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HNF1A and A1CF coordinate a beta cell
transcription-splicing axis that is disrupted in type 2
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human genetic evidence demonstrate
that failure of this network leads to
defective # cell function and glucose
homeostasis.
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SUMMARY

Type 2 diabetes (T2D) is a devastating chronic disease marked by pancreatic f cell dysfunction and insulin
resistance, whose pathophysiology remains poorly understood. HNF1A, which encodes transcription factor
hepatocyte nuclear factor-1 alpha, is the most commonly mutated gene in Mendelian diabetes. HNF1A also
carries loss- or gain-of-function coding variants that respectively predispose to or protect against polygenic
T2D. The mechanisms underlying HNF1A-deficient diabetes, however, are still unclear. We now demonstrate
that diabetes arises from g cell-autonomous defects and identify direct p cell genomic targets of HNF1A. This
uncovered aregulatory axis where HNF1A controls transcription of ATCF, which orchestrates an RNA splicing
program encompassing genes that regulate g cell function. This HNF1A-A1CF transcription-splicing axis is
suppressed in p cells from T2D individuals, while genetic variants reducing pancreatic islet A7TCF are associ-
ated with increased glycemia and T2D susceptibility. Our findings, therefore, identify a linear hierarchy that
coordinates g cell-specific transcription and splicing programs and link this pathway to T2D pathogenesis.

INTRODUCTION (T2D),>° while gain-of-function variants protect against T2D.”
Furthermore, independent studies have shown HNF1A-depen-
dent transcription defects in islet f cells from individuals

with T2D.%°

Rare loss-of-function heterozygous HNF1A mutations cause
maturity-onset diabetes of the young type 3 (MODY3), the

most prevalent form of monogenic diabetes.’ Other rare and
common variants that elicit a partial loss of HNF1A function
lead to increased susceptibility for polygenic type 2 diabetes

Despite this pivotal role of HNF1A in the pathogenesis of both
monogenic and polygenic forms of diabetes, the cell types
where it plays essential roles for normal glucose homeostasis
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remain unclear. Pancreatic p cell dysfunction is prominent
in MODY3, as well as in Hnfla homozygous-null mutant
mice.'®"® However, HNF1A controls tissue-specific transcrip-
tional programs in differentiated hepatocytes, kidney and gut
cells, and pancreatic acinar and islet cells.'*~'® All of these cell
types influence glucose homeostasis and can indirectly affect
B cell function.'¥** Thus, whether HNF1A-deficient diabetes re-
flects a B cell-autonomous defect is still unknown.

In addition, the molecular mechanisms underlying HNF1A-
deficient diabetes are not well understood. Several cellular de-
fects have been documented in HNFTA mutant p cells,
including defective glucose uptake,”® glycolytic signaling,® or
mitochondrial respiration,”” as well as inconsistent findings
regarding abnormal calcium signaling.?®2° However, these
cellular phenotypes have not been unambiguously linked to
direct targets of HNF1A, and their relative physiological impact
remains unclear.

We now demonstrate that HNF1A-deficient diabetes arises
primarily from defective HNF1A function in pancreatic p cells,
rather than other HNF1A-expressing cell types. We further iden-
tify an evolutionarily conserved f cell transcription program regu-
lated by HNF1A and show that the ATCF gene—encoding
APOBEC1 complementation factor—is a prominent HNF1A-
dependent target. We demonstrate that A7CF controls a previ-
ously unrecognized p cell splicing program and use single-cell
genomics and human genetics to link this pathway to the molec-
ular pathophysiology of T2D. These findings, therefore, uncover
a hierarchical mechanism that coordinates p cell transcription
and splicing, shedding light on how these two gene regulatory
layers can interact to control cell-specific expression.®®*" We
propose that this § cell molecular pathway could be leveraged
for therapeutic targeting.

RESULTS

HNF1A-deficient diabetes is a consequence of a § cell-
autonomous function

To systematically examine the cell types in which HNF1A is essen-
tial to maintain glucose homeostasis, we used lineage-specific
mouse Cre lines and a /oxP-flanked Hnfla exon 2 allele
(Figure S1A)'® to delete Hnf1a in liver, gut, or pancreatic lineages.

Cell Metabolism

Hepatocytes have critical glucose homeostatic functions and
can indirectly influence p cell function or mass.??* Using a
liver-specific Cre line (Albafo-Cre, hereafter Alb-Cre®?) (Figure
1A), we inactivated Hnfla in hepatocytes (Hnf1a“V*°) and
observed that adult male Hnf1a""*° mice recapitulated
abnormalities described in germline Hnfla~'~ mice,'® including
reduced body weight and fat mass, as well as fatty liver (Figures
S1B-S1F). The reduced growth and adiposity in Hnffa~'~ mice
have been ascribed to decreased liver Igf! expression,'® and
our findings confirm that this manifestation reflects a liver-specific
HNF1A function. Contrasting with Hnfla~’~ mice, however,
Hnf1a"V*° mice did not exhibit hyperglycemia and instead
showed improved intraperitoneal (i.p.) glucose tolerance (272 +
15 mg/dL vs. 361 + 12 mg/dL in Cre-only expressing littermates
at 30’, p < 0.0002, t test) (Figures 1B and 1C), potentially due to
the insulin-sensitizing effects of decreased adiposity or to the ab-
normalities in liver glucose metabolism reported in Hnf1a germline
mutant mice.>* Liver HNF1A deficiency, therefore, does not
contribute to hyperglycemia observed in Hnf1a germline mutants.

Gut cells also have major glucose homeostatic functions related
to the gluconeogenic capacity of enterocytes and the enteroendo-
crine production of incretin hormones that regulate  cell function
and mass. %" Using Vil1-Cre,** we excised Hnfla in intestinal
epithelial cells, including GLP1-producing cells (Hnf1a%"C)
(Figure 1D). Hnf1a%"*® mice did not differ in weight, fasting glyce-
mia, oral glucose tolerance, or insulin responses at 16 weeks
when compared with Cre-only expressing littermates (Figures
1E, 1F, and S1G). Thus, HNF1A deficiency in the gut does not
recapitulate the diabetic phenotype of Hnfta™"~ mice.

Toinactivate Hnf1a in pancreatic cells, we first used Pdx7-Cre,
which is active in precursors of all pancreatic epithelial cells
(Hnf1aPX)%® (Figure 1G). Hnf1aP*® displayed hyperglycemia at
weaning (Figure S1H), and at 13 weeks showed fasting and post-
prandial hyperglycemia (405 + 67 mg/dL), with decreased fed
plasma insulin (0.09 + 0.01 vs. 0.28 + 0.06 ng/mL in Cre-only ex-
pressing littermates, p = 0.019, t test) (Figures 1H and 1l). The
pancreas of Hnf1a®*® mice showed unchanged morphology
except for fatty infiltration patches in some mice, and there
were no significant differences in the relative f cell area (B cell/
pancreas area fraction 0.54 + 0.1 vs. 0.58 + 0.08 in littermates,
p = 0.77, t test), suggesting that diabetes in this model was

Figure 1. HNF1A-dependent diabetes requires gene ablation in § cells
and control hepatocytes. KRT19 (green) marks biliary duct cells.

(A) Immunofluorescence of HNF1A (red) in adult Hnf1a“V<©

(B and C) 13-week-old Hnf1a"**® mice showed improved i.p. glucose tolerance (B) (n = 14 controls, 19 Hnf1a""*®) and no significant insulin changes after

glucose challenge (C) (n = 6 controls, 7 Hnf1a-"k%),

(D) Depletion of HNF1A (red) in Hnf1a®“™° gut cells, including GLP1 enteroendocrine cells (GCG, green).

(E and F) Oral glucose gavage in 16-week-old Hnf1a%tK©

secretion (F) (n = 6 controls and 7 Hnf1aS %),

mice showing no differences in glucose tolerance (E) (n = 23 Hnf1a"'" and 14 Hnf1a%“*“° mice) or insulin

(G) Depletion of HNF1A (red) in pancreas from adult pancreas-specific (Hnf7aP<®) mice. Insulin is shown in green.
(H and 1) 13-week-old Hnf1aP<° mice show hyperglycemia upon fasting and 1 h after re-feeding (H) (n = 5 controls, 5 Hnf1aP<®) and decreased post-prandial

insulin secretion () (7 = 7 controls, 6 Hnf1aP<©).

(J) Immunofluorescence of 12-week-old Hnf1a**®, 4 weeks after tamoxifen induction, showing HNF1A (red) excision in a cells (GCG, green).

(K and L) i.p. glucose tolerance (K) (n = 7 controls, 8 Hnf1a*<®)

and insulin secretion (L) (n = 6 controls, 7 Hnf1a

“K0) 2 months after tamoxifen treatment.

(M) Immunofluorescence of HNF1A (red) in p cells (green) in adult Hnf1a™© mice.

(N and O) i.p. glucose tolerance (N) (n = 8 controls, 12 Hnf1aP*®) and insulin secretion (O) (1 = 6 controls, 5 Hnf1a"®) in Hnf1a"° mice.

For (A), (D), (G), and (M), Cre-expressing littermates without LoxP alleles were used as controls. For (J), treated LoxP littermates without Cre were used as controls.
Student’s t test was used in (C), (F), (), (L), and (O), and two-way ANOVA with Bonferroni’s for (B), (E), (H), (K), and (N). *p < 0.05, **p < 0.01, ****p < 0.0001. Scale

bars, 100 pm. Error bars represent means + SEM.
See also Figure S1.
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primarily caused by p cell dysfunction rather than decreased
B cell number (Figures S1l and S1J).

Pancreatic « cells exert paracrine regulation of § cells, while
MODY3 patients have abnormal glucagon responses to hypergly-
cemic stimuli.>®>° We thus used an « cell-specific inducible Cre
strain®® (Geg-Cre®F™) to inactivate Hnf1a perinatally in « cells
(hereafter Hnf1a®“° mice) (Figure 1J). By 12 weeks, glycemia
and insulin after an oral glucose challenge were indistinguishable
from tamoxifen-treated Cre-negative littermates (Figures 1K and
1L). However, Hnf1a®*® mice showed decreased glucagon re-
sponses to insulin-induced hypoglycemia in vivo, as well as to
low glucose and arginine in vitro (Figures S1K-S1M). Thus, «
cell Hnf1a deficiency does not cause diabetes yet may interfere
with counter-regulatory hormonal responses.

Finally, we used an Ins7-Cre knockin allele”’ that inactivated
Hnf1a in § cells gradually after their formation during late gesta-
tion, achieving nearly complete Hnf1a ablation in adult p cells
(Hnf1a"*©) (Figures 1M and S1N). Hnf1a?*® mice displayed hyper-
glycemia at weaning (Figure S10), while 16-week-old Hnf1aP<®
mice showed i.p. glucose intolerance (60 min glucose 336 + 13
vs. 256 + 19 mg/dL in Cre-only littermates, p = 0.005, ANOVA)
and reduced insulin responses (insulin at 15 min 0.04 + 0.03 vs.
0.27 = 0.04 ng/mL in controls, p = 0.049, t test) (Figures 1N and
10). Thus, B cell-specific Hnf1a inactivation recapitulates hyper-
glycemia observed in germline mutants, indicating that f cell-
autonomous functions of HNF1A are critical for diabetes.

36,37

HNF1A regulates a conserved transcriptional program in
mouse and human § cells

We next investigated the molecular function of HNF1A in § cells.
Given that mouse homozygous and human heterozygous
HNF1A mutations both cause diabetes, we sought to identify
conserved HNF1A-dependent target genes in mouse and human
B cells. To this end, we examined human EndoC-pH3 p cells*?
carrying biallelic HNF1A deletions and adult Hnfla~'~ mouse is-
lets.’® As expected from previous studies of HNF1A-deficient
islet cells,’"?"**3>** these two models showed profound tran-
scriptional changes (Figures 2A and 2C; Table S3). To define
direct effects, we performed chromatin immunoprecipitation
sequencing (ChIP-seq) for HNF1A in human EndoC-pH3 and
mouse MING B cells (Figures S2A-S2C). We found that HNF1A-
bound genes were enriched in genes downregulated in human
and mouse mutant models (p = 1.9 x 107", p = 3.4 x 107",

Cell Metabolism

respectively) (Figures 2A-2D), consistent with a primary role of
HNF1A as a transcriptional activator in pancreatic p cells.’

We found a significant overlap of downregulated ortholog
genes in human and mouse HNF1A-deficient models (odds ratio =
4.1, Fisher's p = 3.9 x 1073 (Figure S2D). Furthermore, direct
target genes often showed evolutionarily conserved downregula-
tion and rarely conserved upregulation (Figures 2E and 2F). We
thus defined a core set of 129 orthologous genes downregulated
in human and mouse models (Figure S2D; Table S3). Many of
these ortholog pairs encode for potentially relevant p cell func-
tions, such as endoplasmic reticulum (ER) stress, oxidative stress,
lipid metabolism, and RNA splicing (Figures 2G and 2H). Notably,
RNA binding was among the most enriched annotations among
genes downregulated in both species (Figure 2I; Table S3).

We also investigated HNF1A-dependent regulation in native
human f cells. We reasoned that HNF7A mRNA variation across
single p cells should lead to correlated expression of HNF1A-regu-
lated transcripts and examined this in human f cell transcriptomes
from the ESPACE Pancreas Human Cell Atlas consortium. We
focused on the 107 conserved HNF1A-dependent genes ex-
pressed in >5% of cells and calculated pairwise correlations
with HNF1A mRNA across f cells. The 107 genes showed mark-
edly higher correlations compared with expression-matched con-
trol genes (mean r = 0.101 [0.081-0.121, 95% confidence interval
(Cl] vs. 0.001 [-0.003-0.005]; p = 1.1 x 107'%). HNF1A-
dependent genes that were HNF1A-bound in both species
showed even higher correlations (- = 0.133 [0.096-0.169];
p = 2.2 x 1078 (Figure 2J). Remarkably, many of the genes
showing the strongest downregulation in HNF 1A mutants showed
the highest correlation values in primary f cells, including
known HNF1A targets such as HNF4A'™ (ranking 2™ out of
18,242 genes), HASTER" (HNF1A-AS1, 19"), and A1CF (6™)
(Figure 2K; Table S4). Co-expression analysis, therefore, sup-
ported that HNF1A regulates the same conserved gene program
in native human § cells. In sum, these findings reveal a conserved
transcription program that is controlled by HNF1A in mouse and
human f cells and provide a resource to understand the molecular
mechanisms underlying HNF1A-deficient diabetes.

HNF1A deficiency leads to reduced expression of

RBP genes

Transcripts encoding RNA-binding proteins (RBPs) were en-
riched among downregulated genes (Figures 2F-2l), including

Figure 2. HNF1A regulates a conserved transcriptional program in mouse and human g cells

(A and C) Differential gene expression in (A) human EndoC-pH3 HNF1AK® vs. control cells (n = 3 replicates/group) and (C) mouse Hnf1a

~/~ vs. wild-type islets

(n = 4 replicates/group), highlighting HNF1A-bound genes in red. Dashed lines depict log, fold-change (log>FC) > 0.585 and adjusted p < 0.05, used for calling

differential expression.

(B and D) HNF1A binding was enriched in downregulated, but not upregulated, genes in EndoC-pH3 HNF1A® cells and Hnf1a ™/~ islets. OR, odds ratio relative to

all active genes; p values, Fisher’s exact test.
(E) Log,FC values of differentially expressed orthologs in human HNF1
with p value.

AKO

(F) Top 10 differentially expressed genes ranked by adjusted p value in HNF1AX cells. All showed downregulation in Hnf1a

vs. mouse Hnfla

~/=, with HNF1A-bound in red, and Pearson correlation coefficient

' islets.

(G and H) Log,FC for downregulated genes from selected annotations in HNF1AK® cells (G) and Hnf1a ™/~ islets (H).

(I) Significant annotation terms for downregulated genes.

(J) Normalized human islet f cell single-cell VASA-seq expression counts were used to calculate Pearson’s coefficients of HNF1A mRNA vs. 107 conserved
HNF1A-dependent transcripts across all  cells (middle bar) vs. expression-matched control genes (left bar) or conserved HNF1A-dependent genes bound by

HNF1A (right bar). Error bars represent 95% ClI.

(K) Top 30 HNF1A mRNA-correlated genes in human p cells. Genes showing downregulation in HNF1A mutants or HNF1A binding are highlighted in green.

See also Figure S2.
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five RBP orthologs downregulated in mouse and human knock-
outs (Figures 3A-3C). In particular, A71CF, encoding APOBECH1
complementation factor, showed very low expression in mouse
and human HNF1A knockouts (Figures 2F, 3B, and 3C) and
was among genes showing the highest correlations with
HNF1A mRNA in native p cells (rp = 0.34, p = 10~*?) (Figures 2J
and 2K). The mouse and human A7CF genes were bound by
HNF1A at multiple sites, indicating direct regulation (Figures
3D, 3E, and S2E). Immunolocalization studies showed that
A1CF is expressed in most mouse islet cells, with markedly
reduced expression in Hnfla mutants (Figure 3F).

A1CF was originally described as a cofactor in the APOBEC1
RNA editing complex but was later found to be dispensable for
APOBEC1-dependent RNA editing activity and more recently
shown to be a direct regulator of alternative splicing of liver
transcripts encoding fructose and glycerol metabolism en-
zymes.*®*° Interestingly, ATCF mRNA is exclusively expressed
in tissues expressing high HNF1A mRNA, namely in the liver,
stomach, gut, kidney, and pancreas (Figure 3G), and Aflcf
mRNA also showed partially decreased expression in liver and
gut from tissue-specific Hnf1a mutants (Figures S2F and S2G).
These findings, therefore, demonstrated that HNF1A is an
essential regulator of ATCF in p cells and suggested that
HNF1A could indirectly influence cell-specific RNA processing.

HNF1A controls an alternative splicing program in
mouse and human § cells

To study if HNF1A regulation of A1CF impacts § cell RNA
splicing, we analyzed RNA sequencing (RNA-seq) data from
mouse and human HNF1A-deficient models, using replicate
multivariate analysis of transcript splicing (rMATS).*° This re-
vealed that HNF1A deficiency not only causes major transcript
changes in B cells but also profoundly alters RNA splicing
(Figures 4A-4D). We identified 864 and 2,362 differential splicing
events in HNF1A-deficient mouse islets and human EndoC-pH3
cells, respectively, ~60%-70% of which were exon inclusion or
skipping events (Figures 4B and 4D). Importantly, most differen-
tially spliced genes did not show differential mMRNA expression in
the same models (Figures S3A and S3B).

To assess the conservation of the HNF1A-dependent RNA
splicing program, we calculated delta percent spliced-in (APsi)
values to measure the percentage of transcripts that include
differentially spliced exons in mutant vs. control conditions.
This revealed that human and mouse HNF1A-dependent splicing
changes were significantly correlated (r = 0.64; p < 9.4 x 10719
(Figure 4E). We identified 134 genes showing HNF1A-dependent
splicing in orthologous exons in both species (Figure 4F;
Table S5). Among the top five genes showing the strongest dif-
ferential splicing, SLC7A2 is a cationic amino acid transporter
involved in arginine-induced insulin secretion,®” SEC31A is a
COPII coat protein that mediates proinsulin processing and
vesicle budding from the ER in p cells,”’ and MYO6 has been
implicated in membrane traffic in the secretory pathway®*>*
(Figures 4G-4M; Table S5).

In keeping with reduced ATCF mRNA in HNF1A-deficient
cells, mutually exclusive differentially spliced events in HNF1AK®
cells were enriched in A1CF recognition motifs at flanking loca-
tions (Figure S3C), while differentially spliced events from
Hnf1a~’~ islets showed significant overlaps with those identified
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in A7cf mutant liver*® (Figure S3D). Taken together, these obser-
vations point to a previously unrecognized role of HNF1A in the
regulation of alternative splicing in mouse islets and human
cells, potentially mediated through its direct target A1CF.

A1CF regulates a broad p cell splicing program that is
altered in HNF1A deficiency

To further assess whether A1CF underpins HNF1A-mediated
splicing, we created ATCF null mutant EndoC-pH3 cells by
engineering homozygous single-exon deletions. ATCFX© cells
showed profound alternative splicing changes, with 1,907 differ-
entially spliced events in 1,372 genes (Figures 5A and 5B;
Table S5), most of which did not show differential expression
(Figure S4A). As observed for HNF1AX® cells, most differentially
spliced events were exon skipping or inclusion events
(Figures 5B and 5C), and A1CF recognition motifs were enriched
~200 bp downstream of differentially spliced mutually exclusive
exons® (Figure S4B).

The A1CF-dependent p cell splicing program was prominently
enriched in genes involved in intracellular protein targeting and
degradation processes, including annotations such as trans-
Golgi network, COPII-mediated vesicle transport, vesicle target-
ing, clathrin-mediated endocytosis, Rho GTPases, ER or mem-
brane trafficking, as well as other functions related to cilium,
DNA repair, and RNA splicing (Figure 5D; Table S6). Thus,
A1CF regulates a distinct p cell splicing program.

The ATCF and HNF1A mutant splicing phenotypes were
remarkably similar. 45% of genes with altered splicing in
A1CF¥® cells were significantly mis-spliced in HNF1AX® cells
(odds ratio = 12.9; p = 2.6 x 10734, while 38% of differentially
spliced genes in HNF1AK® cells showed abnormal splicing in
A1CFX© cells at false discovery rate (FDR) < 0.05, and 59% at
p < 0.05 (Figure 5E; see also Figure S4C). Crucially, differentially
spliced events in HNF1AX® cells showed highly correlated APsi
values in ATCF¥C cells (r = 0.7, p < 1 x 107'9), indicating that
most HNF1A-dependent splicing abnormalities are also A1CF-
dependent (Figure 5F).

Genes showing differential splicing in HNF1AX® and A1CF¥®
cells expectedly showed shared enrichment of functional anno-
tations (Figure S4D; Table S6). Notably, numerous genes with
documented p cell functions were differentially spliced in both
HNF1AX© and A1CF© cells. For example, SLC7A2 showed dif-
ferential mutually exclusive splicing of exons 7 and 8, with
decreased exon 8 inclusion, in both HNF1AX® and ATCF° cells
(Figures 5C and 5G-51). Re-expression of ATCFin ATCF¥C p cells
enhanced SLC7A2 exon 8 expression, confirming that A1CF is a
direct effector (Figures 5J and S4E). Likewise, secretory pathway
genes MYO6 and SEC31A°'>® (Figure 5K), as well as numerous
other abnormal splicing events in both mutants, occurred in
genes with known p cell regulatory functions, including
SIDT2,°° SIRT6,*® ERC1 (ELKS),°” MARK2,°® ELAVL4 (HuD),*®
ACSL4,°° ARHGEF7 (pPix),°" or ABCC8 (SUR1)*” (Tables S5
and S7).

Thus, A1CF controls a broad p cell splicing program that in-
cludes many known regulators of § cell function. This splicing
program is impaired in HNF1A-deficient cells, with a profound
reduction in A1CF expression and A1CF-dependent splicing.
This indicates that HNF1A regulates p cell splicing, at least in
part, through direct control of A1CF.
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Figure 3. HNF1A directly regulates ATCF

(A) HNF1A-bound genes encoding RBPs downregulated in Hnfla™~ islets and HNF1A*C cells.

(B and C) RNA-seq expression counts of downregulated RBP genes in HNF1AX® cells, Hnfla™'~ islets, and controls. Adjusted p values were calculated with
Benjamini-Hochberg (DESeq). Bar graphs represent means and SEM.

(D and E) RNA-seq counts for ATCF in (D) Hnfla~’~ and control islets and (E) HNF1AK® and control cells, as well as HNF1A, H3K27ac, and H3K4me3 ChiP-seq
signals. Vertical lines indicate HNF1A recognition sequence motifs (see also Figure S2).

(F) A1CF (red) and insulin (green) immunofluorescence in Hnf1aP*© islets. Scale bar, 100 pm.

(G) Tissue-wide expression of ATCF and HNF1A mRNAs from GTEXx. Arrows highlight tissues with prominent HNF1A expression.
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Figure 4. HNF1A regulates AS in mouse and human f cells
(A) Volcano plot showing APsi and —log+o FDR values for Hnfla ™~
(B) Differentially spliced (DS) event types in Hnfla~'~ islets.

(C) APsi and —log+o FDR values for HNF1A*® cells (n = 3 replicates/group).

islets (n = 4 replicates/group).

(D) DS event types in HNF1AXC cells. The dashed lines show FDR < 0.05. Negative and positive APsi values are, respectively, skipping and inclusion events.
A3SS, alternative 3’ splice site; A5SS, alternative 5’ splice site; MXEs, mutually exclusive exons; R, retained intron; El, exon inclusion; ES, exon skipping.
(E) Correlation of APsi between DS events in mouse and human mutants, using the same color code to represent event types, and showing Pearson correlation

coefficient and p value.

(F) Overlap between mouse Hnfla~'~ and human HNF1AX® DS genes with recognizable orthologs, with Fisher’s exact test p value. OR, odds ratio relative to all

active genes.
(G) Top five DS genes ranked by APsiin HNF1A*® cells.

(H-M) Examples of DS exons (highlighted in green) in Hnfla ™/~ islets (H-J) and HNF1AKX® cells (K-M). The direction of transcription is from left to right.

See also Figure S3.

A1CF deficiency leads to impaired insulin secretion

To examine the functional impact of the HNF1A- and A1CF-
dependent splicing in p cells, we focused on the CAT2
cationic amino acid transporter encoded by SLC7A2, which
enables the transport of arginine, a potent insulinotropic
molecule.®>%® The differentially spliced SLC7A2 isoforms

in our models have been previously characterized as CAT-
2A and CAT-2B, which differ by mutually exclusive inclusion
of exons 8 and 7°* (Figure 6A). The inclusion of exon 8,
which is decreased in HNF1A and A1CF mutants, confers
~3-fold higher arginine transport capacity and lower affinity
over the alternative exon 7 isoform®*®° (Figure 6A) and
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Figure 5. A1CF knockouts recapitulate HNF1A-dependent splicing

(A) Volcano plot showing APsi and —logo FDR values for A7CF<C vs. control cells (n = 3 replicates/group). The dashed line shows FDR < 0.05.
(B) Classification of DS events in A1 CF*® cells. A3SS, alternative 3’ splice site; A5SS, alternative 5’ splice site; MXEs, mutually exclusive exons; R, retained intron;

El, exon inclusion; ES, exon skipping.
(C) Examples of DS exons, highlighted in green.

(D) Functional annotations enriched in DS genes in ATCF¥© cells. Circle sizes indicate gene counts in nodes, and colors represent pathways.
(E) Enrichment of shared DS genes in A1CF"© and HNF1AK® cells. OR, odds ratio relative to all active genes. p value was calculated with Fisher’s exact test.
(F) DS events in HNF1AK® cells showed highly correlated APsi values in A7TCFC cells. Pearson correlation coefficient and p value are shown.
(G) Validation of decreased expression in HNF1AX® and A1CFX® cells. ATCF transcripts are detectable in ATCF° cells because of incomplete nonsense-

mediated decay.
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has been suggested to mediate arginine-induced insulin
secretion.®®

To study the impact of SLC7A2 splicing on arginine respon-
siveness in EndoC-pH3 cells, we inhibited A7CF mRNA using
antisense oligonucleotides (ASOs) or directly blocked SLC7A2
exon 7 or 8 inclusion using splice-switching oligonucleotides
(SSOs) (Figures S5A-S5F). Inhibition of ATCF mRNA, which in-
hibited SLC7A2 exon 8 inclusion, as well as direct blocking of
exon 8 inclusion, both led to reduced insulin responses to
10 mM arginine (A7CF ASO stimulation index: 1.22 + 0.13 vs.
2.02 + 0.21 in controls, p = 0.004; SLC7A2 exon 8 SSO: 1.48 +
0.1 vs. 2.02 + 0.21 in controls, p = 0.03, t test) (Figures S5G
and S5H). Likewise, ATCF*° EndoC-pH3 cells displayed
reduced arginine-dependent insulin stimulation (1.47 + 0.20 vs.
2.84 + 0.10 in controls, p < 0.0001, t test) (Figures 6B and 6C).

We further generated homozygous A7CF exon deletions in hu-
man embryonic stem cells (hESCs) and differentiated them to
glucose-responsive stem-cell-derived islets (SC islets), which
expectedly showed decreased SLC7A2 exon 8 inclusion
(Figures 6D-6F) and abnormal MYO6 and SEC371A splicing
(Figure S5I). ATCF© SC islets showed normal insulin content
and arobust insulin secretory response to high glucose, whereas
10 mM arginine responsiveness was decreased (arginine/15 mM
glucose stimulation index: 2.22 + 0.15 vs. 2.83 + 0.2 in controls,
p =0.02, ttest) (Figures 6G, 6H, and S5J-S5M). Therefore, A1CF
deficiency and altered SLC7A2 splicing cause impaired  cell
function with abnormal arginine responsiveness.

Given that HNF1A regulates ATCF expression and SLC7A2
splicing, we examined arginine responses in HNF1A-deficient f§
cells. We generated homozygous HNF1AX® SC islets (Figures
61 and S5N), which showed profound A7CF downregulation, a
90% decrease in SLC7A2 exon 8/7 ratios (Figures 6J and 6K),
and abnormal MYO6 and SEC371A splicing (Figure S50).
HNF1AKC SCislets predictably showed severely impaired secre-
tory responses to glucose and exendin-4, as well as fewer p-like
cells and less insulin content (Figures 61, S5P, and S5Q). This se-
vere B cell impairment can be caused by multiple concomitant
HNF1A-dependent molecular defects. We therefore assessed
the effects of re-expressing HNF1A in HNF1AK® SC islets, which
led to increased ATCF mRNA, SLC7A2 exon 8 inclusion, and in-
sulin response to 10 mM arginine (Figures 6L-6N) (insulin area
under the curve 242.6 = 6.21 vs. 185.7 + 6.09 in controls,
p = 0.0028). Thus, restoration of HNF1A expression in HNF1AX®
SC islets enhanced SLC7A2 splicing and arginine-induced insu-
lin secretion.

We further examined Hnf1a mutant mice, which also showed
abnormal Slc7a2 splicing (Figure 4H). Isolated islets from
4-week-old Hnf1a?® mice still displayed normal glucose-stimu-
lated insulin secretion yet showed decreased arginine stimula-
tion index (1.42 + 0.15 vs. 1.86 + 0.06 in controls, p = 0.038, t
test) (Figures 60 and 6P). Hnf1a™2"K® mice, in which Hnfla
was excised in p cells after 8 weeks of age (Figure S5R), did
not develop fasting hyperglycemia or major glucose tolerance
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and insulin secretion changes (glucose/insulin ratio 361.9 +
31.0 vs. 260.9 + 484 in controls, t test p = 0.097)
(Figures S5S-S5U) yet displayed impaired glycemic responses
after i.p. arginine injection (8% glycemic decrease at 15 min
vs. 25% in control mice, p = 0.001, t test), without significant
changes in insulin levels (Figures 6Q-6S). Furthermore, isolated
islets from non-diabetic Hnf1a™2"°*° mice showed impaired
arginine-dependent electrical activity. Thus, whereas f cells
from Hnf1a™3"°%° and control mice readily depolarized in
response to 100 uM tolbutamide (Figures 6T and 6U), 10 mM
L-arginine initiated action potential firing and depolarization in
only 20% of Hnf1a™a"°® g cells, in contrast to all control cells
(p < 0.048, Fisher’s exact test) (Figures 6T-6V). Taken together,
these experiments showed a prominent impairment of arginine-
induced insulin secretion in mouse and human HNF71A mutant
models (Figure 6A). Our findings have also demonstrated that
the splicing factor A1CF regulates p cell function and point to a
potential molecular mediator of the HNF1A-deficient secretory
phenotype.

A1CF-dependent splicing changes in T2D-associated 8
cell subpopulations
We next sought evidence that HNF1A influences A1CF-depen-
dent splicing in primary human § cells. Human p cells have
been recently shown to be heterogeneous, with transcriptional
states that differ by HNF1A activity.>® We reasoned that if
HNF1A controls A1CF expression in native human islets, this
should lead to increased A1CF-dependent splicing in p cells
that have higher HNF1A activity. We therefore analyzed single-
cell transcriptomes from the Human Cell Atlas ESPACE con-
sortium generated with VASA-seq, a method that is suited for
profiling RNA splicing because it captures full-length transcripts
in single cells.®® Using pooled VASA-seq data from human islet
samples from 11 individuals (5 with T2D, 6 without diabetes),
we first clustered major cell types, yielding 2,036 p cells
(Figure S6A), and defined major p cell clusters (Figure 7A). We
then computed for each p cell cluster the expression of 172
HNF1A target genes (bound by HNF1A and downregulated in
HNF1AK® cells). This revealed a p cell cluster (#2) with distinctly
higher HNF1A activity (Figure 7B). These HNF1AH9" g cells
showed widespread differential splicing relative to all other
B cells (Figure S6B), and these changes were enriched in abnor-
mally spliced events from A7CF*© g cells (NES = 1.75 or —1.19,
q=7.2 x 107% or 0.12 for splicing events showing decreased or
increased inclusion in ATCF¥C cells, respectively) (Figures 7C
and S6C). Therefore, major p cell states differ not only by
HNF1A activity but also by differences in A1CF-dependent
splicing. These results are consistent with HNF1A-dependent
regulation of A1CF-dependent splicing in native human p cells.
To assess the implications of this finding for T2D, we focused
on P cell states previously associated with T2D. A recent study
used machine learning to distinguish 1 and 2 cell states that
are depleted or enriched in islet donors with T2D and exhibit

(H and I) Decreased SLC7A2 exon 8 and SLC7A2 exon 8 to exon 7 ratio in both mutant models. n = 6-4.
(J) Restoration of SLC7A2 exon 8 to exon 7 expression after ATCF overexpression in ATCF© cells. n = 6 lentiviral transduction replicates.
(K) A1CF*© cells show DS in genes with p cell-relevant functions. n = 4-6. Student’s t test was used on (G)-(K) *p < 0.05, **p < 0.01, ****p < 0.0001. Bar graphs

represent means + SEM.
See also Figure S4.
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Figure 6. Abnormal A1CF-dependent splicing leads to impaired insulin secretion
(A) HNF1A-dependent regulation of A1CF drives increased inclusion of SLC7A2 exon 8, which confers high-capacity arginine transport.
(B and C) ATCF® cells show impaired insulin response to arginine in static incubations. n = 8-12, 2 independent experiments. IC, insulin content.
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either increased or decreased HNF1A activity, respectively.’ We
analyzed f1 and p2 gene marker sets in our data and observed
that HNF1AH9" § cells had a distinct 1 gene signature, two other
clusters had prominent f2 signature, while the remaining cells
had low expression of both gene sets (Figures 7A and 7B). 2
cells, which had low HNF1A activity, were increased in individual
donors with T2D, while p1 (HNF1AH9") cells were decreased
(Figure 7D), and the p2/p1 cell ratio was ~8-fold higher in T2D
vs. non-T2D donors (p = 4 x 1073 Wilcoxon test) (Figure 7E).
This new dataset, therefore, confirmed that T2D entails an unam-
biguous inversion of p1 and p2 cell states.

We next examined splicing specifically in T2D-associated f
cell states and found that splicing events showing decreased in-
clusion in ATCFX© cells were also decreased in p2 cells, whereas
those showing increased inclusion in ATCF¥C cells were
increased in P2 cells compared with p1 cells; thus, splicing
events showing negative regulation in ATCFX® cells had a
B2 vs. 1 APsi value of —0.192 [-0.248, —0.037] 95% Cl,
whereas events showing positive regulation in ATCF¥C cells
had a value of 0.071 [-0.072, 0.130] 95% CI (p = 0.01, Wilcoxon
test) (Figure 7F). For example, the SLC7A2 exon 8 isoform, which
was decreased in HNF1AX® and A1CFX® cells and known to
mediate high-capacity arginine transport, was suppressed in
T2D-associated p2 cells (Figure 7G). Likewise, T2D-associated
B2 cells recapitulated HNF1AK® and A1CFX© differential splicing
eventsin SIRT6 and SEC31A (Figure SED). Taken together, these
results reveal that f cell state alterations in T2D entail not only dif-
ferences in gene expression but also abnormal A1CF-dependent
RNA splicing.

Variation at A1CF shows association with T2D and
glycemic traits

To further investigate the in vivo impact of ATCF on human
glucose homeostasis, we asked whether genetic variation at
A1CF influences glycemic traits and T2D in recent large-scale
meta-analyses.®”°® This showed that intragenic A7CF variants
are associated with random glucose levels (p = 7.3 x 10713
and T2D risk (p = 2.8 x 107°) (Figure 7H). Fine-mapped genetic
signals contained candidate causal variants located in human
pancreatic islet enhancers that are connected by chromatin
interaction maps to the A7CF promoter®® (Figure 71). Despite
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their proximity, the glucose and T2D association signals could
be genetically independent, based on low linkage disequilibrium
(LD) (* = 0.18, D' = 0.46) and poor genetic colocalization
(COLOC PP4 < 0.1). To investigate whether ATCF is a plausible
effector gene for these associations, we carried out a transcrip-
tome-wide association (TWAS) analysis’® in ~400 human islet
RNA-seq samples’' and found a significant association between
islet ATCF expression and random glucose (Figure S6E;
Table S7). Accordingly, the lead ATCF TWAS variant,
rs61856594, elicits a human islet ATCF eQTL (o = 4.2 x 1079
that shows genetic colocalization with the random glucose asso-
ciation (COLOC PP = 0.99) (Figures 7J and 7K). Likewise, the
lead T2D variant, rs12570156, showed associations at nominal
significance with an islet ATCF eQTL in various datasets
(0=2.4x%x10"2 21 x 1073 and 4.1 x 107477 and an eQTL
in whole pancreas (p = 1 x 10~°, Genotype-Tissue Expression
[GTEX] v8)™* (Figure 7L).

Further analysis of the random glucose (rs61856594) and T2D
(rs12570156) lead variants showed that alleles increasing ATCF
gene expression steered lower random glucose levels®®; low-
ered T2D risk®’; improved f cell function, glucose tolerance,
and acute insulin response (BIGTT-AIR"®); and were associated
with increased birth weight’® and pancreas volume’’ —two traits
for which Mendelian and polygenic studies have shown strong
dependence on insulin secretion’®®" (Figure 7M; Table S8).
Consistent with A7CF expression in other tissues, the same al-
leles had pleiotropic effects, notably increased hepatic levels
of the enzyme gamma glutamyl transferase® (Figure 7M;
Table S8), while a low-frequency A7CF missense variant is asso-
ciated with hypertriglyceridemia.®® Thus, consistent with the pre-
dictions from our functional studies, human genetic evidence
supports that increased islet ATCF expression improves f cell
function and glucose homeostasis and limits T2D predisposition.

DISCUSSION

We have shown that HNF1A-deficient diabetes stems from a
cell-autonomous function of HNF1A in p cells and identified the
direct transcriptional targets of HNF1A in this cell type. Our study
revealed that HNF1A is an indispensable regulator of ATCF in
p cells, forming a regulatory hierarchy that orchestrates a  cell

(D) Immunofluorescence for insulin (green) and A1CF (red) in stage 7 ATCF° SC islets.

(E and F) Reduced SLC7A2 exon 8 and exon 8/7 ratio in ATCF¥C® SC islets, n = 6.

(G and H) Representative perifusion experiment showing impaired arginine-induced insulin secretion in A1CF© SC islets. The arginine/15 mM glucose stimu-
lation index in (H) was calculated from n = 15-16 replicates (4 independent experiments).

() Immunofluorescence for insulin (green) and HNF1A (red) in stage 7 HNF1AK® SC islets.

(J and K) HNF1AK® SC islets display reduced A7CF mRNA and SLC7A2 exon 8/7 ratios. n = 5-16.

(L and M) HNF1AX® SC islets transduced with HNF1A-expressing lentivirus restored exon 8/7 ratios. n = 6.

(N) Perifusion experiment showing enhanced arginine-induced insulin secretion in HNF1AK® SC islets re-expressing HNF1A. n = 3-4. Right panels show insulin

AUC during arginine responses.

(O and P) Isolated islets from Hnf1a*© mice show decreased arginine-stimulated insulin secretion and arginine/15 mM glucose stimulation index. n = 4.

(Q-S) Hnf1a"a"K° mice show impaired arginine sensitivity. Hnfla was deleted in adult mice without causing glucose intolerance (Figure S5S). Hnfla

iPanKO

displayed impaired in vivo glycemia clearance 15 min after the arginine challenge (Q and R). Insulin secretion response to arginine was not significant (S). n = 5-7.
(T and U) Membrane potential recordings in p cells from (T) control or (U) Hnf1a'"2"<© islets. A solution containing 5 mM glucose and 10 mM arginine was added as
indicated. n = 4 from 4 untreated control mice or n = 4 from 3 Hnf1a™2"© mice.

(V) Summary of recordings in (T) and (U), percentage of cells showing action potential firing (AP, blue) and no action potentials (no AP, orange) during application of
10 mM arginine in untreated control (n = 4) and Hnf1a™2"® (n = 5) § cells.

Student’s t test was used on (B), (C), (E), (F), (H), (), (K)-(N) (bar plots), (P), (R), and (S). *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. Graphs depict means
+ SEM.

See also Figure S5.
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Figure 7. A1CF-dependent splicing in p cells and T2D

(A) UMAP representation of Seurat-defined Vasa-seq clusters of f cells. Based on previously identified gene signatures shown in (B), cluster 2 was annotated as

B1 state, whereas clusters 0 and 3 as p2 state.

(B) Scaled expression for (top) 172 HNF1A target genes and (bottom) genes from previously defined p1 and p2 signatures for each cluster shown in (A). Cluster 2 is
enriched in HNF1A targets and p1 genes, while clusters 0 and 3 show enriched expression of 2 genes.
(C) Gene set enrichment analysis (GSEA) shows that alternative splicing (AS) events with decreased exon inclusion in A7CF¥C (FDR < 0.05 and APsi < —0.1) are
enriched among events showing higher inclusion in HNF1A™S" vs_ other p cells, ranked by their signed p value.

(D) Proportion of 1, p2, and other p cells for each T2D or non-T2D donor. The star indicates a normoglycemic donor previously diagnosed with diabetes in

remission.
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transcription and splicing gene expression program. We provide
functional and genetic evidence that implicates this pathway in
human p cell physiology and diabetes.

In contrast to the wealth of knowledge concerning transcrip-
tion mechanisms governing p cell identity and diabetes,®%°
the role of RNA splicing remains very poorly explored. Recent
studies have shown circadian regulation of splicing of islet tran-
scripts involved in insulin release,®® while other studies revealed
a handful of splicing regulators in p cells, including ELAVL4,
NOVA2, RBFOX2, SMNDCH1, or the microexon splicing regulator
SRRM3.%""% |nterestingly, most of these factors appear to regu-
late splicing programs shared with neural cell types, in keeping
with the notion that—despite their endodermal origin—p cells
are electrically excitable neuroendocrine cells that share core
neural gene expression programs.”’**?> The A1CF-dependent
splicing p cell program, by contrast, targets a distinct set of
epithelial functions, including genes regulating cilia, or intracel-
lular protein trafficking through the ER and Golgi apparatus.
This HNF1A-A1CF axis, therefore, appears to drive a non-neural
component of the specialized p cell gene expression program.

The mechanisms that ensure the cell-type specificity of RNA
splicing programs are poorly understood. There is extensive ev-
idence for cell-type-specific post-transcriptional regulation of
splicing regulators via splicing factor networks,*%%® exemplified
by the sex-specific regulation of Drosophila sex lethal.”**> How
cell-type-specific transcription and splicing networks are coordi-
nated is less clear. Acute gene inhibition or overexpression
studies have shown that selected lineage-restricted transcrip-
tion factors, such as REST®, MYOD,®’ Glis3,°® or Nacc1,®' regu-
late splicing factor genes, although genetic models have not
been used to address their in vivo impact on cell-specific expres-
sion of splicing factors and the downstream splicing programs.
Our studies show that A1CF expression is remarkably restricted
to HNF1A-expressing tissues, while A1CF dependence on
HNF1Ais conserved across mouse and human islet cells. The re-
sults suggest a model whereby HNF1A coordinates cell-type-
specific expression through the direct regulation of transcription
of hundreds of genes and indirectly through a splicing pathway
that targets a largely separate set of genes. This provides an
example of an RNA splicing program that is essentially an inte-
gral component of a cell-specific gene expression program
controlled by an individual transcription factor.
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HNF1A regulates numerous genes in p cells, and HNF1A-defi-
cient p cell failure is likely caused by the combined effect of mul-
tiple molecular defects. While the exact contribution of RNA
splicing abnormalities is difficult to define, several observations
suggest that A1CF is one of the key components of the p cell
HNF1A-dependent regulatory network. First, natural variants
that increase A1CF expression in human islets exhibit expected
associations with improved insulin secretion and glycemic traits
or T2D risk. Second, A71CF deficiency, as well as HNF1A defi-
ciency, caused abnormal splicing of numerous genes with es-
tablished roles in f cell signaling and secretion,®”-55-61:99-10"
Among these, ATCF and HNF1A mutants led to an isoform
switch in the SLC7A2 arginine transporter. This caused
decreased expression of the low-affinity, high-capacity
SLC7A2 isoform that has been previously implicated in argi-
nine-regulated insulin secretion®*®* and, expectedly, led to
defective arginine-induced insulin secretion. This observation
raises an intriguing, but testable, possibility that dietary supple-
mentation with arginine could be harnessed to overcome
abnormal SLC7A2 splicing for improving p cell function in
HNF1A-deficient diabetes.

Taken together, the evidence from single-cell genomics, inte-
grative genetics, and functional studies suggests that ATCF-
dependent splicing abnormalities constitute a core defect in
the molecular pathophysiology of HNF1A-deficient monogenic
diabetes and T2D. This knowledge can open therapeutic ave-
nues for HNF1A-deficient diabetes that leverage splicing modu-
lation,"%? either through compounds that target splicing com-
plexes or with § cell-directed oligonucleotides that force the
inclusion or exclusion of selected exons, thereby ameliorating
impaired B cell functionality. More generally, our findings exem-
plify how an upstream defect in a transcription-splicing regulato-
ry axis can lead to RNA splicing abnormalities in the pathogen-
esis of diabetes mellitus.

Limitations of the study

This study reveals an evolutionarily conserved linear hierarchy
that coordinates cell-specific transcription and splicing pro-
grams. Further work is needed to understand whether this is
how other cell-specific transcription and splicing programs are
coordinated. Alternative models include a more distributed
dependence of cell-specific splicing factor genes on multiple

(E) p2/p1 cell ratio was ~8-fold increased in T2D vs. non-T2D donors (Wilcoxon p = 0.004).

(F) APsi values for p2 vs. 1 cells were filtered for nominal p < 0.05 and separated according to splicing events showing decreased, non-significant, or increased
exon inclusion in ATCFXC cells. AS events in ATCF¥® cells were defined as FDR < 0.05 and APsi <—0.1 or >0.1. Wilcoxon p values are shown. Error bars depict
95% Cl.

(G) SLC7A2 exon 7 and 8 splicing for f1 and 2 subpopulations (top) and A1CF¥© or control cells (bottom).

(H) Random glucose (RG) and T2D genetic association p values in —log10 scale (y axis) and hg19 genomic locations (x axis). Variant colors depict LD correlation
(r?) with lead RG or T2D variants.

(1) 99% credible set of candidate causal variants for RG (blue) and T2D (red) associations. Diamonds depict lead RG and T2D variants. Below, in the same scale,
human islet assay for transposase-accessible chromatin using sequencing (ATAC-seq) and ChlIP-seq tracks, fine-mapped RG and T2D variants, and promoter
capture Hi-C (pcHi-C) interactions in pink, showing proximity between the A7CF promoter and enhancers containing the lead T2D variant or a credible variant
(red) that has r? = 1 with the lead RG variant (purple dot).

(J) COMBAT normalized A71CF expression in human islets for the RG lead variant.

(K) LocusCompare plot for islet A7CF eQTL and RG p values (—log+o).

(L) Normalized A71CF expression in pancreas (GTEX) for the T2D lead variant.

(M) Forest plot of associations for lead RG (rs61856594) and T2D (rs12570156) variants, showing f estimates and 95% confidence intervals for the A1CF-
increasing allele. GGT, gamma glutamyl transferase; BIGTT-AIR, p cell function, glucose tolerance, and acute insulin response.

See also Figure S6.
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cell-specific transcription factors or scenarios in which the
cellular specificity of splicing programs is predominantly regu-
lated post-transcriptionally, as shown for numerous examples
of cross-regulatory interactions between splicing factors.%*~°

Our mouse genetic studies indicate that p cell-autonomous
defects cause HNF1A-deficient diabetes. We cannot rule out
contributions from other HNF1A-expressing lineages in any un-
tested environmental or human-specific contexts. On the other
hand, unchallenged Hnf1aPX® and Hnf1a"® mice did not show
conspicuous changes in p cell mass, indicating that diabetes in
these models primarily results from p cell dysfunction. However,
B cell proliferation changes have been documented in mutant
mice and cell lines,'* which can plausibly translate to impaired
B cell mass as an additional contributing mechanism.

This study integrates experimental perturbations with human
genetic studies to show that the A1CF-dependent branch of
the HNF1A-dependent network is important for p cell function.
However, it is crucial to acknowledge that both HNF1A and
A1CF control broad gene programs. Therefore, our findings do
not imply that the functional role of HNF1A in § cells is restricted
to its regulation of ATCF transcription, nor that of A1CF to
SLC7A2 splicing.
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Lead contact
Further information and requests for resources and reagents should be
directed to the lead contact, Jorge Ferrer (jorge.ferrer@crg.eu).

Materials availability

Reagents generated in this study are available from the lead contact with a
completed material transfer agreement. The following constructs have been
deposited in Addgene: LentiCMV-HNF1A, #204379; LentiCMV-A1CF,
#204377; and LentiCMV-controlEGFP, #204387.

Data and code availability

® Data used to generate manuscript figures are provided in Tables S1, S2,
S3, S4, S5, S6, S7, S8, and S9 and Data S1, which contains unpro-
cessed raw data underlying the uncropped western blots, HNF1A bind-
ing data, and graphs related to Figures 1, 2, 3, 4, 5, 6, 7, S1, S2, S4,
and S5.

® Raw sequencing reads from RNA-seq and ChIP-seq have been depos-
ited in the GEO public repository under accession numbers GEO:
GSE277551 and GEO: GSE277552, respectively.

® We reanalyzed human islet scRNA-seq and VASA-seq reads from
the ESPACE Human Cell Atlas. Human islet ChlP-seq data were ob-
tained from EGA: EGAS00001002917 and ArrayExpress: E-MTAB-
1919.597119% We reanalyzed mouse liver RNA-seq from the NCBI
Sequence Read Archive (SRA: PRINA530736).“® Processed data files,
including binding sites from ChIP-seq data and pc-HiC interactions,
are deposited at https://www.crg.eu/en/programmes-groups/ferrer-
lab#datasets. Scripts developed for this study are available from the
lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rat monoclonal anti-KRT19 DSHB TROMA-III; RRID:AB_2133570

Rabbit monoclonal anti-HNF1a (D722Q)

Rabbit polyclonal anti-Glucagon

Guinea Pig polyclonal anti-Insulin

Rabbit polyclonal anti-A1CF — C-terminal region
Mouse monoclonal anti-E-Cadherin

Cell Signaling Technology
DAKO

DAKO

Aviva System Biology

BD Transduction Laboratories

#89670; RRID:AB_2728751
A0565; RRID:AB_10013726
A0564; RRID:AB_10013624
0AAB00687

#610181; RRID:AB_397580

Rabbit polyclonal H3 acetyl K27 Abcam ab4729; RRID:AB_2118291
Rabbit monoclonal H3 trimethyl K4 Merck 04-745; RRID:AB_1163444
Mouse monoclonal anti-TBP Abcam Ab51841; RRID:AB_945758
Mouse monoclonal anti-HNF1A (F-7) Santa Cruz Sc-393925

Bacterial and virus strains

LentiCRISPRv2 Sanjana et al.’** Addgene #52961
pMDLg/pRRE Dull et al.'® Addgene #12251
pRSV-Rev Dull et al."® Addgene #12253

pMD2.G Didier Trono Lab Addgene #12259
Chemicals, peptides, and recombinant proteins

L-Arginine Merck A5006

L-Arginine monohydrochloride Merck A5131

Ascorbid acid Sigma Cat# A4544

Nicotinamide Sigma Cat# N0636

Heparin Sigma Cat# H3149-25KU

Zinc Sulfate Sigma Cat# 20251-100G
NaHCO3 Sigma Cat# S5761

Glucose SIGMA Cat# G8769-100ML

BSA Lampire Cat# 7500804

Insulin-Transferrin-Selenium-
Ethanolamine (ITS -X) (100X)

Sodium pyruvate solution 100mM
Chemically Defined Lipid Concentrate
Trace Elements A

Trace Elements B

GlutaMax

MCDB 131 Medium, no glutamine
Corning CMRL 1066

Y-27632 2HCI (ROCKI)

Matrigel Growth Factor Reduced

0.5 mM EDTA

FGF7

CHIR

ActivinA

Human EGF

Retinoic acid

TPB (amyloid precursor protein modulator)

Life Technologies

Merck lifescience SLU
Life Technologies
Corning

Corning

Life Technologies

Life Technologies
Fisher Scientific
Selleckchem

Corning

ThermoFisher
Genscript

Tocris

Qkine

Peprotech

Sigma

Santa Cruz Biotechnology
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Cat# 51500-056

Cat# S8636-100ML
Cat# 11905031

Cat# 25-021-Cl

Cat# 25-022-ClI

Cat# 35050038

Cat# 10372-019

Cat# Corning 15-110-CV
Cat# S1049

Cat# 356231

Cat# 15575

Cat# Z203407-1

Cati# 4423

Cat# QK001 ActA_1000
Cat# AF-100-15

Cat# R2625

Cat# sc-204424
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SANT-1 Sigma Cat# S4572
LDN-193189 Selleckchem Cat# S2618
RepSox Selleckchem Cat# S7223
Human Betacellulin Peprotech Cat# 100-50-100UG
T3 Sigma Cat# T6397-100MG
N-Acetyl Cysteine (NAC) Sigma Cat# A9165-5G
ZMA447439 Selleckchem Cat# S1103
Gamma Secretase Inhibitor XX (GSiXX) Calbiochem Cat# 565789
Exendin-4 Enzo Cat# ENZ-PRT111-0001
Essential 8 Life Technologies Cat# A1517001
Tamoxifen Sigma-Aldrich Cat# T5648
Critical commercial assays

NEBuilder HiFi DNA Assembly Master Mix New England Biolabs E2621L

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem #90080

Mouse Glucagon ELISA Kit Crystal Chem #81518

HTRF High Range Insulin Assay Kit Revvity Health Sciences #62IN1PEG
PElpro Polyplus-Transfection 101000017
RNAIMAX Thermo Fisher 13778030
Quick-RNA Microprep Kit Zymo Research #R1050
Transcriptor First Strand cDNA Synthesis Kit Roche #4896866001
LightCycler 480 SYBR Green | Master Roche #4707516001
NucleoSpin Plus RNA kit Cultek 872101

DirectPCR Lysis Reagent Viagen Biotech Cat#102-T
DreamTaq Green PCR Master Mix Thermo Fisher Scientific Cat#K1081
Phusion Green High-Fidelity DNA Polymerase Thermo Fisher Scientific Cat#F534S
Fluorescence Mounting Medium Dako (now Agilent) Cat#S3023
UltraPure Low Melting Point Agarose Thermo Fisher Scientific Cat# 16520050
NucleoSpin RNA Plus Kit Macherey Nagel Cat# 22740984.50
Transcriptor First Strand cDNA Synthesis Kit Life Science Roche Cat#04897030001
LightCycler 480 SYBR Green IMasterMix Life Science Roche Cat# 04707516001
lllumina Stranded Total RNA Library Prep kit lllumina 20040534
Deposited data

Raw and analysed (RNAseq) This paper GEO: GSE277551
Raw and analysed (ChlIP-seq) This paper GEO: GSE277552

Experimental models: Cell lines

Human pancreatic p-cell line EndoC-H3 Philippe Ravassard lab EndoC-pH3
Human embryonic stem cell line (hESC) H1 WiCell Research Institute WAO1

Human embryonic kidney 293 FT Thermo Fisher N/A

Mouse insulinoma cell line MIN6 Jun-ichi Miyazaki'®® N/A
Experimental models: Organisms/strains

Mouse / Strain: Alb Tg(Alb1-cre)1<"k Klaus Kaestner lab MGI:2664969

Mouse / Strain: B6.Cg-Tg(Vil1-cre)997Gum/J
Mouse / Strain: B6.FVB-Tg(Pdx1-cre)6Tuv/J

Mouse / Strain: B6(Cg)-Ins1!™-1(re)Thor/

Mouse / Strain: B6;129S4-Gcg®™Cre/ERT2KMk /\imjax
Mouse / Strain: Hnfla LoxP

Mouse / Strain: Tg(Pdx1-Cre/Esr1*)1Mga

Mouse / Strain: Hnfla™"

JAX

JAX

Ferrer lab

Klaus Kaestner lab
Ferrer Lab

Maureen Gannon Lab
Frank Gonzalez Lab

RRID:IMSR_JAX:004586
RRID:IMSR_JAX:014647
RRID:IMSR_JAX:026801
RRID:MMRRC_042277-JAX
N/A
RRID:IMSR_JAX:037551
N/A

(Continued on next page)

Cell Metabolism 37, 1870-1889.e1-e10, September 2, 2025  e2



¢? CellPress

OPEN ACCESS

Cell Metabolism

Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Oligonucleotides

CRISPR genotyping sequence: HNF1A_KO:
Fwd: CCTTCGCTAAGCACACGGAT /

Rev: GGGCTCATGGGATTTGGGAC
CRISPR genotyping sequence: A1CF_KO:
Fwd: TGTCACTGTCAAACCTGTTGGC /
Rev: TCTGTGCACTAGGCTCATTTGC
A1CF ASO sequence: mU*mU*mG*mA*mA*
TT*C*C* T'T'T*T*C*A*mA*mU*mC*mA*mU
SLC7A2 SS09.2 exon 7 block:

mMA* MC*mU*MC* mU*mC* mU*mC*mA*mC*
mC*mUmG*mC*mC* mA* mC* mU*mG*mC
SLC7A2 SS09.3 exon 8 block:

mU*mA* MA* MA* mG*mC* mU*mU*mA*mC*
mC*MA*MG* MA* MA*mMA*mU*MmG*mA*mC
Scramble: mA*MmA*mA*mU*mA*mA*mU*muU*
mMmG*'mMA*mA* MU mU*mU*mU*mA*mA*mA*
mU*mA* mC*mG*mC*mU*mU

Guide RNA and gPCR oligonucleotides

in Table S2

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Recombinant DNA

Lenti - CMV-HNF1A
Lenti - CMV-A1CF
Lenti - CMV-EGFP

This paper
This paper
This paper

Addgene #204379
Addgene #204377
Addgene #204387

Software and algorithms

STAR (v2.7.10b & 2.7.11)
Salmon (v1.9.0)

Bioconductor R (v4.2.2) package
DESeq2 (v1.38.0)

Deeptools (v3.5.1)
Enrichr
Metascape

Cytoscape 3.10.2

GSEA Preranked tool
rMATS (turbo v4.1.2 & 4.3.0)
rMAPS

bedtools (v2.13.3)

Bowtie2 (v2.1.0

Samtools (v1.2)
Picard (v2.6.0)

MACS?2 (v.2.1.0)

HOMER (v4.10)

HOCOMOCO

ggplot2 R package

GraphPad Prism 7
Genepattern

BioRender illustration software
GTEx Portal

Seurat 5.0.1

Dobin et al.’®”

Patro et al.'®®

Love et al.'®

Ramirez et al.""°

Chen et al.""" and Kuleshov et al.""?

Zhou et al.’™®

Shannon et al."™

Subramanian et al.'"®
Shen et al.*®
Park etal.'"®
Quinlan and Hall'"”

Langmead and Salzberg''®

Lietal.'"™

“Picard Toolkit.” 2018.
Broad Institute

Zhang et al.'*°
Heinz et al."*’
Kulakovskiy et al.'?
Wickham'#*
Graphpad

Reich et al.’**
BioRender

GTEXx consortium”

Hao et al.'®®

e3  Cell Metabolism 37, 1870-1889.e1-e10, September 2, 2025

N/A
https://combine-lab.github.io/salmon/
https://www.bioconductor.org/

https://deeptools.readthedocs.io/en/develop/
https://maayanlab.cloud/Enrichr/

https://metascape.org/gp/index.
html#/main/step1

https://cytoscape.org/
https://www.gsea-msigdb.org/gsea/index.jsp
https://rnaseq-mats.sourceforge.io/
http://rmaps.cecsresearch.org/
https://bedtools.readthedocs.io/en/latest/

https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

https://www.htslib.org/
http://broadinstitute.github.io/picard

N/A
http://homer.ucsd.edu/homer/download.html
https://hocomoco11.autosome.org/
https://www.htslib.org/
https://www.graphpad.com/features
https://www.genepattern.org/#gsc.tab=0
https://www.biorender.com/
https://www.gtexportal.org/home/
https://satijalab.org/seurat/
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Harmony Korsunsky et al.'?® https://portals.broadinstitute.org/harmony/
Normalisr Wang et al.’*’ https://github.com/lingfeiwang/normalisr

GeneOverlap R package
LocusCompareR 1.0.0
LDlinkR package for R

Shen and Sinai'*®
Liu et al."®®

Myers et al.'*°

https://bioconductor.org/packages/GeneOverlap

http://locuscompare.com/

https://cran.r-project.org/web/packages/

LDlinkR/vignettes/LDIlinkR.html

FUSION Gusev et al.”” http://gusevlab.org/projects/fusion/
COLOC Wallace'®' https://chriswallace.github.io/coloc/
ImageJ Schneider et al.’®? https://imagej.net/ij/

Other

Infinite M200 plate reader Tecan N/A

MZ16F stereomicroscope Leica N/A

SP5 confocal microscope Leica N/A

NEPA21 Super Electroporator Nepagene N/A

LightCycler 480 Instrument Il Roche N/A

Bioanalyzer Agilent N/A

Islet perifusion chamber BIOREP Technologies Cat#PERI-CHAMBER

Perifusion chamber filter BIOREP Technologies Cat#PERI-FILTER

Perifusion chamber rubber ring BIOREP Technologies Cat#PERI-O-RING

Perifusion steel nozzle BIOREP Technologies Cat#PERI-NOZZLE

8-channel peristaltic pump ISMATEC Cat#ISM931A

Two-stop color code tube 0.38mm ID Tygon R3607  ISMATEC Cat#070534-03i / SC0003
Connecting tube 1.016mm ID Tygon 3603 ISMATEC Cat#SC0035

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal studies

Animal experimentation complies with EU Directive 86/609/EEC and Recommendation 2007/526/EC regarding the protection of an-
imals used for experimental and other scientific purposes, enacted under Spanish law 1201/2005. All experiments were approved by
the Institutional Animal Care Committees of the University of Barcelona and Parc de Recerca Biomedica de Barcelona. The Hnfla
exon 2 floxed allele was described.'® Cre-mediated excision of exon 2 removes amino acid residues 109-174 in the DNA binding
domain (which spans residues 87-279) and results in a premature stop codon. In consequence, the excised allele eliminates
HNF1A residues 109-628, including most of the DNA binding domain and all transactivation domains. The Hnfia™",'® Alb-Cre®
(also known as Albafo-Cre), Vil1-Cre,** Pdx1-Cre,*® Ins1-Cre,"! Gcg-CreERT?“° and Pdx1-CreER'*® mouse lines have been previ-
ously described.

All animals were housed in a pathogen barrier-sustained environment, in individually ventilated cages, a 12-hour light cycle,
controlled relative humidity (40—60%) and temperature (24°C). Cage bedding, food, and water were provided ad libitum. The exper-
iments were carried out using littermates of same sex. Animal tissue collection was performed on anesthetized animals using isoflur-
ane (Zoetis) prior to decapitation. For histology assessment, tissues were fixed in 4% paraformaldehyde (Sigma-Aldrich) before
paraffin embedding. For Alb-Cre, Vil1-Cre, Pdx1-Cre, Ins1-Cre, mouse strains without Hnf7a floxed alleles and expressing Cre re-
combinase were used as controls, for inducible Cre lines (Geg®®ER™2 and Pdlx71°"ER) Hnf1a floxed mice without Cre treated with
tamoxifen were used as controls. Only littermate male mice were used for comparisons.

Human embryonic kidney 293 FT (HEK293FT)

HEK293FT cells for lentivirus production were cultured in Dulbecco’s Modified Eagle Medium (DMEM) High Glucose (Gibco,
#41965039), supplemented with 10% FBS (Life Technologies, #10270-106), 1% GlutaMAX (Life Technologies, #35050-038),
1 mM sodium pyruvate (Sigma, #S8636) and 0.1 mM non-essential amino acids (Corning, #25-025-Cl).

MING6

MING cells were cultured in DMEM High Glucose (Gibco, #41965039) supplemented with 15% FBS (Life Technologies, #10270-106),
1% GlutaMAX (Life Technologies, #35050-038), 1% Penicillin-Streptomycin (Life Technologies, #15140122) and 2.5 l
B-mercaptoethanol (Sigma M3148-25ML).
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Generation of EndoC-$H3 mutant models

The human pancreatic f-cell line EndoC-ﬁH?»42 was cultured in Advanced DMEM/F12 (Thermo Fisher Scientific, #12634-010) sup-
plemented with 2% fatty acid-free Bovine Serum Albumin Fraction V (Roche, #10775835001), 6.7 ng/mL sodium selenite (Sigma,
#55261), 50 uM 2-mercaptoethanol (Sigma, #M3148), 5.5 pg/mL human transferrin (Sigma, #T8158-1G), 10 mM nicotinamide
(Sigma, #N0636), 1% GlutaMAX and 100 U/mL Penicillin-Streptomycin (Life Technologies, #15140122). Plates were coated with
DMEM High Glucose and 1% Extracellular Matrix Gel from Engelbreth-Holm-Swarm murine sarcoma (Sigma, #E1270) and
2 pg/mL fibronectin from bovine plasma (Sigma, #F1141) for 1 h at 37°C. HNF1A, A1CF mutant EndoC-fH3 cells were generated
using CRISPR-Cas9 ribonucleoproteins. (Alt-R S.p. HiFi Cas9 Nuclease V3, 77522245, Integrated DNA Technologies (IDT). Two
guide RNAs (Table S2) targeting a coding exon (exon 1 and 11 in HNF1AKC and ATCFX©, respectively) of the gene of interest
were designed using Benchling (Biology Software, 2019) and Custom Alt-R CRISPR-Cas9 guide RNA (IDT), synthesized as crRNA
and complexed with tracrBNA (Alt-R CRISPR-Cas9 tracrRNA, ATTO 550, 1075928, IDT). Ribonucleoprotein complexes were pre-
pared according to manufacturer’s instructions and electroporated into EndoC-pH3 (NEPA21 Super Electroporator, Nepagene).
Electroporated cells were plated, expanded and single cell cloned using limited dilution. Resulting clones were expanded, processed
for DNA extraction with DirectPCR Lysis Reagent (Viagen Biotech) and genotyped for deletions using PCR with Phusion High-Fidelity
DNA polymerase (Genotyping primer sequences described in Table S2). We were not able to establish HNF1AK® EndoC-pH3 clones,
and therefore pools of CRISPR-Cas9 RNPs treated cells 5 days after electroporation were used instead.

Generation and differentiation of stem cell models

Experiments on human embryonic stem cells received authorization from the Health Department, Generalitat de Catalunya (register
number 0336/2443/2019), subsequent to ethical and methodological approval by Center of Regenerative Medicine in Barcelona and
the Institute of Health Carlos Il (Ministry of Science and Innovation), ensuring compliance with European and National standards.
Human embryonic stem cell line (hESC) H1 (WAO1) was obtained from WiCell Research Institute and cultured on plates coated
with 45 pg/mL Growth Factor Reduced Matrigel (Corning, #356231). Culture medium Essential8 (E8) (Life Technologies;
A1517001) was changed every 24 or 48 hours depending on cell culture density. Cells were passaged with 0.5 mM EDTA (Life Tech-
nologies; 15575-038) in PBS. ROCK inhibitor Y-27632 2HCL (Selleckchem, #51049) was used at 5-10 uM upon thawing. HNF1AX°
and ATCF¥© H1 cells were generated using CRISPR-Cas9 ribonucleoproteins targeting their coding exons, 1 and 11, respectively
(Table S2) as described before.*>'3* Briefly, homozygous deletions were generated using two guide RNA flanking the coding
exon designed using Bechling (Biology Software, 2019). Custom Alt-R CRISPR-Cas9 guide RNA (IDT), synthesized as crRNA,
were complexed with tracrBNA (Alt-R CRISPR-Cas9 tracrRNA, ATTO 550, 1075928, IDT) and SpCas9 protein (Alt-R S.p. HiFi
Cas9 Nuclease V3, 77522245, Integrated DNA Technologies (IDT) according to manufacturer instructions. Ribonucleoprotein com-
plexes were electroporated delivered to one million stem cells (NEPA21 Super Electroporator, Nepagene). Electroporated cells were
cultured, expanded and single cell cloned using single cell sorting to 96-well plates. Single cell-derived stem cell clones were
screened for homozygous deletions using PCR with primers flanking the expected deletion (Table S2). Three HNF1AK® and three
AT1CF*© H1 homozygous deletion clonal cell lines were used for differentiation experiments, together with control clonal cell lines
generated with non-targeting gRNAs previously described and the parental unmodified H1 cell line.*>"** KO and control cells
were differentiated to pancreatic islets (SC-islets) as described.'*® Differentiations were prepared by dissociating stem cells to single
cells using 10 min incubation with 5 mM EDTA and seeding them at 0.22 million cells/cm2 onto Matrigel coated plates containing E8
medium with 5 yM ROCK inhibitor. The day after, differentiation was started following a seven-stage differentiation protocol: (1) Defin-
itive endoderm induction (3 days): MCDB131 (Life Technologies, #10372-019) + 2 mM Glutamax (Life Technologies, #35050038) +
1.5 g/L NaHCO3 (Biowest, P2060) + 0.5% BSA fraction V Fatty acid free (Sigma-Aldrich, #A7030) + 10 mM final glucose (Sigma-
Aldrich, #G8769) + 100 ng/ml Activin A (Qkine, #QK001) + 3 pM CHIR 99021 (Tocris, #4423). CHIR concentration decreased to
0.3 pM on day 1and 0 pM on day 2. (2) Posterior foregut induction (3 days): MCDB131 + 2 mM Glutamax + 1.5 g/L NaHCO3 +
0.5% BSA + 10 mM final glucose + 0.25 mM Ascorbic acid (Sigma-Aldrich, #A4544) + 50 ng/mL FGF7 (Genscript, #203047). (3)
Pancreatic endoderm induction (2 days): MCDB131 + 2 mM Glutamax + 2.5 g/L NaHCO3 + 2% BSA + 10 mM final glucose +
1:200 ITSX (Life Technologies, #51500-056) + 0.25 mM Ascorbic acid + 50 ng/mL FGF7 + 0.25 pM SANT1 (Sigma-Aldrich,
#S4572) + 1 pM Retinoic Acid (RA) (Sigma-Aldrich, #R2625) + 100 nM LDN-193189 (Selleckchem, #S2618), + 200 nM TPB (Santa
Cruz Biotechnology, #sc-204424). (4) Pancreatic progenitor induction (4 days): MCDB131 + 2 mM Glutamax + 2.5 g/L NaHCOS3 +
2% BSA + 10 mM final glucose + 1:200 ITSX + 0.25 mM Ascorbic acid + 2 ng/mL FGF7 + 0.25 pM SANT1 + 0.1 pM RA + 200 nM
LDN-193189 + 100 nM TPB + 100 ng/mL EGF (Peprotech, AF-100-15) + 10 mM Nicotinamide (Sigma-Aldrich, N0636) + 10 ng/mL
Activin A + 10 uM ROCKI. On day 2 of stage 4, cells were dissociated and reaggregated in 6-well aggrewell plate (StemCell Tech-
nologies, #34425) for 2 days. After that, aggregates were cultured in suspension in a rotating platform (InforsHT, Celltron) at
95 rpm. (5) Endocrine progenitor induction (4 days): MCDB131 + 2 mM Glutamax + 1.5 g/L NaHCO3 + 2% BSA + 20 mM final
Glucose + 1:200 ITSX + 10 pg/mL Heparin (Sigma-Aldrich, #H3149) + 10 pM Zinc Sulfate (Sigma-Aldrich, #20251) + 0.25 pM
SANT1 + 0.05 pM RA + 100 nM LDN-193189 + 10 pM ALKSinhll (Selleckchem, #S7233) + 1 uM GCH1 (Tocris, #4554) + 20 ng/mL Be-
tacellulin (Peprotech, #100-50) + 100 nM GSiXX (Millipore, #565789). (6) Endocrine cell induction (8 days): MCDB131 + 2 mM
Glutamax + 1.5 g/L NaHCO3 + 2% BSA + 20 mM final glucose + 1:200 ITSX + 10 pg/mL Heparin + 10 pM Zinc Sulfate + 100 nM
LDN-193189 + 10 pM ALKSinhll + 1 pM GC1 + 100 nM GSiXX. (7) Endocrine cell maturation (21 to 35 days): Corning CMRL 1066
(Cultek, #5515-110-CV) + 2 mM Glutamax + 2% BSA fV + 1:200 ITSX + 10 pg/mL Heparin + 0.5 mM Sodium pyruvate (Merck,
#58636) + 10 pM Zinc Sulfate + 1:2000 Lipid concentrate (Life Technologies, #11905031)+ 1:2000 Trace elements A (Corning,
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#25-021-Cl) + 1:2000 Trace elements B (Corning, #25-022-Cl) + 1 mM N-Acetyl-Cysteine (Sigma-Aldrich, #A9165) + 10 nM Tri-io-
dothyronine (T3) (Merck, #T6397) + ZM447439 (Selleckchem, #S1103).

METHOD DETAILS

General cell culture methods
All cells were cultured at 37°C and 5% CO, in a humidified incubator. All cell culture media were filtered using 0.22 uM polyvinylidene
difluoride (PVDF) filters (Stericup 500 mL filter, Millipore #S2GPUO5RE) prior to use.

Mouse pancreatic islet isolation

Cold collagenase P (Roche) at 1 mg/mlin Hank’s Balanced Salt Solution (HBSS) was perfused to the pancreas through the main duct.
The pancreas was digested at 37°C for 10 min in agitation, gently disaggregated using a needle and washed with cold HBSS 0.5%
bovine albumin serum (BSA). Disaggregated pancreas was suspended in 7 ml of a mixture of room temperature Histopaque 1077 and
1119 (Merck) at a ratio of 7:3, then 7ml of HBSS 0.5% BSA was gently layered on top and centrifuged at 950 rcf for 20 min with no
brake at RT. The interphase containing the islets was collected and washed in HBSS 0.5% BSA. Islets were further selected using a
stereomicroscope and cultured for 1-2 days in RPMI with 10% FBS and Pen-Strep (1:100) at 37°C and 5% COs.

Glucose homeostasis studies

Mice were fasted overnight and received intraperitoneal injection (ipGTT) or oral gavage (0GTT) of glucose at (2 g/Kg). For insulin
sensitivity assessment, mice were starved for 4h, received an injection of insulin (ipITT) at 0.75 U/kg. Arginine challenge was per-
formed by infusing 5 mmol/Kg of arginine by gavage. Basal glycemia was measured before injection or gavage and 15, 30, 60
and 120 min post glucose, insulin or arginine administration. Blood was also collected on EDTA collection tubes (Sarstedt). For
meal-tests, mice were fasted overnight and glycemia was measured before and 1h post refeeding. Serum was collected for insulin
or glucagon measurement. Plasma insulin and glucagon were measured using Ultra Sensitive Mouse Insulin ELISA Kit (Crystal Chem
#90080) or Mouse Glucagon ELISA Kit (Crystal Chem #81518) respectively, following manufacturers protocol. For plate reading an
Infinite M Plex (Tecan) spectrophotometer was used.

Immunofluorescence staining

Murine tissues and SC-islets were fixed in 4% paraformaldehyde overnight at 4°C, SC-islets were stained with eosin before embed-
ding in low-melting agarose (Sigma, #A9414), both murine and SC-islets were then embedded in paraffin blocks. Immunofluores-
cence staining was performed as previously described.'*® Briefly, paraffin blocks were cut in 4 pm sections, deparaffinized with
xylene and rehydrated following decreasing ethanol concentrations. Sections were boiled for antigen unmasking in 10 mM citrate
buffer pH 6 for 10 min, and permeabilized with 0.5% Triton X-100 (Sigma) PBS solution. Blocking was performed with antibody diluent
(DAKO corporation) with 3% normal donkey serum for 1h in humid chamber. Slides were incubated with primary antibody (Table S1)
at 4°C in humid chamber overnight. Slides were then incubated with secondary antibodies for 1 h in humid chamber at RT, washed for
5 min in PBS 0.2% Triton X-100 and mounted using fluorescence mounting medium (DAKO). Images were acquired with a confocal
scanning microscope (Leica SPE).

p-cell area quantification

To quantify relative p-cell area, we analyzed pancreas from 5 Hnf1a"'™ and 5 Hnf1aP*® adult mice. Paraffin-embedded blocks were
used to obtain 8 sections separated by >160 um. After insulin, glucagon and DAPI co-staining, an image of the entire pancreatic sec-
tion was captured, reconstructing a mosaic image taken with a 5x objective using the Zeiss Cell Observer fluorescence microscope.
The three resulting channels were separated and brought to saturation to define areas for quantification. To further define the pancre-
atic area used as a denominator, we manually demarcated the pancreatic area, erasing lymph nodes, mesenteric fat remnants and
artifacts such as auto-fluorescent microfibers, attempting to retain all other intraparenchymal cells. All areas (insulin, glucagon, and
total pancreatic area) were quantified with Measure (ImageJ), after threshold definition. An alternate analysis was also performed in
which areas occupied by infiltrating intrapancreatic adipocyte-like cells were omitted from the full pancreatic area used as a denom-
inator, which also yielded non-significant differences between groups.

Lentivirus production and transduction of EndoC-gH3 and SC-islets

A lentiviral backbone for the overexpression of cDNAs was generated from LentiCRISPRv2 vector (Addgene #52961). Using Gibson
assembly (NEBuilder HiFi DNA Assembly Master Mix, E2621L), we first replaced the vector promoter by CMV promoter and then
cloned the cDNA of HNF1A, A1CF and EGFP amplified from SC-islet retrotranscribed DNA. These plasmids have been deposited
on Addgene (#204379, #204377, #204387). Third generation lentiviral packaging plasmids pMDLg/pRRE, pRSV-Rev and pMD2.G
(Addgene #12251, 12253 and 12259, respectively) together with the plasmid of interest or transfer plasmid were transfected into
HEK293FT cells using PElpro reagent (Polyplus-Transfection). Culture medium was replaced the following day and virus-containing
medium was collected at day 3 post-transfection. Lentiviral particles were concentrated ~150 times by using Lenti-X Concentrator
(Takara). EndoC-pH3 were plated onto 24-well plates, and transduced with concentrated lentiviral particles using 10 pg/mL poly-
brene (Merck, #TR-1003-G). Medium was replaced 48 h after transduction. SC-islets were collected in 15mL Falcons, and dispersed
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to single cells using a 1:1 solution of TrypLE (Life Technologies, #12563029) and Trypsin-EDTA (0.05%) (ThermoFisher, #25300054)
for approximately 8 min at 37 °C in a water bath. TrypLE-Trypsin was inactivated with 5% FBS in PBS and dissociated cells were
centrifuged for 5 min at 250 rcf. Cells were resuspended in medium at a concentration of 2 million cells/mL. One million single cells
per genotype, replicate and condition were transduced with ~1.5x10° viral genome copies, and polybrene (Merck, #TR-1003-G) was
added to afinal concentration of 10 pg/mL. Spin-infection was performed for 90 min at 900 rcf at 37 °C in 24-well ultra-low attachment
plates (Corning, #153473). Next, transduced single cells were transferred to a 24-well aggrewell plate (StemCell Technologies,
#34415) to induce reaggregation into SC-islet-like clusters or pseudoislets. Two days post-transduction, pseudoislets were put in
suspension culture using 6-well ultra-low attachment plates, and medium was replaced. Six days post-transduction, cells were
collected for RNA extraction or insulin release studies.

SSO and ASO experiments

EndoC-pH3 were plated onto 24-well plates, expanded and transfected using Lipofectamine RNAIMAX (Thermo Fisher, 13778030).
ASO and SSO oligos (see Table S2) were purchased from Integrated DNA Technologies (IDT), resuspended in TE buffer at 1 mM, and
complexed with Lipofectamine RNAIMAX following manufacturer’s instructions. A final concentration of 50 nM was used to reverse
transfect 300 000 Endoc-pH3 cells plated in a well of a 24-well plate. Transfection reagents-containing media was removed 24 hours
after plating and samples were collected for RNA isolation and RT-gPCR analysis 72 hours post-transfection.

In vitro insulin secretion studies

Dynamic perifusion system was performed using an in-house system, Ismatec 8-channel peristaltic pump (Ismatec ISM931A), 2-stop
0.38 mm tygon tubes (Fisher Scientific) connected to a perifusion chamber (Biorep PERI-CHAMBER) and to 1.016 mm tygon tube
(Fisher Scientific) connected to steel nozzle for consistent drop collection was used (Biorep PERI-NOZZLE). 100 primary islets or
SC-islets were loaded in a fiberglass filter (Biorep PERI-FILTER) and 37°C Krebs Ringer Buffer (KRB) with different glucose concen-
trations and secretagogues at a fixed flow of 150 ul/min was perfused and effluent was manually collected every 5 minutes in 96
deep-well plates. For total insulin content measure, islets were recovered after the experiment, sonicated for 25 seconds in water
and an aliquot transferred to acidic ethanol (1.5% HCI in 100% ethanol). Static insulin release analysis was performed as follows:
50 SC-islets or 300000 EndoC-fH3 cells per 12-well or 24-well plate wells respectively were pre-incubated in 1ml of KRB with
3mM of glucose for 1 h at 37°C, then washed with KRB with no glucose, and then subsequently incubated for 30 min with different
glucose concentrations and/or secretagogues at 37°C. Finally, SC-islets or EndoC-H3 were collected for insulin content measure-
ment as done in dynamic insulin release studies. Insulin was measured using Cisbio HTRF High Range Insulin Assay Kit (Cisbio #
62IN1PEG) following manufacturers instructions, and read in a SPARK 10M multimode plate reader (Tecan).

Electrophysiological recordings of mouse islets

For electrophysiology, islets from control (Hnf1a'¥") and Hnf1a-deficient (Hnf1a™2"K®) mice were isolated in Barcelona shipped over-
night to Gothenburg prior to experiments. Upon receipt, islets were allowed to recover for at least 2 h before the recordings. The
membrane potential of p-cells in intact islets was measured in the current-clamp mode using the perforated patch whole-cell tech-
nique, which retains intracellular metabolism, as previously described.'®’ Islets were perfused with an extracellular solution and the
temperature was kept at ~34°C. For current clamp recordings, the extracellular solution contained (mM) 140 NaCl, 3.6 KCI, 0.5
MgSOQ,, 1.3 CaCl,, 5 NaHCO3, 0.5 NaH,PO,4 and 10 HEPES (pH 7.4 using NaOH). The intracellular solution contained (mM) 76
K>S04, 10 KCI, 10 NaCl, 1 MgCl, and 5 HEPES (pH 7.15 with KOH). Insulin-producing b-cells were identified by the electrophysio-
logical fingerprint.'*®

RNA extraction

Total RNA from pancreatic islets, EndoC-BH3 or SC-islets was isolated using NucleoSpin Plus RNA kit (Cultek, @22740984.5) ac-
cording to manufacturer’s protocol or when input material was scarce, such as for transduced SC-islets or EndoC-pH3 cells,
RNA was extracted using Quick-RNA Microprep Kit (Zymo Research, #R1050). Nanodrop (ThermoFisher) swas used to measure
RNA quality and concentration.

Quantitative PCR (qPCR)

From 0.3 to 1 pg RNA, depending on the experiment and sample abundance, were denatured at 65°C for 10 min with 1pL Anchored
Oligo (dT)18 Primer from Transcriptor First Strand cDNA Synthesis Kit (Roche, #4896866001) and kept on ice. Reverse transcription
(RT) was performed with 4pL of Reaction buffer, 2uL of Deoxynucleotide mix, 0.5pL Protector RNAse inhibitor and 0.5uL Reverse
transcriptase in a thermocycler: 60 min at 50°C, 5 min at 85°C, hold at 4°C. gPCR reactions were prepared with 7.5-12.5 ng of retro-
transcribed RNA (cDNA), and were amplified with 2.5 pL of forward and reverse primer mix at 2 pM each using 5 uL of 2X LightCycler
480 SYBR Green | Master (Roche, #4707516001) in a final volume of 10pL. 384 plates (VWR, #731-0164P) were loaded into a
LightCycler 480 Instrument Il (Roche) with a thermal cycle of 95°C for 10 min, followed by 45 cycles of 95°C, 20s; 60°C, 20 s;
72°C, 20s, plus a melting step (95°C, 30s; 68°C, 60s; ramp at 0.05°C/s and 98°C, 15s). Relative quantification of gene expression
was analysed with the AACt method. TBP or CYCLOG were used as housekeeping genes for normalizing gene expression and a
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control cDNA sample from the same cell type was used as calibrator across all gPCR plates from the same experiment. RT-reaction
products without RNA template and gPCR mix without any cDNA were used as negative controls. The oligonucleotides used for
gPCR areshown in Table S2.

RNA-seq and differential gene expression

RNA from mouse islets or EndoC-pH3 mutant cells was quantified with Qubit (Thermo Fisher Scientific) and verified with Bioanalyzer
(Agilent). Libraries were prepared from 300 ng RNA using lllumina Stranded Total RNA Library Prep kit and sequenced on a
NovaSeq6000 (2x150 bp reads, flowcell S2, 50 M reads / sample). RNA-seq reads were aligned to the mouse (GRCm38.p6 v.
M24) or human (GRCh38 gencode v.42) transcriptomes using STAR (v2.7.10b)'%” and Salmon (v1.9.0).'% Salmon quant files were
employed to identify genes differentially expressed (DE) between mutant and WT/Control samples (FDR < 0.05; 0.585 < Log?2 fold
change < -0.585) using Bioconductor R (v4.2.2) package DESeq?2 (v1.38.0)."% For RNA-seq track visualization, STAR was used
to generate BAM files that were subsequently converted into bigwig files with Deeptools (v3.5.1).""°

Western blotting

Stage 7 SC-islets were dissociated with TrypLE for 7 min at 37 °C, and then cells were lysed with hypotonic lysis buffer (100 mM
HEPES pH 7.9, 15 mM MgClI2, 100 mM KCI). Nuclei were released using 0.6% NP-40 (Merck, #18896) and centrifuged to separate
the fraction containing cytoplasmic proteins. Nuclei pellet was lysed with nuclear lysis buffer (50 mM Tri-HCI pH 8, 150 mM NaCl,
0.5% NP-40) and vigorous agitation (30 min at 4°C). Nuclear and cytosolic protein extracts were snap-frozen and stored at
-80°C. Quantification was performed using Pierce BCA Protein Assay Kit according to manufacturer’s instructions (Fisher Scientific,
#10678484). Electrophoresis was performed by loading 30 pg protein on NUPAGE 10% Bis-Tris Mini Protein Gel (Fisher Scientific,
#10063412) with NUPAGE MOPS SDS running buffer (Fisher Scientific, #11589156). Samples were transferred into a PVDF mem-
brane using NuPAGEtrade transfer buffer (Fisher Scientific, #11539166), and membrane blocking was performed using 5% non-
fat dry milk in TBS-0.1% Tween 20 (Sigma, #P9416). Primary antibodies were incubated overnight at 4 °C: rabbit anti-HNF1A clone
D722Q (1/1000; Cell Signaling, #89670) and mouse anti-TBP (Abcam, #ab51841). Secondary antibodies were incubated for 1 h at
room temperature: anti-rabbit IgG HRP-linked (1/2,000; Cell Signaling, #7074S) and anti-mouse IgG HRP-linked (1/2,000; Cell
Signaling, #7076S). HRP was detected using Immobilon Western Chemiluminiscent HRP substrate (Merck Millipore, #WBKLS0100)
and iBright Western Imager (ThermoFisher Scientific) to visualize the protein bands.

Functional enrichment analysis
Functional enrichment analysis was performed with Enrichr,”'""'?> Metascape,''® and gene set enrichment analysis using the GSEA
Preranked tool."'® Functional annotation network was performed with Cytoscape 3.10.2.

Differential alternative splicing

RNA-seq reads were aligned to the mouse (GRCm38.p6 v.M24) and human (GRCh38 gencode v.42) genomes using STAR. Differ-
ential alternative splicing events between the distinct HNF1A and A71CF-deficient models and their respective controls were identified
with rMATS (turbo v4.1.2)°° using default settings. Alternative splicing events with FDR < 0.05 and absolute delta (A) percent-spliced-
in (Psi) > 0.1 were considered significant. In addition, only AS events with at least 10 reads in any of the samples (KO or control) were
retained for further analysis. Alternative splicing events were classified into predefined categories by rMATS, and SE events were
divided into El (exon inclusion) and ES (exon skipping) events. Common splicing events between EndoC-pH3 HNF1AX® and
A1CF¥C were obtained by overlapping event genomic coordinates using bedtools (v2.13.3)""” intersect tool with the -woparameter
(an overlap of at least 1bp was considered an intersection).

ChiP-seq

ChlIP experiments were performed on ~5 million EndoC-$H3 or MING cells. Cells were washed in cold 1x PBS with protease inhibitors
and then crosslinked in 1% formaldehyde for 10 min at RT in rotation. After quenching in 0.125 M glycine for 5 min, cells were washed
in PBS and lysed in ChIP lysis buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM Tris-HCI pH 8.0, 1 mM EDTA and protease
inhibitors) on ice for 30 min. Chromatin lysate was sonicated for 8 min (aiming for fragments between 150-400 bp) using a S220
Focused Ultrasonicator (Covaris) with the following settings: duty cycle 2%, peak incident power 105 W, cycles per burst 200. Chro-
matin was centrifuged at max speed for 5 min at 4°C to remove debris and diluted 5 times with ChIP dilution buffer (50 mM Hepes pH
8.0, 140 mM NaCl, 1 mM EDTA, 0.75% Triton X-100, 0.1% Na-deoxycholate and protease inhibitors). Chromatin was pre-cleared
with 20 pl of Dynabeads Protein G (Thermo Fisher) and then incubated in ChIP working buffer (1 part of ChIP lysis buffer and 4 parts
of ChlP dilution buffer) with HNF1A, H3K4me3 and H3K27ac antibodies (1:50) (key resources table) and 0.5% BSA ON at 4°C with
rotation. Dynabeads Protein G were also blocked ON in ChIP working buffer plus 0.5% BSA. The following day, immune complexes
were pulled down with 30 pl of blocked beads for 2-3 hours. From this point forward, the ChIPmentation procedure'*® was performed.
Briefly, beads were subsequently washed twice with RIPA-LS (10 mM Tris-HCI, pH 8.0, 140 mM NaCl, 1imM EDTA, pH 8.0, 0.1%
SDS, 0.1% Na-Deoxycholate, 1% Triton X-100), RIPA-HS (10 mM Tris-HCI, pH 8.0, 500 mM NaCl, 1mM EDTA, pH 8.0, 0.1%
SDS, 0.1% Na-Deoxycholate, 1% Triton X-100), RIPA-LIiCI (10 mM Tris-HCI, pH 8.0, 250 mM LiCl, 1mM EDTA, pH 8.0, 0.5%
IGEPAL, 0.5% Na-Deoxycholate) and once with 10 mM Tris pH 8.0. Chromatin was tagmented using 1 pl of the Tagment DNA
Enzyme from the Nextera DNA Sample Prep Kit (lllumina) at 37°C for 10 min followed by two washes with RIPA-LS and TE. Then
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DNA was de-crosslinked in ChIP elution buffer (10mM Tris-HCL pH 8.0, 5mM EDTA pH 8.0, 300mM NaCl and 0.4% SDS) with pro-
teinase K at 55°C for 1 hour and 65°C ON, and finally purified using the MinElute PCR Purification Kit (QIAGEN). Libraries were ampli-
fied by PCR (number of cycles were determined by qPCR using the Ct + 1 value) with KAPA HiFi Hotstart Ready mix (Kapa Bio-
systems) and size-selected (250-350 bp) employing Agencourt AMPure XP beads (Beckman Coulter). Bioanalyzer was used for
sample QC and library pooling for multiplexing. ChIP-seq libraries were sequenced in an lllumina NextSeq system with single-end
reads of 75 bp aiming for ~30 million reads per sample.

ChlP-seq reads were processed as follows: i) alignment to the mouse (mm10) or human (hg19) genome using Bowtie2 (v2.1.0)"'%; i)
creation of bam files filtering for multi-mapping (min MAPQ = 30) by Samtools (v1.2)"'°; iii) removal of duplicate reads and blacklisted
regions using Picard (v2.6.0) (http://broadinstitute.github.io/picard) and Bedtools (v2.13.3),""” respectively; and iv) conversion of
bam files into bigwig files for data visualization using Deeptools. Peaks were called using MACS2 (v.2.1.0)'?° with the following set-
tings: —-bw=300 —keep-dup all -qvalue 0.01. Mouse naked and tagmented DNA was used as control input as previously described.'*°
Given that ChlIP-seq replicates were highly correlated, the union of peaks found in both replicates were used for further analyses.
HNF1A-bound regions were annotated as transcriptional start site (TSS) proximal, TSS-distal, intronic, exonic, or intergenic using
Homer (v4.10)."2" HNF1A-bound genes or direct targets were determined by assigning peaks to their closest gene using bedtools
(v2.13.3)""" closest.

HNF1A binding site specificity was ascertained by performing ChlP-seq with two monoclonal antibodies (Cell Signalling, Santa
Cruz, see key resources table), raised against an amino terminal synthetic peptide, or a recombinant protein with residues 80-
284, resulting in highly correlated binding signals highly enriched in HNF1 recognition sequences (Figures S2B-S2E).

Motif analysis
Known and de novo motif enrichment analysis for HNF1A-bound regions within promoters and enhancer was performed using
HOMER with default settings (200 bp around HNF1A peak center) and using H3K27ac peaks as background sequences. HNF1 po-
sition weight matrixes were obtained from HOCOMOCO, '?? and used to assess the presence of HNF1A binding sequence motifs in
ChlP-seq peaks.Motif enrichment analysis for A1CF was carried out employing rMAPS''® (using as input rMATS output files) -with
default settings.

Data visualization

Bed and bigwig files from RNA-seq and ChIP-seq experiments were visualized in the Genome Browser (http://genome.ucsc.edu/).
ggplot2 R package'® was used to generate complex plots whereas simpler plots were created with GraphPad Prism 7. GSEA plots
were obtained from Genepattern'®* and RBP maps from rMAPS."'® Cartoons and models have been created with BioRender.com.
Tissue expression data were obtained from the GTEx Portal.”*

VASA-seq single-cell transcriptome and differential splicing analysis

Human Cell Atlas ESPACE consortium VASA-seq®® single-cell transcriptome data was obtained from primary human pancreatic is-
lets from 11 donors (5 T2D, 6 non-T2D), and described in detail elsewhere (manuscript in preparation). To enable comparisons,
VASA-seq reads were re-aligned in parallel with A7CF<© and HNF1AX° RNA-seq reads to the human (GRCh38 gencode v.34) ge-
nomes using STAR (v2.7.11),"%" excluding the INS gene from the alignment. Aligned VASA-seq data was processed using Seurat
5.0.1"2° by sample. After considering a range of 1,000 to 10,000 genes, we selected 2,000 genes highly variable genes. We clustered
the data using Seurat'®® Louvain algorithm with a resolution of 0.5, then merged all samples, and performed integration with Har-
mony.'?® Major endocrine cell types were annotated with marker genes, namely MAFA, GCG, SST and PPY for B, o, 6 and y cells,
respectively. Differential alternative splicing was examined with rMATS (turbo 4.3.0)°° using default settings except for the —vari-
able-read-length option. To compare EndoC-pH3 A1CF¥® and VASA-seq splicing patterns, we processed both datasets with rmats
software using the same parameters, and then joined alternative splicing events by their exact rmats coordinates, using dplyr::inner_
join() function, and filtered for minimum amounts of read in each experiment (10 reads in at least 2/3 of replicates in EndoC-$H3 and
10 reads for each cell group tested in VASA-seq). We separately compiled a list of alternative splicing events that are shared in VASA-
seq subtypes, ATCFX®, and HNF1AK© cells, for which we identified differentially spliced events of the same type (MXE, SE, A5SS,
A3SS) containing overlapping outermost coordinates in the three datasets.

Co-expression analysis

VASA-seq®® single cell transcriptome data from the same 11 donors were processed separately for co-expression analysis. A total of
18,242 genes expressed in >5% of cells with TPM >1, were selected. 1,575 cells (i) labeled as p-cells as a result of the expression of
key marker genes in the Louvain-derived single-cell clusters and (ii) expressing at least 2% of the selected genes were used for the
co-expression analysis. Transcript counts for these cells and genes were normalized using Normalisr, " which infers normalized log
mRNA expression levels that partly address the count sparsity of conventional log-TPM counts. All gene (Pearson’s) correlation co-
efficients reported were computed using the normalized counts. Matched control gene sets were generated to be three times the size
of the respective gene set of interest. For each gene of interest, three genes at random were sampled from the filtered gene list such
that they were within 6 positions from the gene in terms of TPM ranking.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Replicate numbers are described in figure legends. RNA-seq or RT-gPCR experiments inislets or cell lines were carried out in a single
experiment with indicated biological replicates. The significance of RT-qPCR experiments was determined using a two-tailed t-test.
Fisher’s exact test (GeneOverlap R package) was performed to examine gene set overlaps, using all expressed genes (Log2
TPM > 2.5) for each tissue as background, as well as for differential arginine responsiveness of p-cell electrical activity. Bar graphs
depict means = s.e.m. If not stated otherwise, statistical analysis for comparison of two groups was performed by unpaired t-test
(two-tailed) and for more than two groups by two-way analysis of variance (ANOVA) followed by Bonferroni’s correction using
GraphPad Prism 7.0 software. For immunofluorescence staining representative images of at least two independent experiments
with similar results have been provided. Sample sizes were determined on the basis of previous experiments using similar
methodologies.

Visualization of genetic associations
Regional association plots at the A7CF locus for RG and T2D were created using LocusZoom v1
statistics data of European-ancestry specific meta-analyses for RG®® and T2D.®”

.4'%%in R-3.6.1. We used summary

Genetic fine-mapping

We employed a Bayesian approach ' to construct a credible set with 99% posterior probability of harboring the causal variant at the
A1CF T2D association. We first defined a 500 kb genomic region centered on the A7CF T2D association, encompassing all genetic
variants with MAF > 1% and LD r? > 0.1 with the lead rs12570156 variant. LD correlation measures were computed using individuals
of European descend from 1000 Genomes Project (http://www.1000genomes.org/). Subsequently, we calculated approximate
Bayes’ Factors (ABF)'“? for each variant based on the effect size and the standard error, derived from a recent large-scale T2D
meta-analysis (using data from individuals of European descend). We then computed posterior probabilities and ranked genetic var-
iants in descending order of ABF to estimate cumulative posterior probabilities. Genetic signals were added to the credible set until
exceeding the 99% cumulative posterior probability. We obtained 99% credible sets for the ATCF rs61856594 association for
random glucose as reported in Lagou et al.®®

Colocalization analysis

We conducted colocalization analysis at the A7CF locus between (i) random glucose and T2D associations, as well as (ii) random
glucose genetic associations and islet cis eQTLs.”" We employed COLOC (v.5.2.3)"®" to examine potential colocalization between
each pair of traits within +/- 500 kb around the lead random glucose association, using the fraction of common variants between the
two traits under comparison. We next evaluated with COLOC the posterior probability of the following five hypothesis at the ATCF
locus for each comparison: Ho, no association; H4, RG association only; H,, trait;; association only; Hs, both random glucose and
trait;; association, but not colocalized and H,4, both random glucose and trait;;; association and colocalized. Finally, colocalization
events were visualized using LocusCompareR 1.0.0 in R-3.6.1. SNP linkage for coloring genetic variants was determined using
the LDpair and LDproxy functions from the R package LDIinkR and a European based population as the LD reference panel."*°

Transcriptome-Wide Association Studies

We utilized the FUSION"® software to conduct transcriptome-wide association studies of random glucose. Leveraging pre-
computed SNP-weights for islet gene expression (trained on a panel of 399 human islet samples with genotype and transcriptome
data available”"), we employed the FUSION_assoc_test.R script to assess the association between imputed islet gene expression
and random glucose. This method enables using summary statistics data, rather than individual-level genetic data, to predict islet
gene expression in the RG GWAS cohort. We aligned the European-based random glucose meta-analysis to the genomic coverage
of the panel of 399 human islet samples (~6.5 common genetic variants). We applied multiple-test correction to the resulting TWAS
P-values using Bonferroni, considering a total of 2,851 features. FUSION was also run in conjunction with the COLOC software to
compute approximate colocalization statistics based on the marginal FUSION weights. This enabled the identification and exclusion
of TWAS signals that lacked sufficient evidence for colocalization evidence and are hereby confounded by linkage
(COLOC PP4 < 0.6).
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