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Western Blot 

Mouse brain, liver, pancreas and muscle tissue samples were snap-frozen in liquid 

nitrogen immediately after collection. Samples were then reduced into powder form with a 

tissue grinder, homogenized and dissolved at 150 mg/ml in a buffer containing 63mM Tris-

HCl (pH7.5), 2% (w/v) SDS, 5% (v/v) 2-mercaptoethanol and 8M urea. Samples were stored 

at -80°C. Protein extracts were size-fractionated on 4-12% gradient SDS-polyacrylamide Bis-

Tris gels (ThermoFischer Scientific) and transferred to nitrocellulose membranes for Western 

blotting. Western blots were probed with a 1:1000 diluton of anti-lamin A/C (sc-20681- 

Santa Cruz Biotechnology, Santa Cruz, CA, USA), 1:4000 dilution of anti-Actin, clone C4 

(#MAB1501 - Millipore, MA, USA). 

 

Food intake 

Food intake was measured three times a week over a period of one month with ten 

animals per genotype in individual cages.  

	
Glucose-stimulated insulin secretion 

For insulin secretion, 5 islets of 150–200μm diameter kept in 1,5ml microtubes were 

pre-incubated for 1 h at 37°C in Krebs–Ringer bicarbonate (KRB) buffer containing: 115mM 

NaCl, 4.7mM KCl, 6.2mM CaCl2, 20mM NaHCO3, 1.2mM MgSO4, 1.2mM KH2PO4, 16mM 

HEPES, 0.5% Free Faty Acid BSA, 10mM glucose. The pre-incubation medium was then 

replaced with KRB buffer supplemented with different glucose concentrations (Low: 3mM; 

High: 20mM). After incubation for 1 h at 37°C, the supernatant was collected and stored at -
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80°C for later analysis of insulin content by ELISA (Mouse Ultrasensitive Insulin elisa-ALPCO, 

USA). Insulin content is collected after islets lysis in an Acid/Ethanol lysis buffer. Data are 

expressed as a ratio of insulin secreted/total insulin content.  

For MIN6 GSIS assays, prior to glucose stimulation, cells were first starved in KRB buffer 

without glucose for 1h.  

 

Total pancreatic insulin and glucagon content 

Mouse pancreata were snap-frozen in liquid nitrogen immediately after collection. Samples 

were reduced into powder, resuspended in 2ml Acid/Ethanol lysis buffer and incubated O/N 

at 4°C. After sonication, samples were neutralized with 10% of 1M Na2CO3 and centrifuged. 

Total Insulin and Glucagon content were measured by ELISA (Mouse Ultrasensitive Insulin 

elisa-ALPCO, Mercodia Glucagon ELISA - 10 μL).  

 

Flow cytometry      

The islets were first dissociated into a free cell suspension with 0.05%Trypsine-0.5 

mM EDTA. Cells were fixed with 1% PFA in PBS for 10 minutes, washed with PBS and 

permeabilised with 0.05% Triton X-100 for 10 minutes at 4°C. After blocking with PBS 

containing 1% BSA, 2% donkey serum, 50 mM glycine, and 0.5% gelatin, cell suspension was 

incubated with a guinea pig anti-insulin antibody (ab7842; Abcam) for 30 minutes at 4°C, 

washed and then reacted with a FITC-conjugated donkey anti-guinea pig antibody (F(ab’)2 

fragment; Jackson ImmunoResearch Labs). The cell suspension was then washed and 

analyzed by FACSCANTO II (Becton Dickinson). 
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MIN6 cell culture and apoptosis 

The mouse insulinoma MIN6 pancreatic β-cell line (AddexBio) was maintained at 37°C 

in DMEM High Glucose, Glutamax, and sodium pyruvate (#31966-021, Thermo Fisher 

Scientific, MA, USA) supplemented with 15% fetal calf serum, 0.05 mM beta-

mercaptoethanol and 100 µg/ml penicillin-streptomycin in an atmosphere of 95% air/5% 

CO2. 

To evaluate the MIN6-induced apoptosis, cells were treated with STZ (12 mM) before 

staining with Annexin-V-FITC (Invitrogen) and propidium iodide and then analyzed by flow 

cytometry (FACSCalibur, Becton Dickinson). 

 

CRISPR-Cas9-mediated LCO MIN6 cell line 

To generate the MINLCO cell line, we targeted exon 11 of the Lmna gene to enhance the 

use of the polyA site of lamin C located in intron 10. Gene-specific CRISPR sgRNA sequences 

were selected to generate a non-homologous end joining in exon 11 of the Lmna gene (gene 

ID: 4000) (Exon11-2119: 5'-ACTCGAAGCTTCCGCAGTGTGG-3').  

The generated sgRNAs were inserted into the SIGMA pU6-gRNA. Both pU6-gRNA and 

pCMV-Cas9wt-2A-GFP or pCMV-Cas9 D10A-2A-GFP (SIGMA) were cotransfected into MIN6 

cells using Lipofectamine 3000 Reagent (Thermo Fisher Scientific). GFP-positive cells were 

sorted by flow cytometry (FACSCalibur, Becton Dickinson), diluted, reseeded in 100 mm petri 

dishes and cultured for 2 weeks to obtain isolated clones. After handpicking clones for 

isolation, cells were collected and analyzed by western blot. 

 

Histological studies 
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For paraffin treatment, pancreases were fixed with 4% paraformaldehyde, 

dehydrated, embedded in paraffin, sectioned (4µm), and stained with hematoxylin and eosin 

(HE) following standard procedures for morphological evaluation. HE staining of pancreatic 

sections was visualized with a Nanozoomer slide scanner (Hamamatsu). Scanned images 

were analyzed with NDP View software. The mean diameter of the Langerhans islets was 

determined by measuring the diameter of at least 150 islets per mouse (n=5) using NDP 

View software. 

 

Immunohistochemistry and image acquisition 

For immunohistochemistry, pancreas sections were deparaffinized, rehydrated, and 

incubated for antigen retrieval in citrate buffer at 95°C for 30 min. Nonspecific antibody 

binding was blocked by incubation with PBS containing 1%BSA, 0.05% Tween20 for 30 min at 

room temperature. Sections were then incubated in primary antibodies (see table 2) 

overnight at 4°C. After being washed, primary antibodies were detected using appropriate 

secondary antibodies. Nuclei were counterstained with Hoechst® 33342 (2µg/ml, 

ThermoFischer Scientific). 

β-cell apoptosis after STZ treatment was determined using a Click-iT™ TUNEL 

Colorimetric IHC Detection Kit (#C10625, Thermofischer scientific). 

Widefield images were acquired using a Metamorph-driven (Molecular Devices,  

Sunnyvale, CA) Leica DM6000 fluorescence  microscope  with  a  100X HCX Plan 0.7 - 1.4 NA 

oil objective (NA 1.32, Leica, Melville, NY) and a Coolsnap HQ2 camera (Photometrics, 

Woburn, MA). Confocal images were acquired using a Confocal Leica SP5-SMDmicroscope 

and a Leica 63×/1.4 oil HCX PL APO CS objective controlled using the Leica LAS AF software. 
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Ultrastructural transmission electron microscopy (TEM)  

After isolation, 150 islets of Langerhans per mice and per genotype were immersed in 

a solution of 2.5% glutaraldehyde in Sorensen’s buffer (0.1 M, pH 7.4) overnight at 4 °C. They 

were rinsed twice in Sorensen’s buffer and post-fixed in a 0.5% osmic acid for 2 hours at 

room temperature in the dark. Tissues were dehydrated in a graded series of ethanol 

solutions (30-100%) and embedded in EmBed 812 with an Automated Microwave Tissue 

Processor for Electronic Microscopy, Leica EM AMW. Thin sections (70 nm; Leica-Reichert 

Ultracut E) of each block were collected at different levels. These sections were 

counterstained with uranyl acetate and observed on a Hitachi 7100 transmission electron 

microscope (TEM) in the Centre de Ressources en Imagerie Cellulaire de Montpellier 

(France). 

 

RT-qPCR analysis  

Total RNA was extracted from isolated islets using TRIzol (Life Technologies, USA). 

After precipitation in isopropanol, RNA pellets were washed in cold 75% ethanol and 

resuspended in nuclease-free water. Samples were quantified and evaluated for purity (260-

nm/280-nm and 260-nm/230-nm ratio) with a NanoDrop ND-1000 spectrophotometer. Total 

RNA (1.5 μg) was then converted to cDNA with the Maxima First Strand cDNA Synthesis Kit 

(#K1642, Thermo Scientific, US). Gene expression was quantified by SYBR green real-time 

PCR on the LightCycler® 480 System (Roche Applied Science). Reactions were run in 

triplicate. The mean expression value for the housekeeping genes cyclophillin and TBP was 

used as an internal control to normalize variability in expression. Primer sequences are 

provided in Supplemental Table 1.  
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Mitochondrial DNA quantification  

Isolated islets were digested 1h at 55 °C in a lysis buffer containing 100 mM Tris (pH 

8), 5 mM EDTA, 0.2% SDS, 200 mM NaCl, and 0.1mg/ml proteinase K for DNA extraction. 

Quantitative PCR (qPCR) analysis of DNA samples diluted at 1 ng/μl was performed with 

primers specific for mitochondrial genes (mtND5, mt16s) and normalized to the mean of two 

nuclear genes (LN11, HK2). qPCR was performed with a LightCycler® 480 and LightCycler® 

480 SYBR Green I Master (Roche).  

	
	
RNA-Seq, RRBS, ATAC-Seq and Data analysis 

RNA-Seq	

RNA-Seq libraries construction 

RNA-Seq libraries were constructed with the Truseq stranded mRNA sample 

preparation (Low throughput protocol) kit from Illumina. 400ng of total RNA were used for 

the construction of the libraries. Using poly-T oligo attached magnetic beads, total RNA was 

purified in order to obtain only poly-A mRNA. Following purification, the mRNA is 

fragmented into small pieces using divalent cations under elevated temperature. The 

cleaved RNA fragments are copied into first strand cDNA using SuperScript II reverse 

transcriptase, Actinomycin D and random hexamer primers. The Second strand cDNA was 

synthesized by replacing dTTP with dUTP. These cDNA fragments then have the addition of a 

single 'A' base and subsequent ligation of the adapter. The products are then purified and 

enriched with 15 cycles of PCR. The final cDNA libraries were validated with a Fragment 

Analyzer (Advanced Analytical, Ankeny, IA) and quantified using the Kapa Library 

quantification kit (Kapabiosystems). On 1 sequencing lane of a flowcell V4, and 1 sequencing 

lane of a flowcell V2, the 6 libraries were pooled in equal proportions, denatured with NaOH 
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and diluted to 16 pM before clustering. Cluster formation, primer hybridization and single-

end read, 50 cycles sequencing were performed on cBot and HiSeq2500 (Illumina, San Diego, 

CA) respectively. Image analyses and base calling were performed using the Illumina HiSeq 

Control Software and the Real-Time Analysis component. Demultiplexing was performed 

using Illumina’s conversion software (bcl2fastq 2.18). The quality of the raw data was 

assessed using FastQC from the Babraham Institute and the Illumina software SAV 

(Sequencing Analysis Viewer). Potential contaminants were monitored with the FastQ 

Screen software from the Babraham Institute. 

 

RNA-Seq data analysis 

We aligned RNA-seq reads to the mouse genome (UCSC mm9) with the splice 

junction mapper TopHat 2.1.1 (1), which used Bowtie 2.2.9 (2). We downloaded gene model 

annotations from the UCSC database (genes.gtf 31 August 2017) and GeneIDs from the NCBI 

(gene2refseq.gz, 31 August 2017). Final read alignments having more than 3 mismatches 

were discarded. We performed gene counting using the union mode of HTSeq-count 0.9.0 

(3). Before statistical analysis, genes with less than 15 reads (cumulating all the analyzed 

samples) were filtered out. Counts were normalized using the Relative Log Expression (RLE) 

method as implemented in the Bioconductor (4) package edgeR 3.16.5 (5). Differentially 

expressed (DE) genes were identified using 3 different statistical methods: DESeq 1.26.0 (6), 

EdgeR, and DESeq2 1.14.1 (7). We corrected P-values for multiple testing using the 

Benjamini-Hochberg FDR method (8). Genes with adjusted P-value <0.05 were declared 

‘differentially expressed’. The final lists of DE genes were the genes common to the 3 tests. 

To perform the functional analysis of the resulting list of genes with the Gene Ontology (GO) 

annotations, the topGO(9) package from Bioconductor was used. Overrepresented GO terms 
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were identified using Fisher's exact test with the weight method that is implemented in the 

topGO package. As confidence threshold we used a P-value of 1%. To perform this analysis 

the differentially expressed genes were compared with those of all known genes present in 

the annotation. The GO categories were found in the Org.Mm.eg.db package based on the 

gene reporter EntrezGeneID.  

 

Reduced Representation Bisulfite Sequencing 

Libraries construction 

Library construction was performed using the Premium RRBS kit (Diagenode). Briefly, 

for each sample, 100ng of intact genomic DNA were digested using MspI for 12 hours at 

37°C. DNA ends were repaired and Diagenode indexed adaptors were ligated to each end of 

the repaired DNA. Each ligated DNA was quantify by qPCR using the Kapa Library 

quantification kit (Kapabiosystems) on a LightCycler 480 (Roche Life Science) prior to pooling 

(8 samples per pool). Each pool was submited to bisulfite conversion and desalted. Optimal 

PCR cycle number was determined by qPCR using the Kapa Library quantification kit 

(Kapabiosystems) before the final enrichment PCR. Once purified using magnetic beads 

(AMPure XP, Beckman Coulter), library pools were verified on Fragment Analyzer (AATI) and 

precisely quantified by qPCR using the Kapa Library quantification kit (Kapabiosystems). Each 

pool was denatured, diluted to a 18 pM concentration and spiked with a 10 % phiX Illumina’s 

library before clustering. Clustering and sequencing were performed in paired end 2*50nt, 2 

lanes per pool , according to the manufacturer’s instructions on a Hiseq2500 using Rapid V2 

clustering and SBS reagents. 

 

Analysis of RRBS data 
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 The sequencing quality control of RRBS data was identical to the one performed for 

RNA-Seq data. The un-methylated cytosine added at the end-repair step during library 

preparation was used as a built-in bisulfite conversion efficiency control. Sequences that 

contained the adapter on their 3’ end were trimmed with cutadapt 

(https://cutadapt.readthedocs.org/en/stable/; minimaloverlap length between the read and 

the adapter of 5; discard trimmed reads shorter than 15). The option "--trimmed-only" was 

used to discard reads that did not contain the adapter. The percentage of non-bisulfite 

converted cytosines was then calculated as the number of times the filled in position at the 

2nd base from the 3’ end was not converted to T. Mean ± sd bisulfite conversion was 99.55 ± 

0.03% for the read 1 and 99.63 ± 0.02% for the read 2 for the 24 samples.  

Trim Galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to 

perform adapter trimming and quality control in two subsequent steps in order to remove 

the 2 additional bases that contained a cytosine which were artificially introduced at the 

end-repair step during the library preparation (--rrbs option). The mm9 mouse reference 

genome was prepared for Bismark 0.17.0 using bismark_genome_preparation script. 

Bismark software (version 0.17.0) from the Babraham Institute (10) was used to align 

trimmed RRBS reads to the mouse genome. Then, bismark_methylation_extractor extracted 

the methylation call for every single C analyzed.  

Differential methylation analysis was performed using the methylSig (v0.4.4) 

Bioconductor R package (11). A site specific analysis was done for each CpG site covered by 

min 10 and max 500 reads using local information to improve variance estimation. A tiled 

analysis was also conducted by using the total number of cytosines in a windows of 25 bp. A 

cytosine or a region was declared differentially methylated if the adjusted p-value (according 
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to Benjamini-Hochberg multiple testing correction) was less than 0.05 and the difference of 

methylation percent above 25%. 

 

Assay for Transposase-Accessible Chromatin (ATAC-Seq) 

Cells were harvested and frozen in culture media containing 50% FCS, 40% RPMI and 10% 

DMSO. Cryopreserved cells were sent to Active Motif to perform the ATAC-seq assay. The 

cells were then thawed in a 37oC water bath, pelleted, washed with cold PBS, and tagmented 

as previously described (12), with some modifications based on (13). Briefly, cell pellets were 

resuspended in lysis buffer, pelleted, and tagmented using the enzyme and buffer provided 

in the Nextera Library Prep Kit (Illumina). Tagmented DNA was then purified using the 

MinElute PCR purification kit (Qiagen), amplified with 10 cycles of PCR, and purified using 

Agencourt AMPure SPRI beads (Beckman Coulter).  Resulting material was quantified using 

the KAPA Library Quantification Kit for Illumina platforms (KAPA Biosystems), and sequenced 

with PE42 sequencing on the NextSeq 500 sequencer (Illumina).  

Analysis of ATAC-seq data was very similar to the analysis of ChIP-Seq data. Reads were 

aligned using the BWA algorithm (mem mode; default settings). Duplicate reads were 

removed, only reads mapping as matched pairs and only uniquely mapped reads (mapping 

quality >= 1) were used for further analysis. Alignments were extended in silico at their 3’-

ends to a length of 200 bp and assigned to 32-nt bins along the genome. The resulting 

histograms (genomic “signal maps”) were stored in bigWig files. Peaks were identified using 

the MACS 2.1.0 algorithm at a cutoff of p-value 1e-7, without control file, and with the –

nomodel option. Peaks that were on the ENCODE blacklist of known false ChIP-Seq peaks 

were removed. Signal maps and peak locations were used as input data to Active Motifs 
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proprietary analysis program, which creates Excel tables containing detailed information on 

sample comparison, peak metrics, peak locations and gene annotations. 

For differential analysis, reads were counted in all merged peak regions (using Subread, 

v1.5.2), and the replicate groups for each condition were compared using DESeq2 (v1.24.0). 
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RT qPCR primers   
Cyclophillin Fw 5'-GTT GGC CAG GCT GGT GTC CAG-3' 
Cyclophillin Rev 5'-CTG TGA TGA GCT GCT CAG GGT GG-3' 
TBP Fw 5'-GGT GGC GGG TAT CTG CTG GC-3' 
TBP Rev 5'-TGG GGA GGC CAA GCC CTG AG-3' 
Mm Ndufa6 Fw 5'-GAA TGC CCA TGT CAC AGA-3' 
Mm Ndufa6 Rev 5'-AAA CCG CAT AAC GTG TGT-3' 
mNdufc1 Fw 5'-TTC CTC TGG ATT CAC CCT CA-3' 
Ndufc1 Rev 5'-CAT GAG GAG CGC GAG TAT TT-3' 
Mm Atp5f1 Fw 5'-CTG GCC TTG GAG GTC ACT TA-3' 
Mm Atp5f1 Rev 5'-ATG CAC TTG GCA ATG GTC-3' 
Mm Atp5l Fw 5'-AGC TGT GCT GAA TGG TTT-3' 
Mm Atp5l Rev 5'-TAG CCA ACA ATG CCA CGT-3' 
Mm Cox16 Fw 5'-GCG CTG AGT CTA CAA CTT-3' 
Mm Cox16 Rev 5'-ACC AGC AAC AAC ATG GGA-3' 
Mm Eif1 Fw 5'-ACA GAG AAA CGG CAG GAA-3' 
Mm Eif1 Rev 5'-CTG GTC ACC CTG TAG CTG AA-3' 
Mm Eif3h Fw 5'-TGG CGG ATA AGC ACG AAT-3' 
Mm Eif3h Rev 5'-CGA CGC TGC TGA TAC TGA-3' 
Mm Mrpl52 Fw 5'-GGA GAA GCT TGC AAG ACG-3' 
Mm Mrpl52 Rev 5'-TGA TTC GGA AGT GGG CTT CT-3' 
Mm Rpl13a Fw 5'-ATG GGA TCC CTC CAC CCT-3' 
Mm Rpl13a Rev 5'-CAG CCG AAC AAC CTT GAG-3' 
28S Fw 5'-TAG CAG CCG ACT TAG AAC -3' 
28S Rev 5'-CTC CCA CTT ATT CTA CAC-3' 
18S Fw 5'-GGA GCC TGA GAA ACG GC-3' 
18S Rev 5'-GGG TCG GGA GTG GGT AAT TTT-3' 
  
  
Mitochondrial DNA   
mND5Fw 5'-GGC AGA CGA ACA AGA CAT CCG-3' 
mND5Rev 5'-GCT AGG CGT TTG ATT GGG TT-3' 
m16s Fw 5'-CCG CAA GGG AAA GAT GAA AGA-3' 
m16s Rev 5'-TCG TTT GGT TTC GGG GTT TC-3' 
LN11 Fw 5'-TGG CAG GCA GCT TGG TAG TC-3' 
LN11 Rev 5'-AAT GGC TGG GAC AGA GCA GC-3' 
mHK2Fw 5'-GCC AGC CTC TCC TGA TTT TAG-3' 
mHK2Rev 5'-GGG AAC ACA AAA GAC CTC TTC-3' 
	

table 1 : List of primers for real-time PCR 
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Antibody Reference Dilution Company 
Rabbit anti-Phospho-histone H3 Ser10 #06-570 1/200 Merck Millipore 
Guinea pig anti-insulin #06-570 1/100 AbCam 
Mouse anti-Glucagon clone K79bB10 #G2654 1/200 Sigma 
Mouse anti-somatostatin YC7 #MA5-16987 1/100 ThermoFischer 
Rabbit anti-H3K27Ac Ab-4729 1/400 AbCam 
Rabbit anti-H3K9Me3 Ab-8898 1/400 AbCam 
Fluorescein-DBA (Dolichos biflorus Agglutinin) #MA5-16987 1/200 Vector Laboratories 
Goat anti-guinea pig IgG Alexa647 #MA5-16987 1/200 ThermoFischer 
Goat anti-mouse IgG Alexa488 #MA5-16987 1/200 ThermoFischer 
Goat anti-mouse IgG Alexa555 #MA5-16987 1/200 ThermoFischer 
Goat anti-rabbit IgG Alexa555 #MA5-16987 1/200 ThermoFischer 
Click-iT™ TUNEL Colorimetric IHC Detection Kit #MA5-16987  ThermoFischer 
FITC-conjugated donkey anti-guinea pig antibody 706-095-148 1/100 Jackson ImmunoResearch 

Labs 
	

table 2 : List of antibodies 
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A) Structure of the targeted allele after homologous recombination. The “Lox-STOP-
Lox” cassette insertion in intron 10 of LMNA gene induces the exclusive lamin C
expression by promoting the use of lamin C polyadenylation site.

B) Expression of lamin A, lamin C and actin expression in the brain, liver, pancreas and
muscle of 10-week-old Lmna+/+ and LmnaLCS/LCS mice.

C) Representative HE staining images of pancreatic sections from 121-week-old
Lmna+/+ and 141-week-old LmnaLCS/LCS mice. The right image shows a magnification (4X)
of the left image.
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de Toledo et al. Supplemental data 2 

A) Quantification of number of a-cells per islet section in young vs old
Lmna+/+ and LmnaLCS/LCS mice (n=4 per group)

B) Glucagon content from total pancreata of old Lmna+/+ and
LmnaLCS/LCS mice (n=6 per group)

All values are expressed as the mean ± SEM. ns not significant by
Student’s unpaired t-test.
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A) Lamin A and lamin C expression in CRISPR/Cas9-generated
MIN6wt, MIN6LCO and MIN6LAO cells as assessed by western
blot.

B) GSIS in MIN6wt and MIN6LCO cells. The results were
normalized to insulin content.

All values are expressed as the mean ± SEM. ****p< 0.0001
and ns not significant by Student’s unpaired t-test.
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de Toledo et al. Supplemental data 4

Mean food intake of CD or HFD in 30-week-old 
Lmna+/+ and LmnaLCS/LCS mice (n=8 per group).
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B

A de Toledo et al. Supplemental data 5

A) Body weight curve over time in Lmna+/+ and LmnaLCS/LCS mice during STZ treatment
(n=5 per group).

B) Representatives images (left panel) of TUNEL staining (green) on pancreatic sections
from Lmna+/+ and Lmna LCS/LCS mice obtained 48 h after STZ treatment (n=3 per group).
Insulin is stained in red, and nuclei are stained with Hoechst (scale bar 50 µm).
Quantification (right panel) of the number of TUNEL positive cells per islets.

C) FACS quantification of mean percentages of apoptotic MIN6wt and MIN6LCO cells
treated with or without STZ (12 mM) for 5 h.

All values are expressed as the mean ± SEM. *p<0.05 and ns not significant by Student’s
unpaired t-test.
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Region of the genome
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de Toledo et al. Supplemental data 6

Distribution of the analyzed CpG sites
in various regions of the genome.
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