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ABSTRACT

Objective: Human functional genomics has proven powerful in discovering drug targets for common metabolic disorders. Through this approach,
we investigated the involvement of the purinergic receptor P2RY1 in type 2 diabetes (T2D).
Methods: P2RY1 was sequenced in 9,266 participants including 4,177 patients with T2D. In vitro analyses were then performed to assess the
functional effect of each variant. Expression quantitative trait loci (eQTL) analysis was performed in pancreatic islets from 103 pancreatectomized
individuals. The effect of P2RY1 on glucose-stimulated insulin secretion was finally assessed in human pancreatic beta cells (EndoCbH5), and
RNA sequencing was performed on these cells.
Results: Sequencing P2YR1 in 9,266 participants revealed 22 rare variants, seven of which were loss-of-function according to our in vitro
analyses. Carriers, except one, exhibited impaired glucose control. Our eQTL analysis of human islets identified P2RY1 variants, in a beta-cell
enhancer, linked to increased P2RY1 expression and reduced T2D risk, contrasting with variants located in a silent region associated with
decreased P2RY1 expression and increased T2D risk. Additionally, a P2RY1-specific agonist increased insulin secretion upon glucose stimulation,
while the antagonist led to decreased insulin secretion. RNA-seq highlighted TXNIP as one of the main transcriptomic markers of insulin secretion
triggered by P2RY1 agonist.
Conclusion: Our findings suggest that P2RY1 inherited or acquired dysfunction increases T2D risk and that P2RY1 activation stimulates insulin
secretion. Selective P2RY1 agonists, impermeable to the bloodebrain barrier, could serve as potential insulin secretagogues.

� 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. INTRODUCTION

Type 2 diabetes (T2D) is a complex metabolic disorder that affects
millions of people worldwide. T2D that is a multifactorial disease
with a strong genetic component, arises from a dysfunction in the
regulation of blood glucose levels, leading to chronic elevation of
blood sugar. One crucial aspect of glucose homeostasis is insulin
secretion from pancreatic beta cells [1]. These cells release insulin
in response to elevated blood glucose levels, facilitating the uptake
of glucose by body cells for energy and promoting the storage of
excess glucose. This regulatory process helps keep blood glucose
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within a narrow and essential range, crucial for the overall func-
tioning of the body.
P2RY1 has emerged as an intriguing putative candidate gene impli-
cated in beta-cell function. It encodes a G protein-coupled receptor
(GPCR) coupled to the Gq family of G protein alpha subunits [2,3].
P2RY1 belongs to the purinergic receptor family, which is involved in
cellular responses to extracellular nucleotides, such as adenosine
diphosphate (ADP), and, to a lesser extent, adenosine triphosphate
(ATP). Upon activation, P2RY1 triggers an increase in intracellular
calcium concentration by stimulating phospholipase C (PLC) [2,4,5].
P2RY1 is expressed in various human tissues, but particularly in
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pancreatic beta cells [5]. Here, following glucose uptake and glycol-
ysis, an elevated ATP:ADP ratio activates the ATP-dependent potas-
sium channels. This triggers membrane depolarization, opening of
voltage-gated calcium channels, and influx of calcium ions. Elevated
intracellular calcium levels eventually stimulate insulin-containing
vesicle fusion with the cell membrane, releasing insulin into the
bloodstream [6,7]. Genome-wide association studies have demon-
strated a significant association between a block of common variants
at the P2RY1 locus and the risk of T2D (adjusted or not for body mass
index), as well as with random glucose and glycated hemoglobin A1c
levels, according to the T2D Knowledge portal [8]. However, the po-
tential involvement of P2RY1 in human beta-cell function and T2D has
received limited exploration [9,10], in contrast to the thorough ex-
amination of P2RY1’s role in platelet aggregation and smooth muscle
contraction [11e13].
Here, we conducted human functional genomics to investigate the
potential role of P2RY1 in insulin secretion and T2D.
Figure 1: Location of the variants found in P2RY1.
Schematic representation of the human form of the P2RY1 receptor (encoded by NM_0
represents variant inducing amino acid changes linked to loss-of-function variants, while bl
to our in vitro assays. C-term, Carboxyl-Terminus; ECL, Extra Cellular Loop; ICL, Intra Cellu
figure legend, the reader is referred to the Web version of this article.)
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2. RESULTS

2.1. Contribution of rare loss-of-function P2RY1 variants to T2D
P2RY1 (NM_002563.5) was sequenced by next-generation
sequencing in 9,266 adults, including 4,177 participants with T2D
(Table S1). We identified 22 rare non-synonymous variants, including
11 novel variants (Table S2). Each variant was carried by one, two or
three participants (Table S2). These variants were distributed
throughout the receptor (Figure 1).
Each mutant or wild-type P2RY1 was expressed in human embryonic
kidney 293 cells (HEK293luc), which stably expressed the luciferase
gene under the regulation of a promoter incorporating multiple Nuclear
Factor of Activated T-cell response elements (NFAT-REs) that are
activated by Gq-protein-coupled receptors [14,15]. Among the 22
P2RY1 variants tested, we observed a consistent reduction in basal
activity compared to the wild-type receptor for five variants encoding
p.M75I, p.L99W, p.L107V, p.K125E, and p.N316S (Fig. S1A). This
02563.5) according to Swiss-Prot (via the GPCR database [https://gpcrdb.org/]). Red
ue represents variant inducing amino acid changes linked to neutral variants according
lar Loop; N-term, Amino-Terminus. (For interpretation of the references to color in this
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Figure 2: In vitro analyses for characterizing the activity of loss-of-function
P2RY1 variants in the NFAT-RE pathway.
NFAT-RE luciferase activation was shown following (A) doseeresponse (during a 6-
hour period) and (B) time course (at 10 uM concentration) experiments for each
P2RY1 loss-of-function variant. Each mutant (depicted by black triangles) was
compared to the activity of wild-type P2RY1 (positive control shown as blue dots) and a
P2RY1 mutant harboring an early stop-codon variant (negative control represented by a
red square). Data are presented as percentages of wild-type maximum activity. The
results represent the means � SEM of 4 independent experiments, each performed in
technical quadruplicate.
(C) Radar charts represent signaling signature of the seven loss-of-function variants
(represented in black) and wild-type P2RY1 (shown in blue). Parameters measured
include protein expression, basal activity, maximum effect upon agonist stimulation
(Max), gap between minimum and maximum effects (Span), half maximal effective
concentration (EC50), and activity over time (Hillslope). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version of this
article.)
reduction suggested that these specific variants negatively impact the
receptor’s ability to initiate downstream signaling pathways.
We then conducted a doseeresponse analysis to evaluate the lucif-
erase activity of the 22 rare P2RY1 variants in response to an
increasing dose of the P2RY1-specific agonist MRS2365 over a period
of 6 h. Among the 22 P2RY1 variants tested, three variants encoding
p.L107V, p.K125E, and p.N316S exhibited a shift in the EC50 value
compared to the wild-type receptor (Figure 2A). This result indicates
that these three variants displayed reduced ability to bind with
MRS2365. The variant encoding p.K125E also displayed reduced ac-
tivity throughout the doseeresponse analysis while the variants
encoding p.L107V and p.N316S exhibited reduced basal activity and
augmented maximum effect (Figure 2A). Furthermore, the variants
encoding p.M75I, p.L99W, p.I130V, and p.S252F showed minimal to
no response upon stimulation with the P2RY1-specific agonist
MRS2365 (Figure 2A), suggesting a potential loss of receptor func-
tionality and an impaired activation of downstream signaling pathways
in these variants. The remaining 15 variants demonstrated similar
activity to the wild-type P2RY1 (Fig. S1B).
Furthermore, in a time-course luciferase assay experiment in response
to 10 uM of the P2RY1-specific agonist MRS2365, we examined the
activity of the seven loss-of-function P2RY1 variants identified in the
previous experiments (Figure 2B). Upon stimulation with MRS2365,
these variants exhibited equal (p.K125E) or significantly higher
(p.L107V and p.N316S) activity response over time compared to the
wild-type receptor (Figure 2B). This indicates that despite the reduced
basal activity, these specific variants enhance the receptor’s respon-
siveness to a very high dose of the P2RY1-specific agonist. On the
other hand, the variants encoding p.M75I, p.L99W, p.I130V, and
p.S252F demonstrated minimal to no response upon stimulation with
MRS2365.
We then investigated the expression patterns of the seven loss-of-
function P2RY1 mutants at the cell membrane through immunofluo-
rescence experiments. Through quantification experiments, we
observed a significantly reduced expression levels of three variants
encoding p.L107V, p.K125E, and p.N316S, compared to the wild-type
receptor (Figure 2C and Fig. S1C). This result suggests that these
specific variants may have an impact on the stability or trafficking of
the receptor, leading to lower overall expression levels at the cell
surface. On the other hand, the variants encoding p.M75I, p.L99W,
p.I130V, and p.S252F showed no significant change in expression
compared to the wild-type control, indicating that these variants do not
grossly affect the overall expression or localization of the receptor.
However, all loss-of-function P2RY1 mutants were observed to be
localized to the cell periphery, suggesting that these variants did not
prevent the targeting of the receptor to the cell surface (Fig. S2).
In summary, the variants encoding p.L107V, p.K125E, and p.N316S
resulted in reduced basal activity, expression, and altered EC50 values
of the P2RY1 receptor. Furthermore, the variants encoding p.M75I,
p.L99W, p.I130V, and p.S252F were associated with either a lack or a
decreased response to MRS2365. All of these loss-of-function
P2RY1 variants were situated within transmembrane regions,
except for the variant encoding p.S252F, which was positioned within
the third intracellular loop and was identified as a phosphorylation site
(Figure 1) [16].
Of note, we found a significant association (P ¼ 1.3 � 10�3) between
the predicted in silico score of variants via REVEL [17] and the dele-
teriousness of P2RY1 variants based on our in vitro analyses
(Table S2). Importantly, except for one variant (encoding p.S252F), all
loss-of-function mutations of P2RY1 were novel, as not listed in the
GnomAD browser (Table S2).
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Among eight carriers of a loss-of-function P2RY1 variant, all exhibited
glucose intolerance (i.e. one individual with pre-diabetes and six with
overt T2D), except for a 51-year-old adult with normal weight. The
carriers of a loss-of-function P2RY1 variant who had pre-diabetes or
T2D were overweight (i.e. with a body mass index between 25 and
35 kg/m2), and were treated for T2D with metformin (one of whom was
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also on insulin). Therefore, the carriers of a loss-of-function P2RY1
variant had a common form of T2D.
In the TOPMed study from the AMP T2D knowledge portal [8], we
found that the null P2RY1 variants (i.e. either frameshift or stop gain)
were significantly associated with a higher risk of T2D in 44,083
participants (P ¼ 0.043 with an odds ratio of 10.9).

2.2. Negative association between P2RY1 expression levels in
human pancreatic islets and T2D risk alleles
We then conducted an expression quantitative trait loci (eQTL)
analysis in 103 pancreatectomized individuals [18,19]. We specifically
analyzed the effect of single nucleotide polymorphisms (SNPs) at the
P2RY1 locus, known to be associated with T2D [8], on P2RY1
expression in pancreatic islet samples from these living donors. Our
eQTL analysis uncovered a negative association between P2RY1
expression levels and T2D risk alleles (Figure 3). Notably, all SNPs
that contributed to an elevation in P2RY1 expression in pancreatic
islets were consistently associated with a protective effect on T2D
risk (Figure 3). In contrast, every SNP linked to a decrease in P2RY1
expression was found to be associated with increased T2D risk
(Figure 3). This observation indicates that P2RY1 expression levels in
human pancreatic islets play a crucial role in modulating the sus-
ceptibility to T2D. Of note, the SNPs associated with increased P2RY1
expression levels and reduced T2D risk were located within an
enhancer region that is active in the human pancreatic beta-cell line
EndocbH1, while the SNPs associated with decreased P2RY1
expression levels were situated in a silent chromatin region upstream
of P2RY1 gene (Figure 3).

2.3. Regulation of insulin secretion from human pancreatic beta
cells by P2RY1
We next aimed to investigate the impact of P2RY1 on insulin
secretion. For this purpose, we first assessed the expression of
P2RY1 in human pancreatic beta cells. In addition, based on RNA
sequencing (RNA-seq) data [20], we found that the expression of
P2RY1 was significantly enriched in human pancreatic beta cells
when compared to other cell types within pancreatic islets
(Figure 4A). Upon examining RNA-Seq data from both fetal and adult
Figure 3: Negative association between P2RY1 expression levels in human pancre
On the X-axis, the localization of expression quantitative trait loci (eQTLs) at the P2RY1 loc
risk. Blue up-pointing triangles represent SNPs significantly associated with increased P2R
while red down-pointing triangles represent SNPs significantly associated with decreased P
indicates the multiple testing threshold.
Below the X-axis, a chromatin map from human pancreatic beta-cell line EndoCbH1 is r
enhancers, dark green for active enhancers, yellow for active transcription start sites (TS
figure legend, the reader is referred to the Web version of this article.)
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human pancreatic beta cells [21], we observed that the expression of
P2RY1 remained stable and unchanged during these developmental
stages (Figure 4B). Using human pancreatic beta cells EndoCbH5
[22], we found that the stimulation of P2RY1 with its specific agonist
MRS2365 for 40 min resulted in a 41 % increase in insulin secretion
under high glucose conditions (Figure 4C), while insulin content
remained stable (Fig. S4A). In contrast, the inhibition of P2RY1 with
its specific antagonist MRS2500 resulted in a 24 % decrease in in-
sulin secretion under high glucose conditions (Figure 4D), while in-
sulin content remained stable (Fig. S4B).
We conducted experiments using potassium chloride (KCl) instead of
glucose to explore the influence of P2RY1 on insulin secretion inde-
pendent of glucose metabolism. Notably, the P2RY1 agonist led to a
significantly increased insulin secretion in response to 25 mM of KCl,
when compared to the control condition (Figure 4E), while insulin
content remained stable (Fig. S4C). This suggests that P2RY1 acti-
vation induces insulin secretion by directly mobilizing calcium ions.
On the other hand, we conducted experiments involving the hyper-
polarization of the cell membrane with 250 mM of diazoxide. Although
diazoxide inhibited insulin secretion under high glucose conditions, the
P2RY1 agonist led to a significantly increased insulin secretion
(Figure 4F), while insulin content remained stable (Fig. S4D). This
underscores the notion that P2RY1 activation can enhance insulin
secretion independently of glucose metabolism, emphasizing a direct
role in calcium mobilization.
Upon treating EndoCbH5 cells with the P2RY1-specific agonist under
high glucose conditions, RNA-seq analysis revealed the upregulation of
532 genes (with a Transcripts Per Million [TPM] greater than 1) and 296
downregulated genes (with a TPM greater than 1) in response to P2RY1
agonist (Fig. S3). Notably, we found enrichment of significantly upre-
gulated genes in several pathways in response to P2RY1 agonist:
nutrient levels (P ¼ 3.3 � 10�12), extracellular stimulus
(P ¼ 3.7 � 10�12), starvation (P ¼ 6.9 � 10�8), glucose starvation
(P ¼ 1.3 � 10�4), but also GPCR downstream signaling
(P¼ 1.5� 10�4) andmore specifically NFAT pathway (P¼ 2.2� 10�4)
(Table S3). Of note, using the P2RY1 agonist alone (i.e. without glucose
stimulation) only significantly induced an upregulation of genes linked to
GPCR signaling pathway (data not shown).
atic islets and T2D risk alleles.
us is represented, while the Y-axis represents the p-value of their association with T2D
Y1 expression in human pancreatic islets and reduced T2D risk (with a p-value <0.05),
2RY1 expression in islets and increased T2D risk (with a p-value <0.05). The dotted line

epresented. The chromatin elements are color-coded as follows: light green for weak
S), and blue for transcription sites. (For interpretation of the references to color in this
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Figure 4: P2RY1 expression in human pancreatic beta cells and P2RY1 effect on glucose-stimulated insulin secretion upon its stimulation or inhibition.
(A) Expression of P2RY1 in human purified pancreatic beta cells (n ¼ 11) and non-beta cell (remaining islet preparation) (n ¼ 5) assessed via [20]. Data are mean � SEM of RPKM
(Reads Per Kilobase Million).
(B) Expression of P2RY1 in Fetal and Adult human beta and alpha cells (between 6 and 7 samples per condition) assessed via [21]. Data are mean � SEM of TPM (Transcripts Per
Million).
Glucose-stimulated insulin secretion (glucose [G] 0 mM versus [G] 20 mM) from EndoCbH5 treated with (C) � 1 mM of P2RY1-specific agonist MRS2365; or (D) � 1 mM of P2RY1-
specific antagonist MRS2500.
(E) Potassium-chloride stimulated insulin secretion ([KCl] 0 mM versus [KCl] 25 mM) from EndoCbH5 treated with �1 mM of P2RY1-specific agonist MRS2365.
(F) Glucose stimulated insulin secretion (glucose [G] 0 mM versus [G] 20 mM) from EndoCbH5 treated with �1 mM Diazoxide � 1 mM of P2RY1-specific agonist MRS2365.
Data are the means � SEM from three independent experiments, each conducted in technical quadruplicate. All experiments were analyzed using a ManneWhitney t-test:
*P < 0.01; **P < 0.01; ***P < 0.001. CT, control condition.
Among the differentially regulated genes in response to P2RY1-specific
agonist, TXNIP (encoding Thioredoxin Interacting Protein) emerged as
the most significantly downregulated gene (Log2 Fold
Change ¼ �0.60; Padj ¼ 3.0 � 10�44; Fig. S3). This is of particular
interest, given the known role of TXNIP in T2D development. Indeed,
elevated TXNIP expression has been linked to increased oxidative
stress and impaired glucose uptake in pancreatic beta cells [23,24].
This, in turn, was suggested to lead to impaired insulin secretion and to
MOLECULAR METABOLISM 79 (2024) 101867 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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contribute to diabetes development [25,26]. TXNIP has also been
associated with the activation of inflammasomes, leading to increased
production of pro-inflammatory cytokines, further promoting beta cell
dysfunction and apoptosis [27]. The dysregulation of TXNIP in response
to P2RY1 agonist stimulation may, therefore, represent a critical link
between P2RY1 signaling and the development of T2D.
Of note, RNA-seq sequence reads did not reveal any coding P2RY1
coding mutations in EndoCbH5 cells.
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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3. DISCUSSION

Based on complementary functional genomics tools, our study high-
lights a novel link between P2RY1 dysfunction (in terms of activity and/
or expression) and increased T2D risk in humans. Using luciferase
assays monitoring the activation of NFAT pathway upon P2RY1 stim-
ulation, we indeed found that rare loss-of-function P2RY1 variants
were mostly carried by individuals with typical T2D or prediabetes
associated with overweight. Of note, some of these variants caused
decreased P2RY1 expression, but most of them did not appear to
grossly alter receptor expression. We confirmed in the large TOPMed
cohort study that rare deleterious P2RY1 variants (focusing on null
variants) are associated with T2D risk in human general populations.
Drawing from our eQTL analyses conducted on human pancreatic islet
samples from living donors, coupled with in vitro experiments per-
formed on human pancreatic beta cells, we posit that the connection
between P2RY1 and T2D in humans involves P2RY1 function in
modulating insulin secretion. Our present results are in line with
previous data that showing that purinergic receptors may influence
glucose homeostasis through insulin secretion, not only in rodents
[28e30], but also in humans [9,10,30].
Our current study is constrained by our exclusive examination of the
impact of rare P2RY1 variants on NFAT-RE luciferase activation and
P2RY1 expression, leaving room for the exploration of various addi-
tional physiological outcomes. Our emphasis was indeed directed to-
wards investigating the canonical pathway upon P2RY1 activation.
P2RY1 being a GPCR, it should be considered as a privileged drug
target [31], and our findings may pave the way for innovative thera-
peutic strategies for T2D.

4. METHODS

4.1. DNA sequencing
P2YR1 (NM_002563.5) was accurately sequenced in 9,266 French or
Belgian adults including 4,177 participants with T2D (Table S1). A total
of 7,268 samples are derived from the RaDiO study, and their
sequencing has been comprehensively detailed in a separate publi-
cation [32]. A total of 1,998 samples were derived from the PreciDIAG
study including patients diagnosed with T2D. The recruitment of pa-
tients started in 2019, in the Department of Diabetology of Liège
University Hospital (Belgium). The large majority of these patients have
been prospectively followed in this department. Clinical data in
particular anthropometric and metabolic data are available for each
patient at recruitment. Exclusion criteria included latent autoimmune
diabetes of adulthood (LADA), type 1 diabetes (based on the presence
of autoantibodies that are systematically assessed), and gestational
diabetes. All included patients were more than 18 years old. DNA
samples from PreciDIAG study were sequenced through whole-exome
sequencing. Briefly, we used KAPA HyperExome probes (Roche,
Pleasanton, CA, USA) and Illumina (San Diego, CA, USA) sequencing
(NovaSeq6000 system, 150bp paired end reads mode). Sequence
reads were aligned to the Human Genome Reference Sequence
(GRCh38/hg38). We achieved an average sequencing depth of 80 � in
the participants.
All cohort studies followed ethical principles defined in the Helsinki
declaration (revised in 1996), and they were approved by local ethical
committees from Corbeil-Essonnes hospital (France), Comité Con-
sultatif de Protection des Personnes se prêtant à des Recherches
Biomédicales (CCPPRB) of Lille - Lille Hospital (Lille, France), Hotel-
Dieu hospital (France), Bicêtre hospital (France), and Liège
(Belgium). All participants signed an informed consent form.
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Prediabetes was defined as fasting plasma glucose levels�5.6 mmol/l
and<7 mmol/l; and T2D was defined as fasting plasma glucose levels
�7 mmol/l, glycated hemoglobin A1c higher than 6.5 % and/or use of
drug therapy for hyperglycemia [33].

4.2. Plasmid generation
The human P2RY1 (NM_002563.5) plasmid was purchased from
Origene (Rockville, USA). This plasmid includes the P2RY1 gene fused
with MYc-DDK tag (at C-terminus). All plasmid including each variant
was generated using the QuickChange II XL site-directed mutagenesis
kit (Agilent Technologies, Santa Clara, USA). Each plasmid was verified
by Sanger sequencing using 3730 Series Genetic Analyzers (Thermo
Fisher Scientific, Waltham, USA) and then amplified in E. coli (Thermo
Fisher Scientific, Waltham, USA) and extracted using NucleoBond Xtra
Maxi Columns for transfection-grade plasmid DNA (MachereyeNagel,
Duren, Germany) according to the manufacturer’s protocol.

4.3. HEK293luc cells culture
HEK293luc cells (E8510) (Promega, Madison, USA) were cultured in
Dulbecco’s Modified Eagle’s Medium (Gibco, Waltham, USA) supple-
mented with 10 % fetal bovine serum and 50 mg/ml hygromycin B
(Thermo Fisher Scientific, Waltham, USA) at 37 �C, 5 % CO2.
HEK293luc cells represent a stable transfection cell line containing a
plasmid including the luciferase gene regulated by a minimal TATA
promoter that incorporates multiple Nuclear Factor of Activated T-cell
response elements (NFAT-REs).

4.4. Plasmid electroporation
One million HEK293luc cells were electroporated with 5 mg of P2RY1
wild-type or variant plasmid (at a concentration of 0.5 mg/ml) using the
Cell Line Nucleofector Kit V (Lonza, Basel, Switzerland) according to the
manufacturer’s protocol. Electroporation was performed using the
Nucleofector 2 b device (Lonza, Basel, Switzerland) with the Q-001
program. The cells were then resuspended in Dulbecco’s Modified
Eagle’s Medium (Gibco, Waltham, USA) supplemented with 10 % fetal
bovine serum, 1 % penicillin/streptomycin (Gibco, Waltham, USA), and
seeded in white opaque 96-well plates coated with Poly-D-lysine at a
concentration of 20,000 cells/well (100 ml/well) and cultured for 48 h.

4.5. Luciferase assays
Electroporated HEK293luc cells (Promega, Madison, USA) were treated
for 6 h with increasing doses of MRS2365 (Tocris Bioscience, Bristol,
UK) ranging from 10�8 to 10�2 M diluted in Dulbecco’s Modified
Eagle’s Medium (Gibco, Waltham, USA), supplemented with 1 % fetal
bovine serum for 6 h for doseeresponse experiment, or with 10�2 M
of MRS2365 diluted in Dulbecco’s Modified Eagle’s Medium (Gibco,
Waltham, USA) supplemented with 1 % fetal bovine serum for 14 h
with 2-hour intervals for time-course experiment. The cells were then
lysed in 40 ml of passive lysis buffer (Promega) for 30 min. Luciferase
activity was measured by adding 25 ml of luciferase assay system
reagent (Promega) directly to the plate. Luminescence was read using
a GloMax Luminometer (Promega). Each experiment was indepen-
dently conducted four times and in technical quadruplicate.

4.6. Immunofluorescence assays
Electroporated HEK293luc cells (Promega, Madison, USA) were
seeded onto poly-D-lysine-coated coverslips in a 12-well plate at a
concentration of 100,000 cells/well (1000 ml/well) and cultured for
48 h. Two days after electroporation, cells were fixed in 4 % para-
formaldehyde (Thermo Fisher Scientific, Waltham, USA) for 1 h, fol-
lowed by three washes with phosphate-buffered saline (PBS).
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Subsequently, cells were permeabilized with 0.1 % Triton X-100 in
PBS for 15 min. The unoccupied binding sites were blocked using a
blocking buffer, Background Reducing (Agilent, Santa Clara, USA) for
1 h. Overnight incubation at 4 �C was performed with the primary
antibody anti-DDK (TA-50011) (Origene, Rockville, USA) and anti-
aTubulin (PA1-38814) (Thermo Fisher Scientific, Waltham, USA); both
diluted at 1/1000 in the blocking buffer. After three washes with PBS
containing 0.1 % Tween, cells were incubated with a fluorescent
secondary antibody (A-11029 and A11012) (Sigma, Saint Louis, USA);
both diluted at 1/1000 in blocking buffer, and nuclei were stained
with DAPI (D9542) diluted at 1/1000 (Thermo Fisher Scientific,
Waltham, USA) for 1 h in the dark. Following three washes with PBS
containing 0.1 % Tween, slides were mounted using Prolong Gold
Antifade Mountant (Thermo Fisher Scientific, Waltham, USA). Cells
were observed using a Cell Observer NanoZoomer S20MD Slide
scanner system (Hamamatsu, Shizuoka, Japan). This experiment was
conducted three times independently. To quantify P2RY1 expression,
DDK intensity was measured (using ImageJ Fiji) and normalized
relative to DAPI intensity. This experiment was carried out across six
regions on three separate slides.

4.7. Radar chart
Radar charts were generated using data from doseeresponse and
time-course experiments, basal activity, and quantification of
expression. In these graphs, each value was plotted using the loga-
rithm base 10 (log10) transformation, which enabled a comprehensive
representation of the data, emphasizing relative differences on a
logarithmic scale. The activity of the wild-type P2RY1 was set as zero,
and the scale for all radar chart ranges from �1 to þ1. Variants with
enhanced properties are depicted within the range of 0 to þ1, while
variants with impaired properties are depicted within the range of
0 to �1.
The term “Expression" represents the expression level of each P2RY1
mutant quantified from immunofluorescence assays. The “Basal"
value represents the receptor activity under basal conditions (i.e.,
without agonist stimulation). The “Max" value represents the
maximum effect, “Span" indicates the gap between the minimum and
maximum effects, and “EC5000 represents the dose required to achieve
50 % of the maximum effect from the doseeresponse experiment. All
these parameters were calculated using GraphPad Prism (version 9),
employing a nonlinear regression (curve fit, variable slope, 4 param-
eters) for their determination. The “Hillslope" value was also calculated
using GraphPad Prism 9, utilizing a simple linear regression from the
time-course experiment data.

4.8. EndoCbH5 cell culture
EndoCbH5 cells were cultured in Optib1 medium (Univercell Bio-
solutions, Toulouse, France) at 37 �C with 5 % CO2. The cells were
seeded at a density of 100,000 cells per well in a 96-well plate coated
with bcoat (Univercell Biosolutions), following the manufacturer’s
protocol.

4.9. Insulin secretion assays
Six days after seeding, the cells were incubated in a starving medium
for 24 h, followed by treatment with bKrebs Buffer (Univercell Bio-
solutions) for 60 min at 37 �C. Subsequently, the cells were treated
with bKrebs Buffer containing �20 mM glucose �1 mM of MRS2365
or 1 mM of MRS2500 for 40 min. Subsequently, the cells were treated
with bKrebs Buffer containing �20 mM glucose; �25 mM KCl;
�1 mM MRS2365 (Tocris Bioscience, Bristol, UK); �1 mM MRS2500
(Tocris) and/or 250 mM diazoxide (Tocris) for 40 min. The supernatant
MOLECULAR METABOLISM 79 (2024) 101867 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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was collected, and the cells were lysed in TETG buffer. Insulin con-
centrations in the supernatants and lysates were assessed using the
ELISA Human Insulin kit (Mercodia, Uppsala, Sweden) according to the
provided protocol. Prior to analysis, the samples were diluted 1:50 in
water for the supernatants and 1:4000 for the lysates. Each experi-
ment was conducted three times independently and in technical
quadruplicate.

4.10. RNA sequencing
RNA was extracted from 0.5 M EndoCbH5 cells using the NucleoSpin
RNA Mini kit for RNA purification (MachereyeNagel, Duren, Germany).
The quality of the RNA samples was verified using RNA 6000 nano-
chips on the Agilent 2100 Bioanalyzer. Purified RNA (500 ng) was
utilized for library preparation. Briefly, RNA libraries were generated
using the NextFlex poly(A) Beads 2.0 and NextFlex Rapid Directional
RNA-seq Kit 2.0 (PerkinElmer, Waltham, MA, USA) following the
manufacturer’s instructions. The libraries were sequenced on the
Illumina NovaSeq6000 system. Four biological replicates per condition
were sequenced. Raw data were demultiplexed using bcl2fastq (Illu-
mina; version v2.19.1.403). An adapter trimming step was done using
trimmomatic (version 0.39). Mapping of reads on the human genome
(Hg38) was performed using STAR (version 2.7.3a). On average, 85
million reads accurately mapped against the human genome. Raw and
normalized counting steps were done using RSEM (version v1.3.1).
Gene name annotations were done using a GTF from Encode (version
42), and Ensembl (version 108). Differential analysis was performed
using DESeq2 focusing on genes with an average Transcripts Per
Million (TPM) exceeding one (version 1.38.3). Volcano plot was
generated using shinyapp tool (http://www.graphbio1.com/en/). Gene-
set enrichment analysis was done using Metascape (accessed in July
2023) [34]. In this analysis, we included only genes that were
significantly upregulated (Padj < 0.05). The sequencing data can be
accessed with a GEO accession number that will be provided after
acceptation. RNA-seq sequence reads at P2RY1 locus were analyzed
through Integrative Genomics Viewer [35].

4.11. eQTL analysis
Blood and pancreatic islet samples were collected from a total of 103
pancreatectomized patients as previously described [18]. SNPs at the
P2RY1 locus were identified through DNA microarray analysis (Illumina
Omni2.5 M Beadchip array), while P2RY1 (NM_002563.5) expression
was assessed using RNA sequencing [18,19]. The eQTL analysis was
performed using FastQTL software [36], with sex, BMI, age and RNA
batch effect as covariates. The eQTL analysis was focused on common
variants at P2RY1 locus known to be genome-wide or nominally
associated with T2D risk [8]. The chromatin map was generated using
the shinyapp tool (https://shinyapps.jax.org/endoc-islet-multi-omics/)
based on the analysis of chromatin states (ChromHMM) done in the
human pancreatic beta-cell line EndoCbH1 [37].
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