute dependence on NEUROG3 for pancreatic endocrine cell
development (Rubio-Cabezas et al., 2014). This latter possibility was tested using CRISPR-
mediated gene disruption of NEUROG3 in human pluripotent stem cells, which upon
differentiation failed to generate any human pancreatic endocrine cell /n vitro or following
engraftment and growth of pancreatic progenitors in mice (McGrath et al., 2015). These data
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suggest that null alleles of NEUROG3 should result in a complete loss of both pancreatic
and intestinal endocrine cells. Since some NEUROG3 mutations are likely to be
hypomorphic, this can explain why some patients retain some pancreatic endocrine function.
However, it remains unclear why hypomorphic NEUROG3 mutations result in a complete
loss of intestinal EECs.

Neurog3 promotes endocrine cell specification through regulating target genes encoding
transcription factors such as NeuroD1 (Huang et al., 2000), Nkx2-2 (Prado et al., 2004),
Pax4 (Smith et al., 2003; Sosa-Pineda et al., 1997), Arx (Collombat et al., 2003), Rfx6
(Soyer et al., 2010), Nkx6-1 (Henseleit et al., 2005; Sander et al., 2000), among others. As
with other bHLH family members Neurog3 can bind a core E-box motif, CANNTG as a
heterodimer with E-proteins such as E47 (Jones, 2004; Longo et al., 2008), while some
bHLH proteins have been proposed to act as homodimer independent of an E-protein partner
(Lee et al., 2005). Once bound to DNA, Neurog3 acts as a transcriptional activator through
recruitment of coactivators, such as p300/CBP and PCAF, to activate downstream targets
(Breslin et al., 2007).

While none of the patient-derived NEUROG3 mutations have been studied in the context of
human endocrine cell development, several have been studied in cancer cell lines and by
over/misexpression in model organisms (Pauerstein et al., 2015; Pinney et al., 2011; Rubio-
Cabezas et al., 2011; Wang et al., 2006). Given the context-dependent roles of NEUROGS3,
and possible species differences, we investigated the impact of NEUROG3 mutations during
development of human pancreatic precursors (McGrath et al., 2015) and intestinal EECs
(Spence et al., 2011) derived from human pluripotent stem cells (PSCs). NEUROG3™/~
PSCs failed to form any pancreatic or intestinal endocrine cells, while endocrine
specification was fully rescued by expression of physiologic levels of wild-type NEUROGS.
To investigate the mechanism of patient mutations in NEUROG3 on the differentiation of
pancreatic and intestinal endocrine cells, we expressed physiologic levels of NEUROG3
mutant proteins R93L, R107S, E123X, L135P, S171fsX68 and E28X in NEUROG3™~
hESCs and tested for their ability to rescue pancreatic and intestinal endocrine cell
formation. R93L, R107S and S171fsX68 recapitulate the patient phenotype with
development of some pancreatic endocrine cells, but not intestinal EECs. In contrast,
E123X, L135P and E28X were devoid of functional activity in either context regardless of
expression levels, consistent with the reported phenotypes in these patients. Biochemical
analysis of each mutant protein revealed three types of molecular defects: reduced (R107S
and E123X) and increased (S171fsX68) protein stability; diminished (R93L, R107S,
S171fsX68) or abolished (E123X and L135P) DNA binding activity /n vitro and by ChiP;
and diminished (R107S) or abolished (E123X and L135P) E47 heterodimer formation.
Moreover we identified that the half-life of NEUROGS3 in intestinal EECs is half that of
pancreatic cells, which could explain why mutations that reduce NEUROGS3 activity all
result in loss of EECs and an intestinal pathology.
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Generation of culture system to study the effects of NEUROG3 patient mutations on
human pancreatic and intestinal endocrine cell development.

To map the effects of NEUROG3 mutations on human pancreatic and intestinal endocrine
cells, we established a tetracycline NEUROG3-inducible system in NEUROG3-deficient
(NEUROG3™") hESCs (Figures SIA-S1C) (McCracken et al., 2011; McGrath et al., 2015;
Spence et al., 2011). We chose an inducible tetracycline strategy so that we could express
tagged wild-type and mutant forms of NEUROG3 to resemble physiological level.
Moreover, we controlled the onset of NEUROGS3 expression to mirror the start of
endogenous expression. We first confirmed that NEUROG3 ™/~ hESCs were unable to give
rise to pancreatic endocrine cells, as previously reported (Figures 1A and 1B) (McGrath et
al., 2015). Similarly, human intestinal organoids (HI1Os) derived from NEUROG3~/~ hESCs
did not develop EECs as measured by the pan-endocrine markers CHGA and Synaptophysin
(Figures 1D and 1E).

We next determined if expression of wild-type NEUROG3 to physiological level was
sufficient to rescue endocrine cell development in NEUROG3™~ pancreatic cultures.
Endogenous NEUROG3 expression is first detected approximately 8-9 days after the start of
differentiation (Figure S1D). We therefore induced NEUROG3 expression by adding
doxycycline at day 7, 8, or 9 of differentiation, which promoted the formation of pancreatic
endocrine cells (Figures S1E). Remarkably, induction of NEUROG3 expression at day 5 or 6
did not result in endocrine cell induction, demonstrating that pancreas precursors are not
endocrine competent at this stage of development. We further determined that while an 8-
hour pulse with 100ng/ml dox induced NEUROGS3 protein in more cells than found in wild-
type (NEUROG3**) cultures, their per cell levels were comparable as measured by
quantitative immunofluorescence (Figures 11, S1D, S1F and S1H) and flow cytometry
(Figure 1J). Moreover, we found that the number of dox-induced pancreatic endocrine cells
were comparable to those observed in NEUROG3*/* hESC-derived pancreatic cultures
(Figures 1C, 1G and 1H).

Intestinal enteroendocrine cells are initially observed in the embryonic intestine at E15.5 in
mice (Jenny et al., 2002). In PSC-derived human intestinal organoids (HIOs), EECs were
consistently observed by day 35 of differentiation. We therefore chose Day 28 as the time
point to induce NEUROG3 expression (Figure S1B). Following an 8-hour pulse with
100ng/ml doxycycline, we observed expression of NEUROGS in the epithelium (Figure S1G
and S1J), albeit at low levels relative to the pancreatic cultures. However, this level of
NEUROG3 expression was sufficient to induce EECs in humbers comparable to
NEUROG3** derived HIOs (Figures 1F and 1G). Due to the rarity of EECs in the intestine,
detection of endogenous NEUROG3 in HIOs was not possible (S1J). However, we did detect
a few cells expressing endogenous NEUROG3 in transplanted HIOs and in HIO cultures
with enhanced EEC differentiation caused by adding mitogen-associated protein kinase
(MAPK) pathway inhibitor PD0325901 (PD03) (Basak et al., 2017) (Figure S1G). A
quantitative comparison of NEUROGS3 protein levels from these endogenous cultures and
our dox-induced system again revealed similar NEUROGS3 protein levels (Figure 1K).
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Patient NEUROG3 mutations recapitulate pancreatic and intestinal phenotypes

Since expression of physiologic NEUROGS3 levels rescued development of normal humbers
of pancreatic and intestinal endocrine cells in a NEUROG3-null background, we used this
system to define how six disease associated mutations affect NEUROGS3 activity in their
native context. R93L is located in the basic region predicted for DNA interaction, while
R107S, E123X and L135P are located in the helix-loop-helix domain, which in NEUROD is
essential for E47 heterodimerization (Longo et al., 2008) (Figure 2A). Two additional
mutations, E28X and S171fsX68, map outside of the bHLH domain. We determined how
each NEUROG3 mutation functionally differed by examining their ability to rescue
development of pancreatic endocrine cells in a NEUROG3™~ background. NEUROG3R%L,
NEUROG3R107S and NEUROG3S171fsX68 \yere competent to induce endocrine cell
specification, albeit at significantly reduced numbers relative to NEUROG3WT, suggesting
these mutations are hypomorphic (Figures 2B-2D, 2G, 2P and 2R). Consistent with this
idea, we found that while the direct target genes NEURODI1, NKX2-2, and PAX4 were
robustly activated by NEUROG3WT, each were weakly activated by the NEUROG3RL
NEUROG3R107S and NEUROG35171fsX68 proteins (Figure S3C). This phenotype is similar
to that observed in patients harboring these mutations, where they are born with some
endocrine pancreas function that diminishes over time. In contrast, NEUROG3E123X
NEUROG3M13P and NEUROG3E28X were unable to specify any endocrine cells in
pancreatic precursors or induce downstream target genes, suggesting complete loss of
function for these mutations (Figures 2E, 2F, 2H, 2P and 2R). These findings are mostly
consistent with the reported data of patients harboring these mutations in both alleles, who
are born with neonatal diabetes.

None of the mutations in NEUROG3 affected mRNA levels (Figure 30), protein nuclear
localization (Figure S3F) or antibody epitopes since the NEUROG3 antibody and an N’
terminal HA tag equally stained each variant (Figures S2A and S2B). Expression levels were
also not likely affected by number of integrated viral copies (Figures S2C and S2D) or
silencing since we determined that most cells carry one integrated virus (Charrier et al.,
2011; Figliozzi et al., 2016) and there is no silencing as long as we maintain selection
(Figure S2E). While doxycycline was shown to alter cell metabolism and proliferation in
human cell lines and stem cells, the dose and incubation time used in our culture systems
were much lower and shorter than what is reported to alter cell metabolism (Ahler et al.,
2013; Chang et al., 2014), and we did not observe any effect of doxycycline on cell
proliferation in either pancreas or HIOs (Figures S2F and S2G).

We next investigated the ability of NEUROG3 mutant proteins to promote EEC formation.
Induced NEUROG3WT, NEUROG3®%L, NEUROG3?197S, NEUROG3F123X,
NEUROG3-135F  NEUROG3S1715X68 ang NEUROG3528X mRNA were expressed at
comparable levels (Figures 3Q, S4A and S4B). All NEUROG3 mutant proteins were
detectable with the exception of NEUROG3526X (Figure S4A). However, EECs were
detectable only in the epithelium of NEUROG3WT HIOs (Figures 21). Similarly to what is
observed in patients, there was a complete absence of endocrine formation when we
expressed physiologic levels of NEUROG3R%L NEUROG3R107S NEUROG3E123X
NEUROG3:135P NEUROG3S171fsX68 and NEUROG3E28X (Figures 21-20, 2Q and 2S). We
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also observed that none of the mutants robustly activated expression of NEURODI1, NKX2-
2, and PAX4 compared to NEUROG3WT (Figure S4C). Of note, while the doxycycline-
inducible system drives NEUROG3 expression in the mesenchyme, NEUROG3 does not
alter mesenchyme identity as measured by RNA-seq (data not shown). Taken together,
expressing NEUROG3 mutant proteins at physiological levels /n vitro recapitulated the
reported patient phenotypes in both pancreas and intestinal cultures.

Identification of NEUROG3 mutations with hypomorphic activity in the pancreas and

intestine

Since patients with NEUROG3 mutations NEUROG3R93L, NEUROG3R197S, and
NEUROG3517155X68 retain functional pancreatic endocrine cells, it suggests that these
mutations are hypomorphic in the pancreas. If so, then increasing the levels of the mutant
proteins should restore endocrine cell formation in the pancreas. To test this idea, we used
this highly tractable system to increase mutant NEUROGS3 level by adding more
doxycycline (300ng/ml) or by extending the time of 100ng/ml treatment from 8 to 24 hours.
In pancreatic progenitor cultures, we found that increasing NEUROG3R%L,
NEUROG3RI07S, or NEUROG351717X68 mRNA levels or extending the time of dox
treatment to 24 hours resulted in increased pancreatic endocrine cells (Figures 3A-3C, 3F,
3M, S3D and S3E) and enhanced induction of target gene expression (Figures 3P and S3C).
We observed a more robust endocrine cell rescue by extending the duration rather than
increasing the induction levels. In contrast, increasing the expression of NEUROG3F123X or
NEUROG3-135F failed to induce either pancreatic endocrine cells or target genes (Figures
3D, 3E, 3M, 3P and S3C). These results are consistent with NEUROG3?9L,
NEUROG3R107S, or NEUROG3517175X68 hehaving as hypomorphic alleles and
NEUROG3F123X or NEUROG3-135 behave as null alleles in the pancreas.

In the intestine, all NEUROG3 mutants failed to induce EECs when expressed at
physiologic levels. It is possible that all mutations function as null alleles in the intestine, or
that the reduced activity of hypomorphic mutant proteins was insufficient to promote EEC
development. To discriminate between these two possibilities, we increased the levels of
NEUROGS3 proteins similarly to the experiment in pancreas cultures and found that
NEUROG3RL and NEUROG3R107S were able to rescue EECs whereas NEUROG3E28X|
NEUROG3E123X and NEUROG3-135P were not (Figures 3G-3l, 3N, 3R and S4C-S4E).
Interestingly, while the NEUROG35171fsX68 mytant was hypomorphic in the pancreas, it did
not rescue EECs when over expressed in the intestine (Figures 3L, 3N, 3R and S4C-S4E).
These findings suggest that the S171fsX68 mutation disrupts a protein function that is
required in the intestine but not the pancreas. Taken together, these data show that
NEUROG3RL and NEUROG3R107S function as hypomorphic alleles, whereas the
NEUROG3E?8X, NEUROG3E!23X and NEUROG3135P alleles are functional nulls in both
the pancreas and intestine. Moreover, each of the mutations that reduces NEUROG3 activity
results in total loss of EECs, whereas pancreatic endocrine cells are present yet reduced,
which phenocopies patients harboring these hypomorphic alleles.
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Effects of mutations on NEUROG3 stability in pancreatic endocrine cells

Two mutants, NEUROG3R197S and NEUROG3E123X showed reduced protein levels in the
pancreas While NEUROG3E28X protein was not detectable (Figures S3A and S3B),
suggesting that mutations may affect protein stability. To study how NEUROG3 mutations
affect protein stability in pancreatic cells, NEUROGS3 proteins were expressed in day 9
pancreatic precursors by treating with doxycycline for 24 hours, followed by doxycycline
removal and the addition of the translation inhibitor cycloheximide (CHX) to prevent further
protein synthesis. Protein lysates were harvested at various time points following dox
removal, NEUROG3 protein levels were quantified by western blot, and protein degradation
was blocked by proteasome inhibition (Figures 4A). Using first-order kinetics, we observed
that the half-life of NEUROG3WT, NEUROG3R?L, and NEUROG3-135P were
approximately 1 hour, whereas that of NEUROG3R107S was reduced by 50%. The
NEUROG3E123X mytation results in a truncated, unstable protein with a 75% reduction in
half-life (Figure 4B). We were not able to detect NEUROG3E28X protein by western blot
(data not shown) or immunostaining (Figures S3A and S4A). Interestingly, the half-life of
NEUROG35171fsX68 35 significantly increased to over 1.5 hours (Figures 4B and 4C).
Despite the protein stability differences, mRNA levels were comparable across all conditions
(Figure 4D). The reduced protein stability of NEUROG3R197S did not fully explain the
impaired ability of this protein to generate endocrine cells since increasing NEUROG3R107S
levels only partially rescued this phenotype (Figures S5A and S5B). These data suggest that
the NEUROG3R107S protein has other functional deficiencies.

NEUROGS3 protein is unstable in intestinal EECs

While endogenous NEUROG3 is readily detectible in the pancreas, it is difficult to detect in
the epithelium of HIOs (Figure S1J). Even tetracycline-induced NEUROG3 does not
accumulate to high levels in the epithelium of HIOs (Figure 1K), suggesting that NEUROG3
protein may have a short half-life in the intestine. The tetracycline system also drives
inappropriate NEUROG3 expression in the mesenchyme of HIOs (Figure S1J). Since
mesenchymal expression of NEUROG3 confounded efforts to study the half-life of
NEUROGS3 in the epithelium, we developed a doxycycline-inducible system in
NEUROG3™~ human intestinal enteroids (HIOE) that lack mesenchyme. We expressed
NEUROG3 protein in enteroids and performed a time course of protein degradation as
described above (Figures 4F). Using first-order kinetics, we observed that the half-life of
NEUROG3WT in intestinal epithelium was 30 minutes, whereas in the pancreas it was 67
minutes (Figures 4G). There was some level of variability regarding the starting levels of
NEUROGS3 protein from experiment to experiment. However the starting level of
NEUROG3 protein did not affect the kinetics of protein degradation, as can be seen by the
fact that protein half-life was remarkably consistent from experiment to experiment in both
the pancreas (N=6) and intestine (N=5). Interestingly NEUROG35171sX68 the one mutant
that showed increased stability in the pancreas was also more stable in the intestine (Figures
S5C and S5D) suggesting that the C-terminal residues downstream of amino acid 171
mediate protein stability. Nonetheless, NEUROG35171sX68 js ynable to induce formation of
EECs (Figure 3 and Table 1) suggesting that the C-terminus harbors another functional
domain that is required in the intestine but not the pancreas. The combined effects of a high
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turnover rate in the intestine and the reduced activity of NEUROG3 mutants could explain
why all hypomorphic mutations cause a strong intestinal phenotype.

Phosphorylation of NEUROG3 has been reported to regulate protein stability and
transcriptional activity (Azzarelli et al., 2017; Krentz et al., 2017; Sancho et al., 2014).
Consistent with this idea, western blot analysis of NEUROG3WT protein isolated from
pancreatic lysates showed several bands on a western blot (Figure 4A), and treatment of
extracts with A-phosphatase resulted in the collapse of the higher molecular weight bands
into one lower band. The same analysis was performed on NEUROG3R%L,
NEUROG3R107S and NEUROG3L135P where they all behaved like NEUROG3WT,
indicating that all were similarly phosphorylated. In contrast, mutations that affect the C-
terminus of NEUROG3, NEUROG3E123X and NEUROG35171fsX68 qnly had a single band
(Figures 4E). These findings are consistent with reports showing that a phosphorylation site,
Serine 183 in the C-terminal region of NEUROGS3 affects its function (Krentz et al., 2017).
However, we found an engineered phospho-null (S/T>A) mutation in S183 of human
NEUROG3 (NEUROG35183A) did not affect phosphorylation, stability, or induction of
pancreatic and intestinal endocrine cells relative to NEUROG3WT (Figures S6B-S6G). In
another report, two Neurog2 C-terminal phosphorylation sites were shown to regulate motor
neuron specification in mice (Ma et al., 2008). Mutating both of these conserved sites in
NEUROG3 (NEUROG35204A207A) had no effect on protein phosphorylation, activity, or
half-life (Figures S6B—-S6G). Another putative phosphorylation site, T120, which is
conserved in the bHLH domains of NEUROG family members (Quan et al., 2016) was
shown to regulate NEUROG protein stability in Xenopus laevis eggs (Mosper et al., 2007).
However, phosphorylation and protein stability of NEUROG3T120A were both normal,
although endocrine formation was reduced likely due to changes in DNA binding (Figures
S6B-S6D). Together, our data suggest that human NEUROG3 is phosphorylated, however
the previously reported S183 and S204/S207 phosphorylation sites of NEUROG3 do not
have a functional regulatory role during human endocrine cell development in the pancreas
and intestine (Table S2).

Effects of NEUROG3 mutations on DNA binding affinity and E47 dimerization

bHLH transcription factors can bind to DNA targets as heterodimers with E proteins like
E47 or as homodimers. To determine whether NEUROG3 mutations affect NEUROG3-E47-
DNA complex formation, we utilized electrophoretic mobility shift assay (EMSA) to test the
binding activity of NEUROGS3 to a high-affinity E-box sequence from the NKX2-2
promoter. As expected, the E47 protein formed homodimer/DNA complexes on the high-
affinity NKX2-2 E-box probe and increasing amounts of NEUROG3WT protein with E47
resulted in the formation of an additional faster-migrating NEUROG3-E47
heterodimer/DNA complex (Figure 5A). To better discriminate between the E47/E47/DNA
complex and the NEUROG3/E47/DNA heterodimer, we created a small C-terminal
truncation in NEUROG3WT-177 that had very similar DNA binding characteristics as full
length NEUROG3WT-214 byt migrated faster and was therefore easier to distinguish in
EMSAEs. In addition, we found that the NEUROG3WT-177 protein forms homodimers on the
high affinity NKX2-2 promoter, albeit less readily than as a heterodimer with E47 (Figure
5C).
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We then determined how NEUROG3 mutations affect complex formation on the high
affinity E-box site. The ability of NEUROG3R197S to form NEUROG3/E47/DNA complex
was normal, whereas NEUROG3R%L and NEUROG35171fsX68 hinding was slightly reduced
(Figures 5A, 5B and S7B). Neither NEUROG3E123X nor NEUROG3M135F formed E47/DNA
complexes (Figure S7A) consistent with their inability to promote endocrine cell formation.
Interestingly, we observed a more dramatic effect on homodimer binding to the high affinity
E-box site with mutations in the bHLH domain, as no binding was observed with
NEUROG3R%L, NEUROG3R107S, NEUROG3F123X, NEUROG3135P and
NEUROG3T120A (Figures 5B, S6H and S7C), whereas NEUROG35171fsX68 did form
homodimers with reduced efficiency (Figures 5B and S7D). In contrast, NEUROG35183A
and NEUROG35204207A efficiently formed homodimer as wild-type (Figure S6H).

Since gel shifts may not accurately reflect NEUROGS3 binding to the site in a cellular
context, we performed ChIP-qPCR targeting the same E-box from the NKX2-2 promoter in
pancreatic endocrine precursors. Binding of NEUROG3R107S NEUROG3R%L and
NEUROG3S1711sX68 tg the NKX2-2 locus were similarly reduced compared to
NEUROG3WT (Figures 5D and 5E). To validate that the binding of NEUROGS3 to this Ebox
site /n vitro correlates with transcriptional activation, we tested the ability of this site to
regulate transcription of a luciferase reporter in human pancreatic precursors. Consistent
with their inability to bind NKX2-2 E-box, NEUROG3E123X and NEUROG3135F were
unable to activate the luciferase reporter in pancreatic endocrine cells, and the
NEUROG3R%L NEUROG3R107S, and NEUROG35171fsX68 mytations that showed
decreased DNA binding activity /n vitro also exhibited compromised transcriptional
activation compared to NEUROG3WT (Figure S7E).

Binding site affinity is often a key regulatory mechanism whereby transcription factors
target distinct genes under different circumstances. To determine if the mutations
differentially alter the ability of NEUROG3 to bind high vs low affinity binding sites, we
analyzed NEUROG3 binding to a low-affinity E-box from the NEUROG3 promoter (Smith
et al., 2004). NEUROG3WT and NEUROG35171fsX68 could bind as heterodimers with E47,
but unlike on the high affinity site they both failed to form homodimers on the low affinity
E-box (Figure S7F). Intriguingly, NEUROG3R%L and NEUROG3R107S showed a more
significant reduction in E47 heterodimer formation on this low affinity site relative to the
high affinity NKX2-2 probe (Figures 5F, 5G and S7B). The reduced NEUROG3R107S/E47
heterodimer forming efficiency suggested its compromised interaction with E47 (Figure 5F
red arrow). Moreover, as expected, the NEUROG3EL23X and NEUROG3L135P proteins that
failed to bind the high affinity E-box sequence were also unable to bind a low-affinity E-box
site (Figure S7A). We further confirmed the effects of different mutations on binding to this
low affinity site in chromatin by ChIPgPCR of pancreatic endocrine precursors.
NEUROG3R107S gnd NEUROG3R?SL had reduced binding as compared to NEUROG3WT
(Figures 5H). NEUROG35171sX68 had slightly reduced DNA binding /7 vitro and complete
loss of binding to this site in cellular chromatin unless expressed at supraphysiologic levels
(Figures 5E, 5F and S7B).

A decrease in NEUROG3 complex formation on DNA could be due to a decrease in DNA
binding or to a decrease in protein-protein dimer formation with the E47 protein. To test for
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loss of protein-dimerization, we developed a competition assay using an E-box sequence
from a DII1 promoter (DII1 E-box) that is bound by E47 but not by Neurogenin proteins
(Castro et al., 2006). In this assay, we tested the ability of NEUORGS3 proteins to bind E47
as measured by loss of E47 homodimer/DNA complexes (Figure 6A).

NEUROG3WT-214 NEUROG3WT-177 and NEUROG3RL proteins bound to E47 protein
with comparable affinity (Figure 6B). In contrast, NEUROG3E123X or NEUROG3-135P
were unable to bind E47 (Figures 6C and S7F). It’s not surprising as the second helix
structure is essential for heterodimerization which is either lost in E123X or disrupted by the
proline in L135P, known to break helix structure. NEUROG3R07S was partially
compromised in its ability to heterodimerize with E47, while NEUROG3S5171sX68 had only
a modest reduction in E47 binding (Figures 6B and 6D). These data suggest that the R93L
mutation directly impairs the ability of NEUROGS3 protein to contact DNA but this protein
can readily form heterodimers with the E47 protein off of DNA in a manner similar to the
wild-type NEUROGS3 protein. In contrast, the R107S mutation has decreased affinity for the
E47 protein. These findings are consistent with the fact that R93L locates in the basic region
of the bHLH domain that interacts with the DNA backbone whereas R107S lies in the HLH
domain predicted to interact with the HLH domain of E47 (Ishii et al., 2012).

Discussion

NEUROG3 is essential for development of endocrine cells in the human pancreas and
intestine. All human patients with homozygous or compound heterozygous mutations in
NEUROG3 have congenital malabsorptive diarrhea due to loss of EECs in the intestine
while the loss of pancreatic endocrine lineages varies depending on the mutation. The key
conclusions of this study are that (1) hESC-derived human pancreas and intestinal organoids
harboring NEUROG3 mutations largely recapitulated the phenotypes observed in human
patients, (2) R93L and R107S are hypomorphic mutations in both pancreas and intesting,
E123X and L135P are loss-of-function mutations in both tissues, and S171fsX68
preferentially affects development of intestinal over pancreatic endocrine cells, (3) All
mutations affect NEUROGS3 activity through different molecular mechanisms including
protein stability, NEUROG3-E47 heterodimerization capability, and DNA binding affinity
(Table 1), and (4) NEUROGS3 is intrinsically unstable in the intestine, which may explain
why intestinal endocrine cell development is more sensitive to NEUROG3 mutations. In
addition, we obtained different results regarding the functional impact of various NEUROG3
phosphorylation sites compared to previous studies performed in cancer cell lines and
animal models. Altogether, these studies suggest that functional studies of human proteins
should be done in relevant cell contexts, such as the developing human pancreas or intestine.

There are several advantages in using this inducible system to study the function of
NEUROGS3. First, our ability to regulate NEUROG3 transcription allowed us to focus on the
downstream roles of NEUROGS3 without transcriptional feedback loops that would alter
NEUROGS3 levels (Kim et al., 2012; Lee et al., 2001; Lynn et al., 2007; Wang et al., 2008;
Yang et al., 2011). Second, we were able to match the timing and expression levels of
endogenous NEUROG3 and to confirm protein levels with epitope tagged NEUROG3.
Although the pulse of dox induced NEUROG3 protein in more cells than in wild-type, the
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per cell levels as well as endocrine formation were comparable. Third, the system allowed us
to further increase NEUROGS3 expression levels to discriminate which mutations were
hypomorphic versus null in each cellular context. Fourth, the ability to shut off expression
was essential to measure the protein half-life of NEUROG3 in the pancreas and intestine.
Lastly, this system also resulted in discoveries such as the fact that cellular context is
essential for endocrine competency. Hence, we found that pancreatic progenitors are only
competent to form endocrine cells in response to NEUROG3 after day 7 of differentiation,
which suggests that the timing of NEUROGS3 transcription is coordinated to coincide with
endocrine competency. Endocrine competency was also observed in HIOs, where
NEUROG3 was ectopically expressed in both mesenchyme and epithelium, yet only the
intestinal epithelium was competent to respond and produce EECs.

We observed that R93L and R107S are hypomorphic mutations, which is consistent with
published findings (Pauerstein et al., 2015; Wang et al., 2006). At the molecular level
NEUROG3RL had reduced DNA binding affinity and NEUROG3R197S had reduced
stability. R107S also showed reduced NEUROG3-E47 heterodimerization, thus impairing
the ability of NEUROGS3 to bind DNA. E28X, E123X and L135P mutations appeared to be
null as we were unable to identify any cellular or biochemical activity. We also did not
observe any changes in nuclear localization of NEUROGS3 variants.

By design, this system is not affected by other regulatory inputs that affect endogenous
NEUROGS3 levels such as transcriptional autoregulation (Ejarque et al., 2013) and
alternative splicing (Osipovich et al., 2014). However, the ability to experimentally control
levels of NEUORG3 allowed us to study post translational regulation of NEUROGS3. In the
pancreas, endogenous NEUROGS3 protein levels are low and it has a half-life of
approximately one hour. In the intestinal epithelium, NEUROGS3 is highly unstable, which
may explain why detecting endogenous protein is difficult. Experimentally increasing
NEUROGS3transcripts had little impact on the levels of NEUROG3 protein, suggesting that
endocrine progenitors have mechanisms to limit the absolute levels of protein in a cell.
Interestingly, when we override the temporal regulation of NEUROG3 by maintaining
expression with a 24-hour dox-induction of NEUROG3 we see a much more robust
induction of endocrine cells. This suggests that it is important to maintain a minimal
threshold of NEUROGS3 for effective target gene activation and endocrine cell generation.

Our studies on the S171fsX68 frameshift mutation in the C-terminus region of NEUROG3
were particularly informative. This allele is hypomorphic in the pancreas but largely null in
the intestine, suggesting that the C-terminus of NEUROG3 might regulate transcription in
the intestine possibly via a transactivation domain (Krentz et al., 2017; Smith et al., 2003).
NEUROG3S171fsX68 s also highly stable and is not phosphorylated relative to
NEUROG3WT protein suggesting that the C-terminus of the protein might regulate
phosphorylation and degradation. Previous studies have linked proliferation of pancreatic
progenitor cells with CDK dependent Neurog3 phosphorylation and degradation (Azzarelli
etal., 2017; Krentz et al., 2017). Using adult intestinal organoids it was shown that EEC
differentiation can be stimulated by inducing cell cycle arrest (Basak et al., 2017), and we
similarly observed increased endogenous NEUROGS3 protein levels using the same culture
conditions with reduced cell proliferation. The cumulative data suggest that NEUROG3 is
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phosphorylated in active cycling cells, but upon exit from the cell cycle, cells accumulate
NEUROG3 protein, which may drive endocrine cell fate. While also observed NEUROG3
phosphorylation, none of the previously reported phosphorylation sites (S183, S204 or
S207) appeared to alter phosphorylation, stability or activity during human endocrine cell
development. This discrepancy could be due to species or cell type differences, suggesting
that structurefunction analyses are best done in the endogenous cellular context in order to
reach biologically accurate conclusions.

Two additional mutations have been reported, P39fsX38 and Q4x that are predicted to be
null alleles of NEUORG3 (Hancili et al., 2017; Pauerstein et al., 2015). The patient with the
Q4x mutation had no pancreatic endocrine function and was born with neonatal diabetes.
However, the patient with the P39fsX38 was not diagnosed with diabetes until 3-years and
had low but detectable serum C-peptide (Pauerstein et al., 2015). Another curious mutation
is the NEUROG3M135P variant, where two patients were born with neonatal diabetes, yet a
third patient was not diagnosed with diabetes until age 13 ((Rubio-Cabezas et al., 2011,
2014)). NEUROG3135P had no activity by any developmental or biochemical assay,
consistent with the neonatal diabetes observed in two patients with the L135P allele.
Neurog3 function is required in mice for development of pancreatic endocrine cells as well
as mature pancreatic endocrine cells /n vivo from transplanted human pancreatic progenitors
(McGrath et al., 2015). It is therefore unclear how some pancreatic endocrine cells might
form in a subset of patients harboring null alleles of NEUROGS3. One possibility is that
humans have a population of pancreatic endocrine cells that are NEUROG3 independent
during embryonic development — for example, insulin-expressing cells specified during
first wave of endocrine cell development. It is also possible that the diverse genetic
backgrounds in humans results in some patients having compensatory gene expression of
other NEUROG or NEUROD proteins that rescues development of some beta cells. While
we do not know the answer to this fascinating conundrum, we do know that hew human
experimental systems like this one will likely enable the discovery of NEUROG3-dependent
and independent pathways controlling human endocrine cell development.

STAR Methods

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, James Wells (james.wells@cchmc.org).

Experimental Model and Subject Details

Pluripotent stem cell culture—The parent human embryonic stem cell line WA01 (H1)
was obtained from WiCell. The NEUROG3™~ hESC line was created previously using
CRISPR/Cas9 to disrupt endogenous expression with a frame-shift INDEL (McGrath et al.,
2015). hESCs were maintained in mTeSR (StemCell Technologies) on hESC-qualified
Matrigel (BD Biosciences) coated plates. Cells were routinely passaged every four days with
Dispase (Invitrogen).
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Plasmid construction—The human NEUROG3 cDNA was acquired from the Harvard
PlasmID database (Plasmid ID HsCD00345748). The NEUROG3 cDNA was subcloned
using the pENTR/D-TOPO kit (Thermofisher Scientific). The HA tag and various
NEUROG3 mutations were added by site-directed mutagenesis. The various constructs were
Gateway cloned into pINDUCER20 (Meerbrey et al., 2011, Addgene #44012) using LR
Clonase. (Primers listed in supplemental materials).

Lentivirus Constructs—\Vectors were packaged into high-titer lentivirus by the CCHMC
viral production core. The virus was added to the media of newly plated hESCs following
normal dispase passaging. The media was replaced with mTeSR containing selective
antibiotic (G418, 500ug/ml) after 24 hours. All transduced cell lines were maintained under
selection.

Differentiation of pancreatic precursors—Stem cells were dispersed with Accutase
(StemCell Technologies), washed, collected, resuspended in mTeSR containing 10 M ROCK
inhibitor (Y-27632, Tocris Bioscience), and plated at a concentration of 1x10° cells/cm2 on
matrigel-coated, 24-well Nunclon plates (Delta treated). Differentiation was initiated when
cells reached ~75% confluency, approximately 48 hours after plating. At the start of
differentiation (day 0), cells were switched to RPMI 1640 supplemented with non-essential
amino acids, 100ng/ml Activin A (Cell Guidance Systems) and 50ng/ml BMP-4 (R&D
Systems). Day 1-2 media included 0.2% tetracycline-free FBS (Hyclone) and did not have
BMP4. On day 3 the media was changed to RPMI 1640 containing 2% FBS, 50ng/ml FGF-7
(R&D Systems), and 50ng/ml Noggin (R&D Systems). On days 5 and 7 the media was
switched to highglucose (HG) DMEM (Gibco) containing 50ng/ml Noggin, 2uM all-trans
retinoic acid (Stemgent), and 1% (0.5x) B27 without vitamin A (Gibco). Finally, day 9-12
media was prepared using HG-DMEM supplemented with 1% B27 and 25ng/ml Noggin.

Differentiation and three-dimensional culture of intestinal organoids—Stem
cells were handled as stated above, but only 0.5x10° cells were plated. Differentiation was
initiated when cells reached ~40% confluency, approximately 48 hours after plating. Cells
were treated with 100ng/ml Activin A for 3 consecutive days in RPMI 1640 (Invitrogen)
with increasing concentrations of tetracycline-free FBS (0%, 0.2%, 2% on day 1, 2, 3,
respectively). Definitive endoderm was then incubated for four days in DMEM-F12
containing 2% tetracycline-free FBS, 400ng ml~1 FGF4, and 3uM CHIR99021 (Stemgent).
Spheroids were then collected and embedded in a 50pI bubble of Matrigel (BD Bioscience).
The bubble was allowed to solidify for 30 min at 37C, and then overlaid with gut media
(advanced DMEM/F12 (Invitrogen), L-glutamine, 10uM HEPES, 1x N2 supplement (R&D
Systems), 1x B27 (Invitrogen), pen/strep, and 100ng ml~1 EGF (R&D Systems)). Gut media
was replaced every four days.

Method Details

Immunofluorescent staining—Monolayers were fixed for 20 minutes at room
temperature in 4% paraformaldehyde (PFA). Organoids were fixed for 30—-120 minutes in
4% PFA at 4°C, cryopreserved overnight in 30% sucrose, frozen in OCT, then cryosectioned
in 8-10 m increments. Prior to staining, monolayers and sections were blocked for 1 hour in
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5% donkey serum and 0.1% Triton-X in PBS. Primary antibodies were diluted in PBS +
0.1% Tween and incubated with the samples overnight at 4°C. Samples were then washed
3x with PBS and incubated in secondary antibodies with DAPI in blocking buffer for 2
hours at room temperature. Samples were then washed 3x with PBS. Slides were then
mounted using Fluormount-G (SouthernBiotech). All antibodies are listed in supplemental
materials.

Confocal image acquisition and analysis—Images were captured using a Nikon A1R
confocal microscope with PMT based detectors and motorized stage. The microscope has
405nm, 488nm, 561nm, and 640nm lasers with appropriate filters. All image analysis and
quantification were performed using Nikon Elements. Figures were assembled using the
Adobe Creative Suite.

Flow cytometry and cell analysis—Pancreatic monolayers on the indicated days were
digested in to single cells with Accutase (Invitrogen) and transferred into FACS tubes with
filter caps (40um). The live cells were stained with LIVE/DEAD® Fixable Violet Dead Cell
Stain Kit (Invitrogen) in staining buffer (2% FBS in BSA with 100uM DNAse and 10uM
Y-27632) for 20 minutes on ice and washed 1x with PBS. Samples were fixed in 4% PFA
for 30 minutes on ice, washed 3x with PBS, and incubated 1x with 0.1% Triton-X in PBS
for 30 minutes at room temperature followed by a final wash with PBS. Samples were then
blocked in 10% NDS in PBS for 30 minutes at room temperature. Primary antibodies were
diluted in blocking buffer and incubated with the samples overnight at 4°C. Samples were
then washed 3x with PBS and incubated in secondary antibodies in blocking buffer for 1
hour at room temperature. Samples were then washed 3x with PBS. Studies were performed
using five laser flow cytometry LSR Fortessa 11 (BD) through sequential gating of LIVE/
DEAD® Fixable Violet, ECAD, and NEUROGS3. Data analysis and quantification were
performed using BD FACSDiva.

Cell percentage transduction and MOI—Virus with each inducible NEUROG3 variant
was added to the media of newly plated NEUROG3~/~ hESCs in two different wells (1l for
each well) following normal Dispase passaging. The media was replaced with mTeSR with
or without selective antibiotic (G418, 500ug/ml) after 24 hours, spare one well of
NEUROG3™~ hESCs without viral transduction as negative control for G418 selection. On
the day all cells appeared dead in the negative control well (~ 4 days), the cells in each well
were collected and live cells were quantified by cell counting using Trypan Blue and a BI1O-
RAD automated cell counter. Percentage transduction (probability of the cells with at least
one viral particle) was determined by selection over no selection ratio for each virus.
Provided the fulfillment of premise of Poisson distribution (Bhukhai et al., 2018; Fehse et
al., 2004; Figliozzi et al., 2016; Shabram and Aguilar-Cordova, 2000), MOI and the
probability for any given number of viral particle in one cell for each virus were calculated
through Poisson distribution (Figliozzi et al., 2016).

Human intestinal organoid derived enteroids and viral transduction—

NEUROG3™~ HIO was transplanted under the kidney capsule of immunodeficient NSG
mice for maturation as previous described (Watson et al., 2014). After approximately 10
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weeks of /n vivo growth, crypts were isolated from transplanted HIOs and plated in 3D as
previous described (Mahe et al., 2015). NEUROG3™~ HIO derived enteroids (HIOE) were
maintained in phenol red-free, growth factor-reduced Matrigel (Corning, Corning, NY) with
basal growth medium (IntestiCult™ Organoid Growth Medium (Human) Component A and
B (StemCell Technologies)). HIOE were routinely passaged every 7 days by mechanical
dissociation using 25G needles. HIOE differentiation was performed 5 days following the
passage by switching the basal growth medium to differentiation medium (IntestiCult™
Organoid Growth Medium (Human) Component A (StemCell Technologies) and gut media)
and then collected for endocrine analysis after 5 days. All media was changed every 2—-3
days. For lentiviral transduction, on the day of HIOE passaging, viruses carrying NEUROG3
variants were incubated with dissociated HIOE at 37°C for 30 minutes, resuspended in
growth factor-reduced Matrigel (Corning, Corning, NY) and covered with basal growth
medium. After 3 days, transduced HIOE were selected using G418 (250ug/ml).

ChIP-gPCR—On the indicated days, pancreatic differentiation with induced NEUROG3
variants were cross-linked in 1% formaldehyde in PBS for 12 minutes at room temperature
and was stopped by replacing with 0.125M glycine. Nuclei were pelleted in lysis buffer
(20mM Tris-HCI, 10mM NacCl, 0.2% NP-40). For chromatin fragmentation, cells were
resuspended in Nuclear Lysis Buffer (20mM Tris-HCI pH=8, 0.1% SDS, 2mM EDTA) and
sonicated in Diagenode Sonicator for 9 cycles of 20 seconds on, 60 seconds off at 4°C. The
desired amount of fragmented chromatin was supplemented with Nuclear Lysis Dilution
Buffer (20mM Tris-HCI pH=8, 0.1% SDS, 2mM EDTA, 150mM NaCl, 1% TritionX-100)
and precleared with blocked Protein G magnetic beads (Thermo Fisher Scientific) with
rotation at 4°C for 3 hours. 1% precleared samples were saved as input and each 25ug
sample was incubated with 20g Protein G magnetic beads preloaded with 5ug antibody
overnight with rotation at 4°C. Beads were then washed sequentially at 4°C using: (1)
Washing A (150 mM NaCl, 20 mM Tris-HCI (pH 8.0), 2mM EDTA, 0.1% SDS, 1% Triton-
X, 0.1% sodium deoxycholate), (2) Washing B-1 (500 mM NaCl, 20 mM Tris-HCI (pH 8.0),
2mM EDTA, 0.1% SDS, 1% Triton-X, 0.1% sodium deoxycholate), (3) Washing B-1 (1M
NaCl, 20 mM Tris-HCI (pH 8.0), 2mM EDTA, 0.1% SDS, 1% Triton-X, 0.1% sodium
deoxycholate), (4) Washing B-1 (2M NaCl, 20 mM Tris-HCI (pH 8.0), 2mM EDTA, 0.1%
SDS, 1% Triton-X, 0.1% sodium deoxycholate), (5) Washing C (50 mM Tris-HCI (pH 8.0),
2mM EDTA, 500Mm LiCl, 1% BP-40, 0.5% sodium deoxycholate) and final 2x wash with
TE (10 mM Tris-HCI (pH 8.0), 10 mM EDTA). Protein-DNA complexes were eluted from
the beads in Elution Buffer (50mM Tris-HCI pH=8, 10mM EDTA, 1% SDS) at 65° C for
30min. Cross-links were reversed at 65 °C overnight, and DNA was purified for real-time
PCR with QlAquick PCR Purification Kit (Qiagen). Quantitative g°PCR was performed
using a QuantStudio 6 real-time PCR detection system (Thermo Fisher Scientific). Primers
are listed in the supplemental materials.

RNA isolation and quantitative PCR—AIl RNA was column purified using a
NucleoSpin RNA kit (Machery-Nagel) including an on-column DNAse digestion. cDNA
was produced with the SuperScript VILO cDNA synthesis kit (Invitrogen) following the
manufacturer’s instructions. 5ng of cDNA was amplified per reaction with QuantiTect
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SYBR Green (Qiagen) then amplified using a QuantStudio 6 real-time PCR detection
system (Thermo Fisher Scientific). Primers are listed in the supplemental materials.

Western blotting, protein half-life and quantification—For protein half-life, HIOE
and pancreatic precursors (differentiation Day 9) were treated with 100ng/ml Doxycycline
for 24 hours to induce NEUROG3 expression. At time t=0, the medium with Doxycycline
was withdrawn and 100uM cycloheximide (CHX) was applied to block further protein
translation. At each indicated time point, harvested cells were immediately lysed in ice-cold
RIPA buffer with protease inhibitors and stored for Western Blot. For phosphatase treatment,
samples were first incubated with Lambda Protein Phosphotase for 1 hour at 30°C. All
samples were mixed with 2x Laemmli buffer and boiled for 15 minutes at 100°C. Proteins
were s eparated on Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad) and transferred onto a
PVDF membrane. Membranes were blocked in Blocking Buffer (TBS, Odyssey) for 1 hour
followed by incubation with primary antibodies at 4°C overnight (diluted in Blo cking
Buffer). Secondary antibodies were then applied at room temperature for 1 hour. Images
were acquired and quantified on an Odyssey CLx Imaging System. NEUROGS3 protein was
quantified with the regions including all bands. Protein degradation half-lives were
calculated using first-order rate kinetics in Excel. Specifically, data collected from different
time points was plotted with exponential curve fitting (y-intercept=1) and half-life was
calculated by In2/|exponent of curve function|. Antibodies are listed in the supplemental
materials.

Protein Purification and EMSA—Coding regions for all protein fragments used for
EMSA were cloned in-frame with an N-terminal 6xHis-tag in the pET14b vector and
expressed in BL21 cells. The mouse E47 protein containing the bHLH domain (amino acids
430 to 648) was purified under native conditions via Ni-chromatography as described
previously (Uhl et al., 2010). A larger fragment of the E47 protein containing amino acids
271 to 648 was also constructed. The following NEUROGS3 proteins were made: Wild-type
NEUROG3, R107S, R93L, and L135P from amino acids 1-177; Wild-type full-length
NEUROGS3, E123X, and S171fsx68 contained all amino acids of the indicated variant. All
NEUROGS3 proteins included an N-terminal HA-tag. NEUROGS3 proteins and the larger E47
protein were purified under denaturing conditions via Ni-chromatography as described
previously (Witt et al., 2010). All experiments used the short E47 fragment (430 to 648)
except the analysis of NEUROG3 phospho mutants (T120A and S204AS207A) which used
the longer E47 (271 to 648). The following modification was made to the previous protocol,
proteins were refolded while on Ni-beads during 3 washes in the native lysis buffer used for
E47 purification. Expression of all proteins was confirmed via Coomassie staining, and
protein concentrations were measured via Bradford Assays. EMSAs were performed as
previously described using probes generated with 5’IREdye-700 labeled oligos from IDT
(Uhl et al., 2016). The following modifications were made to the previously reported
protocol: protein binding reactions were heated to 37°C for 40 minutes and allowed to cool
to room temperature to promote homo-to heterodimer exchange between the E-proteins and
NEUROGS3 proteins. DNA probes were subsequently added and samples incubated at room
temperature for an additional 10 minutes before loading onto the polyacrylamide gel. All
EMSAs were imaged using a LICOR Clx scanner, and all quantification was performed
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using LICOR Image Studio software. Probes with a high affinity E-box site from the
NKX2-2 promoter (sequence 5’-
TTATTACCGCTGAACATATGGCCAATATTTTGACTTAGTGCGGGCGTGGCT-3%) and
a low affinity site from the NEUROG3 Promoter (sequence 5’-
CTTTGTCCGGAATCCAGCTGTGCCCTGCGGGGGAGTAGTGCGGGCGTGGCT-3")
were added to binding reactions to a final concentration of 0.034uM. For the experiments
using high and low affinity probes, E47 was added in all indicated lanes to a concentration
of 0.058 uM, and the indicated NEUROG3 protein was added in increasing concentrations
from 0.019 uM to 1.2 uM. To assay for E-protein heterodimerization, a probe containing an
E-box from the DII1 gene that is specifically bound by other bHLH factors, including E-
protein homodimers, but not by NEUROG3 complexes, was used (sequence 5’-
AGAGAGCAGGTGCTGTAGTGCGGGCGTGGCT-3’) (Castro et al., 2006). E47 was
added in all indicated lanes to a concentration of 0.058 UM, and the indicated NEUROG3
protein was added in increasing concentrations from 0.05 pM to 1.5 uM. Dimerization was
measured by the ability of each NEUROG3 mutant to disrupt E-protein homodimer binding
to the probe.

Luciferase reporter constructs and luciferase assay—NEUROGS3 luciferase
reporters were constructed by cloning multimerized E-box sequences from the NKX2-2
promoter regions upstream of a Tk promoter (Smith et al., 2004). Here the TK promoter was
cloned upstream of Luciferase in the pGL4.10 Luciferase vector (Promega) between Bglll
and Hindlll restriction sites, and 6 copies of the NKX2-2 high affinity E-box (5’-
CTGAACATATGGCCAA-3’) were placed upstream of the Tk promoter. Two copies of
double stranded oligonucleotides containing 3 repeats of the 16bp sequence containing the
NKX2-2 E-box were cloned into the Tk-Luciferase vector between Nhel and Xhol
restriction sites (5’-
CTAGaacatatggccaactgaacatatggccaactgaacatatggccaaGCTAGCGTAC-3’; 5°-
TCGAGTACGCTAGCttggccatatgttcagttggccatatgttcagttggccatatgtt-3’). 0.9ng/ul of either
the 6x NKX2-2 E-box-TK-luciferase reporter or a Tk-Luciferase (No E-box) reporter and
0.1ng/ul of a constitutively expressed Renilla Luciferase were transfected into 9-day
pancreatic monolayer by Lipofectamine 3000 (Thermofisher Scientific) followed by
NEUROGS3 variants induction. Expression of NEUROG3 WT, R93L, R107S, E123X,
L135P, or S171fsX68 was induced by adding either 100ng/ml or 300ng/ml dox. After 24
hour induction, the Promega Dual Luciferase Assay system was used according to
manufacturer’s protocols to measure Luciferase activity in each condition. To control for
transfection efficiency all Firefly luciferase measurements were normalized to Renilla levels
and samples were normalized to the Tk-Luciferase (No E-box) reporter. All experimental
conditions were tested in triplicate and representative data is shown in Figure S7E.

Quantification and Statistical Analysis

For all experiments, “N” represents the number of replicates performed from different
differentiation or induction experiments. F-test and unpaired Student’s t-test of two samples
was performed by Microsoft Excel. One-way ANOVA followed by Dunnett, Tukey HSD,
Tuckey-Kramer (unequal sample size) or Dunnett T3 (unequal variance) post hoc test for
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multiple comparisons test of more than two samples was performed by SPSS 24 software,
where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data and Software Availability

Complete gels for western blots and EMSAS have been deposited on Mendeley Dataset
https://data.mendeley.com/datasets/dj53dkzwp5/draft?a=3581f584-
ea06-4cef-9991-6d6h6e6ab3c4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Human PSC-derived pancreas and intestinal endocrine cells to model
NEUROG3 mutations

NEUROG3 mutations affect protein stability, dimerization and DNA binding
NEUROGS3 protein is less stable in intestinal epithelium than in the pancreas

Reduced protein stability in intestine enhances the sensitive to NEUROG3
mutations
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Figure 1:

Expression of NEUROGS3 rescues both pancreatic and intestinal endocrine cell formation in
NEUROG3-null pancreatic precursors and HIOs. (A-C) Immunofluorescence analysis of
CHGA, PDX1 and NKX2-2 of pancreatic endocrine derived from NEUROG3*/* hESCs
(A,A’), NEUROG3-null hESCs with a tetracycline inducible NEUROG3WT construct
without doxycycline (Ong/ml) (B,B’) or with doxycycline (100ng/ml 8-hour) (C,C’).

(D-F) Immunofluorescence analysis of CHGA, SYP and ECAD in NEUROG3*/* (D, D’),
NEUROG3WT (Ong/ml) (E,E’), and NEUROG3WT (100ng/ml 8-hour) (F,F’) 35-day HIOs.
(G) Comparison of CHGA* endocrine cell percentage in NEUROG3*/* and NEUROG3WT
(0 and 100ng/ml 8-hour) pancreatic precursors and HIOs.

(H) Immunofluorescence analysis of INS, GCG, and SST expression in NEUROG3*/* or
NERUOG3WT pancreatic precursors.
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(1-J) Quantification of endogenous NEUROG3 expression per cell in pancreatic precursors
derived from NEUROG3** hESC:s or tet-induced NEUROG3WT expression in NEUROG3-
null hESCs. Quantification was based on immunofluorescence (1) and flow-cytometry (J).
(K) Quantification of induced NEUROG3WT protein levels in the epithelium of HIOs as
compared to endogenous levels in HIOs treated with the MEK inhibitor PD0325901. For all
experiments, the data is representative of a minimum of 3 separate experiments. A minimum
of 18 organoids were assessed. Scale bar = 100 um and 25 um. Data are represented as mean
+ SD. See also Figures S1 and S2.
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Figure 2:
Recapitulating NEUROG3 mutation phenotypes in hESC-derived pancreatic precursors and

HIOs. (A) Schematic of NEUROG3, the NEUROG3-E47-DNA complex and the conserved
basic helix-loop-helix region of NEUROG across the species. Mutations are indicated by the
arrows.

(B-H) Immunofluorescence analysis of CHGA, PDX1 and NKX2-2 of pancreatic endocrine
with 100ng 8-hour induction of NEUROG3 variants, 3 days post induction.

(1-O) Immunofluorescence analysis of CHGA, SYP and ECAD of 35-day-old HIOs with
100ng/ml 8-hour induction of NEUROG3 variants, 7 days post induction.

(P-Q) Quantification of CHGA* endocrine cell percentage of pancreatic endocrine (P) and
HIOs (Q) with 100ng/ml 8-hour induction of NEUROG3 variants.
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(R-S) gPCR analysis of CHGA transcripts in pancreatic endocrine (R) and HIOs (S) with
100ng/ml 8-hour induction of NEUROG3 variants.

For all experiments, the data is representative of a minimum of 3 separate experiments. A
minimum of 18 organoids were assessed. Scale bar = 100 um. Data are represented as mean
+ SD. *p <0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for one-way ANOVA with
Tukey HSD, Tuckey-Kramer (unequal sample size) or Dunnett T3 (unequal variance) post
hoc test.
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Identification of hypomorphic and null NEUROG3 mutations. (A-F) Immunofluorescence
analysis of CHGA, PDX1 and NKX2-2 of pancreatic endocrine with 100ng/ml 24-hour

induction of NEUROGS3 variants.

(G-H) Immunofluorescence analysis of CHGA, SYP and ECAD of 35-day-old HIOs with
100ng/ml 24-hour induction of NEUROG3 variants.
(M-N) Quantification of CHGA™* cell percentage of pancreatic endocrine (M) and HIOs (N)
with 100ng/ml 8-hour and 24-hour induction of NEUROGS3 variants. Duplicated data

(100ng/ml 8-hour) in Figures 2P and 2Q for comparison.
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(O-P) gPCR analysis of induced NEUROG3 (O) and CHGA (P) transcripts in pancreatic
endocrine with 100, 300ng/ml 8-hour and 100ng/ml 24-hour induction of NEUROG3
variants.

(Q-R) gPCR analysis of induced NEUROG3 (Q) and CHGA (R) transcripts in HIOs with
100, 300ng/ml 8-hour and 100ng/ml 24-hour induction of NEUROG3 variants.

For all experiments, the data is representative of a minimum of 3 separate experiments. A
minimum of 18 organoids were assessed. Scale bar = 100 um. Data are represented as mean
+ SD. *p £0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for one-way ANOVA with
Tukey HSD, Tuckey-Kramer (unequal sample size) or Dunnett T3 (unequal variance) post
hoc test. See also Figures S3 and S4.
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Figure 4:
NEUROG3 mutations alter protein stability and protein phosphorylation. (A) Western blot

analysis of NEUROG3 and ACTIN in pancreatic precursors with 100ng/ml 24-hour induced
NEUROG3 variants. Arrows indicate multiple bands representing different forms of
NEUROGS3.

(B) Quantification of induced NEUROGS3 variants half-life in pancreatic precursors using
first order decay function.

(C) Induced NEUROGS3 variants decay curve in pancreatic precursors over the 180-minute
time course.

(D) gPCR analysis of induced NEUROG3transcripts in pancreatic precursors with
100ng/ml 24-hour induction of NEUROGS3 variants.

(E) Western blot analysis of NEUROG3 and ACTIN in pancreatic precursors with (+) or
without (=) phosphatase A-PP treatment.
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(F) Western blot analysis of NEUROG3 and ACTIN in human intestinal enteroids with
100ng/ml 24-hour induction of NEUROG3WT. Arrows indicate multiple bands representing
different forms of NEUROG3.

(G) Quantification of induced NEUROG3WT half-life and decay curve in pancreatic
precursors and human intestinal enteroids over a 180-minute time course using first order
decay function. A comparison of data of NEUROG3WT half-life in pancreatic precursors
(from figure 4B) with protein half-life in intestinal enteroids.

For all experiments, the data is representative of a minimum of 3 separate experiments. Data
are represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for
two-tailed student’s t-test post F-test or one-way ANOVA with Tukey HSD or Dunnett T3
(unequal variance) post hoc test. See also Figures S5 and S6. Uncropped images for Western
blots have been deposited on Mendeley Dataset https://data.mendeley.com/datasets/
dj53dkzwp5/draft?a=3581f584-ea06-4cef-9991-6d6b6e6ab3cs
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Figure 5:
Defective E-box DNA binding affinity of NEUROG3 mutations /n vitro and on chromatin.

(A-B) EMSA analysis (A) and quantification (B) of purified NEUROGS3 variants binding
activity to high affinity E-box.

(C) EMSA analysis of purified NEUROG3 variants homodimer binding activity to high
affinity E-box.

(D-E) ChIP-gPCR analysis of 100ng/ml 8-hour (C) and 100ng/ml 24-hour (D) induced
NEUROG3 variants binding activity to the high affinity E-box in the NKX2-2promoter in
pancreatic precursors.

(F-G) EMSA analysis (F) and quantification (G) of purified NEUROG3 variants binding
activity to low affinity E-box. Red arrow indicates NEUROG3R107S/E47/DNA complex; red
arrow with dot line indicates loss of NEUROG3R9L/E47/DNA complex.
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(H) ChIP-gPCR analysis of induced NEUROGS3 variants binding activity to low affinity E-
box in the NEUROGS3 promoter in pancreatic precursors.

For all experiments, the data is representative of a minimum of 2 separate experiments. Data
are represented as mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for
two-tailed student’s t-test or one-way ANOVA with Dunnett or Dunnett T3 (unequal
variance) post hoc test. Uncropped images for EMSAS have been deposited on Mendeley
Dataset https://data.mendeley.com/datasets/dj53dkzwp5/draft?a=3581f584-
ea06-4cef-9991-6d6b6e6ab3cs
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-~

Defective NEUROG3-E47 dimerization capability of NEUROG3 mutations. (A) Schematic
model of relative NEUROG3-E47 heterodimerization capability test by competition loss of
E47 homodimer binding onto DII-1 E-box.

(B) EAT heterodimerization analysis with purified NEUROG3 variants.

(C) Quantification of E47 heterodimerization with purified NEUROGS3 variants by loss of
the signal of E47 homodimer binding onto DII-1 E-box.

(D) Quantification of E47 heterodimerization with purified NEUROG3 variants by loss of
the signal of E47 homodimer binding onto DII-1 E-box.

For all experiments, the data is representative of a minimum of 3 separate experiments. Data
are represented as mean £ SD. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for
two-tailed student’s t-test or one-way ANOVA with Dunnett or Dunnett T3 (unequal
variance) post hoc test. See also Figure S7.
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Summary of biochemical and functional comparison of NEUROG3 mutations to WT NEUROG3.

Table 1:

NEUROG3 | Protein E47 DNA binding Endocrine rescue

Mutation Stability | dimerization High affinity | Low affinity | Pancreas | HIO

WT +++ +++ +++ +++ +++ +++
E28X - - - - - -
R93L +++ +++ ++ + ++ ++
R107S ++ + +++ + ++ ++
L135P +++ - - - - -
E123X + - - - - -
S171fsX68 ++++ + + ++ ++ -
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