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Abstract

The regulation of islet cell biology is critical for glucose homeostasis1.N6-methyladenosine (m6A) 

is the most abundant internal messenger RNA (mRNA) modification in mammals2. Here we report 

that the m6A landscape segregates human type 2 diabetes (T2D) islets from controls significantly 

better than the transcriptome and that m6A is vital for β-cell biology. m6A-sequencing in human 

T2D islets reveals several hypomethylated transcripts involved in cell-cycle progression, insulin 

secretion, and the Insulin/IGF1-AKT-PDX1 pathway. Depletion of m6A levels in EndoC-βH1 

induces cell-cycle arrest and impairs insulin secretion by decreasing AKT phosphorylation and 

PDX1 protein levels. β-cell specific Mettl14 knock-out mice, which display reduced m6A levels, 

mimic the islet phenotype in human T2D with early diabetes onset and mortality due to decreased 

β-cell proliferation and insulin degranulation. Our data underscore the significance of RNA 

methylation in regulating human β-cell biology, and provide a rationale for potential therapeutic 

targeting of m6A modulators to preserve β-cell survival and function in diabetes.
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To determine if m6A regulators are expressed in human pancreatic β-cells, we undertook 

immunofluorescence analyses of human pancreatic sections obtained from non-diabetic 

(control) individuals. We detected abundant protein levels of the m6A writers, METTL3, 

METTL14 and the eraser alkB homolog 5 (ALKBH5) (Supplementary Figure 1a). These 

data, together with a study reporting the expression of fat mass and obesity–associated gene 

(FTO)3 in β-cells, provide evidence for the presence of m6A mediators in human islets. 

Then, we asked if the expression of m6A modulators is altered in T2D. Re-analyses of a 

publicly available dataset on single-cell RNA-sequencing (GSE81608), comparing controls 

to T2D human dispersed islets4, revealed that several m6A modulators were down-regulated 

in β-cells in T2D (Supplementary Figure 1b). In contrast, α-cells showed either no alteration 

or changes that trended in the same direction as in β-cells (Supplementary Figure 1b). In β-

cells, this analysis revealed downregulation of METTL3, ALKBH5, and YTHDF1 
(Supplementary Figure 1c). Indeed, mRNA analyses of whole islets collected from controls 

and T2D patients also revealed a generalized downregulation of several m6A modulators 

(Supplementary Figure 1d). Furthermore, METTL3 and METTL14 protein levels were 

decreased in whole islets from T2D patients which also expressed low levels of PDX1 

compared to controls (Supplementary Figure 1e,f). Together, these data revealed that m6A 

modulators are detectable in human β-cells and are particularly affected by T2D in 

comparison to other islet cell types.

Next, we compared m6A-sequencing versus RNA-sequencing in human islets obtained from 

controls and T2D patients (Supplementary Table 1) using previously described methods5 

(see methods). While RNA-sequencing was able to segregate samples by disease status there 

was considerable variability that limited the ability to identify differential gene expression 

among these samples (Figure 1a,b). A lack of statistical power in transcriptomic analyses 

due to high sample variability has been recognized to directly impact the ability to detect 

differentially expressed genes in studies using human islets and has necessitated employing 

large sample numbers6. Recently, single-cell RNA-sequencing studies comparing human 

islets from non-diabetic controls versus T2D patients have revealed altered expression in less 

than 0.5% of all detected genes7. Nevertheless, we did observe alterations in the islet 

transcriptome including genes (Supplementary Figure 2a) and pathways (Supplementary 

Figure 2b,c and Supplementary Dataset 1) associated with the disease. Examples of up-

regulated genes (Supplementary Figure 2d) included FGF2 which has been recently linked 

to β-cell dedifferentiation8, while down-regulated genes (Supplementary Figure 2e) included 

GLUT2 (SLC2A2) that is important in glucose-stimulated insulin secretion (GSIS)9.

In contrast to the transcriptome, the m6A methylome clearly segregated disease status in a 

relatively homogeneous manner in T2D samples (Figure 1c,d). To test if the m6A 

methylome correlates with gene expression in T2D, we assessed the variability of gene 

expression at single-cell level specifically in β-cells from single-cell RNA sequencing in 

dispersed islets from controls and T2D humans (GSE81608)4 and stratified m6A genes 

based on our m6A-seq data. m6A genes presented significantly higher variability compared 

to non-m6A, and within the m6A genes the coefficient of variation was higher in T2D as 

compared to controls (Figure 1e), suggesting a higher impact of m6A on the dynamic 

regulation of β-cell gene expression in T2D. Differential analysis of m6A-sequencing 

revealed 6,078 differently methylated sites in 4,155 genes (FDR<0.05) and a higher number 

De Jesus et al. Page 2

Nat Metab. Author manuscript; available in PMC 2020 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of sites with decreased levels of m6A methylation in T2D compared to controls (Figure 1f). 

Consistent with previous studies5,10, m6A peaks were enriched at the start and stop codons 

(Supplementary Figure 3a,b) and were characterized by the canonical GGACU motif 

(Supplementary Figure 3c). Gene ontology (GO) analyses of the m6A methylome revealed 

that the genes affected in T2D involved cell-cycle, receptor signaling, insulin secretion and 

pancreas development (Figure 1g and Supplementary Dataset 2). Further pathway analyses 

of transcripts affected by m6A hypomethylation revealed several networks important for β-

cell biology and associated with diabetes development (Supplementary Figure 4a) including 

maturity-onset diabetes of the young (MODY) (Supplementary Figure 4b) and insulin/

insulin-like growth factor receptor (IGF1R) signaling (Supplementary Figure 4c). More 

specifically, the Insulin/IGF1 -AKT-PDX1 pathway was significantly affected by 

hypomethylation in T2D (Figure 1h) highlighted by the genes in this pathway including 

PDX1, IGF1R, TRIB3, and PPP3CA (Figure 1i and Supplementary Figure 4d-m). Indeed, 

impairment in Insulin/IGF1-AKT signaling followed by down-regulation of PDX1 is a 

recognized mechanism associated with T2D11–15. While AKT promotes cell survival, 

growth and protein stability of PDX114,15 itself, the latter regulates β-cell identity, cell-

cycle, and proper insulin secretion12–15. Together, these data prompted us to hypothesize 

that hypomethylation seen in T2D islets leads to cell-cycle arrest and impaired insulin 

secretion through down-regulation of Insulin/IGF1-AKT-PDX1 pathway.

To test this, we knocked-down (KD) METTL3 or METTL14 in the human β-cell line 

EndoC-βH1 followed by m6A and RNA-sequencing. EndoC-βH1 cells express key β-cell 

genes such as PDX116,17 and are generally accepted as a model of human β-cells. METTL3 

KD or METTL14 KD was each efficient (Supplementary Figure 5a,b) and did not 

significantly affect the mRNA levels of the YTH family m6A readers (Supplementary Figure 

5c). Differentially expressed genes (DEGs) induced by METTL3 KD or METTL14 KD 

were likely m6A-mediated as shown by a strong positive correlation between common 

DEGs (Supplementary Figure 5d). As expected, peak calling revealed m6A peaks in both 

groups enriched at the start and stop codons (Supplementary Figure 5e). Consistent with our 

hypothesis, transient ablation of m6A in EndoC-βH1 cells was sufficient to induce G0-G1 

cell-cycle arrest (Supplementary Figure 6a,b), and activation of the ATM-dependent DNA 

damage response (Supplementary Figure 6c,d). Ablation of METTL3 or METTL14 in 

dispersed human islet cells (Supplementary Figure 7a) confirmed up-regulation of the genes 

involved in cell-cycle arrest (Supplementary 7b). Furthermore, METTL3 KD and METTL14 

KD in EndoC-βH1 cells each resulted in increased basal insulin secretion (Supplementary 

Figure 8a), impaired GSIS (Supplementary Figure 8a,b) and decreased insulin content 

(Supplementary Figure 8c). Congruently, RNA-sequencing (Supplementary Figure 9a,b and 

Supplementary Dataset 3) and m6A-sequencing (Supplementary Figure 10a,b and 

Supplementary Dataset 4) analyses revealed that METTL3 KD and METTL14 KD altered 

the expression and methylation of transcripts involved in cell-cycle and insulin secretion.

To further confirm the role of m6A in modulating T2D β-cell pathophysiology, we 

intersected DEGs in METTL3 KD or METTL14 KD datasets (FDR<0.10), obtained from a 

homogeneous and β-cell specific system (e.g. EndoC-βH1 cells), with m6A-sequencing data 

obtained from islets of T2D patient samples (FDR<0.01) (Figure 2a). This intersection 

identified 475 differently methylated and expressed genes that were also enriched for cell-
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cycle and insulin secretion processes (Figure 2b, Supplementary Figure 11a and 

Supplementary Dataset 5) and involved several candidates in the Insulin/IGF1-AKT-PDX1 

pathway (Supplementary Figure 11a-e and Supplementary Dataset 5). This supported our 

previous findings and validated our KD system as a suitable model to mimic T2D in a β-cell 

specific manner. Next, we explored the effects of m6A ablation on the β-cell response to 

stimulation with exogenous insulin or IGF1. First, to assess if m6A modulates the 

IGF1>AKT signaling axis we stimulated METTL3 KD or METTL14 KD EndoC-βH1 cells 

with exogenous IGF1. Cells with a KD of either METTL3 or METTL14, when compared to 

scramble, exhibited decreased phosphorylation of IR/IGF1R and AKT (serine 473 and 

threonine 308 in METTL3 KD) (Figure 2c-f). Second, we asked if insulin>AKT signaling is 

also affected by m6A depletion. Consistently, insulin stimulation of METTL3 KD or 

METTL14 KD resulted in a drastic decrement of AKT phosphorylation (s473 and t308) as 

compared to scramble (Figure 2g-j). Finally, because the protein level of PDX1 is known to 

be regulated in an AKT-dependent manner18 and m6A has been reported to affect translation 

of m6A-methylated transcripts19, we hypothesized that m6A hypomethylation affects PDX1 

protein expression. To test this, we generated stable METTL3 KD, METTL14 KD and 

METTL3/14 (METTL3 plus METTL14) KD EndoC-βH1 cells. Indeed, a reduction in 

PDX1 m6A level was observed upon METTL3 KD or METTL14 KD (Figure 2k), consistent 

with the hypomethylation observed in islets from T2D patients (Figure 1i). A consistent 

downregulation of PDX1 protein levels was also observed upon METTL3 KD or METTL14 

KD (Figure 2l-m). Cells with a stable KD of METTL14 exhibited a drastic downregulation 

of PDX1 protein abundance (Figure 2l-m), however, the consequent reduced proliferation 

presented a challenge to expand the cell colonies. Therefore, to further investigate the 

involvement of AKT in the modulation of PDX1 levels and dissect the direct impact of m6A 

in controlling PDX1 translation we chose to treat scramble and stable METTL3 KD cells 

with an AKT agonist (SC79) or DMSO for 48 h. SC79 is known to increase AKT 

phosphorylation (t308 and s473) that is evident up to ~6h followed by progressive 

downregulation to basal levels20. However, the effects on protein synthesis last at least 

48h20. In our studies, SC79 increased PDX1 protein levels in scramble cells, however, 

METTL3 silencing blocked the increase suggesting that m6A regulates PDX1 protein levels 

synergistically with AKT in an independent pathway such as by modulating translation 

efficiency (Figure 2n,o). Other potential mechanisms that regulate PDX1, independent of 

changes in m6A, warrant further investigation. Together these data point to a role for m6A in 

modulating the insulin/IGF1-AKT-PDX1 signaling axis to regulate cell-cycle and insulin 

secretion in β-cells.

Finally, to validate our findings in an in vivo mammalian system we generated Mettl14 β-

cell specific knock-out mice (M14KO) (Supplementary Figure 12a-d). M14KO mice were 

born in a normal Mendelian ratio and presented normal body weight trajectories until 3 

months of age when they became severely polyuric, polydipsic, and showed weight loss 

(Figure 3a). Random-fed blood glucose levels were elevated at 1 month of age and worsened 

by 3 months (Figure 3b). Severe glucose intolerance (Figure 3c) was likely due to impaired 

GSIS in vivo (Figure 3d,e) without changes in insulin sensitivity (Figure 3f). Males and 

females presented similar phenotypes and died ~4–5 months of age due to severe diabetes. 

Further investigation of M14KOs revealed decreased β-cell mass starting at ~2 months of 
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age (Figure 3g,h, and Supplementary Figure 12e), largely secondary to impaired β-cell 

proliferation (Figure 3i,j) and minimally due to increased apoptosis (Supplementary Figure 

12f). A gradual loss of Pdx1+/ins+ cells with age was consistent with loss of β-cell identity 

in the M14KO group (Figure 3k,l). Electron-microscopic analyses of M14KO β-cells 

revealed severe insulin degranulation accompanied by nuclear membrane stretching and 

enlarged mitochondria characteristic of cellular stress21 (Figure 3m). Gene expression 

analyses in islets from 2-month-old M14KOs compared to controls revealed down-

regulation of key cell-cycle genes (Ccnd1, Ccnd2, Cdk4) and increased expression of the 

cyclin-dependent kinase inhibitor p21 (Figure 3n) consistent with G0-G1 cell-cycle arrest. 

The M14KOs also exhibited changes in β-cell identity and increased expression of early β-

cell development markers (Hnf1α, Hnf4α, Nkx6.1) while showing decreased expression of 

mature β-cell markers such as Pdx1, Mafa, and Ucn3 (Figure 3n). Finally, to confirm the 

involvement of Insulin/IGF1-AKT-PDX1 pathway in these effects, we collected primary 

islets isolated from 8 week-old male controls and M14KOs and analyzed candidate proteins 

that showed hypomethylation in human T2D (Figure 1h). M14KOs showed decreased 

protein levels of Igf1r and increased abundance of two negative modulators of AKT 

signaling, namely, calcineurin A (PP2BA) and Shp-2 (Figure 3o,p). These changes were 

accompanied by a robust reduction in Akt phosphorylation and Pdx1 protein levels (Figure 

3o,p).

To further validate the transcriptomic changes driven by Mettl14 deficiency in β-cells, we 

collected FACS sorted β-cells22 (Supplementary Figure 12g) from 6 week-old male mice for 

RNA-sequencing (Figure 4a). Enriched pathway analyses of differentially expressed genes 

(FDR<0.10) revealed PI3K-AKT, type 2 diabetes, insulin secretion and MODY pathways 

(Figure 4b and Supplementary Dataset 6). In particular, Mettl14 KO resulted in down-

regulation of G0-G1 cell-cycle progression mediators including Ccnd1, Ccnd2, and Cdk4 
(Figure 4c). Furthermore, m6A deficiency resulted in down-regulation of Igf1r, Slc2a2 and 

several β-cell identity genes including Nkx6–1, Mafa and Pax6 (Figure 4c). On the other 

hand, M14KO β-cells presented increased expression of genes involved in autophagy (e.g. 

Atg4b), apoptosis (e.g. Bcl2) and negative regulation of AKT (e.g. Ptpn13) (Figure 4c).

To gain insights into the role of m6A in regulating the IGF1/insulin>AKT>PDX1 pathway 

and to dissect the signaling networks modulating AKT phosphorylation we subjected islets 

from control and M14KO mice to phospho-antibody microarrays (Figure 4d). Pathway 

analyses of differentially phosphorylated proteins revealed insulin, PI3K-AKT, cell-cycle, 

and IGF1R signaling (Figure 4e and Supplementary Dataset 7). Notably, AKT modulators, 

whose activities were among the most impacted by Metl14 KO, included Erb-B2 receptor 

tyrosine kinase 3 (Errb3_Y1328) and Pten (Pten_S380, T382, S358) (Figure 4f). Errb3 is a 

tyrosine kinase receptor that forms a complex with p85 (PI3K) and Src, and is critical for 

activation of the PI3K-AKT signaling pathways23. Errb3 phosphorylation is severely down-

regulated in M14KO islets consistent with decreased AKT activation. The phosphatase Pten, 

negatively regulates PI3K and inhibits AKT phosphorylation24, and is negatively regulated 

by phosphorylation of its 3 tail residues (S380, T382, and T383)25. Pten phosphorylation 

was reduced in M14KO islets consistent with increased phosphatase activity and 

consequently downregulation of AKT phosphorylation. Finally, we used STRING26 to 

construct a functional protein-protein interaction network (Figure 4g and Supplementary 
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Dataset 8). This analysis identified two main nodes involving AKT (Figure 4g, red spheres) 

and cell-cycle (Figure 4g, green spheres), depicting the central interactions between AKT, 

IGF1R, and PTEN to regulate cell-cycle progression.

Overall, our study demonstrates that m6A methylation controls the Insulin/IGF1-AKT-PDX1 

pathway. We confirmed that ablation of m6A levels by targeting METTL3 or METTL14 

recapitulates human T2D by decreasing AKT phosphorylation and PDX1 protein levels, 

resulting in cell-cycle arrest and impaired GSIS (Figure 4h). Further studies are needed to 

elucidate if hypomethylation seen in T2D is locus specific or if they result from a global 

reduction in the m6A levels.

In summary, we observed that mRNA m6A methylation is a much better mark than mRNA 

level to segregate human T2D islets from controls, suggesting that mRNA m6A methylation 

contributes significantly to the pathogenesis of T2D. In general, we observed reduced overall 

m6A methylation on key transcripts in T2D versus controls, which is consistent with the 

down-regulation of methylation components in T2D patients. Studies to date have focused 

on RNA m6A methylation as a critical mechanism to regulate cell differentiation and 

development2 in hematopoietic cells27 and neurons28. Reduced global methylation occurs at 

the cell differentiation stage, and certain cancers hijack reduced RNA methylation to gain 

proliferation advantages29. Studies also suggest that aging correlates with noticeably 

reduced global m6A methylation30. Together with previous reports, our data suggest that 

proper RNA m6A methylation is critical to maintaining healthy cells with broad implications 

for metabolic tissues. We propose that reduced RNA methylation in key β-cell genes is a 

significant contributor to the pathophysiology of human T2D. We suggest that therapeutic 

targeting of regulators of m6A in a β-cell specific manner in combination with current 

therapeutic agents might be a new avenue to counter the decreased m6A levels in T2D islets 

and to promote β-cell survival and function.

METHODS

Human islet isolation and processing

Human islets were obtained from the Integrated Islet Distribution Program (IIDP) and Prodo 

Laboratories. Upon receipt, islets were cultured overnight (16h) in Miami Media #1A 

(Cellgro, USA). Islets were then handpicked, washed 2 times by self-sedimentation with ice-

cold Dulbecco’s phosphate buffered saline (DPBS) and 20,000 islets equivalents (IE) were 

pelleted for RNA isolation.

Mouse studies

Mettl14fl/fl mice on a C57BL/6N background were crossed with B6(Cg)-

Ins1tm1.1(cre)Thor/J31 (Jackson Labs, USA) mice, that did not harbor the nicotinamide 

nucleotide transhydrogenase (Nnt) mutation, to generate the knockouts. Mice were weaned 

at 3 weeks of age and maintained on chow diet (PicoLab® mouse diet 20 – 5058). Mice 

were anesthetized using Avertin and blood was collected by heart puncture from all the 

animals used in our experiments unless otherwise specified. Serum insulin and c-peptide 

levels were measured using ELISA kits (Crystal Chem., USA) according to manufacturer 
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guidelines. Littermate controls were always used and no animals were excluded from our 

studies. Sample sizes for animal experiments were chosen on the basis of experience in 

previous in-house studies32–36 of metabolic phenotypes and to balance the ability to detect 

significant differences with minimization of the numbers of animals used in accordance with 

NIH guidelines.

Intraperitoneal glucose tolerance test (GTT), insulin tolerance test (ITT) and in vivo 
glucose-stimulated insulin secretion (GSIS) assays

For the glucose-tolerance tests, animals were fasted for 16h O/N and 20% (v/v) dextrose 

(Hospira, USA) was injected via the intraperitoneal (I.P.) route (2g/kg body weight). Blood 

glucose levels were measured using an automated glucose monitor (Glucometer Elite, Bayer, 

Germany) by tail puncture immediately before and at 15, 30, 60 and 120 minutes after 

injection. For the in-vivo glucose-stimulated insulin secretion mice were fasted for 16h O/N 

and 20% (v/v) dextrose (Bioexpress, USA) was injected via the I.P. route (3g/kg body 

weight). Serum was collected by tail vein at minutes 0, 2 and 5 after injection and insulin 

was assayed with an insulin ELISA kit (Crystal Chem., USA) according to manufacturer 

instructions. The insulin-tolerance test was performed after fasting animals for 5h and 0.75 

U/kg insulin (Humalog, USA) was administered I.P. Glucose levels were measured using an 

automated glucose monitor by tail punch at time points 0, 15, 30 and 60 minutes after 

injection and were plotted with reference to the initial glucose levels.

Mouse Islet Isolations

Islet isolations were performed in anesthetized mice and their pancreas infused with liberase 

(Roche, Germany). Following incubation at 37°C for 17 min the digested pancreases were 

washed filtered through a 400μm filter and run on a Histopaque (Sigma, USA) gradient36. 

The purified islets were handpicked, counted and cultured overnight in 7mM glucose RPMI 

media (Gibco, USA) containing 10% FBS and 1% penicillin-streptomycin (PS) (Gibco, 

USA). Islets were handpicked, washed 2 times with ice-cold DPBS by self-sedimentation 

and used for experiments.

β-cell sorting by FACS

Overnight cultured mouse islets from control and M14KO mice were dispersed by treating 

with a solution of 1 mg/ml trypsin (Sigma, USA) and 30 μg/ml DNase (Roche, Germany) 

followed by incubation for 15 min in a 37°C incubator. During the digestion, the islets were 

vortexed every 5 min for 10s. Cold media containing serum was added to stop the digestion, 

and the cells were washed 2 times in DPBS containing 1% fatty-acid-free bovine serum 

albumin (BSA; Roche, Germany). Before sorting, islet cells were filtered through a 35 μm 

filter and sorted using MoFlo Cytometer (Dako, USA), where cells were gated according to 

forward scatter and then sorted on the basis of endogenous fluorescence22,35 (for gating 

strategy please consult Reporting Summary).

Pancreas immunostaining and analyses

Mouse pancreas was collected and fixed in 4% formaldehyde at 4°C overnight, followed by 

paraffin embedding. Five-micron thick slides were cut and subjected to immunostaining. 
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Slides were heated in 10mM sodium citrate, followed by blocking with donkey serum and 

incubated with various primary antibodies: Ki67 (#550609, BD, USA), Anti-METTL3 

(#195352, Abcam, USA), Anti-METTL14 (#HPA038002, Sigma, USA), ALKBH5 

(#HPA007196, Sigma, USA), PDX1 (#5679, Cell Signaling, USA), Insulin (#ab7842, 

abcam, USA), Glucagon (#G2654, Sigma, USA), Somatostatin (#ab64053, abcam, USA). 

Specific signal was detected by using fluorescence-conjugated secondary antibodies 

(Jackson Immunoresearch, Alexa 488, Alexa 594, and AMCA) (please see Reporting 

Summary for details on antibodies used). Images were captured using Zeiss Axio Imager A2 

upright fluorescence microscope. The β-cell mass was calculated by generating the ratio of 

the cross-sectional area of total number of pixels of insulin positive cells to the cross-

sectional area of total number of pixels of the pancreatic tissue, multiplied by the pancreas 

weight of the mouse. We evaluated β-cell proliferation by co-immunostaining one section of 

each pancreas sample with Ki67, insulin and DAPI and counting 1000–2000 cells in a 

blinded manner by a single observer33,34,37.

EndoC-βH1 Cell Culture

Culture flask were coated with DMEM (glucose 4.5 g/L; Gibco, USA) containing PS (1%; 

Gibco, USA), fibronectin (2 μg/mL; Gibco, USA), and extracellular matrix (1% vol/vol; 

Sigma, USA) and incubated for at least 1h in 5% CO2 at 37°C before the cells were seeded. 

EndoC-βH1 cells were grown on Matrigel/fibronectin-coated culture flasks containing 

DMEM (glucose 1 g/L), BSA fraction V (2% wt/vol) (Roche, Germany), 2-mercaptoethanol 

(50 μM; Sigma, USA), nicotinamide (10 mM; Sigma, USA), transferrin (5.5 μg/mL; Sigma, 

USA), sodium selenite (6.7 ng/mL; Sigma, USA), PS (1%)16.

Transfection knock-downs

Transient knock-downs—Reverse transfections were performed by mixing cells with 

Lipofectamine RNAiMAX Reagent (Life Technologies, USA) and small interfering RNA 

complexes (Dharmacon, USA) at a final concentration of 10 nmol/L siRNA according to 

manufacturer instructions. The cells were seeded at a density of 6×104 cells/cm2. siGLO 

Red Transfection Indicator D-001630-02-05; siGENOME Non-Targeting siRNA Pool #1 

D-001206-13-05, siGENOME METTL14 siRNA M-014169-00-0005; and siGENOME 

METTL3 siRNA M-005170-01-0005 (Dharmacon, USA) were used.

Stable knock-downs—EndoC-βH1 cells were transduced using high titer lentiviral 

particles in the presence of 10 μg/ml polybrene. SMARTvector Human lentiviral vectors 

containing shRNAs targeting METTL3 (cat# V3SH7590–226890163) or METTL14 (cat# 

V3SH7590–224822755) were purchased from Dharmacon, USA. Non-targeting Control 

lentiviral particles were used as scramble control (cat#S09-005000-01). Puromycin (2 

μg/ml) was added to the culture media starting from post-transduction day 4 to select stable 

knock-down cells.

Insulin secretion assay

EndoC-βH1 cells were starved overnight in 2.8 mM glucose containing DMEM growth 

media followed by 1h in Krebs Ringer Buffer (KRB) containing NaCl (115 mM), NaHCO3 

(24 mM), KCl (5 mM), MgCl2 (1 mM), CaCl2 (1 mM), HEPES (10 mM), BSA (0.2% wt/
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vol), 0.5 mM glucose. Static insulin secretion assays were then initiated by adding KRB 

containing 3.3 mM or 16.7 mM glucose for 1 hour. Aliquots of supernatants were removed, 

centrifuged to discard dead cells and stored for analysis in ice-cold acid ethanol that was 

added to extract insulin content from cells. Insulin secretion and content were measured by 

the human insulin ELISA (Mercodia, USA) according to the manufacturer’s instructions.

Cell cycle analysis

EndoC-βH1 cells were trypsinized, washed with DPBS, and fixed with 70% ethanol. Fixed 

cells pelleted, resuspended in PBS containing 0.5 mg/ml RNase A (Sigma, USA), and 

incubated at 37°C for 1 hour. Ten μg/ml propidium iodide (Sigma, USA) was added and 

cells were filtered through a 30 μm nylon mesh and analyzed by LSRII (Joslin Flow 

Cytometry Core) (for gating strategy please consult reporting summary).

Insulin/IGF-1 stimulation

For exogenous insulin/IGF-1 treatment, EndoC-βH1 cells were transfected and starved 

overnight in 2.8 mM glucose containing DMEM growth media 48 h after transfection. Cells 

were further incubated for 1h in glucose-free DMEM media with 0.1% fatty acids free 

bovine serum albumin (BSA), followed by stimulation with insulin (100 nM) or IGF-1 (100 

nM) (Sigma, USA) for 15 minutes.

SC79 treatment

Scramble and METTL3 stable knockdown cells were seeded in 6 well plates at a density of 

6×104 cells/cm2. There days after seeding, DMSO or SC79 (8 μg/mL; Selleckchem, USA) 

was added to the culture medium for 48 h. Cells were washed with DPBS and pelleted for 

protein isolation and western-blotting.

RNA isolation and RT-PCRs

High-quality total RNA (>200nt) was extracted using standard Trizol reagent (Invitrogen, 

USA) according to manufacturer instructions and the resultant aqueous phase was mixed 

(1:1) with 70% RNA-free ethanol and added to Qiagen Rneasy mini kit columns (Qiagen, 

Germany) and the kit protocol was followed. The RNA quality and quantity were analyzed 

using Nanodrop 1000 and used for reverse transcription using the high-capacity cDNA 

synthesis kit (Applied Biosciences, USA). cDNA was analyzed using the ABI 7900HT 

system (Applied Biosciences, USA) and gene expression was calculated using the ΔΔCt 

method. Data were normalized to β-actin (please consult Supplementary Table 2 for primer 

sequences).

Protein isolation and Western-blotting

Total proteins were harvested from tissue and cell lines lysates using M-PER protein 

extraction reagent (Thermo Fisher, USA) respectively supplemented with proteinase and 

phosphatase inhibitors (Sigma, USA) according to standard protocol. Protein concentrations 

were determined using the BCA method followed by standard western immunoblotting of 

proteins using different primary antibodies: Anti-METTL3 (#195352, abcam, USA), Anti-

METTL14 (#HPA038002, Sigma, USA), Anti-FTO (#ab124892, abcam, USA), Anti-P21 
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(#ab109199, abcam, USA), Anti-Phospho-AKT (#9271, Cell Signaling, USA), Anti-AKT 

(#9272, Cell Signaling, USA), Anti-Phospho ATM (#4526, Cell Signaling, USA), Anti-

ATM (#2873, Cell Signaling, USA), Anti-Phospho-IR/IGF1R (#3021, Cell Signaling, USA), 

Anti-IGF1Rβ (#9750, Cell Signaling, USA), Anti-IRβ (#3025, Cell Signaling, USA), Anti-

PDX1 (#5579, Cell Signaling, USA), Anti-Pan-Calcineurin A (#2614, Cell Signaling, USA), 

Anti-SHP-2 (#3397, Cell Signaling, USA), Anti-β-Actin (#4970, Cell Signaling, USA), 

Anti-αTubulin (#7291, abcam, USA). (Please see Reporting Summary for further details on 

antibodies used). The blots were developed using chemiluminescent substrate ECL 

(ThermoFisher, USA) and quantified using Image studio Lite Ver. 5.2 software (LICOR, 

USA).

m6A immunoprecipitation and sequencing

To profile the m6A methylome of the T2D islets, we applied m6A-seq (m6A-MeRIP-seq) to 

7 T2D patients and 8 non-diabetic controls as well as one prediabetic sample and one sample 

from an adolescent non-diabetic. A minimum of 20,000 human islets equivalents (IEQs)/

patient were used for total RNA extraction using Trizol according to the manufacturer’s 

instruction. mRNA was isolated from total RNA using Dynabeads mRNA DIRECT 

purification kit (Thermo Fisher, USA). mRNA was adjusted to 15ng/ul in 100ul and 

fragmented using Bioruptor ultrasonicator (Diagenode) with 30s on/off for 30 cycles. m6A-

immunoprecipitation (m6A-IP) and library preparation were performed using EpiMark N6-

Methyladenosine enrichment kit (NEB, USA). Input and RNA eluted from m6A-IP were 

used to prepare libraries with KAPA mRNA Hyper Kit (patient islets samples).

In the samples from EndoC-βH1 cells and mouse islets, we sequenced three replicates for 

each experimental group. Total RNA was purified using Trizol according to the 

manufacturer’s instruction. Four μg of sonicated total RNA were used for m6A-IP and 

library were constructed using Takara Pico-Input Strand-Specific Total RNA-seq for 

Illumina.

All sequencing was performed on Illumina HiSeq 4000 according to the manufacturer’s 

instructions. Approximately 30 million single-end 50-bp reads were generated for each 

sample.

Data processing and peak calling for m6A sequencing

Cutadapt v1.1638 was used to remove the first 4 nucleotides of the libraries prepared using 

“Takara Pico-Input Strand-Specific Total RNA-seq for Illumina”. For both m6A-IP and 

input, reads were aligned to reference genome hg38 using Hisat2 v2.1.039 with parameter -k 

1. Refseq gene annotation was downloaded from USCS. On average, we obtained 21 million 

reads quantified on annotated exons.

m6A peak calling for patient samples was performed using R package exomePeak40. Homer 

v4.9.141 was used to search for the enriched motif in m6A peak region where the random 

peaks of 200-bp on human transcriptome were used as background sequence for motif 

discovery. m6A peak distribution on the metagene was plotted by R package Guitar42.
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Differential expression analysis

The input library of m6A sequencing is essentially an mRNA sequencing library. Thus, we 

performed gene level differential expression analysis using the input libraries. Specifically, 

aligned sequencing reads were quantified by Rsubread43 to obtain gene by sample count 

matrix. R package DESeq244 was used to test for differential expression where sequencing 

batch, gender, and age were included as covariates. For patient samples, since there are only 

69 differentially expressed genes at FDR<0.1 cut-off, we used a less stringent cut off p-

value<0.01 to select differential genes for pathway/GO enrichment analysis. 

ConsensuspathDB45 was used to perform enrichment analysis. For METTL3 and METTL14 

knockdown in EndoC-βH1 cell line, significant differentially expressed genes were selected 

at adjusted p-value (FDR) cutoff of 0.10.

Differential methylation analysis for m6A sequencing

Differential analysis of m6A methylation for patient samples was performed using R 

package RADAR (manuscript submitted). Briefly, we divided concatenated exons into 50bp-

size consecutive bins and quantified the number of read in each bin. To normalize the Input 

library size, we used the median-of-ratios method implemented in DESeq2 on gene-level 

read count. We then used the normalized input to divide IP read count to obtain estimated 

enrichment for each bin. A size factor for each sample was calculated from the estimated 

enrichment by the median-of-ratios method, which was then used to account for the IP 

efficiency and library size. Then the normalized IP read count were further divided by the 

gene-wise size factor proportional to normalized input read count to account for the pre-IP 

gene expression level variation for the post-IP data. The normalized and adjusted IP read 

count were further filtered for bins with read count no less than 15 before testing for 

differential methylation. To summarize and visualize the m6A methylome data, we 

performed PCA analysis on the IP read counts that have been adjusted for expression level 

variation to reduce the dimension of the data and showed the first two principal components 

in the PCA plot. Specifically, we applied the singular value decomposition approach 

implemented in R function prcomp() on the log-transformed m6A-IP data. The first two PCs 

were plotted against each other in the PCA plot where each sample was color labeled by 

predictor variable (disease condition) or covariates (batch, age, sex, etc.).

To make the inferential test, we modeled preprocessed IP read count Yi in the i th bin by a 

Poisson distribution (equation 1).

Yi  Poi  λi
log λi = μ1 + Xiβ + ei

Equation 1:

We assume a random effect ei ∈ logGamma(ψ,ψ), with scale parameter ψ and mean equal 

to 1. Xi is the design matrix including predictor variable and covariates (batch and gender). 

Finally, at a FDR cut off of 0.05 we merged all connected significant bins and reported the 

genomic location of differential m6A peaks.
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For the knock-down experiment in EndoC-βH1 cell lines where the sample size is small, R 

package QNB44 was used to test for differential methylation on peaks called by the Fisher’s 

exact test.

Single-cell variability analysis

The single cell RNA-seq data was downloaded from Sequence Read Archive (SRA 

BioProject ID PRJNA322072)4. Reads were mapped to the human genome by using the star 

aligner46 and the mapped reads for each human gene were counted by using subread feature 

counts43. Classification of cell cycle phase and calculation of gene count normalization 

factors were done by using the R package scran47. Cells belonging to G1 and S phase were 

selected and the normalization factors were obtained by deconvoluting size factors from cell 

pools. Gene counts were then normalized and transformed into log2-counts per million 

(logCPM) by using the voom method of the R package limma48. The logCPM were further 

offset to nonzero values by subtracting the minimum logCPM. Asymptotic test for the 

equality of coefficients of variation of the offset logCPM was done by using the R package 

cvequality49.

We stratified genes by whether the genes carry m6A modification and compared the 

variability of gene expression at the single-cell level. Specifically, we define m6A genes as 

having a peak called in at least 7 out of 15 samples and non-m6A genes as none m6A-peak 

called in any sample.

Phospho-antibody Microarrays

Islets from 6 week-old male control and M14KO mice were culture for 6h in complete 

media containing 10% FBS, hand-picked washed 2 times with ice-cold DPBS and pelleted. 

To perform the Kinex™ KAM-1325 antibody microarray analyses, protein lysates from 200 

size-matched islets from each sample (4 control pools and 2 M14KO pools) were covalently 

labeled with biotin. Free biotin molecules were then removed at the completion of labeling 

reactions by gel filtration. After blocking non-specific binding sites on the array, an 

incubation chamber was mounted onto the microarray to permit the loading of 2 samples 

side by side on the same chip. Following sample incubation, unbound proteins were washed 

away and the array was then probed with an anti-biotin antibody that is labeled with a 

proprietary fluorescent dye combination. Each array produced a pair of 16-bit images, which 

were captured with a Perkin-Elmer ScanArray Reader laser array scanner (Waltham, MA). 

Signal quantification was performed with ImaGene 9.0 from BioDiscovery (El Segundo, 

CA) with predetermined settings for spot segmentation and background correction. For 

normalized phosphosite/protein differential abundance, we used limma, an R package that 

powers differential expression analyses48. We adjusted for the batch effects and performed 

moderated t-tests between M14KO versus control.

LC-MS/MS quantification of m6A

We first purified mRNA by two rounds of polyA selection. Fifty ng of purified mRNA were 

subject to digestion by nuclease P1 (Sigma #N8630–1VL) at 42 degrees for 2 hours 

followed by phosphatase treatment using FastAP Thermosensitive Alkaline Phosphatase 

(ThermoFisher #EF0651) at 37 degrees for 1 hour. The digested nucleotides were then 
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analyzed by ruling through a C18 reverse phase column on HPLC (Agilent) and quantified 

by triple quad MS/MS system (Sciex).

Pathway enrichment analysis

Pathway and GO enrichment analysis were performed using ConsensusPathDB using default 

settings45. GO terms tree were constructed using Cytoscape’s BINGO plugin50. Protein-

protein functional networks were constructed using STRING using default settings26.

Study Approval

All animal experiments were conducted in accordance with the Association for Assessment 

and Accreditation of Laboratory Animal Care. All protocols were approved by the 

Institutional Animal Care and Use Committee of the Joslin Diabetes Center in accordance 

with NIH guidelines. All human studies and protocols used were approved by the Joslin 

Diabetes Center’s Committee on Human Studies (CHS#5–05). Formal consent from human 

islet donors was not required because samples were discarded islets from de-identified 

humans.

DATA AVAIABILITY

m6A-sequencing and RNA-sequencing data in human islets have been deposited with the 

National Center for Biotechnology Information Gene Expression Omnibus under accession 

code GSE120024. m6A-sequencing and RNA-sequencing data in EndoC-βH1 cells have 

been deposited under accession code GSE132306. RNA-sequencing in mouse FACS-sorted 

β-cells have been deposited under the accession code GSE132306. Phospho-antibody 

microarrays data performed in mouse whole islets have been deposited under the accession 
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Figure 1: RNA N6-methyladenosine sequencing reveals a homogeneous m6A decoration in 
human type 2 diabetic islets.
a, PCA plot of RNA-sequencing after regressing out batch, gender and age in Controls (red 

dots, n=7 independent biological samples) and type 2 diabetic islets (T2D, blue squares, n=8 

independent biological samples). b, Heat-map visualization of differential expressed genes 

in Controls versus T2D islets. c, PCA plot of m6A-sequencing after regressing out the batch 

and gender effects in Controls (red dots, n=7 independent biological samples) and T2D islets 

(T2D, blue squares, n=8 independent biological samples). d, Heat-map visualization of 

differential methylated loci in Controls versus T2D islets. e, The gene expression variability 

of β-cells represented by the coefficient of variation from single-cell RNA sequencing data 

(GSE81608) in human dispersed islets comparing Controls (n=12 independent biological 

samples) and T2D patients (n=6 independent biological samples). The stratification of m6A-

modified vs. non-m6A-modified gene is based on our patient m6A-sequencing data. Box plot 

shows the median, box edges show first and third quartiles and whiskers show the minimum 

and maximum. P-values were calculated using Mann-Whitney-Wilcoxon test. f, Histogram 

of log-fold change showing the distribution of differential m6A loci fold changes from 

Controls versus T2D. g, Gene-ontology (GO) analyses of differently m6A-methylated genes 

in T2D (=8 independent biological samples) versus Control (n=7 independent biological 

samples) islets. P-values were calculated according to the hypergeometric test based on the 

number of physical entities present in both the predefined set and user-specified list of 

physical entities. h, Representation of Insulin/IGF1 pathway and induction of PDX1 
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expression based on KEEG and Wikipathway annotations depicting several m6A 

hypomethylated genes (red shade) and unchanged genes (grey shade) in T2D as compared to 

Controls (genes filtered for FDR<0.05). I, Coverage plots of m6A peaks in PDX1 gene 

comparing T2D (=8 independent biological samples) versus Controls (n=7 independent 

biological samples). Plotted coverages are the median of the n replicates presented.
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Figure 2: m6A controls PDX1 expression and modulates Insulin/IGF1-mediated AKT 
phosphorylation.
a, Venn diagram representation of the intersection between differently methylated genes in 

T2D human islets and differentially expressed genes in METTL3 KD and METTL14 KD in 

EndoC-βH1 (Human islets: Controls, n=7 independent biological samples; T2D, n=8 

independent biological samples. EndoC-βH1 cells: n=3 independent experiments/group). 

Statistical analyses was performed using Benjamini-Hochberg procedure and genes were 

filtered for FDR<0.10. b, Enriched-GO and pathway analyses of intersected genes (Human 

islets: Controls, n=7 independent biological samples; T2D, n=8 independent biological 

samples. EndoC-βH1 cells: n=3 independent experiments/group). P-values were calculated 
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according to the hypergeometric test based on the number of physical entities present in both 

the predefined set and user-specified list of physical entities. c, Western-blot analyses of 

indicated proteins after IGF1 stimulation in METTL3 KD in EndoC-βH1 cells (n=3 

independent experiments/group/condition). d, Protein quantification of indicated protein 

after IGF1 stimulation in METTL3 KD. e, Western-blot analyses of indicated proteins after 

IGF1 stimulation in METTL14 KD EndoC-βH1 cells (n=3 independent experiments/group/

condition). f, Protein quantification of indicated proteins after IGF1 stimulation in 

METTL14 KD. g, Western-blot analyses of indicated proteins after insulin stimulation in 

METTL3 KD (n=3 independent experiments/group/condition). h, Protein quantification of 

indicated protein after insulin stimulation in METTL3 KD. i, Western-blot analyses of 

indicated proteins after insulin stimulation in METTL14 KD (n=3 independent experiments/

group/condition). j, Protein quantification of indicated proteins after insulin stimulation in 

METTL14 KD. k, Coverage plot of m6A peaks in PDX1 gene depicting hypomethylation 

after METTL3 or METTL14 KD in EndoC-βH1 (n=3 independent experiments/group, 

FDR<0.05). l, Western-blot analyses of PDX1 protein levels in stable METTL3 KD, 

METTL14 KD or (METTL3 + METTL14) KD (n=3 independent experiments/group). m, 

PDX1 protein quantification. n, Western-blot analyses of indicated proteins after DMSO or 

SC79 stimulation in METTL3 KD for 48h (n=3 independent experiments/group/condition). 

o, PDX1 protein quantifications. Data are represented as mean ± SEM. Statistical analyses 

by Two-way ANOVA with Fisher’s LSD test (in d,f,h,j,m and o).
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Figure 3: β-cell specific Mettl14 knock-out (KO) results in early diabetes and mortality 
secondary to decreased Pdx-1 expression and decreased phosphorylation of AKT.
a, Body weight trajectories of Controls (black dots) and Mettl14 KO mice (M14KO) (red 

dots) (1 month: n=9 independent biological samples in Controls and M14KO; 2 months: n=8 

independent biological samples in Controls and n=9 independent biological samples in 

M14KO; 3 months: n=10 independent biological samples in Controls and n=8 independent 

biological samples in M14KO). b, Random-fed blood glucose levels in Controls and 

M14KO (1 month: n=9 independent biological samples in Controls and M14KO; 2 months: 

n=8 independent biological samples in Controls and M14KO; 3 months: n=10 independent 

biological samples in Controls and n=8 independent biological samples in M14KO). c, 

Blood glucose levels after a glucose tolerance test in 2 month-old Controls (black line) and 

M14KO (red line) (n=6 animals/group). d, Serum insulin levels after an in vivo glucose-

stimulated insulin secretion assay in 2 month old Controls (black line) and M14KO (red 

line) (n=4 animals/group). e, Serum C-peptide levels after an in vivo glucose-stimulated 

insulin secretion assay in 2 month-old Controls (black line) and M14KO (red line) (n=4 

animals/group). f, Blood glucose levels after an insulin tolerance test in 2 month-old 

Controls (black line) and M14KO (red line) (n=6 animals/group). g, Representative pictures 

of immunofluorescence staining of insulin (red), somatostatin (green) and glucagon (blue) in 

pancreas sections from Controls and M14KO (n=3–5 animals/group). h, β-cell mass 

quantification in Controls and M14KO (1 month: n=4 independent biological samples in 

Controls and M14KO; 2 months: n=3 independent biological samples in Controls and 

M14KO; 3 months: n=5 independent biological samples in Controls and n=3 independent 

biological samples in M14KO). i, Representative pictures of immunofluorescence staining 

of Ki67 (green), insulin (red) and DAPI (blue) in pancreas sections from Controls and 

M14KO mice (n=3–5 animals/group). j, β-cell proliferation quantification in Controls and 

M14KO mice (1 month: n=4 independent biological samples in Controls and M14KO; 2 
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months: n=3 independent biological samples in Controls and M14KO; 3 months: n=5 

independent biological samples in Controls and n=3 independent biological samples in 

M14KO). k, Representative pictures of immunofluorescence staining of Pdx1 (green), 

insulin (red) and DAPI (blue) in pancreas sections from Controls and M14KO (n=3–5 

animals/group). l, Quantification of Pdx1+/Insulin+ cells in pancreas sections from Controls 

and M14KO (1 month: n=4 independent biological samples in Controls and M14KO; 2 

months: n=3 independent biological samples in Controls and M14KO; 3 months: n=5 

independent biological samples in Controls and n=3 independent biological samples in 

M14KO). m, Representative images of electron microscopic analyses of islet cell 

ultrastructure in 1 and 3 month-old Controls and M14KO (n=3 animals/group). Red arrows 

point to insulin granules that are degranulated in M14KO compared to Controls. Yellow 

arrow refers to the presence of nuclear membrane swelling in M14KO as compared to 

Controls (left two panels). Blue arrow points to enlarged mitochondria in M14KO as 

compared to Controls (right two panels). n, qRT-PCR analyses of the cell cycle, function and 

identity genes in whole islets isolated from 2 month old Controls (n=3 animals) and M14KO 

(n=6 animals). o, Western Blot analyses of indicated proteins in whole islets isolated from 2 

months old Controls (n=3 pools, 2 animals/pool) and M14KO (n=3 pools, 4 animals/pool). 

p, Quantifications of indicated proteins. Data are represented as mean ± SEM. In all panels 

statistical analyses were performed by two-sided unpaired multiple t-tests and corrected for 

multiple comparisons using the Holm-Sidak method. Scale bar = 100 μm.
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Figure 4: Functional protein-protein interaction network analyses reveal the central role of AKT 
in controlling the effects of Mettl14 ablation in β-cells.
a, Volcano-plot representation of differentially expressed genes by RNA-sequencing in 

FACS-sorted β-cells from M14KO compared to Controls (Controls, n=4 pools, 2 animals/

pool; M14KO, n=4 pools, 4 animals/pool). Statistical analyses was performed using 

Benjamini-Hochberg procedure and genes were filtered for FDR<0.10. b, Enriched pathway 

analyses of significantly altered genes between M14KO and Controls (Controls, n=4 pools, 

2 animals/pool; M14KO, n=4 pools, 4 animals/pool) (genes filtered for FDR<0.10) (p-values 

were calculated according to the hypergeometric test based on the number of physical 
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entities present in both the predefined set and user-specified list of physical entities). c, 

Representation of altered genes in β-cells from M14KO compared to Controls (Controls, 

n=4 pools, 2 animals/pool; M14KO, n=4 pools, 4 animals/pool). Box plot shows the median, 

box edges show first and third quartiles and whiskers show the minimum and maximum. d, 

Volcano-plot representation of altered phosphosites by phospho-antibody microarrays in 

whole islets from M14KO compared to Controls (Controls, n=4 animals; M14KO, n=2 

pools, 4 animals/pool). Statistical analyses were performed by using moderated t-tests with 

linear models for microarray data. e, Enriched pathway analyses of significantly altered 

phosphosites between M14KO and Controls (Controls, n=4 animals; M14KO, n=2 pools, 4 

animals/pool) (genes filtered for p<0.05). f, Representation of altered phosphosites in 

M14KO islets compared to Controls (Controls, n=4 animals; M14KO, n=2 pools, 4 animals/

pool). Box plot shows the median, box edges show first and third quartiles and whiskers 

show the minimum and maximum. g, Functional protein-protein interaction network of 

significantly altered phosphosites in M14KO compared to Controls. Different colors 

represent network nodes. h, Model depicting the effect of decreased expression of m6A 

modulators in type 2 diabetes: a) induces a generalized state of hypomethylation and 

downregulation of PDX1 and, b) increases expression of negative regulators of AKT, leading 

to decreased phosphorylation of AKT and consequent cell-cycle arrest and impaired insulin 

secretion.
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