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LMNA Mutations G232E and R482L Cause
Dysregulation of Skeletal Muscle Differentiation,
Bioenergetics, and Metabolic Gene Expression Profile
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Abstract: Laminopathies are a family of monogenic multi-system diseases resulting from mutations
in the LMNA gene which include a wide range of neuromuscular disorders. Although lamins are
expressed in most types of differentiated cells, LMNA mutations selectively affect only specific tissues
by mechanisms that remain largely unknown. We have employed the combination of functional
in vitro experiments and transcriptome analysis in order to determine how two LMNA mutations
associated with different phenotypes affect skeletal muscle development and metabolism. We used a
muscle differentiation model based on C2C12 mouse myoblasts genetically modified with lentivirus
constructs bearing wild-type human LMNA (WT-LMNA) or R482L-LMNA/G232E-LMNA mutations,
linked to familial partial lipodystrophy of the Dunnigan type and muscular dystrophy phenotype
accordingly. We have shown that both G232E/R482L-LMNA mutations cause dysregulation in
coordination of pathways that control cell cycle dynamics and muscle differentiation. We have
also found that R482/G232E-LMNA mutations induce mitochondrial uncoupling and a decrease
in glycolytic activity in differentiated myotubes. Both types of alterations may contribute to
mutation-induced muscle tissue pathology.

Keywords: laminopathies; muscle dystrophies; LMNA G232E/R482L mutations; myogenesis;
transcriptome sequencing; bioenergetics; mitochondrial respiration; glycolysis

1. Introduction

Laminopathies are the family of monogenic multi-system disorders that result from mutations
in the LMNA gene, which encodes for nuclear lamins A and C. In the course of two decades,
over 400 mutations in LMNA have been linked to various forms of laminopathies, including muscle
dystrophies, cardiomyopathies, lipodystrophies, and neuropathies [1-5]. Although lamins are
expressed in most differentiated tissues, particular LMNA mutations selectively affect only specific
tissues by mechanisms that remain largely unknown. Genotype—-phenotype association studies have
raised the hypotheses that different laminopathies selectively affect specific tissues through the ability
of nuclear lamina to influence the chromatin status under differentiation and mechanical stress in a
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mutation-specific manner [6-10].) Namely, if the repairing/regenerating myofibers express the mutant
LMNA, they demonstrate the compromised and ineffective regeneration capacity and satellite cells’
replicative senescence resulting in higher susceptibility to mechanical damage [11-13]. Additionally,
LMNA mutations may impact the function of the nuclear envelope as a signaling platform, affecting
the dynamics of epigenomic perturbations and gene expression in regenerating skeletal muscle [14,15].

Metabolic dysfunction often accompanies muscular dystrophies. Metabolic dysfunction often
accompanies muscular dystrophies. Duchenne Muscular Dystrophy (DMD) is characterized by global
metabolic alterations: myocytes of DMD patients and mdx mice (mdx mice possess a spontaneous point
mutation in exon 23 of dystrophin that prevents expression of full-length dystrophin; the model is used
for studying DMD) exhibit reduced oxygen consumption, spare capacity, and mitochondrial complex I
activity [16]. The impairment of mitochondrial oxidative phosphorylation, consistent with a reduction
in expression of genes coding for mitochondrial enzymes, was described in DMD, muscular dystrophy
associated with o-sarcoglycan deficiency and dystrophin-deficient mdx mice [17,18]. Primary cells
form patients with lamin-associated lipodystrophy and corresponding animal models also reveal
metabolic alterations, providing evidence for the role of lamin A/C in regulating cell metabolism [19].
Even though plenty of LMNA mutations are linked to muscle dystrophies [20], data about skeletal
muscle bioenergetics in laminopathies are very limited. Muscular metabolic defects in fatty acid
and glucose metabolism have been shown for FPLD (familial partial lipodystrophy) and LGMD1B
(Limb-girdle muscular dystrophy) patients [21], and some evidence of mitochondrial dysfunction were
shown in human fibroblasts expressing LMNA mutations [22,23].

In order to determine how LMNA mutations associated with different clinical phenotypes affect
the molecular mechanisms that control skeletal muscle differentiation and metabolism we investigated
the mutation-specific transcriptome and bioenergetic changes in C2C12 myobasts harboring R482L and
G232E LMNA mutations. These two mutations are linked to different types of laminopathies. The first
one, R482L, has been reported in patients with familial partial lipodystrophy of the Dunnigan type
(FPLD2; OMIM no. 151660) which primarily affect adipose tissue but, in many cases, is accompanied
by skeletal muscle involvement [24-27]. The sporadic mutation G232E in LMNA was described by
Bonne and co-authors in a patient with early onset and severe muscular dystrophy with signs of LGMD
and EDMD (Emery-Dreifuss muscular dystrophy) phenotypes and no cardiac involvement [1].

In our recent reports we described the alterations in the dynamics of C2C12 mouse myoblast
myogenic differentiation and myofiber morphology caused by R482L/G232E-LMNA mutations [25,28].
In the present work we provide the insight into the molecular mechanisms behind these alterations.
Using functional studies, transcriptome analysis, and mitochondrial respiration screens we demonstrate
that both mutations lead to the dysregulation of the muscle differentiation/reparation program and the
alterations of muscle cell bioenergetics in a mutation-specific manner.

2. Materials and Methods

2.1. Cell Culture and Myogenic Differentiation

C2C12 mouse myoblasts cell line was pursued from ATCC (ATCC CRL-1772). C2C12 cells
were cultured in proliferation media (DMEM supplemented with 4.5 g/L. D-glucose, L-glutamine,
penicillin-streptomycin, and 20% FCS). Cells were passaged at 60% of confluence. Spontaneous fusion
of some myoblasts in sub-confluent cultures served a signal to induce differentiation. In order to
stimulate myogenesis, the proliferation media was replaced with differentiation media (DMEM media
supplemented with 4.5 g/L D-glucose, L-glutamine, penicillin-streptomycin, 2% of horse serum).
Differentiation media was replaced every day, RNA samples were collected for experiments at day 0
and then on the second and fourth day after induction or as indicated in the figure legend.
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2.2. Morphological Features Determination

To determine the morphological features of differentiated myotubes the myotubes were visualized
with MitoTracker dye and nuclei were counterstained with DAPI: the MitoTracker dye (Mito Traker
Red CMXRos, M7512, ThermoFisher Scientific, Waltham, MA, USA) was added to the living cells at
concentration of 250 nM and incubated for 15 min at 37 °C. Then the dye was washed out with PBS
and fixed with a 4% paraformaldehyde for 10 min at room temperature. Nuclei were visualized by
DAPI staining. The representative numbers of pictures (indicated in the figure legend) were taken
for each tested condition. The fusion coefficient was determined as the ratio of the nuclei number in
myotubes formed by three or more nuclei to the total number of nuclei on the picture. The width of
the myotubes was determined using ZEN Blue software (Carl Zeiss Microscopy, Jena, Germany).

2.3. Plasmids and Mutagenesis

Mammalian expression lentiviral vector with human LMNA cDNA insert pCDHblast MCSNard
OST-LMNA (plasmid #22661) was obtained from Addgene (Watertown, MA, USA). Site-directed
mutagenesis of whole plasmid strategy was employed: a PCR step with primers bearing the
mutation, followed by a Dpnl digestion step to digest the methylated parental/wild-type plasmid,
and transformation into competent cells for nick repair. Primers containing the desired mutations are
presented in Table 1 NM_170707 mRNA was used as a template for primers design. The process is
described below in details.

Table 1. Primers for site-directed mutagenesis.

Primer Name Primer Sequence (5'-3")
hLMNA_R482L forward TTACC(G/T)GTTCCCACCAAAGTTCACCCTGAAGG *
hLMNA_R482L reverse GGAAC(C/A)GGTAAGTCAGCAAGGGATCATCTCCA *
hLMNA_G232E forward CTGGTGGAGATTGACAATG(G/A)GAAGCAGCGTGAGTTTGAG *
hLMNA_G232E reverse CTCAAACTCACGCTGCTTC(C/T)CATTGTCAATCTCCACCAG *

* Original nucleotide is printed in bold.

The PCR reaction mixtures contained 5 pL of 5% reaction buffer, 1.25 uL of each primer (10 pM),
1 puL of 10 mM dNTP mix, 50 ng of dsDNA template, 1 pL. of DMSO (Dimethyl sulfoxide), 0.5 uL of
Q5 Phusion® high-fidelity DNA polymerase (2000 units/mL; New England Biolabs, Ipswich, MA,
USA), and nuclease-free water to a final volume of 25 uL. The PCR conditions were: denaturation
at 98 °C for 30", followed by 30 cycles of amplification: denaturation at 98 °C for 10/, annealing at
60 °C for 20”, and primer extension at 72 °C for 5'20”. Fifteen microliters (15 uL) of each reaction
were taken to test the quality of the amplification product by electrophoresis (1% TAE agarose gel).
The remaining products were treated with methylation-sensitive restriction enzyme Dpnl at 37 °C
for 30 min to remove the methylated original plasmid from the mix before transforming into E. coli:
each reaction (total volume of 10 pL) consisted of 8 puL of PCR reaction, 1 puL of 10x FastDigest buffer
(Thermo Scientific, Wilmington, DE, USA), and 1 uL of FastDigest Dpnl restrictase (Thermo Scientific,
Wilmington, DE, USA).

After 5 min of enzyme heat inactivation at 80 °C the mutated plasmids were transformed into
XL-1 Blue E. coli competent cells (#CC001, Evrogen, Moscow, Russia) using the heat shock method.
Specifically, 5 uL of the Dpnl digestion products and 100 uL. of competent cells were mixed and
incubated for 30 min on ice, then heated at 42 °C for 45", and placed back on the ice for 2 min.
The transformed bacteria were incubated in LB media on the shaker for 1 h at 37 °C following by
overnight plating on selecting agar media (with ampicillin, 100 pg/mL) at 37 °C. The colonies were
analyzed for efficiency of mutagenesis: DNA sequencing of the newly-synthesized mutated plasmids
was performed using the primers listed in the Tables 1 and 2.
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Table 2. Primers for sequencing analysis of mutagenesis.

Primer Name Primer Sequence (5'-3")

hLMNA_R482L seqg-forward GCTGGTCGAGTACCAGGAGCTTCTGGACATCA
hLMNA_R482L seq-reverse GCCGTAGGCAGGCTGTTCCCGCAGCCCCAGGT
hLMNA_G232E seg-forward GGATGAGATGCTGCGGCGG
hLMNA_G232E seq-reverse GCTGGGCAGAGAGGCTGTCG

2.4. Lentivirus Production, Infection, and Establishment of Stable Cell Lines

Lentiviruses were generated by transient co-transfection of HEK 293T cells with the transfer vector
and the helper plasmids, using linear polyethylenimine hydrochloride (PEI). Lentiviral packaging
plasmids were a gift of D. Trono (Ecole Polytechnique Fédérale de Lausanne, Switzerland) [29]. PEI was
obtained from Polysciences (PEI MAX 40K, 24765-1, Warrington, PA, USA), and stock solution of
1 mg/mL was prepared according to the supplier’s instructions. HEK293T cells cultured in 100-mm
culture plates up to 60-80% confluence. One hour prior to transfection the culture medium was changed.

293T cells were grown 100-mm dishes up to 60-80% and co-transfected with 15 pg of expression
vector pCDHblast MCSNard OST-LMNA, 5.27 ug of envelope plasmid pMD2.G, and 9.73 ug of
packaging plasmid pCMV-dR8.74psPAX2. PEI and pDNA were diluted to equal volumes with
Opti-MEM®I reduced-serum medium (GibcoTM) prior to use and mixed by adding PEI into pDNA
at a ratio of 1:2. The mixture incubated at room temperature for 15-20 min and added dropwise
to the HEK293T cells. The next day the medium was replaced, and the cells cultured for 24 h for
virus production. After that the conditioned medium was collected, centrifuged at 1000 rpm for
5 min at room temperature, filtered through 0.45 pM PVDF membrane filters, and concentrated by
ultracentrifugation at 20,000x g for 2 h. The resulting pellet was resuspended in 1% BSA/PBS and
frozen in aliquots at —80 °C.

Concentrated viral particles were used then for C2C12 myoblasts modification. For that, viral
particles were added to freshly seeded C2C12 cells in DMEM containing 10% FBS and 8 pug/mL polybrene
(hexadimethrine bromide; H9268, Sigma-Aldrich, St. Louis, MO, USA). Six hours the medium was
replenished with DMEM + 20% FBS. After 48 h C2C12 myoblasts were passaged, and transduced cells
were selected for successful infection using 10 pg/mL blasticidin (15205, Sigma-Aldrich, St. Louis,
MO, USA). Culture medium with blasticidin was replaced every day with occasional trypsinization
of cells when they reached 80% confluency to gradually remove dead or dying cells. Non-infected
C2C12 cells were used as a control. Upon complete cell death in the controls (usually after a week of
selection) antibiotic-resistant populations were expanded and used directly in experiments or placed
into liquid nitrogen.

2.5. Library Construction and RNA-Seq

Total RNA was extracted with ExtractRNA reagent (#8C032, Evrogen, Moscow, Russia) and
quantified using Qubit 2.0 fluorometer (Assay Kit Q32852, Life Technologies, Carlsbad, CA, USA).
One microgram (1 pg) of RNA was used for library synthesis with an Illumina TruSeq Stranded mRNA
Sample Preparation kit (20020594, Illumina, San Diego, CA, USA). Three independent biological
replicates were used for RNA-seq in each experiment. Libraries were constructed according to the
instructions provided by the manufacturer.

The libraries were quantified using Qubit dsDNA HS Assay Kit (Q32854, Life Technologies,
Carlsbad, CA, USA). The quality of the library was assessed with Agilent High Sensitivity DNA
kit on a Bioanalyzer 2100 system (Agilent Technologies, Palo Alto, CA, USA). The libraries were
multiplexed, clustered, and sequenced on an Illumina HiSeq 2500 (TruSeq v3 chemistry) as described
by the manufacturer using the 1 X 50-bp single-end read mode with an eight-base index barcode read.
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2.6. Relative Quantification of mtDNA Copy Number Using Real-Time PCR

To determine the relative mtDNA copy number a real-time polymerase chain reaction was
employed and corrected by simultaneous measurement of the nuclear DNA as described [30]. Total DNA
from C2C12 cells was isolated by FlexiGene DNA kit (51206, Qiagen, Venlo, The Netherlands)
according to the manufacturer’s instructions. NanoDrop 1000 Spectrophotometer was used to test the
concentration and quality of DNA (Thermo Scientific, Wilmington, DE, USA). RT-qPCR was performed
on an Applied Biosystems 7500 (Applied Biosystems, Foster City, CA, USA). Kcnjl3 (inward rectifier
potassium channel 13) gene was used as the nuclear reference gene (nDNA). Primers sequences for
murine mitochondrial fragment and Kcnj13 are given in a Table S1 [31]. SYBR + Low ROX PCR Master
Mix (PK156L, Evrogen, Moscow, Russia) was used for RT-qPCR. All reactions were checked on the
agarose gel after performing quantitative PCR. The real time PCR results were calculated in the term
of threshold cycle (Ct) values. mtDNA copy number was determined for each sample relative to the
single copy of nuclear gene by comparative Ct method using the equation:

ACt = Ct nDNA — Ct mtDNA
Relative mitochondrial DNA content = 2 x 2 ACt

2.7. Cell Respiration

Cell respiration was measured using an XFe24 Analyzer (Agilent Technologies, Santa Clara,
CA, USA) that allows the determination of oxygen consumption rates (OCR) and extracellular
acidification rates (ECAR) in real-time. Twenty thousand cells per well were seeded in a 24-well
microplate (Agilent Technologies, Santa Clara, CA, USA), cultured until sub-confluence, then induced
to differentiate. Before the assay, a microplate was incubated for 60 min without CO; in Seahorse
XF Base Medium. The OCR/ECAR measurements performed under basal conditions and after the
addition of ATP synthase inhibitor oligomycin (2 uM); a mitochondrial protonophore uncoupler
(N5,N6-bis(2-fluorophenyl)-[1,2,5]oxadiazolo[3,4-b]pyrazine-5,6-diamine) BAM15 (10 uM); inhibitors
of electron transport chain complexes I and III rotenone (1 uM), and antimycin A (1 uM) respectively.
Data were normalized to the protein content.

Following parameters were calculated: non-mitochondrial oxygen consumption = (minimal
OCR after rotenone/antimycin A injection); basal respiration = (last OCR before oligomycin injection)
— (non-mitochondiral OCR); proton leak = (basal respiration) — (OCR due to ATP production)
— (non-mitochondiral OCR); maximal respiration = (maximal OCR after BAM15 injection) —
(non-mitochondiral OCR); ATP production = (last OCR before oligomycin injection) — (minimal
OCR after oligomycin injection); coupling efficiency = (ATP production)/(basal respiration) x 100;
spare respiratory capacity as a % = (maximal respiration)/(basal respiration) x 100; cell respiratory
control ratio = (maximal respiration)/(proton leak); OCR/ECAR ratio = the highest of the three OCR
values divided by the corresponding ECAR value. Statistical analysis was performed using GraphPad
Prism version 8.4.1 for Windows (GraphPad Software, San Diego, CA, USA, www.graphpad.com).

2.8. Glycolysis Stress Assay

Glycolytic function of C2C12 myotubes was measured using a Seahorse XF Glycolysis Stress
Test Kit with a Seahorse XFe24 Analyzer (Agilent Technologies, Santa Clara, CA, USA) according
to manufacturer’s instructions. Nondifferentiated C2C12 myoblasts were seeded at a density of
20,000 cells/well onto a Seahorse XF24 microplate (Agilent Technologies, Santa Clara, CA, USA),
and differentiated myotubes were prepared. The culture medium was replaced for the assay medium
(Seahorse XF Base Medium, pH 7.4, supplemented with 1 mM L-glutamine), and the microplate
was placed in a non-CO; incubator at 37 °C for one hour before the assay. Glycolytic activities were
assessed by measuring of the extracellular acidification rates (ECAR). ECAR was measured under
basal conditions, when the myotubes were incubated in glucose-free media followed by the glycolysis
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induction (10 mM glucose), 2 pM oligomycin treatment (induction of maximal glycolysis due to ATP
synthase inhibition) and, finally, 50 mM 2-deoxy-D-glucose (glycolysis inhibition).

Basal ECAR = non-glycolytic acidification. After addition of glucose, glycolysis was calculated by
subtracting of non-glycolytic acidification ECAR from the highest ECAR value. Following injection of
oligomycin, glycolytic capacity was calculated as the basal ECAR subtracted from the highest ECAR
used to meet cellular demands after ATP synthase is inhibited. The difference between glycolytic
capacity and glycolysis rate defines glycolytic reserve. The mean values from 6-8 replicate wells were
recorded and presented as the mean + standard error of the mean (SEM). After the assay, the supernatant
was removed, and RIPA lysis buffer containing protease inhibitor cocktail (cOmpleteTM, 11873580001,
Roche, Basel, Switzerland) was added to the cells. The protein concentration was determined using
DCTM Protein Assay Kit (500-0112, Bio-Rad, Hercules, CA, USA). The ECAR values were normalized
to the amount of total protein.

2.9. Cell Proliferation Assay

C2C12 mouse myoblasts transduced with WT-hLMNA, G232E-hLMNA, and R482L-hLMNA were
seeded into six-well culture plates at a density of 20,000 cells per well, and cultured at 37 °C in a 5%
CO; incubator. The cells were harvested with trypsin/EDTA solution and counted after digestion every
24 h for three days. Four separate wells were counted per time point for each cell line. To calculate the
cell population doubling time (PDT) the equation was used:

PDT = t x [1g2/(IgNt — 1gN0)]

where t is the time for cell culture (unit: h), NO is the initial cell number, and Nt is the harvested cell
number. Results were averaged, and the standard deviation was calculated. Statistical significance
was determined by Student’s unpaired t-test. p < 0.05 was considered significant.

2.10. Western Blotting

Cells were lysed with buffer containing 50 mM Tris (pH 8.0), 150 mM NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, and protease inhibitor cocktail
(cOmpleteTM, 11873580001, Roche, Basel, Switzerland). Extracts were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to 0.45 um pore size
nitrocellulose membrane (1620115, Bio-Rad, Hercules, CA, USA). Western blot was performed using
standard procedures, with blocking in 5% skimmed milk for 1 h and washes in PBS containing
0.05% Tween 20. Membranes were probed at 4 °C overnight with target antibodies: Anti-skeletal
myosin (FAST) (M4276, Sigma-Aldrich, St. Louis, MO, USA), anti-myosin (Skeletal, Slow) (M8421,
Sigma-Aldrich, St. Louis, MO, USA), and myosin heavy chain (MF20, R&D Systems, Minneapolis, MN,
USA). The blots were revealed by secondary HPR-conjugated antibodies (#1706516, Bio-Rad, Hercules,
CA, USA), and chemiluminescense was detected using Fusion Fix imaging system (Vilber Lourmat,
Marne La Vallee, France), and analyzed with FusionCapt Advance FX7.

2.11. Immunocytochemistry

Cells were grown on cover glasses or in culture dishes (if differentiation was planned), fixed in 4%
paraformaldehyde for 10 min at 4 °C (myoblasts) or with methanol for 20 min at —20 ° C (myotubes) and
then permeabilized with 0.02% Triton X-100 for 5min. To block the nonspecific binding cells/myotubes
were incubated for 30 min with 15% FCS. One hour incubation with primary antibodies: myosin
heavy chain (MF20, MAB4470, R&D, USA); lamin A (Leica, Wetzlar, Germany) (LMNA, Leica, Wetzlar,
Germany) was performed. The secondary antibodies conjugated with Alexa Fluor 546/Alexa-488
(Molecular Probes, Eugene, OR, USA) were added for 45 min at room temperature in the dark. Nuclei
were counterstained with DAPI (Molecular Probes, USA).
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2.12. MitoTracker Staining

The Mito Traker dye (Mito Traker Red CMXRos, M7512, ThermoFisher Scientific) was added to
the living cells at concentration of 250 nM and incubated for 15 min at 37 °C. Then the dye was washed
out with PBS and fixed with a 4% PFA for 10 min at RT followed by DAPI staining.

2.13. Q-PCR

Total RNA was purified with ExtractRNA reagent (Evrogen, cat.no. BC032, Russia). cDNA was
made from 500 ng of total RNA using a MMLV RT kit (Evrogen, SK021, Russia). A quantitative
evaluation of gene expression was performed with qPCR mix-HS SYBR + ROX (Evrogen, cat. no.
PK156, Russia). mRNA normalized to Gapdh expression. Sequences for Q-PCR primers available in
Supporting Materials Table S4.

2.14. Processing of RNA-Seq Data

Raw data were gotten in FASTQ format from Illumina HiSeq 2500 (Illumina, san Diego, CA
92122, USA), the quality of RNA-seq data was evaluated using FastQC tool (v0.11.5) (FastQC:
a quality control tool for high throughput sequence data. Andrews S. (2010). Available online at:
http://www.bioinformatics.babraham.ac.uk/projects/fastqc), and the read length was 50 bp. Filtering
and adapter trimming were made using fastp tool (v0.20.0) [32]. Reads were mapped to the mouse
genome using aligner STAR v2.604a [33] with reference genome GRCm38.p6 primary assembly and
annotation GENECODE release M22. Mapped reads were count with the featureCounts program
v.1.6.4 [34]. The top 14,321 most expressed genes were chosen after filtering, quantile, and logarithmic
normalization of counts for differential expression analysis. Differentially-expressed genes (DEGs)
were determined using R package DESeq2 [35] with pairwise comparison of conditions. Genes
p-values were adjusted using the Benjamini-Hochberg procedure and filtered with false discovery rate
control (FDR) = 0.01, only genes with log?2 fold change > 1 were considered as differentially expressed.
To find significantly enriched pathways gene set enrichment analysis (GSEA) was made using fgsea R
package [36]. Additionally, hypergeometric test was performed to recognize the significance of crossing
DEGs with gene sets using MSigDB [37] online tool. Pathway gene sets were taken from the Gene
Ontology biological processes collection, hallmark MSigDB, and the KEGG PATHWAY metabolism
database; significantly enriched pathways were filtered with an FDR level of 0.05. Raw sequence data
and the read count table are available at the Gene Expression Omnibus repository under accession
number GSE150365.

3. Results

3.1. LMNA Mutations Affect Both Proliferation Activity and Myogenic Commitment in Transgenic
C2C12 Myoblasts

Mouse myoblast cell line C2C12 transducted with lentiviruses, bearing either wild-type or
mutant G232E/R482L-hLMNAs, was used for all experiments. Staining of transducted cells with
antibody specifically recognizing human LMNA, but not mouse LMNA, allowed us to control the
efficiency of transduction in all experimental samples used for the analysis. We have found that
mutant G232E/R482L-LMNA formed aggregates and promoted nuclear blebbing (Figure 1A) similar to
previously published reports [25,38-41]. We further proved the ability of all transducted myoblasts
successfully differentiate into myotubes (Figure 1B) and demonstrated that hLMNA mRNA expression
levels increased significantly in differentiated myotubes compared to non-differentiated myoblasts as
expected (Figure 1C) [42]. Additionally, we proved that all hLMNA-positive myoblasts successfully
underwent fusion and formed myofibers in all transgenic lines (Figure 1D). The percentage of
LMNA-positive cells in differentiated myotubes was similar in all lines (Figure S5).
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Figure 1. Validation of experimental model: (A) Verification of transgene hLMNA expression in C2C12
mouse myoblasts: the cells were stained with anti lamin A antibody recognizing only human lamin
A. LMNA G232E/R482L shows aggregates and nuclear blebbing in some of the transduced cells as a
result of the mutation; (B) stimulation of myogenic differentiation resulted in myotubes formation
in all transgene lines (scale bar = 200 pm); (C) hLMNA mRNA expression tested in transgene C2C12
myoblasts and in differentiated myotubes (n = 3; * p < 0.05); (D) nuclei in myotubes demonstrate
hLMNA-positive staining (scale bar = 100 pum).

The differentially-expressed genes (DEG) were analyzed between all possible pairs of cell lines,
(Figure 2D,E) following by identification of biological functions associated with DEGs. We found that
the substantial proportion of upregulated genes both in WT/G232E and WT/R482L pairs (Figure 2D)
belong to the pathways that regulate myogenesis (as shown in a Table 3). Further, when analyzing
the DEGs in R482L/G232E pair we revealed that G232E-LMNA cells were also characterized by
upregulation of myogenesis signaling pathways (Table 3). The details of the analysis and the full list
of pathways which were significantly different between transgene lines, and genes which expression
was altered in G232E-LMNA and R482L-LMNA mutants is given in the extended data presented in
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Supplementary Figure S1 (Principal component analysis (PCA) plots of 24 samples) and Figure S2
(Heat map of normalized read counts for 24 samples and 14,321 genes) and Supplementary Table S2
(Full list of differential-expressed genes) and Table S3 (Full list of pathways that were significantly
different between transgene lines).
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Figure 2. G232E/R482L-LMNA—induced alterations in functional properties of C2C12 myoblasts:
(A) Estimation of the cell population doubling time for C2C12 cell lines, transduced with WT-LMNA,
G232E-LMNA, and R482L-LMNA at three time points until 72 h. Values are mean + SEM (n = 4).
**p < 0.01; (B) mRNA expression of the genes that regulate the early steps of myogenic differentiation in
C2C12 myoblasts. (n=4; * p < 0.05; ** p < 0.01; *** p < 0.001); (C) GSEA enrichment plots of the hallmark
myogenesis pathway over ranked genes between all possible pairs of C2C12 myoblasts: WT versus
G232E-LMNA, WT versus R482L-LMNA, and R482L-LMNA versus G232E-LMNA. (p-adjusted < 0.001,
normalized enrichment scores (NES) are shown); (D) number of up- and downregulated differentially
expressed genes (DEGs) found in all three pairs (log2 fold change > 1, p-adj < 0.01); (E) Venn diagrams
of upregulated DEGs.

The analysis of proliferation activity of transgenic C2C12 myoblasts showed the significant
difference between WT and mutant lines. At 24 h after seeding both mutant cell lines demonstrated
diminished proliferation rate compared to WT cells with G232E-LMNA cells showing the lowest
proliferation capacity and the highest doubling time (Figure 2A).

We hypothesized that the substantial delay in proliferative activity of G232E/R483L-LMNA
myoblasts might be linked to the quick transition to the differentiation commitment caused by mutant
lamins. In order to test this hypothesis, we examined the expression of genes that regulate early steps
of myogenesis: myogenic transcription factor MyoG, myoblasts fusion factors Myomaker (Mymk),
and Myomixer (Mymzx). We detected the upregulated expression of Mymik, but not Mymx and Myog,
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both in G232E and R482L-LMNA cells (Figure 2B). To further confirm this hypothesis, we used
RNA sequencing approach and revealed a significant upregulation of myogenesis pathway in both
G232E-LMNA and R482L-LMNA samples compared to WT-LMNA in the absence of differentiation
stimuli. Of note, G232E-LMNA samples demonstrated significantly higher myogenesis upregulation
compared to R482L-LMNA (Figure 2C).

To summarize, we have shown that C2C12 myoblasts harboring G232E-LMNA and R482L-LMNA
exhibit decreased proliferation capacity and increased expression of genes associated with muscle
differentiation program even in the absence of differentiation stimuli.

Table 3. Number of differentially expressed genes (DEGs) found in both—pathways and DEGs of
control transgenic samples (p < 0.0001) 1.

Number of Genes in Overlap

WT vs. G232E WT vs. R482L R482L vs. G232E

Myogenesis (Hallmark database) 29 15 14
Muscle structure development 54 16 23
Muscle system process 48 20 24
Muscle contraction 41 18 21
Striated muscle cell differentiation 38 11 18
Muscle cell differentiation 41 11 19
Muscle cell development 30 10 14
Myofibril assembly 20 8 11
Cellular component assembly involved in morphogenesis 20 8 11
Striated muscle contraction 20 10 10
Anatomical structure formation involved in morphogenesis 39 14 20
Muscle filament sliding 13 8 7
Actomyosin structure organization 20 8 11
Actin filament based process 31 ns 15
Sarcomere organization 13 ns 7
Myotube differentiation 16 ns 9
Muscle fiber development 14 ns 9
Actin mediated cell contraction ns 8 ns
Regulation of muscle contraction ns 7 ns

! Pathway analysis was performed on upregulated DEGs in WT/G232E, WT/R482L, and R482L/G232E pairs and
combined into one table that represent upregulated pathways. GO biological processes and hallmark databases
were used for pathway analysis with false discovery rate 0.05.

3.2. LMNA Mutations Affect Differentiation Efficacy and Dynamics in Transgenic C2C12 Myoblasts

All lines of transgenic myoblasts responded very well to the differentiation stimuli (Figure 1B).
Yet, we have detected some important morphological differences: fusion coefficient calculated as a
present of nuclei incorporated into myotubes was the highest in WT-LMNA line and the lowest in
R482L-LMNA line (Figure 3A). Although the range in width was similar in all samples (Figure 3B),
the overage width of myotubes was significantly smaller in G232E-LMNA line (Figure 3B) as well as
the fraction of large massive myotubes (Figure 3C).

The mRNA expression of muscle-specific genes, Mymk and Mymx, which regulate myoblasts
fusion during early steps of myogenesis [43,44] did not correlate with decreased fusion coefficient in
R482L/G232E lines: Mymk expression substantially increased in all samples during transition from day
0 to day 2 and stabilized at the same level up to the end of experiment (Figure 3D); the expression
of the Mymx reached the maximum by the day 2 in both mutant lines and showed the small but
significant increase from day 2 to day 4 in WT line. Surprisingly, the levels of Mymx expression were
substantially higher in mutant lines than in WT line (Figure 3E). The expression patterns of myogenic
regulatory factor Myog that controls the transition from early to late differentiation steps [45,46] was
similar to one of Mymx with stabilization by day 2 and increased levels in mutant lines (Figure 3F).
The mRNA expression of different myosin isoforms showed two different patterns (Figure 3G-]J): the
expression of embryonic Myh3 isoform increased by day 2 in all samples, and then stabilized at similar
levels (Figure 3G), whereas the mRNA expression of adult fast glycolytic Myh1 and slow oxidative
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Myh7 myosins showed well-defined two-step increase of expression levels with the expression of slow
isoform significantly higher in mutant lines (Figure 3H,I); Western blot analysis confirmed the mRNA
expression patterns of Myhl/Myh7 at the protein level (Figure 3J).

To elucidate the mutation-specific response to stimulation of myogenesis we performed an analysis
of transcriptomes in the time course of differentiation. For each transgenic cell line we determined
genes differentially-expressed during early (day O to day 2) and late (day 2 to day 4) steps of myogenic
differentiation. Then we have determined the signaling pathways that differentially-expressed genes
belong to, and performed gene set enrichment analysis (GSEA) to find significantly enriched pathways.
Both differential expression analysis and GSEA showed the same enrichment (Figure 3K,L).

As seen from Figure 3K (left), in all transgenic samples during transition from day 0 to day 2 we
detected the upregulation of pathways that control different aspects of skeletal muscle development
including myoblasts differentiation and fusion, myofibril assembly, muscle contraction apparatus
development (actomyosin structure organization), myotube differentiation and development. During
the late phase of differentiation, the pathways that regulate the myoblasts differentiation and fusion
were stabilized, confirming the above described data for the expression of specific genes (Figure 3D-EI).
During the transition from day 2 to day 4 in all samples we detected the upregulation of pathways
that control skeletal muscle fiber maturation (Figure 3K, left). Thus, at the level of the transcriptome
analysis, we have confirmed that all transgene lines show similar abilities to control myogenesis with
well-distinguished early and late phases of muscle differentiation.

When comparing the mutant and WT cell lines in their ability to transit through successive
stages of myogenesis the significant alterations in the mutant cell lines were detected (Figure 3K,
right). First, in good agreement with the data above (Figure 2C, Table 1), we have detected the
upregulation of myogenic pathways in myoblasts bearing both mutant LMNAs (Figure 3K, right, day 0).
Second, we have found that while pathways that control early steps of myogenesis, like myoblast
fusion and differentiation, did not differ between all transgenic lines, the pathways that control fiber
formation and maturation were upregulated in both mutant lines even at the early steps of myogenesis.
These pathways remained upregulated in G232E-LMNA but not in the R482L-LMNA up to the end of
the experiment.

Cell differentiation and proliferation usually show inverse relationship and terminal differentiation
coincides with permanent exit from the division cycle. Therefore, we hypothesized that the described
differences between WT and G232E/R482L-LMNA mutant lines might be related to the dyscoordination
between cell cycle exit and differentiation. To test this hypothesis, we checked out the dynamics of
signaling pathways that control cell cycle in transgene lines during differentiation. Indeed, we detected
the inversed relationship between pathways that stimulate myogenesis and cell cycle progression:
pathways that control DNA replication and E2F target genes both required for cell cycle activity [47]
were continuously downregulated in all lines from day 0 up to day 4; however, pathways that
control G1/S and G2/M transition were stabilized by day 2 in WT and R482L-LMNA lines but not in
G232E-LMNA (Figure 3L, left). Furthermore, when we compared the activity of cell cycle pathways
between lines at each time point, we detected downregulation of pathways that activate cell cycle
progression in mutant proliferating myoblasts and substantial upregulation of these pathways in
mutant cells after stimulation of myogenesis at both early and late stages of differentiation (Figure 3L,
right). Together, these data indicate the considerable dysregulation in coordination of cell cycle
dynamics and myogenic differentiation in mutant transgenic C2C12 myoblasts harboring G232E-and
R482L-LMNA mutations (Figure 3M).
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Figure 3. Myogenesis in transgene cultures. (A) Fusion coefficient calculated as a percent of nuclei
incorporated in differentiated myotube in independent photographs; n = 8; *** p < 0.001, t-test; (B) width
of myotubes, measured in arbitrary units in 5-6 independent photographs; the number of myotubes
on each photo was 10-20; *** p < 0.001, t-test; floating bars are shown with mean, minimum and
maximum values; (C) diagram illustrate the fractions of “massive” and “overage” myotubes in cultures;
* p < 0.05; (D-F) The mRNA expression dynamics of genes that regulate myoblast fusion (Mymk, Mymx)
and of myogenic regulatory factor Myog (n = 4; mean + SEM; * p < 0.05; ** p < 0.01; ** p < 0.001;
Mann-Whitney test); (G-I) the mRNA expression dynamics of fiber-specific genes: fast glycolitic fiber
Myhl isoform; oxidative slow fiber Myh7 isoform; embryonic myosin isoform Myh3; (n = 4, mean
+ SEM, * p < 0.05; ** p < 0.01;, Mann-Whitney test). (J) Western blotting analysis for total myosin
(slow (antibody interact with slow Myh7) and fast (antibody interact with fast Myhl/Myh2) proteins in
cultures stimulated with myogenic differentiation media at day 4 after induction; (K,L) Results of gene
set enrichment analysis visualized as a heat map of normalized enrichment score (NES) that display
significant up/downregulated myogenic pathways (K) and cell cycle dynamics (L); (M) summarized
diagram that illustrates the considerable dysregulation in coordination of cell cycle dynamics and
myogenic differentiation in G232E/R482L-LMNA myoblasts.
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3.3. LMNA Mutations Affect Cellular Bioenergetics of C2C12 Myotubes

Myogenic differentiation is highly coordinated with regulation of energy metabolism, therefore,
we hypothesized that dyscoordination in the differentiation program in C2C12 myoblasts bearing
G232E/R482L-LMNA mutations can be accompanied by alterations in the metabolic status of
G232E/R482L-LMNA myotubes.

To investigate the general effect of mutant LMNA expression on cellular bioenergetics, we employed
Seahorse technology: mitochondria and glycolysis stress tests were performed on C2C12-differentiated
myotubes expressing WI-LMNA, G232E-LMNA, and R482L-LMNA. This technique allows to quantify
OXPHOS and glycolysis by using specific protocols designed to dissect distinct components with
pharmacological agents.

Real-time measurements of oxygen consumption rate (OCR), an indicator of mitochondrial
respiration, are shown in Figure 4A. Maximal respiration and spare reserve capacity (Figure 4B,C) were
found to be the lowest in R482L-LMNA line. These myotubes were unable to maintain maximal OCR
levels following the addition of the uncoupler BAM15, with the OCR decreasing to basal levels even
prior to rotenon/antimycin A treatment (Figure 4A) which implies that at basal levels, these myotubes
were operating closer to maximal OCR capacity, and any increase was unsustainable, resulting in a
lower reserve capacity.

On the contrary, in G232E-LMNA line the maximal rate of respiration and ATP-linked respiration
were significantly higher than in two others (Figure 4C,D), which, along with induced basal OCR
(Figure 4A), suggests enhanced ATP turnover and demand. Strikingly, a G232E-related increase in
basal and maximal OCR was accompanied by a significantly induced proton leak (Figure 4E). Proton
leak is the predominant mechanism responsible for the incomplete coupling of substrate oxidation and
ATP synthesis, and its increase was observed in both mutant transgene lines (Figure 4E). Subsequent
analysis of the respiratory flux control ratios provided further confirmation of potential mitochondrial
dysfunction in the mutant LMNA lines. Coupling efficiency (fraction of basal mitochondrial oxygen
consumption used for ATP synthesis) and respiratory control ratio (index that represents the
mitochondrial coupling state) were found to be significantly lower in both mutant lines compared to
WT-LMNA (Figure 4FG). Together, these data might indicate the uncoupling effect of LMNA mutations
on mitochondrial respiration and decrease in the efficiency of oxidative phosphorylation.

Given that the myotube is a highly metabolically active cell type that relies heavily on OXPHOS we
next determined the ratio OCR/ECAR (extracellular acidification) to assess the relative contribution of
glycolysis and mitochondrial respiration to energy generation [48]. A higher OCR/ECAR ratio indicates
that energy is mainly generated through mitochondrial OXPHOS, whereas a lower OCR/ECAR
ratio indicates that energy is predominantly generated by glycolysis. The OCR/ECAR ratio showed
preference for OXPHOS in the WT-LMNA compared with G232E/R482L-LMNA myotubes (Figure 4H),
indicating that the mitochondria of the WT-LMNA myotubes have a greater potential for substrate
oxidation and ATP turnover. To make sure that observed distinctions in respiration were not the
consequence of altered mitochondrial content in the myotubes with the mutant transgenes we
determined the ratio of mtDNA to nuclear DNA and did not detect any differences between the cell
lines neither in the myoblasts nor in the myotubes (Figure S3).

To complete the bioenergetics analysis, we performed a glycolysis stress test. The real-time
measurements of ECAR are shown in Figure 41. Myotubes bearing G232E/R482L-LMNA exhibited
lower glycolytic rates compared to WI-LMNA line (Figure 4]), while G232E-LMNA myotubes were
found to have the highest glycolytic reserve, the cellular ability to increase the glycolytic rates upon
growing energy demand (Figure 4K). Importantly, glycolytic capacity (max ECAR—basal ECAR) did
not differ between lines (Figure S4). Together, these findings point to the altered metabolic properties
of G232E-LMNA and R482L-LMNA lines when comparing with WT-LMNA.
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Figure 4. Metabolic profiles of C2C12 myotubes bearing lentiviral WT/G232E/R482L-LMNA.
(A—H): Determination of mitochondrial bioenergetic parameters from OCR profile. (A) OCR traces for
myotubes expressing WT/G232E/R482L-LMNA; (B—-G) Indices of mitochondrial respiratory function:
(B) maximal respiratory capacity; (C) spare respiratory capacity; (D) ATP-linked respiration; (E) proton
leak respiration; (F) coupling efficiency; (G) cell respiratory control ratio; (H) OCR/ECAR ratio at
maximal respiration. OCR was measured at the same time as ECAR. (I-L): Determination of glycolytic
function. (I) Kinetic profiles of ECAR in myotubes expressing WT/G232E-LMNA/R482L-LMNA. ECAR
was measured in real time, as indicated. Indices of glycolytic pathway activation calculated from
ECAR profile: (J) Maximal glycolysis and (K) glycolytic reserve capacity. All data are calculated
from 6-8 Seahorse microplate wells and are normalized to total protein in each well. * p < 0.05;
** p < 0.01; *** p < 0.001; two-tailed Student’s t-test. All floating bars are shown with mean, minimum
and maximum values. (L) Heat map of NES values after GSEA analysis represents metabolic pathways
found up- or down-regulated in G232E/R482L myotubes compare with WT-LMNA; FDR = 0.05.
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The comparative analysis of signaling pathways that regulate cellular bioenergetics in differentiated
myotubes also revealed multiple significant alterations in mutant transgene lines, and these findings
provide good support to the results obtained in functional experiments (Figure 4L). The hallmark
glycolysis pathway and pathways that regulate cellular response to oxygen levels were downregulated
in both mutant lines comparing to WT line. The pathways that control different steps of aerobic
respiration and oxidative phosphorylation were either upregulated in G232E line and downregulated
in R482L line comparing to WT line, or upregulated in G232E line over both WT and R482L lines.
To summarize, using bioenergetic profiling and transcriptome analysis we have shown here the LMNA
mutation-specific alterations in skeletal muscle cell bioenergetics.

4. Discussion

The evidences that LMNA is expressed by skeletal muscle stem cells led to the suggestion that
stem cell dysfunction might contribute to LMNA-associated muscular dystrophy progression through
the compromised regeneration response, including altered cell cycle dynamics and chronic rounds of
repair/regeneration (reviewed in [11]). Yet, the experimental verifications of this hypothesis are still
limited and most studies on LMNA-associated muscle dystrophies focused on the role of LMNA in the
muscle differentiation process but not on alterations in progenitor cell’s health. A recent report using a
murine model of EDMD illustrated that the absence of Lamin A/C in muscle stem cells fail to maintain
the stem cells self-renewal, which results in premature senescence and exhaustion of the quiescent
satellite cell pool [49]. Similar observations were earlier reported for stromal progenitor cells harboring
LMNA mutations [50]. It is proposed that LMNA mutations may have a cumulative influence on muscle
development due to mutation-induced alterations in the formation of lamina-associated domains:
slowing the exit from the cell cycle and poorly coordinated induction of terminal differentiation [15].
Our data fit well with those observations and provide further evidence of LMNA mutation-induced
alterations in the skeletal muscle progenitor cells’ pool self-renewal. We have shown here that
both G232E-LMNA and R482L-LMNA mutations induce global disruptions in the coordination of
myogenesis: these mutations not only induce the decrease to proliferate and stimulate spontaneous
activation of a pro-myogenic program in proliferating C2C12 mouse myoblasts, but also cause the
delay in cell cycle suppression after myogenesis stimulation, which results in disturbed coordination
of late steps of myocyte differentiation. We should mention here that the significant difference in the
proliferation rate was confirmed at 24 h after seeding, but not after 48 h or later. We suggest that these
fluctuations in the proliferation rate reflected the heterogeneity of the cellular population and dynamic
changes in the samples during culturing: the fraction of cells that were spontaneously committed to
differentiate proceeded through the differentiation program and did not contribute to the proliferation
rate, while the fraction of cells that continued to proliferate increased with each cycle of division leading
to the shift of the balance between spontaneously committed and proliferating fractions in favor of the
last one. It still remains unclear how cells choose between spontaneous myogenic commitment and
proliferation mode, and the further investigations are required to clarify this issue.

All alterations mentioned above were detected in both G232E-LMNA and R482L-LMNA mutant
lines and our data are in many ways consistent with the specific muscular phenotypes associated with
mutations. For example, in both mutant lines we detected the delay in cell cycle suppression which,
in turn, could result in the chronic rounds of myoblasts proliferation without incorporation in growing
myofiber [11], resulting in regeneration defects and muscular atrophy. Interestingly, though the
decrease in the fusion coefficient in the R482L was substantially greater than in G232E, the comparison
of morphological features showed the decrease in myotube width and the smaller fraction of large
myotubes in G232E cultures, but not in R482L which can be connoted with the muscle hypertrophic
phenotype reported for some FPLD patients with arg482 LMNA mutation [24,51].

Bioenergetic impairments induced by LMNA mutations in C2C12 mouse myoblasts is another
important finding in this study. Muscle differentiation follows a highly ordered, temporally distinct
sequence of events, and a key event is known to be the metabolic switch from glycolysis to oxidative
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phosphorylation, which is necessary to provide the large pool of ATP for energetic needs of contracting
muscle [52]. Thus, in the course of differentiation, myotubes rely on mitochondrial respiration as
their major source of metabolic energy [53]. By using the OCR/ECAR ratio as a proxy of metabolic
balance [54] we revealed that G232E/R482L-LMNA myotubes have a lower reliance on oxidative
phosphorylation pathways compared to WI-LMNA. We suggest that incomplete metabolic switching
and altered mitochondrial bioenergy production profiles contribute to the observed dysregulation in
myogenic differentiation in G232E/R482L-LMNA C2C12 models.

G232E and R482L-LMNA mutations reprogram skeletal muscle mitochondrial bioenergetics
machinery in different directions. R482L-LMNA myotubes demonstrated the extremely low capacity
for overall metabolic activity. A decrease in maximum respiratory capacity, spare reserve capacity,
and coupling efficiency is a strong indicator of potential mitochondrial dysfunction. Since skeletal
muscle is highly dependent on oxidative phosphorylation for energy production, decreased
mitochondrial efficiency and reserve respiratory capacity sensitize the muscle to the risk of cell
death under conditions when a tissue can require additional cellular energy in response to stress
or increased workload. Exhaustion of the mitochondrial reserve respiratory capacity was shown
to be associated with various pathological conditions, including maladaptive cardiac hypertrophy,
neurodegenerative disorders, and smooth muscle cell death [55]. Loss of both maximal and reserve
respiratory capacity detected in R482L-LMNA should be critical for skeletal muscle tissue, which is the
largest organ and a major contributor to the basal metabolic rate in the body. Importantly, pathway
analysis of gene expression in R482L myotubes confirmed the functional data and revealed a general
reduction in expression of OxPhos genes regulating the metabolic activity of cells. This observation is
consistent with microarray analysis [21] that showed down-regulation of genes involved in complex I
of the respiratory chain in cultured myotubes derived from FPLD patients with LMINA R482W and
R482Q mutations.

By contrast, the transcriptome profiles of G232E-LMNA myotubes showed upregulation of
energy-producing pathways, including OxPhos and the TCA cycle, which is in a full accordance
with the altered bioenergetic status. However, in spite of the increased bioenergy production profile,
mitochondria of G232E-LMNA myotubes demonstrated less coupling, reflecting non-optimal efficacy
of mitochondrial metabolism.

Furthermore, in our experiments we have shown the reduced power of glycolytic machinery in
mutant lines using both functional experiments and transcriptome analysis. Our data correspond well
to several previous reports demonstrating alterations in balance between lipid oxidation and oxidative
glucose metabolism in cultured myotubes from FPLD patients with LMNA R482W/R482Q mutations
and glycolysis dysregulations in HeLa cells with lamin A/C dysfunction as well as in fibroblasts derived
from patients with laminopathies [21,56,57]. In these reports authors showed significant changes in the
expression of proteins involved in cellular energy production, including a decrease of glycolytic and
other metabolic enzymes and assumed that an intrinsic defect in skeletal muscle glucose metabolism is
associated with mutations in lamin A.

5. Study Limitations

Though the lentiviral vectors are widely used in genome editing applications, the lentiviral-based
experimental models may have some limitations due to the possible effects of transduction itself on the
host cell properties. The experimental model used in this study was designed with the assumption that
the transduction itself affects all cultures equally/in similar ways and, therefore, is suitable to study
the mutation-specific effects on C2C12 myoblasts. We believe that the results obtained in our work
provide a good background for further investigations with distinct experimental models to extend the
presented findings.
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6. Conclusions

To conclude, we demonstrated that both G232E/R482L-LMNA mutations cause dysregulation
in coordination with pathways that control cell cycle dynamics and muscle differentiation, induce
mitochondrial uncoupling, and decrease glycolytic activity in differentiated myotubes. These alterations
may contribute to mutation-induced muscle tissue pathology and should be considered as an important
factor in the pathogenesis and progression of LMNA-related muscle diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/11/9/1057/s1,
Figure S1. Principal component analysis (PCA) plots of 24 samples; Figure S2. Heat map of normalized
read counts for 24 samples and 14,321 genes; Figure S3. Relative mtDNA content in C2C12 transgene lines
analyzed by real-time PCR amplification. Figure S4. Glycolytic capacity of myotubes; Figure S5: The fraction
of hLMNA-positive cells in differentiated cultures. Table S1. Primers used for mtDNA quantification; Table S2.
Full list of differential-expressed genes. Table S3. Full list of pathways that were significantly different between
transgene lines; Table S4. Sequences of primers.

Author Contributions: Conceptualization: R.I.D. and A.A.K,; funding acquisition: R.I.D.; investigation: R.L.D.,
O.AL, E.VI, M.YK,, D.E.P, and N.V.K,; bioinformatics analysis: O.A.L. and A.S.; writing—original draft: R1.D.,
E.VI, and O.AL; writing—review and editing: R.I.D. and A.A.K. All authors read and approved the final version
of the manuscript.

Funding: This project was supported by the Russian Science Foundation, grant 16-15-10178 (R.I.D).

Acknowledgments: We thank Glotov A. and St. Petersburg State University Research Resource Center “Biobank”
for RNA-Sequencing. We also thank BioChemMack JSK for providing the XFe24 analyzer and technical support
for metabolic profiling experiments.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Bonne, G.; Mercuri, E.; Muchir, A.; Urtizberea, A.; Bécane, H.M.; Recan, D.; Merlini, L.; Wehnert, M.; Boor, R.;
Reuner, U,; et al. Clinical and molecular genetic spectrum of autosomal dominant Emery-Dreifuss muscular
dystrophy due to mutations of the lamin A/C gene. Ann. Neurol. 2000, 48, 170-180. [CrossRef]

2.  Hegele, R A. LMNA mutation position predicts organ system involvement in laminopathies. Clin. Genet.
2005, 68, 31-34. [CrossRef] [PubMed]

3.  Dobrzynska, A.; Gonzalo, S.; Shanahan, C.; Askjaer, P. The nuclear lamina in health and disease. Nucleus
2016, 7, 233-248. [CrossRef] [PubMed]

4. Vigouroux, C.; Guénantin, A.-C.; Vatier, C.; Capel, E.; Le Dour, C.; Afonso, P; Bidault, G.; Béréziat, V.;
Lascols, O.; Capeau, J.; et al. Lipodystrophic syndromes due to LMNA mutations: Recent developments on
biomolecular aspects, pathophysiological hypotheses and therapeutic perspectives. Nucleus 2018, 9, 251-264.
[CrossRef] [PubMed]

5. Schreiber, K.H.; Kennedy, B.K. When lamins go bad: Nuclear structure and disease. Cell 2013, 152, 1365-1375.
[CrossRef] [PubMed]

6.  Briand, N,; Collas, P. Laminopathy-causing lamin A mutations reconfigure lamina-associated domains and
local spatial chromatin conformation. Nucleus 2018, 9, 216-226. [CrossRef]

7.  Rowat, A.C.; Lammerding, J.; Ipsen, ].H. Mechanical properties of the cell nucleus and the effect of emerin
deficiency. Biophys. . 2006, 91, 4649-4664. [CrossRef]

8. Denais, C.M.; Gilbert, R.M.; Isermann, P.; McGregor, A.L.; Te Lindert, M.; Weigelin, B.; Davidson, PM.;
Fried], P; Wolf, K.; Lammerding, J. Nuclear envelope rupture and repair during cancer cell migration. Science
2016, 352, 353-358. [CrossRef]

9.  Osmanagic-Myers, S.; Foisner, R. The structural and gene expression hypotheses in laminopathic
diseases—Not so different after all. Mol. Biol. Cell 2019, 30, 1786-1790. [CrossRef]

10. Miroshnikova, Y.A.; Nava, M.M.; Wickstrom, S.A. Emerging roles of mechanical forces in chromatin
regulation. J. Cell Sci. 2017, 130, 2243-2250. [CrossRef]

11.  Gnocchi, V.E; Ellis, J.A.; Zammit, P.S. Does satellite cell dysfunction contribute to disease progression in
Emery-Dreifuss muscular dystrophy? Biochem. Soc. Trans. 2008, 36, 1344-1349. [CrossRef] [PubMed]


http://www.mdpi.com/2073-4425/11/9/1057/s1
http://dx.doi.org/10.1002/1531-8249(200008)48:2&lt;170::AID-ANA6&gt;3.0.CO;2-J
http://dx.doi.org/10.1111/j.1399-0004.2005.00447.x
http://www.ncbi.nlm.nih.gov/pubmed/15952983
http://dx.doi.org/10.1080/19491034.2016.1183848
http://www.ncbi.nlm.nih.gov/pubmed/27158763
http://dx.doi.org/10.1080/19491034.2018.1456217
http://www.ncbi.nlm.nih.gov/pubmed/29578370
http://dx.doi.org/10.1016/j.cell.2013.02.015
http://www.ncbi.nlm.nih.gov/pubmed/23498943
http://dx.doi.org/10.1080/19491034.2018.1449498
http://dx.doi.org/10.1529/biophysj.106.086454
http://dx.doi.org/10.1126/science.aad7297
http://dx.doi.org/10.1091/mbc.E18-10-0672
http://dx.doi.org/10.1242/jcs.202192
http://dx.doi.org/10.1042/BST0361344
http://www.ncbi.nlm.nih.gov/pubmed/19021553

Genes 2020, 11, 1057 18 of 20

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Dmitrieva, RI; Lelyavina, T.A.; Komarova, M.Y,; Galenko, V.L.; Ivanova, O.A. Tikanova, PA;
Khromova, N.V,; Golovkin, A.S.; Bortsova, M.A.; Sergushichev, A.; et al. Skeletal muscle resident progenitor
cells coexpress mesenchymal and myogenic markers and are not affected by chronic heart failure-induced
dysregulations. Stem Cells Int. 2019, 2019, 5690345. [CrossRef] [PubMed]

Mouly, V,; Aamiri, A.; Bigot, A.; Cooper, RN.; Di Donna, S.; Furling, D.; Gidaro, T.; Jacquemin, V,;
Mamchaoui, K.; Negroni, E.; et al. The mitotic clock in skeletal muscle regeneration, disease and cell
mediated gene therapy. Acta Physiol. Scand. 2005, 184, 3-15. [CrossRef] [PubMed]

Dauer, W.T.; Worman, H.J. The Nuclear Envelope as a Signaling Node in Development and Disease. Dev. Cell
2009, 17, 626—638. [CrossRef]

Perovanovic, J.; Dell’Orso, S.; Gnochi, V.F; Jaiswal, ].K.; Sartorelli, V.; Vigouroux, C.; Mamchaoui, K;
Mouly, V.; Bonne, G.; Hoffman, E.P. Laminopathies disrupt epigenomic developmental programs and cell
fate. Sci. Transl. Med. 2016, 8. [CrossRef]

Timpani, C.A.; Hayes, A.; Rybalka, E. Revisiting the dystrophin-ATP connection: How half a century
of research still implicates mitochondrial dysfunction in Duchenne Muscular Dystrophy aetiology.
Med. Hypotheses 2015, 85, 1021-1033. [CrossRef]

Chen, Y.W,; Zhao, P; Borup, R.; Hoffman, E.P. Expression profiling in the muscular dystrophies: Identification
of novel aspects of molecular pathophysiology. J. Cell Biol. 2000, 151, 1321-1336. [CrossRef] [PubMed]
Kuznetsov, A.V.; Winkler, K.; Wiedemann, FER.; Von Bossanyi, P.; Dietzmann, K.; Kunz, W.S. Impaired
mitochondrial oxidative phosphorylation in skeletal muscle of the dystrophin-deficient mdx mouse.
Mol. Cell. Biochem. 1998, 183, 87-96. [CrossRef] [PubMed]

Charar, C.; Gruenbaum, Y. Lamins and metabolism. Clin. Sci. 2017, 131, 105-111. [CrossRef]
Zaremba-Czogalla, M.; Dubifiska-Magiera, M.; Rzepecki, R. Laminopathies: The molecular background of
the disease and the prospects for its treatment. Cell. Mol. Biol. Lett. 2011, 16, 114-148. [CrossRef] [PubMed]
Boschmann, M.; Engeli, S.; Moro, C.; Luedtke, A.; Adams, F; Gorzelniak, K.; Rahn, G.; Mahler, A.;
Dobberstein, K.; Kriiger, A.; et al. LMNA mutations, skeletal muscle lipid metabolism, and insulin resistance.
J. Clin. Endocrinol. Metab. 2010, 95, 1634-1643. [CrossRef] [PubMed]

Caron, M.; Auclair, M.; Donadille, B.; Béréziat, V.; Guerci, B.; Laville, M.; Narbonne, H.; Bodemer, C.;
Lascols, O.; Capeau, J.; et al. Human lipodystrophies linked to mutations in A-type lamins and to HIV
protease inhibitor therapy are both associated with prelamin A accumulation, oxidative stress and premature
cellular senescence. Cell Death Differ. 2007, 14, 1759-1767. [CrossRef] [PubMed]

Sieprath, T.; Corne, T.D.J.; Nooteboom, M.; Grootaert, C.; Rajkovic, A.; Buysschaert, B.; Robijns, ].; Broers, ].L.V.;
Ramaekers, F.C.S.; Koopman, W.J.H.; et al. Sustained accumulation of prelamin A and depletion of lamin
A/C both cause oxidative stress and mitochondrial dysfunction but induce different cell fates. Nucleus 2015,
6,236-246. [CrossRef] [PubMed]

Ji, H.; Weatherall, P.; Adams-Huet, B.; Garg, A. Increased skeletal muscle volume in women with familial
partial lipodystrophy, Dunnigan variety. J. Clin. Endocrinol. Metab. 2013, 98, E1410-E1413. [CrossRef]
Khromova, N.V,; Perepelina, K.I.; Ivanova, O.A.; Malashicheva, A.B.; Kostareva, A.A.; Dmitrieva, R.I. R482L
Mutation of the LMNA Gene Affects Dynamics of C2C12 Myogenic Differentiation and Stimulates Formation
of Intramuscular Lipid Droplets. Biochemistry 2019, 84, 241-249. [CrossRef]

Vantyghem, M.C.; Pigny, P.; Maurage, C.A.; Rouaix-Emery, N.; Stojkovic, T.; Cuisset, ].M.; Millaire, A.;
Lascols, O.; Vermersch, P.; Wemeau, J.L.; et al. Patients with familial partial lipodystrophy of the Dunnigan
type due to a LMNA R482W mutation show muscular and cardiac abnormalities. ]. Clin. Endocrinol. Metab.
2004, 89, 5337-5346. [CrossRef]

Guénantin, A.C.; Briand, N.; Bidault, G.; Afonso, P.; Béréziat, V.; Vatier, C.; Lascols, O.; Caron-Debarle, M.;
Capeau, J.; Vigouroux, C. Nuclear envelope-related lipodystrophies. Semin. Cell Dev. Biol. 2014, 29, 148-157.
[CrossRef]

Perepelina, K.I.; Smolina, N.A.; Zabirnik, A.S.; Dmitrieva, RI.; Malashicheva, A.B.; Kostareva, A.A. The role
of LMNA mutations in myogenic differentiation of C2C12 and primary satellite cells. Cell Tissue Biol. 2017,
11, 213-219. [CrossRef]

Malashicheva, A.; Kanzler, B.; Tolkunova, E.; Trono, D.; Tomilin, A. Lentivirus as a tool for lineage-specific
gene manipulations. Genesis 2007, 45, 456-459. [CrossRef]


http://dx.doi.org/10.1155/2019/5690345
http://www.ncbi.nlm.nih.gov/pubmed/30719048
http://dx.doi.org/10.1111/j.1365-201X.2005.01417.x
http://www.ncbi.nlm.nih.gov/pubmed/15847639
http://dx.doi.org/10.1016/j.devcel.2009.10.016
http://dx.doi.org/10.1126/scitranslmed.aad4991
http://dx.doi.org/10.1016/j.mehy.2015.08.015
http://dx.doi.org/10.1083/jcb.151.6.1321
http://www.ncbi.nlm.nih.gov/pubmed/11121445
http://dx.doi.org/10.1023/A:1006868130002
http://www.ncbi.nlm.nih.gov/pubmed/9655182
http://dx.doi.org/10.1042/CS20160488
http://dx.doi.org/10.2478/s11658-010-0038-9
http://www.ncbi.nlm.nih.gov/pubmed/21225470
http://dx.doi.org/10.1210/jc.2009-1293
http://www.ncbi.nlm.nih.gov/pubmed/20130076
http://dx.doi.org/10.1038/sj.cdd.4402197
http://www.ncbi.nlm.nih.gov/pubmed/17612587
http://dx.doi.org/10.1080/19491034.2015.1050568
http://www.ncbi.nlm.nih.gov/pubmed/25996284
http://dx.doi.org/10.1210/jc.2013-1297
http://dx.doi.org/10.1134/S0006297919030064
http://dx.doi.org/10.1210/jc.2003-031658
http://dx.doi.org/10.1016/j.semcdb.2013.12.015
http://dx.doi.org/10.1134/S1990519X17030087
http://dx.doi.org/10.1002/dvg.20313

Genes 2020, 11, 1057 19 of 20

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Gonzalez-Hunt, C.P,; Rooney, ].P; Ryde, I.T.; Anbalagan, C.; Joglekar, R.; Meyer, ].N. PCR-Based Analysis of
Mitochondrial DNA Copy Number, Mitochondrial DNA Damage, and Nuclear DNA Damage. Curr. Protoc.
Toxicol. 2016, 67,20.11.1-20.11.25. [CrossRef]

Smolina, N.; Khudiakov, A.; Knyazeva, A.; Zlotina, A.; Sukhareva, K.; Kondratov, K.; Gogvadze, V,;
Zhivotovsky, B.; Sejersen, T.; Kostareva, A. Desmin mutations result in mitochondrial dysfunction regardless
of their aggregation properties. Biochim. Biophys. Acta Mol. Basis Dis. 2020, 1866. [CrossRef] [PubMed]
Chen, S.; Zhou, Y.; Chen, Y.; Gu, J. Fastp: An ultra-fast all-in-one FASTQ preprocessor. Bioinformatics 2018,
34,1884-i890. [CrossRef] [PubMed]

Dobin, A.; Davis, C.A.; Schlesinger, F.; Drenkow, J.; Zaleski, C.; Jha, S.; Batut, P.; Chaisson, M.; Gingeras, T.R.
STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 2013, 29, 15-21. [CrossRef] [PubMed]

Liao, Y.; Smyth, G.K.; Shi, W. Subread manual 1.5.0-p1. Bioinformatics 2014, 30, 923-930. [CrossRef] [PubMed]
Love, M.L; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data
with DESeq2. Genome Biol. 2014, 15, 550. [CrossRef] [PubMed]

Sergushichev, A.A. An algorithm for fast preranked gene set enrichment analysis using cumulative statistic
calculation. bioRxiv 2016, 060012. [CrossRef]

Liberzon, A.; Birger, C.; Thorvaldsdéttir, H.; Ghandi, M.; Mesirov, J.P.; Tamayo, P. The Molecular Signatures
Database Hallmark Gene Set Collection. Cell Syst. 2015, 1, 417-425. [CrossRef]

Manju, K.; Muralikrishna, B.; Parnaik, V.K. Expression of disease-causing lamin A mutants impairs the
formation of DNA repair foci. J. Cell Sci. 2006, 119, 2704-2714. [CrossRef]

Perepelina, K.; Dmitrieva, R.; Ignatieva, E.; Borodkina, A.; Kostareva, A.; Malashicheva, A. Lamin A/C
mutation associated with lipodystrophy influences adipogenic differentiation of stem cells through interaction
with Notch signaling. Biochem. Cell Biol. 2018, 96, 342-348. [CrossRef]

Perepelina, K.; Klauzen, P.; Kostareva, A.; Malashicheva, A. Tissue-Specific Influence of Lamin A Mutations
on Notch Signaling and Osteogenic Phenotype of Primary Human Mesenchymal Cells. Cells 2019, 8, 266.
[CrossRef]

Bechert, K.; Lagos-Quintana, M.; Harborth, J.; Weber, K.; Osborn, M. Effects of expressing lamin A mutant
protein causing Emery-Dreifuss muscular dystrophy and familial partial lipodystrophy in HeLa cells.
Exp. Cell Res. 2003, 286, 75-86. [CrossRef]

Constantinescu, D.; Gray, H.L.; Sammak, PJ.; Schatten, G.P.; Csoka, A.B. Lamin A/C Expression Is a Marker of
Mouse and Human Embryonic Stem Cell Differentiation. Stem Cells 2006, 24, 177-185. [CrossRef] [PubMed]
Millay, D.P; O’'Rourke, J.R.; Sutherland, L.B.; Bezprozvannaya, S.; Shelton, ].M.; Bassel-Duby, R.; Olson, E.N.
Myomaker is a membrane activator of myoblast fusion and muscle formation. Nature 2013, 499, 301-305.
[CrossRef] [PubMed]

Zhang, Q.; Vashisht, A.A.; O'Rourke, J.; Corbel, S.Y.; Moran, R.; Romero, A.; Miraglia, L.; Zhang, ].; Durrant, E.;
Schmedst, C.; et al. The microprotein Minion controls cell fusion and muscle formation. Nat. Commun. 2017,
8, 15664. [CrossRef] [PubMed]

Pownall, M.E.; Gustafsson, M.K.; Emerson, C.P. Myogenic Regulatory Factors and the Specification of Muscle
Progenitors in Vertebrate Embryos. Annu. Rev. Cell Dev. Biol. 2002, 18, 747-783. [CrossRef]

Bentzinger, C.F.; Wang, Y.X.; Rudnicki, M.A. Building Muscle: Molecular Regulation of Myogenesis.
Cold Spring Harb. Perspect. Biol. 2012, 4, a008342. [CrossRef]

Soufi, A.; Dalton, S. Cycling through developmental decisions: How cell cycle dynamics control pluripotency,
differentiation and reprogramming. Development 2016, 143, 4301-4311. [CrossRef]

Mookerjee, S.A.; Gerencser, A.A.; Nicholls, D.G.; Brand, M.D. Quantifying intracellular rates of glycolytic
and oxidative ATP production and consumption using extracellular flux measurements Downloaded from.
J. Biol. Chem. 2017, 7189. [CrossRef]

Bianchi, A.; Mozzetta, C.; Pegoli, G.; Lucini, E; Valsoni, S.; Rosti, V.; Petrini, C.; Cortesi, A.; Gregoretti, F;
Antonelli, L.; et al. Dysfunctional polycomb transcriptional repression contributes to lamin A/C—-dependent
muscular dystrophy. J. Clin. Investig. 2020. [CrossRef]

Malashicheva, A.; Bogdanova, M.; Zabirnyk, A.; Smolina, N.; Ignatieva, E.; Freilikhman, O.; Fedorov, A.;
Dmitrieva, R.; Sjoberg, G.; Sejersen, T.; et al. Various lamin A/C mutations alter expression profile of
mesenchymal stem cells in mutation specific manner. Mol. Genet. Metab. 2015, 115, 118-127. [CrossRef]


http://dx.doi.org/10.1002/0471140856.tx2011s67
http://dx.doi.org/10.1016/j.bbadis.2020.165745
http://www.ncbi.nlm.nih.gov/pubmed/32105824
http://dx.doi.org/10.1093/bioinformatics/bty560
http://www.ncbi.nlm.nih.gov/pubmed/30423086
http://dx.doi.org/10.1093/bioinformatics/bts635
http://www.ncbi.nlm.nih.gov/pubmed/23104886
http://dx.doi.org/10.1093/bioinformatics/btt656
http://www.ncbi.nlm.nih.gov/pubmed/24227677
http://dx.doi.org/10.1186/s13059-014-0550-8
http://www.ncbi.nlm.nih.gov/pubmed/25516281
http://dx.doi.org/10.1101/060012
http://dx.doi.org/10.1016/j.cels.2015.12.004
http://dx.doi.org/10.1242/jcs.03009
http://dx.doi.org/10.1139/bcb-2017-0210
http://dx.doi.org/10.3390/cells8030266
http://dx.doi.org/10.1016/S0014-4827(03)00104-6
http://dx.doi.org/10.1634/stemcells.2004-0159
http://www.ncbi.nlm.nih.gov/pubmed/16179429
http://dx.doi.org/10.1038/nature12343
http://www.ncbi.nlm.nih.gov/pubmed/23868259
http://dx.doi.org/10.1038/ncomms15664
http://www.ncbi.nlm.nih.gov/pubmed/28569745
http://dx.doi.org/10.1146/annurev.cellbio.18.012502.105758
http://dx.doi.org/10.1101/cshperspect.a008342
http://dx.doi.org/10.1242/dev.142075
http://dx.doi.org/10.1074/jbc.M116.774471
http://dx.doi.org/10.1172/JCI128161
http://dx.doi.org/10.1016/j.ymgme.2015.04.006

Genes 2020, 11, 1057 20 of 20

51.

52.

53.

54.

55.

56.

57.

Spuler, S.; Kalbhenn, T.; Zabojszcza, J.; Van Landeghem, EK.H.; Ludtke, A.; Wenzel, K.; Koehnlein, M.;
Schuelke, M.; Liidemann, L.; Schmidt, H.H. Muscle and nerve pathology in Dunnigan familial partial
lipodystrophy. Neurology 2007, 68, 677-683. [CrossRef] [PubMed]

Leary, S.C.; Battersby, B.].; Hansford, R.G.; Moyes, C.D. Interactions between bioenergetics and mitochondrial
biogenesis. Biochim. Biophys. Acta Bioenerg. 1998, 1365, 522-530. [CrossRef]

Wagatsuma, A.; Sakuma, K. Mitochondria as a potential regulator of myogenesis. Sci. World ]. 2013,
2013, 593267. [CrossRef] [PubMed]

Pala, F,; Di Girolamo, D.; Mella, S.; Yennek, S.; Chatre, L.; Ricchetti, M.; Tajbakhsh, S. Distinct metabolic
states govern skeletal muscle stem cell fates during prenatal and postnatal myogenesis. . Cell Sci. 2018, 131.
[CrossRef] [PubMed]

Desler, C.; Hansen, T.L.; Frederiksen, ].B.; Marcker, M.L.; Singh, K.K.; Rasmussen, L.J. Is There a Link between
Mitochondrial Reserve Respiratory Capacity and Aging? J. Aging Res. 1925, 2012. [CrossRef]

Chen, S.; Martin, C.; Maya-Mendoza, A.; Tang, C.W.; Lovri¢, J.; Sims, PEG.; Jackson, D.A. Reduced expression
of lamin A/C results in modified cell signaling and metabolism coupled with changes in expression of
structural proteins. J. Proteome Res. 2009, 8, 5196-5211. [CrossRef]

Magagnotti, C.; Bachi, A.; Zerbini, G.; Fattore, E.; Fermo, I.; Riba, M.; Previtali, S.C.; Ferrari, M.; Andolfo, A.;
Benedetti, S. Protein profiling reveals energy metabolism and cytoskeletal protein alterations in LMNA
mutation carriers. Biochim. Biophys. Acta Mol. Basis Dis. 2012, 1822, 970-979. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1212/01.wnl.0000255939.73424.f8
http://www.ncbi.nlm.nih.gov/pubmed/17325275
http://dx.doi.org/10.1016/S0005-2728(98)00105-4
http://dx.doi.org/10.1155/2013/593267
http://www.ncbi.nlm.nih.gov/pubmed/23431256
http://dx.doi.org/10.1242/jcs.212977
http://www.ncbi.nlm.nih.gov/pubmed/30054310
http://dx.doi.org/10.1155/2012/192503
http://dx.doi.org/10.1021/pr900549a
http://dx.doi.org/10.1016/j.bbadis.2012.01.014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Culture and Myogenic Differentiation 
	Morphological Features Determination 
	Plasmids and Mutagenesis 
	Lentivirus Production, Infection, and Establishment of Stable Cell Lines 
	Library Construction and RNA-Seq 
	Relative Quantification of mtDNA Copy Number Using Real-Time PCR 
	Cell Respiration 
	Glycolysis Stress Assay 
	Cell Proliferation Assay 
	Western Blotting 
	Immunocytochemistry 
	MitoTracker Staining 
	Q-PCR 
	Processing of RNA-Seq Data 

	Results 
	LMNA Mutations Affect Both Proliferation Activity and Myogenic Commitment in Transgenic C2C12 Myoblasts 
	LMNA Mutations Affect Differentiation Efficacy and Dynamics in Transgenic C2C12 Myoblasts 
	LMNA Mutations Affect Cellular Bioenergetics of C2C12 Myotubes 

	Discussion 
	Study Limitations 
	Conclusions 
	References

