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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 potential1–5; 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-organs7–9. 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.

The islet of Langerhans is a complex mini-organ that regulates energy 
metabolism10. Pancreatic β-cells are organized in polarized rosette-like 
structures around blood vessels7 and are coupled by gap junctions to 
allow them to sense glucose and secrete appropriate amounts of insu-
lin into the blood stream11. The conserved Wnt/planar cell polarity 
(PCP) pathway regulates the orientation of cells and organelles within 
the plane of a tissue and thus determines the function of cells in an 
organ12,13. As self-organized 3D tissue architecture is required for 
organ formation and terminal differentiation14,15, we tested whether 
acquisition of tissue polarity and architecture could influence β-cell 
heterogeneity and maturation.

To analyse the establishment of tissue polarity at the molecular level, 
we used the FltpZV knock-in/knockout mouse, in which the entire 
open-reading frame of Fltp is replaced by a multicistronic lacZ–Venus 
reporter cassette6. In this model, Fltp promoter-driven histone 2B 

(H2B)–Venus reporter (FVR) activity is confined to terminally differ-
entiated cells with established PCP6. We first analysed reporter activity 
in the pancreas of FltpZV/+ heterozygous embryos at embryonic day 
(E)18.5, when endocrine cells are still organized in cord-like struc-
tures outside the ductal tubules and start to aggregate and form 3D 
mini-organs (Extended Data Fig. 1). Notably, we detected heterogene-
ous reporter activity in β-cells that expressed high levels of Nkx6.1 in 
compacted islet structures, but not in scattered pre-β-cells in cord-like 
structures that expressed low levels of Nkx6.1. This finding suggests 
that FVR is activated in endocrine cells during islet compaction and 
establishment of polarization. Because β-cell maturation occurs in the 
first two weeks after birth9, we analysed reporter activity in postnatal 
and adult islets from heterozygous FltpZV/+ mice. At postnatal day (P)1, 
reporter activity was detectable in less than 50% of Nkx6.1+ β-cells; 
activity was significantly increased at P11 and reached a maximum 
of 80% in adult islets (Fig. 1a, b). In adult islets, FVR was expressed 
in ~50% of glucagon-secreting α-cells, ~80% of insulin-secreting 
Nkx6.1+ β-cells, ~50% of somatostatin-secreting δ-cells and ~50% of 
pancreatic polypeptide-secreting PP-cells (Fig. 1c, d). Together, these 
observations suggest that islet cell heterogeneity develops during islet 
neogenesis and is likely to be determined by the terminal differentiation 
and planar polarization status of endocrine cells.

To understand the biological relevance of islet cell heterogeneity in 
more detail, we specifically focused on β-cells in heterozygous FltpZV/+ 
mice. We first compared the proliferation rate of FVR− and FVR+ 
β-cells during homeostasis, postnatal β-cell expansion and physiolog-
ical insulin resistance. FVR− Nkx6.1+ β-cells showed a significantly 
increased replication rate during the postnatal expansion phase at P1,  
at P11 and upon metabolic demand during pregnancy at gestational 
day (G)15.5, as measured by Ki-67 immunoreactivity (Fig. 1e, f) and 
EdU incorporation (Extended Data Fig. 2a, b), when compared to 
FVR+ Nkx6.1+ β-cells; by contrast, FVR+ Nkx6.1+ β-cells showed 
increased levels of the cell-cycle inhibitor p27 (Extended Data  
Fig. 2h–j). When we compared the head and tail regions and different- 
sized islets, we noticed remarkable intra-islet and inter-islet heterogene-
ity in terms of FVR marker expression and proliferation rate (Extended 
Data Fig. 2c–g), probably due to different cell-type compositions in 
the islet niches16. Collectively, our data show that β-cell subpopula-
tions, depending on their niche and environmental conditions, show 
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markedly different FVR expression levels correlating with their pro-
liferative capacity.

The data presented so far suggest that the expression of FVR probably 
subdivides β-cells into proliferative and more mature β-cells. To test this 
idea directly, we isolated adult islets from FltpZV/+ mice and purified the 
FVR endocrine subpopulations for genome-wide mRNA expression 
profiling (Fig. 2a, b). We found 997 genes that showed more than 1.5-
fold differences in expression between FVR− and FVR+ endocrine cells 
(Fig. 2c and Supplementary Table 1). Strikingly, unbiased gene ontol-
ogy term (Fig. 2g and Supplementary Table 2) and ingenuity analysis  
(Fig. 2h and Supplementary Table 3) revealed that the FVR− subpopula-
tion showed significant enrichment of genes associated with G-protein 
coupled receptor (GPCR), Wnt and MAPK signalling transduction, 
whereas the FVR+ subpopulation showed significant enrichment of 
genes that are important for mature β-cell function. This difference is 
reflected by differential mRNA expression of hormones, β-cell mat-
uration markers, mitochondrial and metabolic genes, receptors and  
signalling components, as revealed by microarray analysis (Fig. 2d–f) 
and confirmed by qPCR analysis on highly enriched β-cell subpop-
ulations (Extended Data Fig. 3a–h). Mitochondrial gene expression 
(Fig. 2e, g, h), ultrastructural (Extended Data Fig. 4) and biochemical 

analysis (Fig. 2k, l), and mitochondrial network architecture (Extended 
Data Fig. 5e–k) collectively suggest that the two isolated β-cell sub-
populations have similar numbers of mitochondria (Extended 
Data Fig. 3i) but that the mitochondria differ in architecture and  
physiology. Measuring the oxygen consumption rate of sorted FVR− 
and FVR+ β-cells from FltpZV/+ islets using an XF96 extracellular 
flux analyser revealed that glucose-induced ATP synthesis and glu-
cose responsiveness were not significantly different between the two 
subpopulations (Extended Data Fig. 5a–d), whereas static glucose- 
stimulated and arginine-stimulated insulin secretion were significantly 
enhanced in the sorted and reaggregated FVR+ β-cell enriched sub-
population (Extended Data Fig. 5l). These results are consistent with 
the differences in the expression of genes involved in glucose sensing 
and insulin secretion (Fig. 2 and Extended Data Fig. 3g). Finally, the 
high expression of the proprotein convertase subtilisin/kexin type-1 
gene (Pcsk1) in the FVR+ cells (Extended Data Fig. 3g) and the higher 
number of mature secretory granules in Fltp-lineage+ cells (Fig. 2i, j 
and see below) further support the idea that FVR+ and Fltp-lineage+ 
cells are mature β-cells.

The differential expression of signalling components and the dis-
tinct physiologies of the two β-cell subpopulations suggested that they 
might react differently to environmental changes. To test this hypoth-
esis, we used a Cre recombinase/loxP-mediated genetic lineage tracing 
approach, which allowed us to follow the cell populations over time 
(Fig. 3a). We isolated FltpT2AiCre/+;Gt(ROSA)26mTmG islets (refs 17, 18) 
and performed in vitro single cell-tracking experiments. This showed 
that Fltp-lineage− endocrine cells turned into Fltp-lineage+ cells  
(Fig. 3b). As FVR− and FVR+ β-cells are molecularly and biologically 
distinct, these results suggest that FVR− precursor β-cells differentiate 
into FVR+ mature β-cells. Notably, the FVR− β-cell enriched subpop-
ulation expressed low levels of Slc2a2 (Extended Data Fig. 3g), which 
has been recently shown to be expressed in insulin-positive pancreatic 
multipotent precursor cells in mouse and human islets3,4.

To analyse the in vivo β-cell subpopulation dynamics at the time 
when compensatory β-cell proliferation reaches peak levels19, we iso-
lated adult islets from non-pregnant female mice and from pregnant 
female mice at G15.5 (Fig. 3c, d). Quantitative analysis showed that the 
Fltp-lineage− β-cell subpopulation compensates for the increased met-
abolic demand in pregnant mice by proliferating. The higher number  
of mTmG double-positive cells in pregnant mice further suggested that 
Fltp-lineage− cells differentiate into mature β-cells in vivo. Next, we 
transplanted FltpT2AiCre/+;Gt(ROSA)26mTmG islets into the anterior cham-
ber of the eye in mice for noninvasive longitudinal in vivo imaging20.  
After donor islet isolation and transplantation onto the iris, islets first 
shrank in volume during engraftment, owing to the lack of nutritional 
supply, before revascularization counteracted islet degeneration 
(Extended Data Fig. 6d). Concomitant with the revascularization and 
decrease in islet size we observed a relative increase in the Fltp-lineage− 
and decrease in the Fltp-lineage+ subpopulation volume (Fig. 3f, g) and 
number (Extended Data Fig. 6e) 13 days after transplantation, suggest-
ing that the more mature and metabolic active endocrine subpopulation 
undergoes apoptosis, probably due to hypoxia, until revascularization. 
Four weeks after transplantation the Fltp-lineage+ subpopulation had 
recovered, probably owing to the maturation of Fltp-lineage− cells into 
mature Fltp-lineage+ cells (Fig. 3e). Finally, we investigated the endo-
crine subpopulation dynamics in a high-fat diet (HFD) mouse model. 
HFD causes insulin resistance and compensatory β-cell hyperplasia 
followed by hypertrophy, but the exact pathomechanism of β-cell failure 
remains unclear21. Over an eight-week period, we observed increased 
glucose intolerance (Extended Data Fig. 6c) and a steady increase 
in islet volume accompanied by a significant increase in the cross- 
sectional area of the Fltp-lineage+ endocrine cell population, indi-
cating that mature endocrine cells are more metabolically active and 
prone to hypertrophy commonly associated with cytotoxic stress  
(Fig. 3h–k and Extended Data Fig. 6a, b). This observation might 
explain why the Fltp-lineage+ subpopulation predominantly decreased 
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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. a, b, Laser scanning confocal microscopy 
(LSM) images (a) and quantification (b) of FVR+ β-cell distribution 
during postnatal β-cell maturation (P1, P11, P25) and in adulthood  
(12 weeks (w)) (P1: n (mice) = 5 (14,766 Nkx6.1+ cells), P11: n (mice) = 6 
(13,789 Nkx6.1+ cells), P25: n (mice) = 5 (8,733 Nkx6.1+ cells), 12 weeks: 
n (mice) = 9 (17,369 Nkx6.1+ cells); ****P < 0.0001). c, d, LSM images 
(c) and quantification (d) of FVR expression in endocrine cell lineages 
in adulthood (n (mice) = 3, 1,676 PP+ cells, 1,656 Sst+ (δ-)cells and 
1,975 Gcg+ (α-)cells); n (mice for β-cells) = 5, β-cells (7,327 Nkx6.1+ 
cells)). e, f, LSM images (e) and quantification (f) of Ki-67-expressing 
cells among FVR− and FVR+ β-cell subpopulations at P1, P11, 12 weeks 
and in pregnant mice (G15.5; arrowheads indicate proliferating cells; 
red arrowheads, Nkx6.1; green arrowheads, Venus and Nkx6.1; P1: n 
(mice) = 5 (14,766 Nkx6.1+ cells), P11: n (mice) = 6 (13,789 Nkx6.1+ 
cells), 12 weeks: n (mice) = 5 (10,042 Nkx6.1+ cells) and pregnant 
G15.5: n (mice) = 5 (12,691 Nkx6.1+ cells); (P1) **P = 0.0048, (P11) 
****P < 0.0001, (G15.5) **P = 0.0039). Scale bars, 50 μm (a, c, e). Two-
sided unpaired t-test was performed (b, e). Data represent mean ± s.e.m. 
Source data for all graphs and quantifications are provided online.
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after transplantation (Fig. 3g). Together, our results suggest that, in 
 pregnant mice, Fltp− endocrine cells undergo compensatory proliferation, 
whereas more mature Fltp-lineage+ endocrine cells probably account for 
islet cell hypertrophy and seem more sensitive to cytotoxic stress.

In our molecular analysis we noticed that apical–basal polarity and 
expression of Wnt/PCP genes were increased in FVR+ β-cells (Fig. 2 and 
Extended Data Fig. 3g, j). Notably, cellular polarization and compaction 
in 3D pseudo-islet cultures22,23 strongly induced protein expression of a 
variety of β-cell maturation markers, including Nkx6.1, MafA and Ucn3, 
as revealed by quantitative PCR (qPCR) and immunocytochemistry 
in time-course experiments in Min6 insulinoma cells (Extended Data  
Fig. 7a–j). Consistent with the induction of the Wnt/PCP effector Fltp 
and Nkx6.1 during islet neogenesis (Extended Data Fig. 1), we observed 
that treatment of dispersed and reaggregated P5 islet cells (Fig. 4a–c) 
and pseudo-islets of Min6 insulinoma cells (Extended Data Fig. 7k–n) 
with the Wnt/PCP ligand Wnt5a significantly upregulated β-cell 

maturation makers. Human microislets and human islets show heter-
ogenous expression of WNT4 in endocrine and β-cells, consistent with 
the differential expression of Wnt4 and Wnt5b in the FVR− and FVR+ 
subpopulations (Fig. 4d–g and Extended Data Fig. 3g). Treatment of 
human EndoC-β H1 β-cells with the canonical Wnt ligand WNT3A 
increased proliferation, whereas treatment with WNT4 or WNT5A did 
not (Extended Data Fig. 8a–e). Notably, WNT4 induced JNK  activation 
(Extended Data Fig. 8f, g) and increased levels of NKX6.1 and PDX1 
protein in human EndoC-β H1 β-cells (Fig. 4h, i) and human islets 
(Fig. 4j, k), suggesting that WNT4 triggers the non-canonical Wnt/
PCP pathway. Finally, WNT5A increased glucose-stimulated insu-
lin secretion (GSIS) in human microislets (Extended Data Fig. 8h). 
Together, these results suggest that 3D architecture and Wnt/PCP path-
way  activation induce β-cell maturation and increase GSIS.

Finally, we investigated whether the Wnt/PCP effector Fltp is 
required for β-cell function beyond its role as a maturation marker. 
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Figure 2 | FVR distinguishes between two endocrine subpopulations 
with distinct molecular, physiological and ultrastructural features.  
a, Experimental design for microarray analysis of endocrine 
subpopulations from isolated FltpZV/+ islets. b, Fluorescent activated cell 
sorting (FACS) separation of FVR+ and FVR− endocrine subpopulations. 
c, Scatter plot of the 997 genes that were differentially regulated in FVR+ 
and FVR− endocrine cells (1.5-fold regulated, P < 0.01, limma t-test). 
d–f, Heatmaps depicting regulated genes among FVR subpopulations 
involved in β-cell function (d), mitochondrial function (e) and receptors 
and signalling (f) (*validated by qPCR, median centre was applied to each 
gene of the heatmaps across different samples). g, h, Bar graph of selected, 
significantly enriched gene ontology terms (g) and ingenuity pathways (h) 

of regulated genes among FVR subpopulations shown in c.  
i, j, Transmission electron microscopy images (i; scale bars, 1 nm) and 
quantification (j) of insulin granules in immunogold-labelled β-cells 
from FltpT2AiCre/+;Gt(ROSA)26mTmG/+ mice (m, mature; im, immature) (n 
(independent experiments) = 5, n (β-cells) = 50, n (granules) = 12,254; 
**P = 0.0015, two sided unpaired t-test). k, l, Western blot (k) and 
quantification (l) of mitochondria complexes I–V from FACS-sorted 
FVR+ and FVR− subpopulations (protein expression normalized to 
γ-tubulin and to the FVR− population (dotted line), n (independent 
experiments) = 5, whiskers represent minimum and maximum values). 
Data in j represent mean ± s.e.m. See Supplementary Fig. 1 for gel source 
data.

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



2 1  J U L Y  2 0 1 6  |  V O L  5 3 5  |  N A T U R E  |  4 3 3

LETTER RESEARCH

Terminally differentiated cell types in the inner ear and lung depend 
on Fltp function as a modulator of the actin and microtubule  
cytoskeleton6 and mature β-cells require cell polarity24 and the 
 cytoskeleton25 for proper insulin secretion. Fltp knockout (FltpZV/ZV) 
β-cells do not show impaired development, proliferation or  maturation 
(Extended Data Figs 9, 10a, c, d) or altered glucose tolerance or insulin 
sensitivity (Extended Data Fig. 10b, e). However, when we  analysed 
basal glucose and insulin levels in adult mice we found small but sig-
nificantly reduced levels in starved FltpZV/ZV mice, suggesting that 
Fltp knockout causes a minor defect in insulin secretion (Extended  
Data Fig. 10b, f). To rule out systemic effects on basal insulin levels in 
FltpZV/ZV animals, we isolated islets from adult mice and performed GSIS. 
Consistent with the finding that insulin secretion depends on cell polar-
ity and the cytoskeleton24,25 we found reduced GSIS in FltpZV/ZV islets  

(Extended Data Fig. 10g). To investigate whether the human FLTP  
orthologue (CFAP126, also known as C1orf192) is associated with 
metabolic traits, we genotyped seven single nucleotide polymor-
phisms (SNPs) tagging all the common variation in this gene (minor 
allele frequency ≥ 0.01) and analysed their associations with  insulin 
secretion, insulin sensitivity and body fat content and distribution in 
a cohort of 2,228 human prediabetic subjects26. The results showed 
that the intronic SNP rs75715534 (minor allele frequency 0.037) was 
significantly associated with increased insulin secretion in lean subjects 
(body mass index (BMI) < 25), whereas the same SNP was associated 
with decreased insulin secretion in obese people (BMI ≥ 35) (Extended 
Data Fig. 8j, k and Supplementary Table 4). CFAP126, SLC2A2 and 
PDX1 were significantly downregulated in isolated human islets from 
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Figure 3 | Fltp genetic lineage tracing reveals differential responses 
of endocrine and β-cell subpopulations upon physiological and 
pathological insulin resistance. a, FltpT2AiCre/+;Gt(ROSA)26mTmG/+ 
lineage-tracing model. Fltp lineage− cells (mT, red) convert into Fltp 
lineage+ cells (mG, green) upon Fltp-promoter driven Cre expression via 
an intermediate (mTmG, yellow) cell state. b, e, Time-lapse imaging of 
in vitro cultured FltpT2AiCre/+;Gt(ROSA)26mTmG/+ islets (b; n (cells) = 7) 
and in vivo islets transplanted into the anterior chamber of the eye (AC) 
using laser scanning confocal microscopy (LSM) (e) shows conversion 
of endocrine Fltp lineage− cells (mT) into Fltp lineage+ cells (mG) 
(white dotted line shows converting cells). c, d, FACS analysis (c) and 
quantification (d) of mT, mTmG and mG Nkx6.1+ β-cells from control 
(Ctrl) and pregnant mice (G15.5) (n (mice per group) = 4, ***P = 0.0001, 
***P = 0.0003, Bonferroni’s multiple comparison test). f, g, LSM images 
(f) and quantification (g) of a FltpT2AiCre/+;Gt(ROSA)26mTmG/+ islet 
transplanted into the AC over engraftment time (n (islets) = 15 islets 
from 4 mice; **P = 0.0086, two sided unpaired t-test). h, i, LSM images 
of a FltpT2AiCre/+;Gt(ROSA)26mTmG/+ islet in the AC before (Pre-diet; 
h) and after 4 weeks on a high-fat diet (HFD; i). j, k, Quantification 
of mT and mG cell cross-sectional areas (j) and compartment 
volume change among mT and mG endocrine cells (k) of intraocular 
FltpT2AiCre/+;Gt(ROSA)26mTmG/+ islets before and during HFD (4 w, 8 w)  
(j, n (islets) = 34, *P = 0.0112, **P = 0.00732; k, n (islets) = 34, *P = 0.026, 
****P < 0.0001, Sidak’s multiple comparison test). Scale bars, 10 μm (b); 
20 μm (e, f); 50 μm (h, i). Data shown as mean ± s.e.m.
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Figure 4 | The Wnt/PCP pathway triggers β-cell maturation. a, b, LSM 
images (a) and quantification (b) of Ucn3 protein in reaggregated islet cells 
from P5 wild-type mice treated with or without Wnt5a (n (independent 
experiments) = 3 (DAPI+ cells control = 680, DAPI+ cells Wnt5a = 877), 
***P = 0.001, two sided unpaired t-test). c, Wnt5a stimulation of mRNA 
expression of β-cell maturation markers in P5 reaggregated islet cells  
(n (independent experiments) = 4, *P < 0.05, two sided unpaired t-test). 
d–g, LSM images of a human islet (d, e) and a human microislet (f, g) 
showing heterogeneity of WNT4-expressing NKX6.1+ β-cells (white 
dotted lines and arrowheads). h, i, Western blot (h) and quantification (i) 
of NKX6.1 and PDX1 in EndoC-β H1 β-cells after 4 days of treatment with 
WNT4 and WNT5A (n (independent experiments) = 5; *P = 0.030 for 
PDX1, *P = 0.0349 for NKX6.1, two-sided paired t-test). j, k, Western  
blot (j) and quantification (k) of PDX1 expression in human islet after  
4 days of treatment with WNT4 (n (independent experiments) = 9, 4 
human donors, two-sided paired t-test). l, m, RNA sequencing expression 
data of FLTP and PDX1 in human pancreatic islets from healthy donors 
(normal glucose tolerance (NGT), n = 66), pre-diabetic donors (impaired 
glucose tolerance (IGT), n = 21) and type 2 diabetic donors (T2D, 
n = 19; one-way ANOVA). Scale bars, 10 μm (a, d–g). Data represent 
mean ± s.e.m. See Supplementary Fig. 1 for gel source data.
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pre-diabetic (IGT) when compared to non-diabetic (NGT) subjects and 
further downregulated in islets from type 2 diabetic (T2D) individuals 
(Fig. 4l, m and Extended Data Fig. 8i), suggesting that Wnt/PCP signal-
ling and β-cell maturation or function are impaired by glucolipotoxicity.

We have demonstrated that proliferative and mature β-cells can be 
distinguished by expression of the Wnt/PCP effector and reporter gene 
Fltp. Several studies have indicated that loss of β-cell identity and mat-
uration underlies the pathogenesis of type 2 diabetes27–30. The availa-
bility of a unique marker for mature β-cells opens new ways to explore 
pathways regulating islet heterogeneity and might allow researchers to 
target β-cell maturation for cell-replacement and regenerative therapy.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
Animal studies. Animal experiments were carried out in compliance with 
the German Animal Protection Act and with the approved guidelines of 
the Society of Laboratory Animals (GV-SOLAS) and of the Federation of 
Laboratory Animal Science Associations (FELASA). Mouse lines used: FltpZV 
(C57BL/6J; ref. 6) and FltpT2AiCre/+ (mixed C57BL/6J, CD1 background; ref. 17) 
crossed with Gt(ROSA)26mTmG (129/SvJ, C57BL/6J mixed background; ref. 18) 
(FltpT2AiCre/+;Gt(ROSA)26mTmG). Albino B6 mice (B6N-Tyrc/BrdCrCrl; Charles 
River) crossed with B6 Rag1−/− mice (B6.129S7-Rag1tm1Mom/J; Jackson 
Laboratories) were used as recipients for FltpT2AiCre/+;Gt(ROSA)26mTmG islet 
transplants. All experiments were performed using 3–6-month-old mice, unless 
indicated otherwise. Islet isolation was carried out by collagenase P (Roche) diges-
tion and centrifugation using Optiprep density gradient (Sigma) as described31. 
Isolated islets were handpicked twice under a microscope. For analysis of islet β-cell 
proliferation during pregnancy, mice were euthanized at G15.5 and for histological 
analysis EdU was administrated 24 h before sacrifice. For HFD analysis, fourteen 
weeks after islet transplantation, mice were divided into two groups and either 
continued on a normal diet (Ssniff GmbH) or switched to HFD (60 kcal % fat; 
Research Diets, Inc.) with ad libitum access to water and chow.

For intraperitoneal glucose tolerance tests (IPGTTs) and insulin tolerance test 
(ITT) mice were fasted for 6 h and injected intraperitoneally with 2 g glucose per 
kg (BW) or 0.75 U insulin per kg (BW), respectively. Blood glucose was measured 
at indicated time points after glucose injection using Accu-Chek Aviva glucometer 
(Roche).
Cell culture and human islets. Min6 (clone 9) murine β-cell line and EndoC-β H1 
were cultured in adherence (2D culture) as described previously32,33. For floating 
3D (3D) culture Min6 were plated on uncoated ibidi chambers (ibidi) for 3, 6 or 
7 days. For 3D matrigel based cultures, Min6 and EndoC-β H1 were cultured in 
Growth-Factor-Reduced Matrigel Matrix (BD Bioscience, Germany) diluted 1:1 
in their respective medium. All the cell lines used were tested for mycoplasma 
and were negative. Isolated islet cells from P5 pancreata were cultured overnight 
in RPMI 1640 containing P/S and 5% FCS. For analysis of Wnt5a induced β-cell 
maturation, samples were stimulated with 400 ng/ml of Wnt5a (R&D  systems, 
Germany) for 12 h, 3 or 6 days in RPMI1640 supplemented with P/S and 3% FCS. 
Human islets isolated from cadaver and pancreatic microislets were obtained 
from the JDRF award 31-2008-416 (ECIT Islet for Basic Research program) and 
from InSphero (Switzerland), respectively. All experiments with human islets 
were approved by the Ethical commission of the Technical University of Munich 
(Germany). Human islet donor data: 6 donors, 3 males and 3 females; age mean 
53.6 yrs (range: 41–65); BMI, mean 24.25 (range: 20.8–30.1); purity mean 78 (range 
89–45%). Human microislet donor data: 3 donors, 2 female and 1 male; age mean 
40.10 yrs (range: 37–56); BMI mean 23.19 (range: 22.7–23.56).

Upon arrival, human islets were collected by centrifugation, selected by hand 
picking and cultured in CMRL1066 (Gibco, Thermo Fisher Scientific) sup-
plemented with 10% human serum (Sigma), 1% P/S and 2 mM l-glutamine. 
Pancreatic microislets were cultured according to the manufacturer’s instruction. 
Human islets were treated with 100 ng/ml WNT4 (R&D systems) or 400 ng/ml 
WNT5A in CMRL 1066 supplemented with 2% human serum albumin (Sigma), 
1% P/S, 2 mM l-glutamine, 5.5 mM glucose, 100 ng/ml mouse Noggin (Peprotech) 
and 10 μM Y-27632 (Santa Cruz) for 4 days (medium was changed every 2 days).

Microislets were treated with 100 ng/ml WNT4 (R&D Systems) or 400 ng/ml 
WNT5A in CMRL 1066 supplemented with 2% human serum albumin, 1% P/S, 
2 mM l-glutamine, 5.5 mM glucose and 100 ng/ml mouse Noggin (Peprotech) for 
4 days (medium was changed every 2 days).

EndoC-β H1 cells were treated with 100 ng/ml WNT4 (R&D systems) or 400 ng/ml  
WNT5A or 200 ng/ml WNT3A (Peprotech) in their culture medium5 supple-
mented with 100 ng/ml mouse Noggin (Peprotech) and 10 μM Y-27632 (Santa 
Cruz) for 4 h or 4 days (medium was changed every 2 days).
Islet transplantation and in vivo imaging of islets engrafted in the anterior 
chamber of the eye. For islet transplantation into the anterior chamber of the 
mouse eye, mice were anaesthetized by inhalation of 2% isoflurane in 100% oxygen 
via a face mask. The mouse head was fixed in a head holder and a 25-gauge needle 
used to make a small incision into the cornea, close to the corneal limbus. Next, 
30–40 islets in PBS were slowly injected into the anterior chamber of the eye using 
a custom made beveled glass cannula (outer diameter 0.4 mm, inner diameter 
0.32 mm; Hilgenberg GmbH). For in vivo imaging mice were intubated (BioLite, 
Braintree Scientific, Inc.) and anaesthetized by 2% isoflurane in 100% oxygen with 
270 μl stroke volume at 250 strokes per min for ≤90 min. In vivo imaging was 
performed as previously described34. For confocal and two-photon imaging, an 
upright laser-scanning microscope (LSM780 NLO; Zeiss) with a two-photon laser 
(Chameleon Vision II; Coherent, Inc.) and W Plan-Apochromat 20×/1.0 DIC M27 
75 mm objective (Zeiss) was used. Imaging of intraocular islets was performed 

during islet engraftment (days 3, 13 and 4 weeks post-transplantation) and repeated 
four and eight weeks after diet switch. Backscattered laser light was detected at 
633 nm. Total islet volume was calculated using surface rendering (Imaris 7.4, 
Bitplane AG). GFP (mG) and Tomato (mT) were excited by two-photon laser at 
930 nm and detected at 500–550 nm and at 575–610 nm, respectively. mG and mT 
islet fractions were assessed from Gaussian filtered z-stacks (step size of 1.5 μm) 
of the whole islet for the revascularization or within the top 80 μm of the islet for 
the HFD time points using surface rendering (Imaris 7.4). Compartment volumes 
were calculated in relation to total islet volume obtained from backscatter imaging. 
Vessels were visualized by injecting 0.8 μM Qtracker 705 (Life Technologies) in 
100 μl PBS into the tail vein and detected at 690–730 nm. mG and mT cell cross- 
sectional areas were assessed manually in individual optical planes of the islet 
z-stacks (Fiji software)35.
Transmission electron microscopy. Immunogold staining was performed on 
isolated islets from FltpT2AiCre/+;Gt(ROSA)26mTmG/+ mice as follows. After islet 
isolation the islets were cultured overnight in RPMI1640 supplemented with 
10% FCS and P/S, then fixed in 2.5% electron microscopy grade glutaralde-
hyde in 0.1 M sodium cacodylate buffer pH 7.4 (Science Services), stained with 
rabbit anti-GFP (Invitrogen, A11122, 1:500) and a gold-conjugated goat anti- 
rabbit antibody (Aurion, 806.011, 1:40). Isolated FACS-sorted FVR islet cells or  
immunogold-stained islets were fixed in 2.5% electron microscopy grade glutar-
aldehyde in 0.1 M sodium cacodylate buffer pH 7.4 (Science Services) as pellets, 
post-fixed in 2% aqueous osmium tetraoxide36, dehydrated in gradual ethanol 
(30–100%) and propylene oxide, embedded in Epon (Merck) and cured for 48 h 
at 60 °C. Semi-thin sections were cut and stained with toluidine blue. Ultrathin 
sections of 50 nm were collected onto 200 mesh copper grids, stained with uranyl 
acetate and lead citrate before examination by transmission electron microscopy 
(Zeiss Libra 120 Plus, Carl Zeiss NTS GmbH). Pictures were acquired using a Slow 
Scan CCD-camera and iTEM software (Olympus Soft Imaging Solutions). Serial 
pictures for image analyses were acquired by transmission electron microscopy 
(Zeiss EM10CR, Carl Zeiss NTS GmbH) with a MegaView III camera system 
(Olympus Deutschland GmbH). Images were quantified using image analysis 
software Definiens Developer XD2 (Definiens AG) according to a previously 
published procedure37. Initially mitochondria were annotated manually. A rule 
set was developed in order to detect and quantify the length of the inner mitochon-
drial membrane within these marked mitochondria, based on intensity, morphol-
ogy and neighbourhood. Additionally the area for each mitochondrion and the 
 number of mitochondria per cell area were calculated. The β-cells were identified 
as Fltp  lineage+ or Fltp lineage− according to their immuno-gold labelling. Insulin 
granules were counted after their classification as immature or mature granules 
according to their morphology.
Immunofluorescence staining and western blot. For immunohistochemistry, 
pancreas samples were fixed in 4% formalin, cryoprotected by incubation in a 
progressive sucrose gradient and embedded in Optimum Cutting Temperature 
(OCT). Sorted cells, Min6 and EndoC-β H1 were fixed in 4% formalin before 
staining. For whole-mount staining, embryos were cleared using BABB solution 
and stained using a modified previously described protocol6.

Primary antibodies used for immunostaining: goat anti-Nkx6.1 (R&D 
 system, AF5857, 1:400), rabbit anti-Nkx6.1 (Acris/Novus, NBP1-82553, 1:100), 
rat anti-RFP (Chromotek, ORD003515, 1:1000), chicken anti-GFP (Aves Labs, 
GFP-1020, 1:800), guinea pig anti-glucagon (Millipore, 4031-01F, 1:500), goat 
anti- somatostatin (Santa Cruz, sc-7819, 1:300), rabbit anti-insulin (Thermo 
Scientific, PA-18001, 1:200), guinea pig anti-insulin (Thermo Scientific, PA-26938, 
1:300), goat anti-pancreatic polypeptide (PP) (Abcam, ab77192, 1:300), rabbit 
anti-Ki-67 (Abcam, ab15580, 1:200), rabbit anti-MafA (Bethyl, IHC-00352-
1, 1:100), mouse anti-β-catenin (BD, 610154, 1:2000), rabbit anti-Urocortin 3 
(Phoenix Pharmaceuticals, H-019-29, 1:300), rabbit anti-p27 (Santa Cruz, sc-528, 
1:100), goat anti-Wnt4 (R&D Systems, AF475, 1:100), Alexa Fluor 546 phalloidin 
(Invitrogen, A22283, 1:200), rat anti-E-cadherin (raised by E. Kremmer (Helmholtz 
Zentrum München), 1:200), MitoTracker Deep Red FM (Life Technologies, 
M22426, final concentration in the medium: 200 nM). Secondary antibodies used 
for indirect fluorescence staining (dilution always 1:800): goat anti-chicken Alexa 
Fluor 488 (Dianova, 103-545-155), donkey anti-goat Alexa Fluor 488 (Invitrogen, 
A11055), donkey anti-mouse Alexa Fluor 555 (Invitrogen, A31570), donkey anti-
goat Alexa Fluor 555 (Invitrogen, A21432), donkey anti-rabbit Alexa Fluor 555 
(Invitrogen, A31572), donkey anti-goat Alexa Fluor 594 (Invitrogen, A11058), 
donkey anti-mouse Alexa Fluor 594 (Invitrogen, A21203), donkey anti-guinea-pig 
Alexa Fluor 649 (Dianova, 706-495-148). Nuclear staining was performed with 
DAPI (Life Technology, 1:800). EdU staining was performed using the Click-iT 
Staining Kit (Life Technology) according to the manufacturer’s instructions. For 
analysis of proliferation of EndoC-β H1, cells were pulsed with 10 μM EdU for 2 
days. Cryosection imaging was performed using a Leica SP5 confocal microscope. 
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Analysis was performed either manually or by using IMARIS software (Bitplane) 
or the Leica LAS-AF (Version 2.7.3.9723) software. For western blot analysis of 
mitochondrial complexes, islet cells were isolated and FACS sorted in RIPA buffer. 
Cell lysates were resolved by SDS–PAGE, transferred to PVDF membrane (Biorad) 
and incubated with the following primary antibodies: anti-Rt/Ms Total OxPhos 
Complex Kit (Life technologies, 458099, 1:250) and γ-tubulin (Abcam, ab11316, 
1:10.000). For western blot analysis of Fltp and Nkx6.1 expression, tissues and Min6 
were dissociated in RIPA buffer. Cell lysates were resolved by SDS–PAGE, trans-
ferred to PVDF membrane (Biorad) and incubated with the following antibodies: 
rabbit anti-Fltp38 (1:500), goat anti-Nkx6.1 (R&D system, AF5857, 1:2.000) and 
mouse anti-γ-tubulin (Abcam, ab11316, 1:10.000). For western blot analysis of 
pJNK, NKX6.1 and PDX1 expression, human islet and EndoC-β H1 were dissoci-
ated in RIPA buffer. Cell lysates were resolved by SDS–PAGE, transferred to PVDF 
membrane (Biorad) and incubated with the following primary antibodies: Rabbit 
SAPK/JNK (56G8) (New England Biolabs, 9258, 1:1.000), rabbit SAPK/JNK-
Phospho (New England Biolabs, 4668, 1:1.000), goat anti-NKX6.1 (R&D Systems, 
AF5857, 1:2.000), rabbit anti-PDX1 (New England Biolabs, 5679, 1:500) and mouse 
anti GAPDH (Merck Bioscience, CB 1001, 1:5.000-10.000). Protein bands were 
visualized using the following horseradish peroxidase (HRP)-conjugated antibody: 
Goat anti-mouse HRP (Dianova, 115-036-062, 1:10.000), rabbit anti goat HRP 
(Dianova, 305-035-045, 1:5.000), goat anti rabbit HRP (Dianova, 111-036-045, 
1:5.000) and chemiluminescence reagent (Millipore). The bands were quantified 
using ImageJ.
Fluorescent intensity analysis. Nkx6.1 and MafA fluorescent intensity analysis 
of Min6 was performed with Imaris software, using the spot function. Spots of the 
same size were chosen and the mean fluorescence within these spots was calculated. 
The median fluorescent intensity was used as a threshold to distinguish between 
Nkx6.1-high and -low cells.

To show the fluorescent intensity profiles a line was drawn and the fluorescence 
intensity over this line calculated and plotted against the length of the line.

To calculate the Fltp reporter fluorescent intensity of the BABB cleared pan-
creata Imaris software was used. A surface on the Nkx6.1 positive cells was calcu-
lated and the mean Fltp reporter fluorescent intensity was calculated within the 
described surfaces.

Nkx6.1, Venus, EdU and p27 fluorescent intensity analysis of pancreatic islet 
sections were performed with Imaris software, by using the surface function. 
Surfaces using the same threshold were rendered for the Nkx6.1 positive cells 
and the mean fluorescence intensity within these surfaces was calculated for 
Venus, EdU and p27. To discriminate between p27-high and -low cells, the total 
mean  fluorescent intensity of all islets of one mouse was used as a threshold. The 
 threshold for EdU was set by eye.
Mitochondria network analysis and oxygen consumption rate. The mitochon-
dria network was analysed using Imaris. The mitochondrial surface was rendered 
by thresholding the Mitotracker Deep Red FM (Thermo Fisher Scientific) intensity. 
The analysis was performed on nine Nkx6.1–Venus double-positive cells and on 
four Nkx6.1 single-positive cells from two islets cultured in culture medium and 
on nine Nkx6.1–Venus double-positive cells and on six Nkx6.1 single-positive cells 
from three islets exposed to 2 mM glucose for 2 h. For the flux analysis experiment, 
FVR+ and FVR− β-cells were sorted and recovered. Around 30,000 single cells 
were plated in a 96-well plate for flux analysis using 2 μl Growth-Factor-Reduced 
Matrigel Matrix (BD Bioscience) diluted 1:2 in medium per well and rested over-
night. The cells were starved for 2 h in Hank’s Salt (HBSS) supplemented with 2 mM 
glucose and 2 mM glutamax (Thermo Fisher Scientific). Oxygen consumption 
was measured using an XF96 extracellular flux analyser (Seahorse Bioscience) 
with sequential injections of 13 mM glucose, 4 μM oligomycin (Sigma) and 10 μM 
antimycin + 4 μM rotenone (Sigma).
FACS analysis, gene profiling and endocrine cell reaggregation. For gene pro-
filing, qPCR, transmission electron microscopy and western blotting, cells from 
isolated islets were sorted and analysed using FACS-Aria III (BD Bioscience). The 
percentage and purity of both endocrine populations were controlled by cytospins 
and quantitative PCR (qPCR) and 90% purity of Nkx6.1+ β-cell subpopulations 
was achieved using an optimized FACS sorting scheme. For FACS analysis, cells 
were fixed in 4% PFA and intracellular staining for Nkx6.1 was performed by 
using goat anti-Nkx6.1 (R&D Systems, AF5857, 1:100) and donkey anti-goat APC 
(Dianova, 705-136147, 1:1.000). The ratio of Fltp lineage+ and Fltp lineage− pop-
ulations during pregnancy was calculated over the Nkx6.1+ cells. The results were 
analysed using FlowJo software. For qPCR on sorted populations, total RNA was 
extracted from FACS-sorted endocrine cells, using a miRNeasy micro kit (Qiagen) 
and amplified with the Ovation PicoSL WTA System. For gene profiling, total RNA 
was extracted from FACS-sorted FVR endocrine cells, using a miRNeasy micro 
kit (Qiagen) and amplified with the Ovation PicoSL WTA System V2 in combi-
nation with the Encore Biotin Module (Nugen). Amplified cDNA was hybridized 

on Affymetrix Mouse Gene 1.0 ST arrays. Staining and scanning were performed 
according to the Affymetrix expression protocol including minor modifications 
as suggested in the Encore Biotion protocol. Expression console (v.1.3.0.187, 
Affymetrix) was used for quality control and to obtain annotated normalized 
RMA (robust microarray analysis) gene-level data (standard settings including 
median polish and sketch-quantile normalization). TaqMan qPCR was assessed 
using the probe list provided in Supplementary Table 5, according to the manu-
facturer’s instructions. For quantification of mitochondrial DNA copy number, 
DNA from sorted cells was extracted using QIamp DNA Blood Mini kit (QiAgen) 
according to the manufacturer’s instructions. The ratio of mtDNA to nDNA was 
determined by Syber green qPCR (Dynamo Flash Syber green, Byozym) using the 
primers listed in Supplementary Table 5. For endocrine cell re-aggregation, FVR+ 
and FVR−-enriched β-cells were FACS sorted and cultured by shaking in DMEM 
(containing 4.5 g/l glucose, 5% FCS and 1% v/v penicillin/streptomycin) diluted 
1:1 in conditioned medium (DMEM containing 4.5 g/l glucose, 5% FCS and 1% 
v/v penicillin/streptomycin) from MS1 cells (pancreatic islets endothelial cell line, 
ATCC CRL-2279, LGC Standards GmbH). Cells were aggregated for 6 days; 10 μM 
Y-27632 (Santa Cruz) was added on day 1 and left for the first 3 days, at which point 
the medium was changed. One day before the GSIS assay, the cells were cultured in 
DMEM (containing 11 mM glucose, 5% FCS and 1% v/v penicillin/streptomycin).
GSIS assays and pancreatic insulin and glucagon concentration. Isolated murine 
islets were allowed to recover overnight in islet medium (DMEM containing 
11 mM glucose, 10% v/v FBS, 1% v/v penicillin/streptomycin). For the static GSIS 
assay, islets of the same size were handpicked and assayed with different glucose 
concentrations as previously described39. For static GSIS assays on endocrine 
aggregates, modified Krebs Ringer phosphate Hepes (KRPH) buffer supplemented 
with 0.1% BSA was used. The aggregates were incubated for 30 min in KRPH with 
2.8 mM glucose and sequentially incubated with different glucose concentrations 
as indicated. For static GSIS assays on human microislets, sequential incubation 
with 2.8 mM glucose and 16.8 mM glucose in KRPH buffer was assessed for 2 h 
each. Assessment of pancreatic insulin and glucagon concentration was performed 
by acid ethanol extraction. Murine insulin and glucagon concentrations were 
determined using Ultrasensitive Insulin ELISA kit (Cristal Chem) and Mouse 
Glucagon ELISA Kit (Cristal Chem), respectively, and normalized over protein 
content. Human insulin concentrations were determined using an Ultrasensitive 
Insulin ELISA kit (Mercodia).
Association analysis. The study population consisted of 2,228 white individuals 
at risk for type 2 diabetes (family history of type 2 diabetes, body mass index 
(BMI) ≥ 27 kg/m2, impaired fasting glycaemia and/or previous gestational 
 diabetes) recruited from the ongoing Tübingen Family study for type 2 diabetes. 
All  participants underwent assessment of medical history, smoking status and 
alcohol consumption habits; the subjects furthermore agreed to undergo physical 
examination, routine blood tests and oral glucose tolerance tests (OGTTs). Only 
individuals with complete phenotypic and genotypic data sets and documented 
absence of medication known to influence glucose tolerance, insulin sensitivity 
or insulin secretion were included. All study participants gave informed written 
consent to the study and protocols adhered to the Declaration of Helsinki.

The study protocol was approved by the Ethics Committee of the Eberhard 
Karls University, Tübingen.
OGTT and laboratory measurements. A standardized 75 g OGTT was performed 
following a 10 h overnight fast. For the determination of plasma glucose, insulin 
and C-peptide levels, venous blood samples were drawn at baseline and at time-
points 30, 60, 90 and 120 min of the OGTT40. Plasma glucose levels (in mmol/l) 
were measured with a bedside glucose analyser (glucose oxidase method, Yellow 
Springs Instruments). Plasma insulin and C-peptide levels (in pmol/l) were deter-
mined by commercial chemiluminescence assays for ADVIA Centaur (Siemens 
Medical Solutions). BMI was calculated as weight divided by squared height (in  
kg/m2). OGTT-derived insulin sensitivity was estimated as proposed earlier41: 
10,000/[c(Glc0)*c(Ins0)*c(Glcmean)*c(Insmean)]½ (with c = concentration, 
Glc = glucose and Ins = insulin). OGTT-derived insulin secretion was estimated 
as area under the curve (AUC) Cpep0–30/AUC Glc0–30 according to the formula: 
[c(Cpep0)+c(Cpep30)]/[c(Glc0)+c(Glc30)] (Cpep = C-peptide).
Selection of tagging SNPs and genotyping. Based on publicly available data 
from the 1000 Genomes Project (http://browser.1000genomes.org/index.html), 
we analysed in silico a genomic area on human chromosome 1q23.3 spanning the 
CFAP126 gene (3.143 kb, five exons, four introns, located on the reverse strand) 
and 2 kb of the gene’s 5′-flanking region. Within the analysed CFAP126 locus,  
36 SNPs were found. Using the tagger analysis tool of Haploview (see http:// 
www.broadinstitute.org/scientific-community/science/programs/medical-and-  
population-genetics/haploview/%20haploview), seven tagging SNPs were 
 identified that cover all the other common SNPs (minor allele frequency ≥ 0.01) 
with an r2 ≥ 0.8. These SNPs were rs17399583 (C/T), rs11584714 (C/G) and 
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rs57835711 (C/G) in the 5′-flanking region, rs114482063 (A/T) and rs182840301 
(C/A) in intron 1 and rs16832872 (G/A) and rs75715534 (C/G) in intron 3. 
For genotyping, DNA was isolated from whole blood using a commercial kit 
(NucleoSpin, Macherey & Nagel). The tagging SNPs were genotyped using the 
mass spectrometry system massARRAY from Sequenom and the manufacturer’s 
iPLEX software (Sequenom). The call rates were ≥ 96.1%. The mass spectrometric 
results were validated in 50 randomly selected subjects by bidirectional sequencing 
and both methods gave 100% identical results.
RNA sequencing expression data analysis of human pancreatic islets. RNA 
sequencing expression data on human pancreatic islets from n = 119 donors 
including n = 14 diagnosed type 2 diabetes (T2D) donors were obtained from the 
Human Tissue Laboratory (HTL) of Lund University Diabetes Centre (LUDC)42. 
Gencode v14 RefSeq was used for gene annotation. Across-samples normaliza-
tion was performed using the TMM normalization method43. HbA1c informa-
tion available for 106 human pancreatic islets donors was used for classification 
into a) healthy/non-diabetic donors (normal glucose tolerance, NGT, n = 66, 
HbA1c < 6), b) pre-diabetic donors (impaired glucose tolerance, IGT, n = 21, 
6 < HbA1c < 6.5) and c) diabetic donors (T2D, n = 19, diagnosed + HbA1c ≥ 6.5). 
Associations of gene expression in human pancreatic islets with blood glucose 
level (NGT+IGT+T2D status) was performed with ANOVA for linear testing 
and using the Kruskal–Wallis method for nonlinear and non-parametric  testing. 
Correcting for multiple testing was performed with FDR procedure and 5% sig-
nificance threshold was selected for the analysis. All calculations were done using 
R language for statistical computations44. The upper whisker of the boxplots  
represents min (max (x), Q_3 + 1.5 * IQR) and the lower whisker max (min(x), 
Q_1 − 1.5 * IQR). IQR represents the box length Q_3 − Q_1.
Statistical analysis. No statistical methods were used to predetermine sample size. 
The experiments were not randomized and the investigators were not blinded 
to allocation during experiments and outcome assessment. Statistical analysis 
was performed using GraphPad Prism 6 Software (GraphPad Software, USA). 
Values were compared using unpaired or paired t-tests or ANOVA as indicated for 
each experiment. P values of <0.05 were considered statistically significant. Data 
are expressed as means ± s.e.m. unless otherwise specified. Statistical analysis of 
microarray profile was performed using the statistical programming environment 
R (R Development Core Team) implemented in CARMAweb. The P value of the 
limma t-test was used as a criterion for significance (P < 0.01) and in addition 
filtered for fold-changes >1.5 to potentially increase biological relevance. Multiple 
testing corrections were not applied, because with only two replicates this approach 
would be too stringent (the most significant gene after Benjamini-Hochberg 
correction had a false discovery rate <22%). Heatmaps were generated with 
CARMAweb45 and cluster dendrograms with the R script hclust. GO term enrich-
ments were performed for 1.5-fold regulated genes with a P-value <0.005 using 
the GePS module in the Genomatix Software Suite v3.1 (Genomatix). The pathway 
analyses (P < 0.05) were generated through the use of QIAGEN’s Ingenuity Pathway 

Analysis (IPA, QIAGEN Redwood City, http://www.qiagen.com/ingenuity).  
For association analysis, continuous variables with non-normal distribution were 
loge-transformed before statistical analysis. Multiple linear regression analysis 
was performed using the least-squares method. In the regression models, insulin 
secretion was chosen as an outcome variable, the SNP genotype (in the dominant 
inheritance model) as an independent variable and gender, age, BMI and insu-
lin sensitivity as confounding variables. SNP–BMI interaction effects on insulin 
secretion were tested by ANCOVA with gender, age and insulin sensitivity as con-
founding variables. When testing all seven tagging SNPs in parallel, a Bonferroni-
corrected P-value <0.0073 was considered statistically significant. For all analyses, 
the statistical software JMP 8.0 (SAS Institute) was used.
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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.
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Extended Data Figure 2 | See next page for caption.
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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.
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Extended Data Figure 3 | See next page for caption.
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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.
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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.
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Extended Data Figure 5 | See next page for caption.
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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.
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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.
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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.
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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).
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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.
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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.
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