
Laminopathies disrupt epigenomic developmental programs and 
cell fate

Jelena Perovanovic1,2, Stefania Dell’Orso3, Viola F. Gnochi1, Jyoti K. Jaiswal1,2, Vittorio 
Sartorelli3, Corinne Vigouroux4,5,6,7, Kamel Mamchaoui8, Vincent Mouly8, Gisèle Bonne8, 
and Eric P. Hoffman1,2,*,†

1Center for Genetic Medicine Research, Children’s National Medical Center, Washington, DC 
20010, USA

2Department of Integrative Systems Biology, The George Washington University School of 
Medicine and Health Sciences, Washington, DC 20010, USA

3Laboratory of Muscle Stem Cells and Gene Regulation, National Institute of Arthritis and 
Musculoskeletal and Skin Diseases, National Institutes of Health, Bethesda, MD 20852, USA

4Assistance Publique–Hôpitaux de Paris (AP-HP), Hôpital Saint-Antoine, Laboratoire Commun de 
Biologie et Génétique Moléculaires, F-75012 Paris, France

5INSERM UMR_S938, Centre de Recherche Saint-Antoine, F-75012 Paris, France

6Sorbonne Universités, UPMC (Université Pierre et Marie Curie) Univ Paris 06, UMR_S938, 
F-75005 Paris, France

7ICAN (Institute of Cardiometabolism and Nutrition), F-75013 Paris, France

8Sorbonne Universités, UPMC Univ Paris 06, INSERM UMRS974, CNRS FRE3617, Center for 
Research in Myology, F-75013 Paris, France

Abstract

The nuclear envelope protein lamin A is encoded by the lamin A/C (LMNA) gene, which can 

contain missense mutations that cause Emery-Dreifuss muscular dystrophy (EDMD) (p.R453W). 

We fused mutated forms of the lamin A protein to bacterial DNA adenine methyltransferase (Dam) 

to define euchromatic-heterochromatin (epigenomic) transitions at the nuclear envelope during 

myogenesis (using DamID-seq). Lamin A missense mutations disrupted appropriate formation of 

lamin A–associated heterochromatin domains in an allele-specific manner—findings that were 

confirmed by chromatin immunoprecipitation–DNA sequencing (ChIP-seq) in murine H2K cells 
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and DNA methylation studies in fibroblasts from muscular dystrophy patient who carried a distinct 

LMNA mutation (p.H222P). Observed perturbations of the epigenomic transitions included exit 

from pluripotency and cell cycle programs [euchromatin (open, transcribed) to heterochromatin 

(closed, silent)], as well as induction of myogenic loci (heterochromatin to euchromatin). In 

muscle biopsies from patients with either a gain- or change-of-function LMNA gene mutation or a 

loss-of-function mutation in the emerin gene, both of which cause EDMD, we observed 

inappropriate loss of heterochromatin formation at the Sox2 pluripotency locus, which was 

associated with persistent mRNA expression of Sox2. Overexpression of Sox2 inhibited myogenic 

differentiation in human immortalized myoblasts. Our findings suggest that nuclear envelopathies 

are disorders of developmental epigenetic programming that result from altered formation of 

lamina-associated domains.

 INTRODUCTION

Genetic and biochemical perturbations of components of the nuclear envelope cause a broad 

range of clinical phenotypes, including muscular dystrophies, neuropathies, 

cardiomyopathies, and lipodystrophies (1). Dominant missense mutations in the lamin A/C 

gene (LMNA), which encodes the lamin A and lamin C intermediate filament proteins—

scaffolding components that strengthen the nuclear envelope—cause the broadest range of 

phenotypes, and even neighboring mutations can show quite distinct tissue-restricted clinical 

disease. Skeletal muscle appears particularly susceptible to abnormalities of the nuclear 

envelope, with LMNA mutations causing both Emery-Dreifuss muscular dystrophy (EDMD) 

and limb-girdle muscular dystrophy (LGMD). Additional muscular dystrophy phenocopies 

are caused by mutations in genes that encode other nuclear envelope proteins, including 

emerin (encoded by the EMD gene), nesprin 1 (SYNE1), nesprin 2 (SYNE2), and four and a 

half LIM domain protein 1 (FHL1) (2).

Myogenic differentiation requires the coordinated execution of three key cellular programs: 

inactivation of pluripotency programs (that is, the Oct4-Nanog-Sox2 program), exit from the 

cell cycle [cell cycle regulatory proteins cyclin-dependent kinase 1 (CDK1) and the tumor-

suppressor retinoblastoma 1 (Rb1)], and induction of myogenesis (by master transcriptional 

regulators MyoD and myogenin). In differentiating skeletal muscle cells, the LMNA gene is 

strongly induced at the onset of terminal differentiation of myoblasts (myogenic cells that 

either divide or differentiate to form muscle fibers) into syncytial myotubes (multinucleated 

fibers formed from fused myoblasts) (3). The lamin A/C protein has also been shown to play 

a key role in the myoblast-myotube transition (4, 5). Missense mutations that form the 

aberrant lamin A protein associated with muscular dystrophy cause impaired activation of 

the gene (MYOG) encoding myogenic factor 4, which drives inappropriate maintenance of 

heterochromatin at the MYOG promoter and downstream effects of the encoded protein 

(myogenin) on myogenesis in culture (6). The importance of wild-type lamin A/C for 

terminal differentiation is also seen in adipogenic cells, in which a lamin A protein with a 

familial partial lipodystrophy (FPLD) missense mutation disrupts adipocyte differentiation 

(7). The ability of exogenously expressed FPLD lamin A in 3T3-L1 cells (an adipose-like 

cell line) to inhibit adipogenesis in culture is controversial (8) and needs additional study. 
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Together, these data suggest that laminopathies disrupt cell differentiation, but the 

mechanism of this disruption is not understood.

Some dominant gain- or change-of-function mutations in the lamin A/C proteins show 

similar muscular dystrophy phenotypes as those observed with loss of function of other 

nuclear envelope components (emerin, nesprin 1, and FHL1); thus, molecular pathogenesis 

might also be shared between these genetically distinct nuclear envelopathies. Consistent 

with this hypothesis, we previously showed shared mRNA expression fingerprints in muscle 

biopsies from EDMD patients with both LMNA [autosomal dominant form of EDMD 

(EDMD-AD)] and EMD (emerin) mutations [X-linked recessive form of EDMD (EDMD-

XR)], suggesting a failure of appropriate induction of the myogenic terminal differentiation 

program (3). Mechanistic studies bolstering these findings were carried out in a mouse 

knockout model of emerin deficiency, in which the inappropriate timing of myogenic 

lineage–specific genes was confirmed (9). This study also showed evidence of failure to 

appropriately exit from the cell cycle (delayed suppression of the E2F transcription factor 

pathways) (9). Thus, exit from the cell cycle and induction of the myogenic cell fate 

program—two of three key programs that must be orchestrated during terminal 

differentiation and commitment to the myogenic lineage—are perturbed in emerin 

deficiency.

There is accumulating evidence that lamin A protein is directly involved in epigenomic 

regulation of chromatin through heterochromatic lamina-associated domains (LADs). The 

nuclear lamina is a fibrillar network of intermediate filaments and membrane-associated 

proteins that lies along and interacts with the inner nuclear membrane and DNA, and 

provides physical support and regulates DNA replication, transcription, and cell division. 

Genomic regions associated with nuclear lamina show enrichment in repressive 

heterochromatin marks and are associated with transcriptionally inactive domains (10). 

Transcriptional repositioning of silent genes to the nuclear periphery (11), together with 

sequestration of transcriptional factors by the interior of the nucleus (12), indicates that the 

nuclear lamina controls transcription and, likely, cell fate. Consistent with this hypothesis, 

murine Lmna-null cells fail to acquire appropriate heterochromatin region of the mouse 

genome at the nuclear envelope during myogenesis and show a loss of the myogenic 

program (13). Also, a human EDMD LMNA missense mutation expressed as a protein in 

Caenorhabditis elegans impairs tissue-specific reorganization of heterochromatin, with 

abnormal retention of a muscle-specific, transcriptionally silent gene at the nuclear periphery 

(14).

We hypothesized that different LMNA missense mutations alter the euchromatin-

heterochromatin transitions during terminal differentiation of cells mediated by the nuclear 

envelope in a tissue-restricted manner. That is, nuclear envelopathies are epigenetic 

disorders. We assessed this at a genome-wide level by fusing the lamin A protein carrying 

various missense mutations to the bacterial DNA adenine methyltransferase (Dam) and used 

the DamID approach, which identifies DNA adenine methylation of the genomic regions 

that are transiently bound to or in close proximity to a fusion protein (15, 16). The resolution 

of the DamID approach is about 1 kb, or tens of nanometers from the tethered protein. In 

Drosophila, a DamID microarray approach was successfully used to assess euchromatin-
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heterochromatin transitions for the Escargot protein in intestinal cell development (17) and 

Hb9-lamina interactions in neuronal lineages (18). Here, we extended the DamID method to 

study gain- or change-of-function mutations in the lamin A protein, with next-generation 

DNA sequencing as the readout of the point of DNA binding (DamID-seq). Findings were 

validated with chromatin immunoprecipitation–DNA sequencing (ChIP-seq) and DNA 

methylation arrays.

 RESULTS

 LMNA mutations alter genomic LADs in human muscle cell nuclei

We generated lentiviral constructs that express the wild-type lamin A, the lamin A p.R453W 

mutation (which corresponds to EDMD) (19), or the lamin A p.R482W mutation [observed 

in FPLD (20)] fused to Dam (bacterial adenine methyltransferase) and transduced them into 

human myogenic cells. A DamOnly lentivirus was used as control. The Dam–lamin A 

fusion proteins showed the expected molecular weights and subcellular localization 

restricted to the nuclear envelope (fig. S1). Infections were done 24 hours after switching the 

cells to differentiation media, and genomic material was harvested 48 hours later (3 days 

after differentiation), when most of the cells had differentiated into multinucleate myotubes. 

DamID-seq experiments were performed in duplicate for each Dam-LMNA construct and 

the negative control (DamOnly). Library sizes and sequencing read depth were comparable 

between samples (~30 million reads), and >80% of reads started with the expected GATC 

sequence of the Dam adenine methylase recognition site. After sequencing, reads were 

aligned to a reference human genome (hg19), and domains of enrichment were called using 

SICER (spatial clustering approach for the identification of ChIP-enriched region) algorithm 

(31). Comparison of wild-type Dam-LMNA peaks with human myotube histone marks 

[ENCODE data (H3K9me3, GSM733730; H3K4me3, GSM733637)] showed a strong 

positive correlation with the heterochromatic histone mark H3K9me3 and anticorrelation 

with the euchromatic mark H3K4me3 (fig. S2). These data are consistent with the lamin A/C 

protein associated with heterochromatic regions, namely, LADs.

Genomic mapping of LADs showed wild-type lamin A associated with ~11,000 genomic 

domains, with an average domain length of 32 kb (~12% of the genome) (table S1). Both 

EDMD (p.R453W) and FPLD (p.R482W) lamin A mutations revealed a significant increase 

in the number of LADs, with nearly twice as many genomic loci labeled by DamID 

compared to wild type (table S1 and Fig. 1A). Comparative analysis of genes associated 

with LADs in human myogenic cells expressing one of the three lamin A variants showed 

that most of the LADs associated with wild-type lamin A were shared with one or both 

mutant constructs (1239 of 1960 LADs; 63%) (Fig. 1A). However, promiscuous binding of 

mutant lamin A to new chromatin sites not normally bound by wild-type lamin A led to a 

preponderance of mutation-specific LADs (promiscuous LADs). For p.R453W (EDMD), 

69% of LADs (2397 of 3477) were not shared with wild type and 32% (1115 of 3477) were 

specific to the mutation. For p.R482W (FPLD), 80% (3996 of 5011) was not shared with 

wild type and 54% (2715 of 5011) was specific to the mutation (Fig. 1A). Wild-type LADs 

were larger (32.5-kb mean size) than mutant LADs (22.3 kb for lamin A–EDMD and 19.9 

kb for lamin A–FPLD; P < 0.001 versus wild type; table S1). These data showed that 
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disease-associated missense mutations cause allele-specific alterations of chromatin 

association with the nuclear envelope.

 EDMD mutations show allele-specific alteration of epigenomic programming of 
myogenic differentiation

To focus on the potential effects of lamin A mutations on gene transcription, we evaluated 

lamin A gene interactions that occurred at regions encompassing the transcription start site 

(TSS) of genes associated with the LADs. Using 25–base pair (bp) windows, wild-type 

lamin A showed a selective lack of binding ~200 bp in length around the TSS and strong 

enrichment 1 to 2 kb downstream of the TSS (Fig. 1B). Mutant lamin A LADs did not show 

the same loss of binding within ~200 bp around the TSS but did show enrichment 1 to 2 kb 

downstream. This indicates that disease-causing lamin A/C mutations cause abnormally 

increased TSS-specific nuclear envelope–chromatin interactions.

We had previously shown delayed induction of some myogenesis-associated transcripts in 

emerin-null cells (9) and had hypothesized that this could result from a relative failure in 

heterochromatin-euchromatin conversion at these loci during myogenic development. To test 

this notion using the DamID-seq data, we selected mRNA transcripts that are significantly 

induced by the transition from myoblasts to myotubes [one-way analysis of variance 

(ANOVA), P <0.01; FC (fold change) > 1.2] (table S2) and then mapped these transcripts (n 
= 322). As hypothesized, wild-type lamin A showed marginal binding near the TSS of these 

myogenesis-related transcripts, consistent with euchromatinization of these loci and high 

expression in myotubes (Fig. 1C). In contrast, EDMD lamin A showed pervasive 

heterochromatinization of these loci. This effect was allele-specific; FPLD lamin A 

association with myogenic genes was more similar to wild type (Fig. 1C). These data are 

consistent with an allele-specific effect of LMNA gene mutations on the muscle 

developmental program and are in accordance with the specific clinical muscular phenotype 

associated with EDMD (p.R453W).

These data predicted that the genomic loci of genes involved in terminal differentiation 

might fail to move from the nuclear periphery (heterochromatin) to central nuclear locations 

(euchromatin). To test this, fluorescence in situ hybridization (FISH) analysis was carried 

out with the MYOG genomic locus in MyoD-converted human fibroblasts from EDMD-AD 

patients during myogenic differentiation induced in culture by serum starvation (fig. S3). 

Visualization of the MYOG locus showed retention at the nuclear periphery in p.H222P 

EDMD cells, whereas wild-type lamin A showed the expected central nuclear location 

consistent with euchromatinization [nuclear distance for wild type (n = 16 nuclei) versus 

p.H22P (n = 13 nuclei); P = 0.05, Student’s t test].

To extend our observations to patients affected by lamin A laminopathies, fibroblasts were 

obtained from an EDMD patient harboring a different heterozygous LMNA mutation 

(p.H222P) as well as control subjects. Cells were transfected with a doxycycline-inducible 

MyoD expression construct to force conversion to the myogenic lineage and induced the 

fibroblasts to differentiate into myotubes (fig. S4). EDMD and wild-type cells were 

harvested at 1, 3, and 5 days after differentiation, and genome-wide methylation patterns 

were detected by Illumina arrays (Infinium HumanMethylation450). The myogenesis-
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associated transcripts (n = 322; n = 210 were present in methylation set) were investigated 

for changes in methylation patterns as a function of myogenic differentiation normalized to 

day 1 (d1) (Fig. 1D). These data showed the predicted loss of DNA methylation (associated 

with transcriptional silencing) as a function of myogenic differentiation in wild-type cells, 

consistent with the DamID data presented above. In contrast, and similar to the DamID data, 

the EDMD cells showed persistent DNA methylation at many of these loci (81 of 210 genes 

in EDMD at d3 and 84 of 210 at d5 of differentiation; table S3), indicating a perturbation in 

the differentiation program, although cells still formed myotubes by visual inspection (Fig. 

1D and fig. S4). These results were confirmed using human skeletal myoblasts/myotubes 

infected with LMNA constructs carrying the p. R453W (EDMD) and p.R482W (FPLD) 

mutations as well as the wild-type LMNA gene (fig. S5).

 Delayed E2F cell cycle suppression is shared by lamin A (EDMD-AD) and emerin-null 
(EDMD-XR) myogenic cells

The EDMD phenotype results from AD missense mutations in LMNA (above; EDMD-AD) 

as well as loss of function of the lamin-associated emerin protein (EDMD-XR). We 

previously showed similarities in mRNA expression profiles (of genes related to the 

transition to myogenic terminal differentiation) between muscle biopsies from EDMD-AD 

and EDMD-XR patients (3). In emerin-null cells, we showed relative inability to exit from 

the cell cycle through the shutoff of E2F pathways (3, 9). We queried the DamID-seq data 

from wild-type and mutant lamin A (p.R453W EDMD-associated, p.482W FPLD-

associated) proteins to determine whether key E2F pathway members, CDK1 and RB, 

showed abnormal regulation of chromatin (Fig. 2A). Consistent with our previously 

published mRNA and protein data in emerin-null cells (9), EDMD-mutated lamin A protein 

showed reduced association with the CDK1 and RB loci; FPLD lamin A data were more 

variable (Fig. 2C). To further investigate the effect of LMNA mutations on genes previously 

implicated in EDMD pathology, we focused our analysis on DNA methylation marks on cell 

cycle regulatory and myogenic differentiation genes. The RB1, HDAC1, CHRNG, and 

MCM3 (cell cycle genes) were differentially methylated in EDMD and showed decreased 

methylation levels compared to wild type and FPLD (Fig. 2H). Furthermore, in EDMD 

muscle cells, the gene encoding the master regulator of muscle differentiation, MYOD1, was 

persistently methylated and showed statistically higher levels of methylation relative to wild 

type and FPLD (Fig. 2H and table S4).

To integrate the lamin A protein data (DamID) for additional epigenetic marks, we carried 

out ChIP-seq for H3K9me3 at three time points during myogenic differentiation of wild-type 

and emerin-null murine H2K cells. H3K9me3 peak mapping relative to known start sites of 

transcription units showed similar distribution patterns in wild-type and emerin-null cells, 

whereas most of the heterochromatic H3K9me3 peaks mapped to intergenic (noncoding) 

regions of the genome, 50 to 500 Mb away from the nearest gene TSS. Analysis of loci near 

TTS (±10 kb from TSS) showed that all samples displayed a relative decrease in sequence 

tag density compared to intergenic and intronic regions (fig. S6). We queried the Cdk1 and 

Rb1 loci to determine whether the DamID data correlated with heterochromatic marks. 

H3K9me3 was enriched in the vicinity of the Cdk1 and Rb1 loci in wild-type cells but was 

absent in emerin-null cells in the vicinity of Cdk1 or failed to show increased enrichment as 
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a function of myogenic differentiation in the vicinity of Rb1, as seen in wild-type cells (Fig. 

2B). However, these heterochromatic marks were quite far downstream of the transcript unit 

(10 kb from Cdk1 and 200 kb from Rb1). Thus, H3K9me3 and DamID marks were 

consistent but not conclusive of a direct effect of decreased heterochromatin enrichment on 

cell cycle genes in EDMD. To confirm these findings, ChIP polymerase chain reaction 

(PCR) was performed in both murine H2K and primary myoblast cells (Fig. 2C), which 

showed significant reduction in H3K9me3 enrichment at the Cdk1 promoter. These data 

were consistent with a delayed exit from the cell cycle, as seen in myogenic cells in muscle 

biopsies from patients with either EDMD-AD or EDMD-XR. This abnormal hetero-

chromatinization of key cell cycle gene loci suggests that exit from the cell cycle is likely 

perturbed by nuclear envelop mutations.

 Genome-wide prioritization of ChIP-seq alterations identifies aberrant persistence of 
pluripotency programs in emerin-null cells

We then carried out a genome-wide assessment of changes in H3K9me3 heterochromatin 

marks during myogenic differentiation in emerin-null versus wild-type H2K cells. SICER-

called peaks were intersected and annotated using BEDTools suite to obtain (i) normalized 

read counts of each peak for both conditions at all time points, (ii) cell type–specific peaks, 

and (iii) expanded heterochromatic islands during the d0 to d1 and d1 to d2 transitions. 

Using BEDTools suite, we generated a list of peaks that showed heterochromatic decrease in 

enrichment in emerin-null sample at d0 and d1 (myoblast-myotube transition). H3K9me3 

ChIP-seq peaks were then analyzed using the GREAT web application (33) for genomic 

annotation of cis regulatory elements. The analysis revealed that loci involved in cell fate 

specification and transcriptional regulation of cell fate commitment, in particular Sox2 and 

its downstream targets (Gata6, Gbx2, Trim24, Hoxb1, Pax6, and others), showed loss of 

heterochromatin marks in emerin-null cells relative to wild type (Fig. 3 and table S5). 

Visualization of the enrichment around the Sox2 locus in emerin-null (pink) samples showed 

significant loss of heterochromatic H3K9me3 peaks at d2 relative to both emerin-null d0 and 

wild-type samples [d0: FC = −1.2 and FDR (false discovery rate) = 0.04: d1; FC = −1.3 and 

FDR = 0.02; d2: FC = −1.6 and FDR = 1.72 × 10−7).

Heterochromatic areas are increasingly recognized to expand along DNA during terminal 

differentiation of cells (21). We hypothesized that the nuclear envelope may serve a role in 

heterochromatic expansion along chromatin and that the process of loci expansion can be 

perturbed in emerin-null H2K cells. To test this hypothesis, we analyzed the expansion of 

heterochromatic loci as a function of myogenic differentiation (d0 to d2) using ChIP-seq 

data (Fig. 4). Proximal promoter analysis (−1000 bp and +200 bp) identified 1163 peaks in 

wild-type cells, 474 in emerin-null cells, and 390 peaks shared between the two conditions.

Next, we sought to identify regions in which heterochromatin islands increased in length 

during d0 to d1 or d1 to d2 transition (twofold or more). In wild-type H2K cells, 20% of 

heterochromatic peaks at gene promoters showed heterochromatic expansion from d0 to d1, 

whereas only 7% of emerin-null peaks showed this expansion (Fig. 4A). Comparing d1 to d2 

data, the expansion of heterochromatic loci in wild-type cells showed a marked slowing 
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(fivefold) from 20 to 4% of loci. On the other hand, emerin-null cells maintained a relatively 

constant rate of 7% of loci with expansions.

An example of this differential heterochromatic expansion is visualized in Fig. 4B. Wild-

type cells showed a 12-kb H3K9me3 expansion of a locus during the first day of 

differentiation, whereas emerin-null cells showed only a 2-kb expansion. We extracted the 

differentially expanded loci and entered the corresponding genes into Ingenuity Pathway 

Analysis. This showed that the differentially expanded heterochromatic loci were 

predominantly at gene loci involved in embryonic development (Fig. 4C).

 Targeted validation shows inappropriate transcriptional up-regulation of Sox2 
pluripotency pathways in emerin-null myogenic cells

The genome-wide H3K9me3 ChIP-seq data suggested an abnormal gain of function of cell 

fate pathways in emerin-null cells due to lack of heterochromatin initiation, heterochromatin 

expansion, or both. One key pathway appeared to be Sox2-Oct4-Nanog (Fig. 3), a well-

studied cell fate pathway induced in self-renewal and pluripotency (22). ChIP-seq results 

were validated in differentiating wild-type and emerin-null murine H2K myogenic cells 

using quantitative real-time PCR (qRT-PCR) (d0, d1, and d4). Sox2 gene expression showed 

a marked drop from d0 to d1 in wild-type cells, consistent with greater heterochromatin at 

the respective gene promoter (Fig. 5A). In contrast, emerin-null cells showed a smaller 

decrease in Sox2 mRNA expression from d0 to d1, with a fourfold increase from d1 to d4. 

We also studied two downstream targets of Sox2, Gata6, and Hoxb1, which are important 

for early development and differentiation of germ layers (Fig. 5, B and C). Gene expression 

data similarly confirmed ChIP-seq data, in which both Gata6 and Hoxb1 showed 

inappropriately high expression in emerin-null cells and abnormal patterns of expression 

change during myogenic differentiation (although not at exactly the same time point). To 

validate the mRNA findings at the protein level, wild-type and emerin-null H2K cells were 

studied at three time points after induction of myogenic differentiation (d1, d2, and d4), and 

Sox2 protein was measured by immunoblot (fig. S7A). Consistent with the mRNA findings, 

Sox2 protein decreased during differentiation of wild-type cells but increased in emerin-null 

cells.

Our data in emerin-null murine myogenic cells suggested that human patients with EDMD 

would also show aberrant regulation of SOX2 in their muscle. To test this, we accessed our 

previously published 125 human muscle biopsy mRNA profiling data set, including muscle 

biopsies from EDMD (both emerin-null and lamin A/C dominant mutations) (table S6). We 

used RT-PCR of patient muscle biopsy mRNA to compare the steady-state mRNA levels of 

SOX2 in the EDMD biopsies relative to normal volunteer muscle and a different muscular 

dystrophy used as disease control [LGMD type 2I (LGMD2I); FKRP missense mutations] 

(Fig. 5D). SOX2 mRNA showed similar steady-state levels between normal volunteers and 

disease controls (LGMD2I) but significantly elevated mRNA levels in both lamin (EDMD-

AD) and emerin (EDMD-XR) patient muscle.

We then used unsupervised hierarchical clustering to test for the association of additional 

transcripts with decreased heterochromatin in the human muscle biopsy data set, comparing 

AD (lamin A/C gain of function) forms with the FKRP/LGMD2I disease control (Fig. 5E 
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and table S7). The results showed that significant up-regulation of multiple SOX2 pathway 

members together with other ChIP-seq targets was specific for AD lamin A/C patients. 

These data suggest that the gain of function of SOX2 pathways seen in murine emerin-null 

myogenic cells is likely shared with human EDMD patients.

 Gain of function of SOX2 cell fate perturbations is specific to the disease type of lamin 
A/C mutation

We used the same patient-derived MyoD-converted cells (wild-type, EDMD LMNA 
p.H222P, and FPLD LMNA p.R482W mutation) described above to carry out targeted 

validations of SOX2 pluripotency pathway persistence 4 days after triggering myogenesis in 

vitro. Human SOX2, GATA6, and HOXB1 loci were studied using H3K9me3 ChIP to assess 

heterochromatin levels at gene promoters, as well as mRNA qRT-PCR for geneexpression 

(Fig. 6). Cells carrying the EDMD LMNA p.H222P missense mutation showed reductions in 

heterochromatin at GATA6 and HOXB1 relative to the normal control (Fig. 6, A and B). 

SOX2 was not tested (failure of qPCR). mRNA transcript levels showed up-regulation 

relative to the normal control and FPLD cells (Fig. 6, C to E). The mRNA studies were 

validated at the protein level; SOX2 protein showed abnormal persistent expression in 

EDMD p.H222P myotubes compared to normal controls (fig. S7B). Data suggest that both 

EDMD-AD (LMNA missense gain of function) and EDMD-XR (emerin loss of function) 

share persistence of the SOX2-associated pluripotency pathways resulting from alterations 

in epigenetic programming. Last, these data are consistent with specific mutations in lamin 

A/C that cause a differential gain of function of abnormal initiation and spreading of 

heterochromatin marks, thus altering cell fate in a mutation-specific manner.

 Wild-type lamin A protein directly interacts with the SOX2 locus, and this interaction is 
altered by LMNA missense mutations

The ChIP-seq and ChIP-qPCR imply that lamin A directly interacts with the SOX2 gene 

locus and that mutations of lamin A or emerin disrupt this interaction, but this interaction 

could be mediated by other proteins. To test for direct protein-DNA interactions between 

wild-type and mutant lamin A proteins with the SOX2 genomic locus, we returned to the 

DamID method. First, we queried the DamID-seq data presented earlier for associations of 

lamin A protein with the SOX2 gene locus (Fig. 7A). This revealed wild-type lamin A to 

show association with the SOX2 upstream region and relative loss of this association with 

the p.R453W mutation. We then used the DamID methyladenine chromatin from the same 

myogenic time points to carry out targeted analysis of SOX2 locus enrichment (Fig. 7B). 

The results showed relative loss of lamin A protein association with the SOX2 locus for both 

the EDMD (p.R453W) and FPLD (p.R482W) LMNA mutations. Collectively, these data 

reveal that tethering of the SOX2 genomic region to the nuclear lamina is impaired when 

LMNA is mutated, as well as in emerin-null cells.

We also confirmed the effects of LMNA mutations on myogenic differentiation. First, we 

infected human skeletal myogenic cells with various LMNA mutations [wild-type, p.R453W 

(EDMD), and p.R482W (FPLD)] and differentiated the cells into myotubes. Using a qRT-

PCR assay, we assessed the myogenin mRNA levels and showed that the EDMD mutation 

(LMNA p.R453W) reduced the myogenin levels in differentiating myotubes, whereas the 
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FPLD mutation (LMNA p.R482W) showed reduction in myogenin levels that was not 

statistically significant when compared to wild-type levels (fig. S8). These data show direct 

effects of LMNA mutations on muscle differentiation and, more importantly, show allele-

specific effects (EDMD versus FPLD mutations).

 Overexpression of SOX2 perturbs myogenesis

The epigenetic studies above suggest that three pathways are perturbed by both EDMD 

LMNA mutations and emerin loss-of-function mutations: exit from pluripotency programs 

(SOX2), exit from the cell cycle (E2F and Rb1), and induction of myogenesis. These three 

pathways are likely interrelated and coordinated during myogenic differentiation. To 

determine whether overexpression of SOX2 was sufficient to perturb myogenesis, SOX2 

overexpression in normal human myoblasts was enhanced by transfection with a 

cytomegalovirus (CMV)–driven SOX2 expression vector, and a marker for commitment to 

the myogenic lineage MF20+ (myosin) was scored. Cells transfected with the SOX2 vector 

failed to enter the myogenic lineage compared to those transfected with empty vector (Fig. 

7C).

 DISCUSSION

We report the genome-wide assessment of physical interactions between the lamin A protein 

and regions of the genome during myogenesis using the DamID-seq approach. The mapping 

of LADs was done for wild-type lamin A protein and two human disease-causing missense 

mutations, p.R453W (EDMD) and p.R482W (FPLD). The data showed gain-of-function 

properties of mutant lamins, consistent with the observed dominant inheritance pattern of 

these mutations (and most laminopathies). Wild-type lamin A showed direct interactions 

with about 11,000 regions of the genome, whereas EDMD p.R453W increased interactions 

to 19,000 and FPLD p.R482W to 21,000 loci. The mutant lamins also showed dominant-

negative features, with loss of the euchromatin transition of myogenic loci, and this finding 

was mutation-specific (seen by the EDMD mutation, but not FPLD) (Fig. 1).

Disease-specific disruptions of both the cell cycle and myogenesis pathways at the mRNA 

and protein levels had been previously observed in EDMD patient muscle biopsies (carrying 

either lamin A/C missense or emerin-null mutations) (3) and had been validated in emerin-

null mice by studies of in vivo myogenesis (9). Our data show that these perturbations were 

likely the result of mutation-specific altered LADs and downstream consequences on DNA 

methylation at the genomic loci for members of these pathways (Fig. 2). For example, the 

genomic loci of both CDK1 and RB1 showed LAD sites in wild type consistent with exit 

from cell cycle, but these LADs were lost with EDMD p.R453W LMNA. Myogenic loci 

should show increasing euchromatin formation and mRNA expression during myogenesis, 

and this was seen by both DamID-seq and DNA methylation data. In contrast, there was 

broad loss of this transition in EDMD cells, as shown by both DamID-seq (p.R453W) and in 

genome-wide methylation studies of MyoD-converted muscle cells from an EDMD patient 

with a second mutation (p.H222P).

EDMD has features of a syndrome, with muscular dystrophy and marked muscle wasting as 

well as cardiac conduction block. The disease shows genetic heterogeneity caused by both 
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dominant LMNA mutations and X-linked recessive EMD mutations, in which the encoded 

lamin A and emerin are interacting biochemical partners at the nuclear envelope. To 

integrate the epigenetic model across both disorders, genome-wide H3K9me3 

(heterochromatin mark) ChIP-seq was carried out at three time points during the in vitro 

myogenic differentiation of emerin-null and wild-type murine myogenic cells. These data 

showed similar alterations in the epigenetic transitions of both cell cycle and myogenesis 

loci, as seen with the gain-of-function lamin A (p.R453W) DamID data. The increased time 

series permitted an additional assessment of epigenetic function, namely, spreading of 

heterochromatin laterally as a function of time (Fig. 4). For example, the initiation of 

heterochromatin at the Cdk1 locus appeared to fail entirely in emerin-null cells, whereas 

Rb1 heterochromatin initiated but showed relative inability to spread laterally (Figs. 2 and 

4).

In carrying out a genome-wide prioritization of cellular functions altered in the emerin-null 

ChIP-seq time series, we noted significant alterations of Sox2-associated pluripotency 

pathways that we had not recognized in our previous studies (3, 9). Sox2 loci showed 

progressive gain of heterochromatin during myogenesis by both DamID-seq and ChIP-seq, 

but lamin A mutations and emerin loss of function both caused persistent expression of Sox2 

pathway loci as a result of alterations in epigenetic programming. This change added 

abnormal persistence of pluripotency programs to myogenesis and cell cycle functions, all 

driven by alterations of LADs, histone associations, and DNA methylation patterns caused 

by lamin A missense and emerin loss of function. Overexpression of Sox2 protein in 

differentiating myogenic cells delayed their differentiation (Fig. 7), suggesting that 

persistence of pluripotency might be upstream of the myogenesis loci alterations.

We believe that the epigenetic effects of nuclear envelope disorders provide a unifying 

molecular model that explains the marked range of clinical phenotypes seen with different 

lamin A/C missense mutations as well as the clinical phenocopies seen with other nuclear 

envelop proteins, including emerin deficiency. Specific lamin A mutations have gain-of-

function (promiscuous LADs) and dominant-negative (inability to initiate and spread LADs) 

consequences during the development of cell fate. Different mutations affect different cell 

lineages and cell-specific LADs. We provided evidence for allele specificity, where the 

epigenetics of myogenic loci was altered by a muscular dystrophy lamin A mutation 

(EDMD p.R453W) but not an adipose tissue disorder (FPLD p.R482W). It is important to 

speculate why geographically distant mutations such as R453W and H222P cause similar 

EDMD-specific epigenetic changes, whereas mutations in close proximity R453W (EDMD) 

and R482W (FPLD) do not. Our data suggest that an orchestrated association of lineage-

specific (for example, MyoD) and nonlineage-specific (for example, LMNA) proteins is 

responsible for the appropriate developmental programming of distinct cell lineages. It is 

likely that there are multiple points of contact on the lamin A protein for lineage-specific 

proteins, and our data suggest that the R453W and H222P mutations alter different contact 

points for the same myogenic proteins disrupted in EDMD, whereas R482W does not. 

Krimm et al. (23) have carried out structure determination and mutant analyses of various 

EDMD and FPLD LMNA mutations to show that disease-specific mutations have structural 

consequences that differ at the molecular level. A limitation of our study is that we focused 

on EDMD (a muscle disease) using FPLD mutations as a disease control. Future studies are 
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needed for other LMNA mutations that affect other cell lineages (for example, FPLD LMNA 
mutations in differentiating adipogenic cells; peripheral neuropathy LMNA mutations during 

neuronal development) before our models can be generalized to other laminopathies.

Although lineage-committed cells share an identical genome with embryonic stem cells, the 

epigenomic landscape differs markedly, with most changes arising from redistribution of 

transcriptional repressor marks H3K9me3 and H3K27me3 (21). Our model suggests that 

many of these changes are driven by the increased expression of lamin A during terminal 

differentiation of myoblasts and other cells (3, 4). This model is consistent with more 

general findings in pluripotent stem cells, in which epigenetic changes appear to drive cell 

fate memory, with large fractions of the genome associated with heterochromatin 

(H3K9m2), which is facilitated by chromatin nuclear lamina reassociation after mitosis in 

lineage-committed cells (24). The model is also supported by the findings of Towbin et al. 
(25) who have shown stepwise formation of H3K9me3 heterochromatic foci at the nuclear 

periphery using H3K9me1/2 as a substrate, suggesting that nuclear envelope plays an active 

role in epigenetic reprogramming.

Together, our data suggest that, in the presence of LMNA and EMD mutations and, by 

extension, all nuclear envelop disorders, there is inappropriate association of 

heterochromatin with nuclear lamina upon differentiation. This mishap results in three 

parallel events that may have a cumulative effect: slowing of exit from cell cycle 

(heterochromatinization of Cdk1 locus), slowing of exit from pluripotency programs 

(heterochromatinization of Sox2 locus), and poorly coordinated induction of terminal 

differentiation programs.

 MATERIALS AND METHODS

 Study design

Study design included discovery experiments (genome-wide) and validation experiments 

(preselected end points). No statistical outliers were excluded from analyses. The study 

rationale was to test the hypothesis that dominant missense mutations of the lamin A protein 

and loss of function of the emerin protein led to disruptions of interactions of DNA 

chromatin with the myogenic cell nuclear envelop during cell differentiation (myogenesis). 

Genome-wide discovery experiments (DamID, ChIP-seq, and genomic DNA methylation) 

were used to build molecular models that were then validated through targeted experiments 

using patient cells, patient muscle biopsies, mouse models, and in vitro–engineered cells.

 Cell cultures

 Conditionally immortalized H2K myoblasts—For the following experiments, 

conditionally immortal satellite cell-derived cell line H2K was used. H2K cell line was 

generated from the H2Kb-tsA58 immortomouse (26). Both emerin-null and wild-type mice 

are on the Bl6 background. The transgenic mice harbor a temperature-sensitive 

immortalizing T antigen gene (tsA58) under the control of an interferon-γ (IFN-γ)–inducible 

major histocompatibility complex class I promoter. Depending on culture conditions, the 

cells either exhibit continuous mitosis or alternatively terminally differentiate into myotubes. 
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Emerin-null H2K mice were generated in our research center by T. Cohen and T. Partridge 

by breeding emerin-null (9) and H2Kb-tsA58 mice on the Bl6 background. Cells were 

harvested at the following time points: contact-inhibited myoblasts—80 to 90% confluent 

myogenic cells grown under permissive conditions; differentiating myotubes for 24, 48, 72, 

and 96 hours (d1 to d4)—80 to 90% confluent cells grown under permissive conditions for 

24 hours, and induced to differentiate (serum withdrawal, nonpermissive temperature, and 

absence of IFN-γ).

 Single fiber-derived satellite cell isolation and primary myotube 
differentiation—Emerin-null and wild-type mice aged 9 weeks were sacrificed and the 

EDL was dissected. Muscles were digested in 0.2% collagenase type 1/Dulbecco’s modified 

Eagle’s medium (DMEM) (Life Technologies), and individual myofibers were dissociated 

and washed, as described previously (27). To induce satellite cell activation, 6 to 12 

myofibers were cultured on Matrigel-coated six-well plate in DMEM (Life Technologies) 

containing 10% (v/v) horse serum (Life Technologies), 10% (v/v) fetal bovine serum (Life 

Technologies), 1% (v/v) chick embryo extract (US Biological), 2% L-glutamine (Sigma-

Aldrich), and 1% (v/v) penicillin/streptomycin solution (Sigma-Aldrich) at 37°C in 5% CO2. 

After myofiber removal, activated myoblasts were proliferated for 5 days. To induce 

differentiation, myoblasts were plated on Matrigel-coated dishes and kept in DMEM 

containing 5% horse serum (Life Technologies), 2% L-glutamine (Sigma-Aldrich), and 1% 

(v/v) penicillin/streptomycin solution (Sigma-Aldrich) at 37°C in 5% CO2. Cells were 

differentiated for 24 hours and harvested for downstream applications.

 Immortalized MyoD-converted human myoblasts—EDMD and control patient 

fibroblasts were obtained from skin biopsies. Cells were immortalized using a lentiviral 

vector containing the sequence encoding the catalytic subunit of human telomerase as 

previously described (28). Inducible myogenic conversion was obtained using a lentiviral 

vector containing a murine MyoD under the control of the Tet-On inducible construct as 

described previously (29). Immortalized EDMD, FPLD, and control fibroblasts were 

proliferated to 90% confluence followed by MyoD induction by doxycycline. Four days 

after MyoD induction, myotubes were harvested for qRT-PCR and ChIP-qPCR experiments.

 Immortalized human skeletal myoblasts—Human skeletal myoblasts were 

proliferated in Skeletal Muscle Cell Growth Medium (PromoCell) according to the 

manufacturer’s instructions except for fetal bovine serum (Invitrogen) that was adjusted to 

20%. Differentiation was induced at high cell density by serum starvation [DMEM (Life 

Technologies) in the presence of gentamicin (50 μg/ml) and insulin (10 μg/ml)]. For DNA 

methylation analysis and myogenin qRT-PCR experiments, myogenic cells were infected 

with LMNA variants [wild-type, EDMD (p.R453W), FPLD (p.R482W)]. Myogenic cells 

were affected at myoblast stage and harvested the next day (myoblasts) or differentiated into 

myotubes and harvested 4 days after differentiation (myotubes).

 Human embryonic kidney 293T cells—Human embryonic kidney (HEK) 293T cells 

were grown according to standard protocol in DMEM supplemented with 10% heat-
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inactivated fetal bovine serum (Invitrogen), 1% penicillin/streptomycin (Invitrogen), and 2% 

L-glutamine (Invitrogen).

 DamID-seq assay

 Plasmid construction—pLgw V5-EcoDam (negative control), pLgw RFC1-V5-

EcoDam, and pLgw CBX1-V5-EcoDam (positive control) vectors were obtained from the 

Bas van Steensel laboratory. We used Gateway cloning system (D-TOPO cloning) 

(Invitrogen) to generate entry clone (pENTR) for human LMNA ORF synthesized from 

RNA sample of a normal volunteer. LMNA entry clones harboring p.R453W and p.R482W 

mutations were generated using QuikChange Lightning Site-Directed Mutagenesis Kit 

(Agilent Technologies). To clone these three versions of LMNA ORF into pLgw RFC1-V5-

EcoDam, we used Gateway cloning system (LR clonase) (Invitrogen).

 Lentiviral production and infection—HEK293T cells were grown in 10-cm dishes 

until 60 to 80% confluence. We used Lipofectamine 2000 (Invitrogen) for lentiviral 

production. We mixed 67.7 μl of Lipofectamine 2000 with 500 μl of Opti-MEM (minimum 

essential medium) and added it to the following mixture: 3.5 μg of pMD-G (envelope 

plasmid), 6.5 μg of pCMV-ΔR8.2 (packaging construct), 2.5 μg of pRSV-Rev (Rev-encoding 

plasmid), 10 μg of specific pLgw LMNA-V5-EcoDam, and 500 μl of Opti-MEM. The 

mixture was incubated at room temperature for 20 min and added dropwise to the HEK293T 

cells. After 8 hours, the medium was replaced with 6 ml of fresh medium. Virus containing 

medium was harvested on three consecutive days, and supernatants were pulled (18 μl of 

infectious medium), filtered (0.45 μm), and aliquoted (1-ml aliquots). Virus aliquots were 

stored at −80°C.

Human skeletal myoblasts were plated on six-well plates at high density. Differentiation was 

induced the next day by serum starvation [DMEM with insulin (10 μg/μl) and gentamicin 

(50 μg/μl)]. Myoblasts were differentiated for 24 hours; after which, they were infected with 

infectious medium diluted 2:1 in DMEM in the presence of 1.5 μl of Polybrene (10 mg/ml). 

The cells were then returned to 37°C for overnight incubation.

The following day, the medium was replaced with 3 ml of fresh differentiation medium. 

After 48 hours later, the cells were harvested and the genomic DNA (gDNA) was isolated 

using the Qiagen DNA Micro Kit, “Isolation of gDNA from Small Volumes of Blood” 

protocol. The DNA was eluted in 200 μl of buffer AE.

 DamID library preparation and sequencing—The gDNA was ethanol-precipitated 

overnight at −20°C and dissolved in tris-EDTA (pH 7.5) to a concentration of 1 μg/μl. gDNA 

(2.5 μl) was digested with 0.5 μl of Dpn I (New England Biolabs; 20 U/μl) at 37°C 

overnight, and Dpn I was inactivated by heating to 80°C for 20 min. Dpn I–digested gDNA 

was ligated to the adaptor AdR [slowly annealed AdR-top (5′-

CTAATACGACTCACTATAGGGCAGCGTGGTCGCGGCCGAGGA-3′) and AdR-bottom 

(5′-TCCTCGGCCG-3′)]. The ligation reaction was performed at 16°C for 2 hours using T4 

Ligase (Roche; 5 U/μl). The enzyme was inactivated by heating to 65°C for 10 min. To 

remove the fragments that have unmethylated GATCs, we performed Dpn II digestion at 

37°C for 1 hour.
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PCR reaction was performed to amplify the regions flanked by adaptors. Reaction consisted 

of 10-μl Dpn II–digested DNA, 5-μl 10× cDNA (complementary DNA) PCR reaction buffer 

(Clontech), 0.625-μl primer bio-Adr-PCR (5′ bio-GGTCGCGGCCGAGGATC 3′; 100 μM), 

1-μl deoxynucleotide triphosphates (10 mM), 1-μl PCR Advantage enzyme mix (Clontech, 

50×), 32.375-μl double-distilled (ddH20). We used the following amplification reaction 

program: 1 cycle of 68°C (10 min), 94°C (1 min), 65°C (5 min), 68°C (15 min); 3 cycles of 

94°C (1 min), 65°C (1 min), 68°C (10 min); 17 cycles of 94°C (1 min), 65°C (1 min), 68°C 

(2 min). The PCR products were cleaned with the Qiagen MinElute PCR Purification Kit 

and eluted in 20-μl ddH2O. The PCR products (2 μl) were run on a gel to verify successful 

digestion and amplification.

Each sample (3 μg) was diluted in 100-μl ddH2O and sonicated with Covaris using the 

following settings: 10% duty cycle, 175 Peak Incident Power, 200 cycles per burst for a total 

of 4.5 min. Biotinylated ends of the PCR products were pulled down using Dynabeads 

MyOne Streptavidin T1 (Invitrogen). These beads (50 μl) were washed three times with 1 ml 

of 1× Binding and Washing (B&W) buffer [5 mM tris-HCl (pH 7.5), 0.5 mM EDTA, 1 M 

NaCl]. Washed beads were resuspended in 75 μl of Covaris-sonicated DNA, 100 μl of 2× 

B&W buffer, and 25 μl H2O. This mixture was incubated at 4°C for 30 min on a rotator. The 

beads were washed three times with 200 μl of 1× B&W buffer.

DNA was released off the beads by Dpn II digestion at 37°C for 1 hour. The supernatant was 

saved and cleaned using the Qiagen MinElute Reaction Cleanup Kit. DNA was eluted in 20-

μl H2O and quantified with Qubit. qPCR analysis was performed to validate the DamID 

DNA before submission for sequencing.

 Bioinformatic analysis

Demultiplexed .fastq files were aligned to reference genome (hg19) using Bowtie (30) and 

uniquely mapped reads were kept for further analysis. Peaks were called using SICER 

algorithm (31) with parameter set as follows: window size (2000 bp), gap size (6000 bp), 

and FDR1e-3. Distribution of peaks was determined using HOMER (annotatePeaks.pl, 

GenomeOntology and Venn). Lamin A binding 2 kbp upstream/downstream of the TSS was 

queried using HOMER (annotatePeaks.pl, ghist). Similar analysis was performed for genes 

induced by myogenic induction. To obtain genes induced by myogenic induction in human 

skeletal myotubes, we downloaded ENCODE Affymetrix Exon 1.0 ST array data for 

skeletal myoblasts and myotubes (GSE15805). Data were normalized using Affymetrix 

Expression Console followed by Partek Genomics Suite analysis to obtain genes induced in 

myotubes (one-way ANOVA, P < 0.01; FC > 1.2). Alignment files (.bam) for the histone 

peaks were downloaded from the ENCODE (H3K9me3, GSM733730; H3K4me3, 

GSM733637). Lamin A, H3K9me3, and H3K4me3 binding around TSS was determined 

using HOMER (annotatePeaks.pl, ghist).

 Methylation analysis

DNA methylation analysis was performed on three time points in two different patient cell 

types (normal and EDMD) using Illumina 450K methylation bead array. Normalization was 
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performed using SWAN algorithm in R studio (32). Methylation pattern of genes induced by 

myogenesis was plotted using Partek Genomics Suite.

Second DNA methylation analysis was performed on human skeletal myoblasts and 

myotubes (day 4 of differentiation) infected with LMNA variants [wild-type, EDMD 

(p.R453W), and FPLD (p.R482W)] using Illumina 450K methylation bead array. 

Normalization and analysis were performed as described above.

 Real-time PCR—Total RNA was isolated using TRIzol according to the manufacturer’s 

instructions. Two hundred nanograms of total RNA was reverse-transcribed into single-

stranded cDNA and processed for RT-PCR (SYBR Green). Primers used can be found in 

table S8.

 ChIP assay and ChIP-seq

ChIP-qPCR and ChIP-seq were performed with modifications following Myers laboratory 

protocol at http://myers.hudsonalpha.org/documents/Myers%20Lab%20ChIP-seq

%20Protocol%20v041610.pdf. Briefly, cells were lysed in Farnham buffer [5 mM Pipes (pH 

8.0), 85 mM KCl, 0.5% NP-40] and subsequently in radioimmunoprecipitation assay buffer 

[1× phosphate-buffered saline (PBS), 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS]. 

Chromatin was sheared by sonication (12 × 15 s) with 15-s break in between intervals in 

1.5-ml microcentrifuge tubes using Sonifier Cell Disruptor 350. Fragmentation of chromatin 

was inspected on 1% agarose gel. Chromatin/DNA (50 μg) was immunoprecipitated 

overnight at 4°C with 3 μg of antibody against H3K9me3 (Abcam, ab8898). As a control, 

we used 5 μg of sheared, non-precipitated chromatin (input). Samples were incubated with 

magnetic beads (Dynabeads, Invitrogen) for 6 hours and washed successively in buffer I [20 

mM tris-HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100], buffer II 

[20 mM tris-HCl (pH 8.0), 500 mM NaCl, 2 mM EDTA, 0.1% SDS, 1% Triton X-100], 

buffer III [10 mM tris-HCl (pH 8.0), 250 mM LiCl, 1% NP-40, 1% sodium deoxycholate, 1 

mM EDTA], and tris-EDTA (pH 8.0). All washes were performed at 4°C for 10 min. qPCR 

primers used can be found in table S8. The results were reported as qPCR values normalized 

to input chromatin (gDNA) and presented as percentage of input. To ensure specific PCR 

amplification, every RT-PCR run was followed by a dissociation phase analysis 

(denaturation curve) to confirm the presence of a single dissociation peak. For ChIP-seq, 

chromatin was precipitated as described above, and libraries were prepared using Mondrian 

SP system and run on Illumina HiScan platform with multiplexed four samples per lane.

 ChIP-seq data analysis

Demultiplexed .fastq files were aligned to reference genome (mm9) using Bowtie (30), and 

uniquely mapped reads were kept for further analysis. Peaks were called using SICER 

algorithm (31) with parameter set as follows: window size (1000 bp), gap size (3000 bp), 

and FDR1e-2. Genomic distribution of ChIP peaks and tag densities around TSS were 

determined with HOMER platform using the following commands: perl annotatePeaks.pl 

wt.bed mm9 > output.txt and annotatePeaks.pl tss.txt mm9 -size 10000 -hist 100 -d wt.bed 

emd.bed > outputfile.txt. Peaks specific to cell type were determined using BEDTools suite: 

bed-tools intersect -a A.bed -b B.bed –v. Differentially enriched peaks were studied by 
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intersecting individual peak files for all conditions to generate union file using BEDTools 

intersect and annotated with read counts from individual .bed files using bedtools annotate 

counts –i union.bed -files F1.bed F2.bam FN.bed. The read counts were normalized to 

corresponding library sizes. Gene ontology of biological processes of peaks showing 

reduction/absence in H3K9me3 enrichment at the point of myogenic induction (d0 to d1) 

was identified using GREAT cis regulatory region prediction tool (33), whereas top 

canonical pathways were generated by Ingenuity Pathway Analysis. Heterochromatic 

expansion in proximal promoter region was defined as at least two times increase in peak 

length during d0 to d1 and d1 to d2 transition. Initially, sequencing and ChIP quality 

analysis were performed using FastQC and strand cross-correlation analysis (34). ChIP data 

for human myogenic cells were obtained from ENCODE (H3K9me3 – GSM733730, 

H3K4me3, GSM733637).

 Expression data

 Human skeletal myotubes and myoblasts—Affymetrix expression data for human 

skeletal myotubes and myoblasts (35, 36) were downloaded from Gene Expression Omnibus 

(GEO) (accession no. GSE15805).

 Muscle biopsies—Affymetrix expression data for muscle tissue of control, EDMD-

AD, EDMD-XR, and FKRP patients (3) were obtained from GEO (accession no. GSE3307). 

Sets were normalized using Expression Console from Affymetrix using PLIER (Probe 

Logarithmic Intensity Error) algorithm. Annotation, FC, and P values, as well as hierarchical 

clustering, were calculated and plotted using Partek Genomics Suite.

 Western blot

Murine emerin-null and wild-type H2K cells were harvested at 24 (d1), 48 (d2), and 96 

hours (d4) after differentiation. Patient cells were harvested 72 hours after differentiation. 

For each sample, 30 μg of total proteins was used for SDS–polyacrylamide gel 

electrophoresis and Western blotting. Sox2 levels were detected using anti-Sox2 antibody 

(Abcam, ab97959). Antibody against H3 was used as loading control (Abcam, ab1791). For 

detection of Dam-V5-LMNA proteins, antibody against V5 was used (Abcam, ab9116).

 Myogenin FISH

FISH was performed as described previously (12). Briefly, EDMD patient and control 

myotubes (4 days of differentiation) were fixed with 4% paraformaldehyde in 1× PBS and 

permeabilized with 0.5% Triton X-100 in 1× PBS. gDNA was denatured by placing the slide 

in an 80°C dry bath for 5 min. DNA FISH probe containing myogenin locus was purchased 

from Empire Genomics (BAC clone, RP11-335O13; dye color, Orange 5-TAMRA dUTR). 

Slides were washed in a prehybridization buffer (2× SSC, 50% formamide) at 37°C for 1 

hour before proceeding with hybridization step. FISH probe was denatured according to the 

manufacturer’s instruction. Hybridization was performed in a humidified chamber overnight 

37°C in the dark. After hybridization, slides were washed in a prehybridization buffer at 

37°C for 1 hour. Slides were then washed three times with PBST (1× PBS + 0.05% Tween 

20) and mounted with VECTASHIELD (Vector Laboratories) and visualized with an 
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Olympus FV-1000 confocal laser scanning microscope. Distances between each of the two 

MYOG loci and the nuclear envelop were measured from images.

 Overexpression and myogenic differentiation experiments

Human immortalized myoblasts were transfected with SOX2 vector (EX-T2547-M61; 

GeneCopoeia) and corresponding empty vector (EX-T2547-NEG; GeneCopoeia). Both 

vectors carried information for GFP gene as well. Medium was changed the next day to 

induce myogenic differentiation. Cells were fixed 72 hours after differentiation induction 

and stained for myosin heavy chain (MF20, Developmental Studies Hybridoma Bank) and 

DAPI (ProLong Antifade Reagents with DAPI from Invitrogen). Cells that received the 

vector were scored on the basis of GFP expression, and myogenic potential was estimated as 

a ratio of MF20+ GFP+ cells over the total number of GFP+ cells. Four image fields 

containing 300 to 500 cells were scored for each transfection experiment.

 Statistical analyses

The test for statistical significance was the two-tailed Student’s t test. Prediction of 

DamLMNA binding and H3K9me3 ChIP-seq enrichment was performed with the SICER 

algorithm. DNA methylation analysis was conducted with SWAN algorithm in R and Partek 

Genomics Suite. Multiple hypothesis testing was performed with the statistical data analysis 

software Partek Genomics Suite using P value adjustment.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Promiscuous formation of short LADs by mutation-bearing lamin A/C proteins is 
associated with allele-specific perturbation of myogenic programs
Interactions between lamin A nuclear envelope protein and chromatin domains were 

assessed by Dam–lamin A fusion protein using DamID-seq [wild-type (WT), p.R453W 

EDMD, and p.R482W FPLD] in differentiating human myoblasts. LADs were scored and 

compared between the three lamin A/C variants. (A) Overlap in LADs (and genes found in 

LADs) among the three variants. Mutant lamin A proteins showed promiscuous formation of 

new LADs that were of shorter length compared to WT (fig. S1). (B) WT lamin A showed 

loss of LADs at TSS, whereas mutant lamin A showed abnormal increased association with 

start sites. WT and mutations in lamin A showed most binding downstream of TSS. (C) 

Restriction of analysis to transcript units associated with myogenic differentiation showed 

broad loss of lamin A binding with WT lamin A, consistent with euchromatinization of 

myogenic loci at the myotube stage. Lamin A containing an EDMD mutation (p.R453W) 

showed persistent heterochromatinization of myogenic loci, whereas p.R482W FPLD 

mutation retained appropriate loss of LADs similar to WT. (D) DNA methylation status of 

myogenesis-associated loci (n = 322) in fibroblasts from EDMD patients [carrying the 

LMNA mutation (p.H222P)] transfected with an MyoD expression vector shows expected 
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loss in methylation similar to cells from control subjects. Genes involved in skeletal and 

cardiac muscle development that showed persistent methylation are marked at the left.
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Fig. 2. Cell cycle loci show decreased association with EDMD lamin A and inadequate 
heterochromatin formation in differentiating EDMD myogenic cell
Lamina association of cell cycle loci assessed by DamID-seq showed reduction in binding of 

mutated lamin A, which resulted in reduced heterochromatinization of these loci as assessed 

by ChIP-seq in emerin-null murine myogenic cells (H2K cells). (A and B) Wiggle track 

format (Wig) of lamin A enrichment on two cell cycle genes, (A) CDK1 and (B) RB1. Data 

are presented as log2 of DamLMNA-associated genomic regions/DamOnly genomic regions. 

(C) Normalized read counts of lamin A peaks at the CDK1 and RB1 loci. (D and E) Wig 

tracks of H3K9me3 enrichment at Cdk1 (D) and Rb1 (E) loci. (F and G) ChIP-qPCR 

validation of H3K9me3 enrichment at the Cdk1 locus in WT emerin and emerin-null (EMD-

null) (F) murine H2K cells and (G) primary myoblasts from extensor digitorum longus 

(EDL) murine muscle. Data are means ± SEM. (H) DNA methylation analysis of human 

skeletal muscle cells infected with lentivirus encoding the WT LMNA gene or LMNA genes 

with one of two different mutations [WT, EDMD (p.R453W), and FPLD (p.R482W)] 

focused on genes previously implicated in EDMD pathology (3). Heat map of genes that 

show statistically significant differences (±1.2 FC; P < 0.05, FDR-corrected) between WT 

and EDMD and WT and FPLD cells. chr, chromosome.
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Fig. 3. Decreased or absent H3K9m3 enrichment in murine emerin-null H2K cells is associated 
with genes known to be involved in cell fate regulation and transcriptional regulation in 
embryonic stem cells
(A) Top 3 phase G0 biological processes associated with decreased H3K9me3 in emerin-null 

samples (GREAT web application). GREAT calculates the statistical enrichment (P value) 

for genomic regions based on ChIP-seq data and annotations from numerous ontologies. (B) 

Wig tracks of ChIP-seq data around the SOX2 locus. (C) Top canonical pathway generated 

using genes associated with a decrease (purple) or absence (green) of H3K9me3 enrichment 

in emerin-null H2K cells (Ingenuity Pathway Analysis). Pink x’s are a cartoon 

representation of gDNA. TGF-β, transforming growth factor–β.
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Fig. 4. Emerin-null cells show aberrant heterochromatin spreading during myogenic 
differentiation
Heterochromatic expansion was studied by comparing ChIP-seq data between time points 

during myogenic differentiation in both WT and emerin-null H2K cells. (A) The percentage 

of heterochromatic gene promoter loci showing expansion was calculated between d0 to d1 

and d1 to d2. In WT cells, 20% of loci showed expansion early in differentiation (d0 to d1); 

however, this rate slowed quickly to 4% (d1 to d2). Emerin-null cells showed a loss of these 

differentiation-specified transitions in heterochromatic expansion. (B) Visualization of ChIP-

seq data for an exemplar locus (Krtap, keratin-associated proteins; Gm11938, predicted gene 

11938; Gm11937, predicted gene 11937). H3K9me3 peaks in WT cells are shown in blue, 

and Emerin-null cells are shown in pink. Emerin-null cells show only marginal expansion (2 

kb) between d0 and d1, whereas WT cells show a 12-kb expansion. (C) Gene ontology 

analysis of differentially expanded loci in WT versus emerin-null cells showed enrichment 

for genes involved in embryonic development.
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Fig. 5. Sox2 and downstream target genes show abnormal gain of function in differentiating 
emerin-null myogenic cells and in muscle biopsies from EDMD patients
(A to C) Differentiating WT and emerin-null H2K cells were studied at d0, d1, and d4 after 

induction of myogenic differentiation. qRT-PCR of (A) Sox2 and two downstream 

transcriptional target genes [Gata6 (B) and Hoxb1 (C)] showed down-regulation in WT 

cells, whereas emerin-null cells show abnormally high expression of all three genes. Two-

way ANOVA with repeated measures, followed by Bonferroni’s multiple comparisons test, 

***P < 0.0005 and **P < 0.005; n = 3. Error bars indicate ± SEM. (D and E) mRNA 

profiles were accessed (3) by Affymetrix microarrays in muscle biopsies taken from control, 

EDMD, and FKRP patients [control (CTRL), n = 13; EDMD-XR, n = 4; EDMD-AD, n = 3; 

FKRP, n = 7]. (D) Affymetrix signal intensity query of Sox2 mRNA showed abnormal up-

regulation in both EDMD-XR and EDMD-AD patient muscle relative to control samples. 

(E) Hierarchical clustering of mRNA transcripts corresponding to H3K9me3 ChIP-seq loci 

that displayed specific decreases, relative to WT, in heterochromatin in emerin-null H2K 

myogenic cells (n = 42). The large majority of these murine ChIP-seq loci showed up-

regulation of the corresponding mRNA transcripts in EDMD patient muscle biopsies 

(yellow) relative to control (green) and disease control FKRP (blue). n.s., not significant.
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Fig. 6. Various lamin A/C mutations that cause either EDMD or FPLD give rise to differential 
regulation of Sox2 pathways
Dermal fibroblasts from an EDMD patient carrying a lamin A/C p.H222P dominant 

mutation, an FPLD p.R482W lamin A/C mutation, and a control volunteer were converted to 

myogenic lineages, differentiated, and studied for Sox2 pathway gene regulation. (A and B) 

ChIP for the H3K9me3 heterochromatin mark showed mutation-specific loss of 

heterochromatin in EDMD for both Gata6 and Hoxb1. (C to E) Steady-state mRNA levels 

for the (C) Sox2, (D) Gata6, and (E) Hoxb1 genes in differentiated control, EDMD, and 

FPLD myogenic cells measured by qRT-PCR. For experimental versus control, *P = 0.05 

and **P = 0.01. Error bars indicate ±SEM.
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Fig. 7. The LMNA protein causes allele-specific perturbation by direct interaction with the SOX2 
genomic locus, and SOX2 overexpression causes inhibitory effects on muscle differentiation
The direct link between lamin A mutations and the SOX2 locus was studied by DamID-seq 

and DamID-qPCR using primers specific for SOX2. Effects of SOX2 on myogenic 

differentiation were assessed by overexpression experiments. (A) Wig tracks of lamin A 

enrichment at the SOX2 locus. (B) Validation experiment of lamin A enrichment at the 

SOX2 locus using DamID-qPCR. The analysis compared binding abilities of WT and 

mutated lamin A proteins at the SOX2 locus and showed decreased enrichment potential for 

the mutated lamins. (C) SOX2 overexpression significantly (P = 0.02, Student’s t test) 

reduced differentiation potential of human immortalized myoblasts. Differentiation potential 

was assessed by the ability of transfected cells [green fluorescent protein (GFP+) to form 

myosin heavy chain (MF20+)–positive myotubes and was calculated as the ratio of MF20+/

total number of transfected myoblasts [GFP+ DAPI (4′,6-diamidino-2-phenylindole) cells]. 

Error bars indicate ± SEM.
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