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            Abstract
Insulin-dependent diabetes is a complex multifactorial disorder characterized by loss or dysfunction of β-cells. Pancreatic β-cells differ in size, glucose responsiveness, insulin secretion and precursor cell potential1,2,3,4,5; understanding the mechanisms that underlie this functional heterogeneity might make it possible to develop new regenerative approaches. Here we show that Fltp (also known as Flattop and Cfap126), a Wnt/planar cell polarity (PCP) effector and reporter gene6, acts as a marker gene that subdivides endocrine cells into two subpopulations and distinguishes proliferation-competent from mature β-cells with distinct molecular, physiological and ultrastructural features. Genetic lineage tracing revealed that endocrine subpopulations from Fltp-negative and -positive lineages react differently to physiological and pathological changes. The expression of Fltp increases when endocrine cells cluster together to form polarized and mature 3D islet mini-organs7,8,9. We show that 3D architecture and Wnt/PCP ligands are sufficient to trigger β-cell maturation. By contrast, the Wnt/PCP effector Fltp is not necessary for β-cell development, proliferation or maturation. We conclude that 3D architecture and Wnt/PCP signalling underlie functional β-cell heterogeneity and induce β-cell maturation. The identification of Fltp as a marker for endocrine subpopulations sheds light on the molecular underpinnings of islet cell heterogeneity and plasticity and might enable targeting of endocrine subpopulations for the regeneration of functional β-cell mass in diabetic patients.
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                    Figure 1: FVR expression increases during postnatal β-cell maturation, is heterogeneous in endocrine cell lineages and is absent in β-cells with high proliferative capacity.[image: ]


Figure 2: FVR distinguishes between two endocrine subpopulations with distinct molecular, physiological and ultrastructural features.[image: ]


Figure 3: Fltp genetic lineage tracing reveals differential responses of endocrine and β-cell subpopulations upon physiological and pathological insulin resistance.[image: ]


Figure 4: The Wnt/PCP pathway triggers β-cell maturation.[image: ]
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Extended data figures and tables

Extended Data Figure 1 FVR expression is induced in compacted islet structures and correlates with high Nkx6.1 expression.
a, Overview of a cleared whole-mount pancreas from an FltpZV/+ mouse at E18.5, stained with anti-Nkx6.1 and anti-GFP antibodies and scanned with a laser confocal microscope. b–e, In compacted islets (dotted line), high FVR expression correlates with high Nkx6.1 expression. f–i, In cord-like structures of endocrine cells that left the ductal epithelium (dotted line), low Nkx6.1 expression correlates with low FVR expression. j, Quantification of the mean fluorescent intensity of Venus (FVR)+ and Nkx6.1+ cells in compacted and cord-like structures (n (mice) = 3, 5 cord-like structures, 6 compacted islets; ***P = 0.0005, two sided unpaired t-test). k, Quantification of Nkx6.1 (red) and Venus (green) single-positive cells as well as all Nkx6.1–Venus double-positive cells (yellow) in compacted and cord-like structures (n (mice) = 3, cord-like structures 570 cells, compacted islets 1,827 cells; **P = 0.0064 for Venus, **P = 0.0041 for Nkx6.1, *P = 0.0182 for Venus–Nkx6.1, two-sided unpaired t-test). Scale bars, 100 μm (a), 20 μm (b–i). Data represent mean ± s.e.m.

                          Source data
                        


Extended Data Figure 2 FVR− and FVR+ β-cell subpopulations exhibit differential proliferative capacity and inter-islet heterogeneity in the head and tail of the pancreas.
a, b, LSM images showing FVR, Nkx6.1 and EdU (a) and quantification (b) of EdU+ in FVR− and FVR+ β-cell subpopulations in control and pregnant (G15.5) mice (green/red arrow heads indicate proliferating FVR+/FVR− β-cells. n (control) = 4 (8,500 Nkx6.1+ cells), n (pregnant) = 4 (10,938 Nkx6.1+ cells); **P (Ctrl) = 0.0049, **P (pregnant) = 0.0059, two-sided unpaired t-test). c, Scatter plot of FVR+ β-cell distribution relative to number of β-cells per islet in FltpZV/+ mice (n (mice) = 10, n (islets) = 512). d, Quantification of islet size distribution in head and tail of FltpZV/+ pancreas sections (n (mice) = 4, n (islets) = 299; *P (20–50) = 0.0419, *P (>100) = 0.0238, two-sided unpaired t-test). e, f, LSM images (e) and quantification (f) of FVR+ β-cell distribution in the pancreas head and tail (n (mice) = 4, n (islets) = 299, n (Nkx6.1+ cells) = 19,054; ****P < 0.0001, two-sided unpaired t-test). g, Quantification of EdU incorporation among FVR− and FVR+ β-cell subpopulations relative to number of β-cells per islet in pregnant (G15.5) FltpZV/+ mice (n (mice) = 4, n (islets) = 196, n (Nkx6.1+ cells) = 10,938). h, LSM images showing Nkx6.1-, p27- and FVR-expressing cells in islets of FltpZV/+ pregnant (G15.5) mice. i, Quantification of p27 and Venus fluorescent intensity shows that p27-high cells have a higher Venus fluorescent intensity than p27-low cells in pregnant (G15.5) mice (n (mice) = 3, n (p27 and Venus positive cells) = 4,204). j, Quantification of Venus and EdU fluorescent intensity shows that EdU-positive cells have lower Venus fluorescent intensity than EdU-negative cells in pregnant (G15.5) mice (n (mice) = 3, n (p27+, EdU+ and Nkx6.1+ cells) = 75, n (p27+ EdU− Nkx6.1+ cells) = 4,845). Scale bars, 50 μm (a, e, h). Data represent mean ± s.e.m.

                          Source data
                        


Extended Data Figure 3 Validation of the sorting scheme and molecular and cellular analysis of FVR− and FVR+ endocrine subpopulations.
a, b, Quantification (a) and LSM images (b) of FACS-sorted FVR populations for the microarray analysis show equal numbers of endocrine cell lineages among the subpopulations (n (DAPI+ cells) = 789). c, Detection and purification of four distinct endocrine subpopulations (I–IV) on the basis of granularity and Venus expression. d, e, Quantification (d) and LSM images (e) of sorted FVR subpopulations I and II confirms high enrichment of Nkx6.1+ β-cells whereas III and IV exhibit high enrichment of glucagon+ α-cells (n (DAPI+ cells) = 3,275). f, Expression analysis of endocrine hormones and the exocrine marker Amy2a3 reveals minimal contamination with other endocrine cell types (n (independent experiments) = 6 (FVR+) and 5 (FVR−)). g, h, Validation of the microarray analysis by real-time qPCR of β-cell-enriched subpopulations (I, II) for β-cell maturation, mitochondria and metabolic signalling pathway genes (Atp5b, Hadh, Wnt4, Grb10, Wnt5b, Ins1, GFP, Fltp, Pcsk1, Gipr, Mafa: n (independent experiments) = 6; Bace2, Alpk1, Npy: n (independent experiments) = 5, Slc2a2: n (independent experiments) = 3; *P < 0.05, **P < 0.01, ***P < 0.001, two-sided unpaired t-test). i, Real-time qPCR of mtDNA (S12) versus nDNA (HBB) from β-cell enriched populations (I, II) (n (independent experiments) = 5, expression in the FVR+ subpopulation normalized on each FVR− subpopulation, error bars represent c.i.). j, Scatter plot of regulated polarity genes among FVR endocrine cells in microarray analysis (thin lines mark 1.5-fold difference in expression, P < 0.05, limma t-test). Scale bars, 100 μm (b, e). Data represent mean ± s.e.m. except where stated.

                          Source data
                        


Extended Data Figure 4 Transmission electron microscopy (TEM) analysis of Fltp− and Fltp+ β-cell subpopulations and quantification of mitochondria membrane length.
a, b, TEM images of immunogold-labelled β-cells of FltpT2AiCre/+;Gt(ROSA)26mTmG/+ mice reveal no structural differences in Golgi complex (a) or endoplasmic reticulum (b). c, d, TEM images and detected areas of the algorithm used for mitochondria analysis (c) and analysis of inner mitochondria membrane length normalized on the mitochondria area in FVR+ and FVR− β-cells (d) (n (independent experiments) = 2, n (FVR+ cells) = 14, n (FVR− cells) = 16, n (mitochondria) = 544). e, TEM images of mitochondria in FVR+ compared to mitochondria in FVR− β-cells. Scale bars, 500 nm (a (Golgi complex and gold staining), c, e), 200 nm (a (insulin granules), b). Data represent mean.

                          Source data
                        


Extended Data Figure 5 Analysis of oxygen consumption rate (OCR), mitochondria network and GSIS in FVR+ and FVR− β-cells.
a, OCR of FACS-sorted β-cell-enriched FVR+ and FVR− subpopulations after Antimycin A subtraction. b, Quantification of absolute OCR rates of FACS-sorted β-cell-enriched FVR+ and FVR− subpopulations after Antimycin A subtraction. FVR+ n (technical replicates) = 9, FVR− n (technical replicates) = 4, for each technical replicate 3 × 104 cells were plated; endocrine cells were isolated from 9 mice; two-sided unpaired t-test. c, OCR of FACS-sorted β-cell-enriched FVR+ and FVR− subpopulations after Antimycin A subtraction and baseline normalization. d, Quantification of relative OCR of FACS-sorted β-cell-enriched FVR+ and FVR− subpopulations after Antimycin A subtraction and baseline normalization. FVR+ n (technical replicates) = 9, FVR− n (technical replicates) = 4, two-sided unpaired t-test. e, h, LSM pictures of immunohistochemistry of isolated FltpZV/+ mouse islets cultured under high (16.5 mM) and low (2 mM) glucose concentrations with single-cell reconstructions (Imaris) showing the reconstructed membrane (light brown), the nuclei (white, green and blue) and the mitochondria (red). f, g, i, j, Enlargement of a single Nkx6.1+ cell under high (f) and low glucose (i) and an Nkx6.1+ FVR+ cell under high (g) and low glucose (j) with reconstruction of the nucleus, the membrane and the mitochondria. k, Quantification of the mitochondrial morphology of Nkx6.1–FVR double-positive cells (yellow) and Nkx6.1 single-positive cells (white) under high and low glucose stimulation (n (Nkx6.1+ FVR+) = 9, n (Nkx6.1+ FVR− in high glucose) = 4, n (Nkx6.1+ FVR− in low glucose) = 6, from three islets for low glucose and two islets for high glucose). l, FACS-sorted and re-aggregated β-cell-enriched subpopulations reveal differences in GSIS and arginine depolarization (n (independent experiments) = 3, n (aggregates FVR+) = 16, n (aggregates FVR−) = 12; *P = 0.0206, **P = 0.007, two-sided unpaired t-test). Scale bars, 10 μm (e, h), 2 μm (f, j), 3 μm (g, i). Data represent mean ± s.e.m.

                          Source data
                        


Extended Data Figure 6 Fltp genetic lineage tracing of endocrine subpopulation dynamics upon islet transplantation and HFD.
a, Maximum intensity projection of laser backscatter to determine the volume of the same transplanted FltpT2AiCre/+;Gt(ROSA)26mTmG/+ islet before (Pre-diet) and after 8 weeks of HFD. b, Quantification of the total islet volume (transplanted FltpT2AiCre/+;Gt(ROSA)26mTmG/+) in mice on normal diet and HFD (n (islets) = 25 (from 4 mice on normal diet), n (islets) = 34 (from 5 mice on HFD); ****P < 0.0001, Sidak’s multiple comparison test). c, Quantification of glucose levels during intraperitoneal GTT by AUC quantification (n (mice on normal diet) = 4, n (mice on HFD) = 5; *P = 0.0223, **P = 0.0064, Sidak’s multiple comparison test). d, Longitudinal quantification of the relative volumes of islet size and vessel volume during engraftment time (n (islets) = 15 (from 4 mice); ****P < 0.0001, ***P = 0.0027, two-sided unpaired t-test). e, Quantification of mG and mT endocrine cell numbers every 10 μm in a confocal z-stack during engraftment (n (islets) = 15 (from 4 mice); ****P < 0.0001, two-sided unpaired t-test). Scale bars, 50 μm (a). Data represent mean ± s.e.m.

                          Source data
                        


Extended Data Figure 7 3D architecture and Wnt/PCP induce β-cell maturation in Min6 cells.
a, c–e, g, h, LSM images (a, e) and quantification (c, g (3 days culture), d, h, (7 days culture)) of Nkx6.1 and MafA mean fluorescent intensity in Min6 cells in 2D and 3D culture (c, n (independent experiments) = 3, ***P = 0.0002; d, n (independent experiments) = 4, *P = 0.0264; g, n (independent experiments) = 2; h, n (independent experiments) = 3; Sidak’s multiple comparison test). b, f, Fluorescent intensity of Nkx6.1 (b) and MafA (f) in a single Min6 cell in 2D and 3D culture. White lines in a and e indicate measured regions. i, j, Gene expression analysis of Min6 cells cultured in 2D and 3D culture by qPCR (n (independent experiments) = 4; *P < 0.05, **P < 0.01, ***P < 0.001, two-sided unpaired t-test). k, l, LSM images (k) and quantification (l) of Nkx6.1+ Min6 cells in floating 3D culture treated with or without Wnt5a (n (independent experiments) = 3; n (cells) = 5,419 (control), 2,419 (Wnt5a); **P = 0.0036, Sidak’s multiple comparison test). m, n, Western blot (m) and quantification (n) of Nkx6.1 and Fltp protein in Min6 after treatment for 6 days with or without Wnt5a in 2D or 3D culture (western blots were normalized on γ-tubulin expression and standardized on 2D control, n (independent experiments) = 5). Scale bars, 20 μm (a, e, k). Data represent mean ± s.e.m.

                          Source data
                        


Extended Data Figure 8 Modulation of maturation and proliferation through WNT signalling in human microislets and EndoC-β H1 human β-cell line and SNP association with insulin secretion defects in the FLTP gene.
a–e, LSM images (a–d; proliferating cells marked by arrow heads) and quantification (e) of NKX6.1–EdU double-positive EndoC-β H1 cells treated with or without WNT3A, WNT4 or WNT5A (n (independent experiments) = 3, 1,617 cells counted; *P = 0.019, two-sided unpaired t-test). f, g, Western blot (f) and quantification (g) of pJNK in EndoC-β H1 treated for 4 h with or without WNT4 (n (independent experiments) = 4; *P = 0.027, two-sided paired t-test). h, Fold change in insulin secretion in response to high glucose in human microislets treated with or without WNT4 or WNT5A (3 human donors; Ctrl: n (microislets) = 23, WNT4: n (microislets) = 25, WNT5A: n (microislets) = 26; *P = 0.0423, two-sided unpaired t-test). i, RNA sequencing expression data for SLC2A2 in human pancreatic islets from healthy donors (NGT, n = 66), pre-diabetic donors (IGT, n = 21) and type 2 diabetic donors (T2D, n = 19; one-way ANOVA). j, k, The minor allele of FLTP rs75715534 was significantly associated with increased insulin secretion in lean subjects (P = 0.0035), but not in obese subjects (P = 0.07). Adjustment of the insulin secretion index AUC Cpep0–30/AUC Glc0–30 (n = 2,228) was achieved by multiple linear regression modelling with gender, age and OGTT-derived insulin sensitivity as confounding variables. Scale bars, 25 μm (a, d). Data represent mean ± s.e.m. (e, g, h); mean diamonds represent mean ± 95% c.i. (j, k).

                          Source data
                        


Extended Data Figure 9 Knockout of Fltp has no effect on β-cell maturation or proliferation.
a–d, Single plane LSM images of cryosections from adult FltpZV/+ (a, c) and FltpZV/ZV (b, d) mice. Some Venus (green), Nkx6.1 (red) and MafA (white; a, b, white arrowheads) or Ucn3 (white; c, d, dashed lines) triple-positive cells are highlighted. e, Quantification of Venus, Nkx6.1 and Ucn3 (white) or MafA (black) triple-positive cells shows no difference in maturation status of β-cells in FltpZV/+ and FltpZV/ZV mice (FltpZV/+: n (mice) = 3, MafA 2,349 cells, Ucn3 1,212 cells; FltpZV/ZV: n (mice) = 3, MafA 867 cells, Ucn3 1,825 cells). f–i, LSM images of immunohistochemistry on cryosections from P11 and adult Fltp+/+ (f, P11; h, adult) and FltpZV/ZV (g, P11; i, adult) mice showing the proliferation of islet cells. j, k, Quantification of proliferating β- and non-β-cells in FltpZV/ZV and Fltp+/+ mice at P11 (j) (Fltp+/+: n (mice) = 4, 6,556 β-cells and 4,325 non-β-cells; FltpZV/ZV: n (mice) = 4, 6,709 β-cells and 5,868 non-β-cells) and in adults (k) (Fltp+/+: n (mice) = 7, 9,803 β-cells and 4,338 non-β-cells; FltpZV/ZV: n (mice) = 9, 14,957 β-cells and 7,955 non-β-cells). Scale bar, 20 μm (a), 10 μm (b), 5 μm (c, d), 15 μm (f–i). Data represent mean ± s.d.

                          Source data
                        


Extended Data Figure 10 Analysis of the metabolic phenotype of FltpZV/ZV mice.
a, Quantification of β-cell number in islets of Langerhans from Fltp+/+ and FltpZV/ZV mice at P11 or adult (n (mice) = 3 (P11 Fltp+/+, 6,556 Nkx6.1+ cells and FltpZV/ZV, 6,791 Nkx6.1+ cells), n (mice) = 6 (adult Fltp+/+, 3,202 Nkx6.1+ cells) and n (mice) = 4 (adult FltpZV/ZV, 6,263 Nkx6.1+ cells)). b, Intraperitoneal GTT in FltpZV/ZV and Fltp+/+ mice (Fltp+/+ n (mice) = 7 and FltpZV/ZV n (mice) = 7; **P = 0.0022, two-sided unpaired t-test). c, d, Concentration of glucagon (c) and insulin (d) in pancreatic tissue from FltpZV/ZV and Fltp+/+ mice (Fltp+/+ n (mice) = 5 and FltpZV/ZV n (mice) = 5). e, ITT in FltpZV/ZV and Fltp+/+ mice (Fltp+/+ n (mice) = 5 and FltpZV/ZV n (mice) = 3). f, Plasma insulin level in fasted Fltp+/+ and FltpZV/ZV mice (Fltp+/+ n (mice) = 11 and FltpZV/ZV n (mice) = 10; *P = 0.0405, two-sided unpaired t-test). g, GSIS in isolated islets from Fltp+/+ and FltpZV/ZV mice (Fltp+/+ n (mice) = 5 and FltpZV/ZV n (mice) = 5; *P = 0.0263, one-way ANOVA, Bonferroni’s multiple comparison test). Data represent mean ± s.e.m.

                          Source data
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