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ORIGINAL RESEARCH

Identification of Genes and Pathways 
Regulated by Lamin A in Heart
Jordi Coste Pradas, MS; Gaelle Auguste, PhD; Scot J. Matkovich, PhD; Raffaella Lombardi, MD, PhD;  
Suet Nee Chen, PhD; Tyrone Garnett, BS; Kyle Chamberlain , PhD; Jalish Mahmud Riyad, MS; Thomas Weber, PhD; 
Sanjay K. Singh, PhD; Matthew J. Robertson, PhD; Cristian Coarfa, PhD; Ali J. Marian, MD; Priyatansh Gurha, PhD

BACKGROUND: Mutations in the LMNA gene, encoding LMNA (lamin A/C), causes distinct disorders, including dilated cardio-
myopathies, collectively referred to as laminopathies. The genes (coding and noncoding) and regulatory pathways controlled 
by LMNA in the heart are not completely defined.

METHODS AND RESULTS: We analyzed cardiac transcriptome from wild-type, loss-of-function (Lmna−/−), and gain-of-function 
(Lmna−/− injected with adeno-associated virus serotype 9 expressing LMNA) mice with normal cardiac function. Deletion of 
Lmna (Lmna−/−) led to differential expression of 2193 coding and 629 long noncoding RNA genes in the heart (q<0.05). Re-
expression of LMNA in the Lmna−/− mouse heart, completely rescued 501 coding and 208 non-coding and partially rescued 
1862 coding and 607 lncRNA genes. Pathway analysis of differentially expressed genes predicted activation of transcrip-
tional regulators lysine-specific demethylase 5A, lysine-specific demethylase 5B, tumor protein 53, and suppression of ret-
inoblastoma 1, paired-like homeodomain 2, and melanocyte-inducing transcription factor, which were completely or partially 
rescued upon reexpression of LMNA. Furthermore, lysine-specific demethylase 5A and 5B protein levels were increased in 
the Lmna−/− hearts and were partially rescued upon LMNA reexpression. Analysis of biological function for rescued genes 
identified activation of tumor necrosis factor-α, epithelial to mesenchymal transition, and suppression of the oxidative phos-
phorylation pathway upon Lmna deletion and their restoration upon LMNA reintroduction in the heart. Restoration of the gene 
expression and transcriptional regulators in the heart was associated with improved cardiac function and increased survival 
of the Lmna−/− mice.

CONCLUSIONS: The findings identify LMNA-regulated cardiac genes and their upstream transcriptional regulators in the 
heart and implicate lysine-specific demethylase 5A and B as epigenetic regulators of a subset of the dysregulated genes in 
laminopathies.

Key Words: cardiomyopathies ■ KDM5 ■ laminopathies ■ LMNA

Mutations in the LMNA gene, encoding LMNA 
(lamin A/C), cause a diverse array of pheno-
types involving multiple organs that are collec-

tively referred to as laminopathies.1–4 Notable among 
the laminopathies are dilated cardiomyopathy (DCM), 
cardiac conduction defects, arrhythmias, Hutchinson-
Gilford progeria syndrome, Emery-Dreifuss muscular 

dystrophy, and familial partial lipodystrophy.1–6 LMNA 
is among the most common causal genes for hered-
itary DCM, accounting for 6% to 8% of familial DCM 
and for a small fraction of arrhythmogenic cardiomyop-
athy.2,5,6 DCM is the major cause of death in a subset 
of laminopathies involving striated muscles and typi-
cally manifests with conduction defects, arrhythmias, 

Correspondence to: Priyatansh Gurha, PhD, Brown Foundation Institute of Molecular Medicine, The University of Texas Health Sciences Center, Center for 
Cardiovascular Genetics, 6770 Bertner Street, Suite C950G, Houston, TX 77030. E-mail: priyatansh.gurha@uth.tmc.edu

Supplementary Materials for this article are available at https://www.ahajo urnals.org/doi/suppl/ 10.1161/JAHA.119.015690

Raffaella Lombardi is currently located at the Division of Cardiology, Department of Advanced Biomedical Science, University of Naples Federico II, Italy.

Suet Nee Chen is currently located at the CU-Cardiovascular Institute and Adult Medical Genetics Program, University of Colorado Anschutz Medical Campus, 
Aurora, CO.

For Sources of Funding and Disclosures, see page 16.

© 2020 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley.  This is an open access article under the terms of the Creative 
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use 
is non-commercial and no modifications or adaptations are made. 

JAHA is available at: www.ahajournals.org/journal/jaha

https://orcid.org/0000-0002-5436-1835
mailto:﻿￼
https://orcid.org/0000-0003-4867-7785
mailto:priyatansh.gurha@uth.tmc.edu
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.119.015690
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha


J Am Heart Assoc. 2020;9:e015690. DOI: 10.1161/JAHA.119.015690 2

Coste Pradas et al Cardiac Gene Regulation by LMNA

and cardiac dysfunction.7,8 Accordingly, patients with 
LMNA mutations are at a high risk of sudden cardiac 
death, which typically necessitates implantation of a 
defibrillator/pacemaker.7,8

LMNA is expressed in differentiated cells, including 
cardiac myocytes. Within the nucleus, lamin and as-
sociated proteins form a fibrous multiprotein network 
termed as nuclear lamina that lines the nucleoplas-
mic face of the inner nuclear membrane. Genomic re-
gions that are in close contact with the nuclear lamina 
are known as lamina-associated domains (LADs).9–12 
LMNA through LAD plays an important role in spatial 
chromatin organization and gene expression. Genes 
within LADs are expressed at low levels and are de-
pleted for active histone marks like H3K4me3.9–12 
Recently, we identified over 300 LADs in human 
cardiac myocytes, encompassing several thousand 
coding and noncoding genomic regions. We further 
demonstrated that LADs are redistributed in DCM, 
and this redistribution affects gene expression either 
directly or indirectly.13

The molecular pathogenesis of DCM in laminopa-
thies is not well understood; however, a large number 
of genes and pathways are found to be dysregulated, 
correlating with the phenotypic diversity of the LMNA 
mutations.9,11,13–16 Defects in several signaling path-
ways, such as those including forkhead box O and 
MAPK4 (mitogen-activated protein kinase 4), have 
been implicated in the pathogenesis of DCM in lam-
inopathies.4,14,17,18 In addition, altered nuclear mem-
brane mechanical integrity and DNA damage have 
emerged as putative mechanisms in the pathogen-
esis of laminopathies, including DCM.19–22 However, 
the role of LMNA in regulating coding and noncoding 
genes, occurring before and independent of cardiac 
dysfunction, is not well understood. The present 
study is designed to bridge this knowledge gap by 
utilizing Lmna loss-of-function (Lmna−/−) and partial 
gain-of-function mouse models. The latter were gen-
erated upon reexpression of wild-type (WT) LMNA 
in the heart in Lmna−/− mice using recombinant ad-
eno-associated viruses (henceforth referred to as 
Lmna−/−:AAV9-LmnaWT).

We sequenced ribosomal-depleted RNA samples, 
extracted from whole hearts of WT and Lmna−/− mice 
when cardiac function was normal to reduce poten-
tial confounding effects of cardiac dysfunction on 
gene expression. To complement the findings, we 
reexpressed LMNA in the Lmna−/− hearts using re-
combinant AAV9 viruses and determined the ensuing 
transcriptomic changes in the heart at the same age. 
Comparing gene expression in the WT, Lmna−/− and 
Lmna−/−:AAV9-LmnaWT hearts, we identified coding 
and noncoding genes whose expression was regu-
lated by LMNA in the absence of cardiac dysfunction. 
Differentially expressed genes (DEGs) were used to 

CLINICAL PERSPECTIVE

What Is New?
• Genetic deletion of the Lmna gene, encoding 

LMNA (lamin A/C) protein, was associated with 
dysregulation of several thousand coding and 
noncoding genes in the heart and led to myo-
cardial fibrosis, apoptosis, cardiac dysfunction, 
and premature death.

• Genes whose expression levels were dysregulated 
predicted activation or suppression of over 2 dozen 
transcriptional regulators, including histone dem-
ethylases lysine-specific demethylase 5A and B.

• Reexpression of LMNA, predominantly in car-
diac myocytes using recombinant adeno-
associated virus serotype 9 constructs, in the 
Lmna-deficient mice normalized or partially 
restored expression levels of a few thousand 
genes, including targets of the lysine-specific 
demethylase 5A and B, and restoration of gene 
expression in the heart was associated with im-
proved cardiac function and prolonged survival.

What Are the Clinical Implications?
• The findings by unraveling putative pathogenic 

transcriptional regulators of cardiac phenotypes 
in laminopathies, including lysine-specific dem-
ethylase 5A and B, provide for potential therapeu-
tic targets in heart failure caused by the LMNA 
mutations.

Nonstandard Abbreviations and Acronyms

AAV9 adeno-associated virus serotype 9
DAPI 4′,6-diamidino-2-phenylindole
DCM dilated cardiomyopathy
GSEA gene set enrichment analysis
IPA Ingenuity Pathway Analysis
KDM5A lysine-specific demethylase 5A
KDM5B lysine-specific demethylase 5B
LADs lamina-associated domains
limma linear models for microarray data
LMNA lamin A
MAPK4 mitogen-activated protein kinase 4
PCM1 pericentriolar material-1
PITX2 paired-like homeodomain 2
RB1 retinoblastoma 1
TGF transforming growth factor-β1
TP53 tumor protein 53
TR transcriptional regulator
WT wild-type
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predict dysregulated activity of several transcriptional 
regulators (TRs), including lysine-specific demethylase 
5A (KDM5A) and B, implicating them in the pathogen-
esis of DCM in laminopathies.

METHODS
Further details of the material and methods are pro-
vided in Data S1.

Mice
The phenotype of the Lmna−/− mice has been pub-
lished.17,20 Lmna−/− and WT littermates were used in 
these experiments, the latter as controls. List of oli-
gonucleotide primers used for genotype screening is 
listed in Table S1.

Anesthesia and Euthanasia
Anesthesia was induced with 3% inhaled isoflu-
rane and was maintained at 0.5% to 1% isoflurane 
inhalation throughout the procedure. Mice were eu-
thanized by CO2 inhalation followed by cervical dis-
location. Animal studies were in accord with the NIH 
Guide for the Care and Use of Laboratory Animals 
published and approved by the Animal Care and 
Use Committee (AWC protocols: AWC-15-0052 and 
AWC-17-0146).

Echocardiography
Echocardiography was performed on mice anesthe-
tized by intraperitoneal injection of sodium pentobarbi-
tal (60 mg/kg body weight). The mouse was positioned 
supine on a heating pad with embedded ECG leads. 
ECG and respiratory rate were recorded during the 
study. Wall thicknesses and left ventricular dimensions 
were measured from M-mode images in at least 3 car-
diac cycles and the mean values were used. Left ven-
tricular fractional shortening and mass were calculated 
as previously described.17,23,24

Immunoblotting
Immunoblotting was performed as published.17,19,23 
Nuclear protein isolation was performed using the 
nuclear extraction kit (Ab113474; Abcam, Cambridge, 
MA), and a 20- to 25-μg aliquot of each nuclear pro-
tein extract was used for immunoblotting analysis. The 
primary and secondary antibodies and their titers are 
listed in Table S2.

Immunofluorescence
Immunofluorescence staining to detect transgene 
expression and localization was performed as pub-
lished.17,19,23 In brief, thin myocardial cryosections, fixed 

in optimal cutting temperature (OCT), were incubated 
with an anti-Flag- LMNA or anti-pericentriolar mate-
rial-1 (PCM1) antibody to detect expression of the 
transgenes within nuclei. The sections were counter-
stained with 4′,6-diamidino-2-phenylindole (DAPI) to 
identify the nuclei. Details of antibodies are presented 
in Table S2.

RNA Sequencing
Total RNA depleted of ribosomal RNA was used. 
RNA fragmentation, first- and second-strand cDNA 
synthesis (preserving strand information), and the 
addition of indexed adapters was carried out as 
previously described.17,19,23,25 Paired-end, 100-bp 
reads were obtained on an HiSeq 4000 instrument 
(Illumina, San Diego, CA). Mapping of sequencing 
reads to the mouse genome GRCm38.91 (Ensembl) 
was performed using Tophat2.26 The mean num-
ber of transcriptome-aligned reads per heart was 
27.6 million. Read quantitation on a per-gene basis 
was performed with HTSeq27 and the default gene 
annotation file (gtf) provided with the GRCm38.91 
Ensembl genome distribution. Detectable RNAs 
were assessed as those present at or above 1 read 
per million (27 reads) in 50% of the samples, re-
sulting in 15  096 RNAs for downstream analyses. 
Calculation of fold-change and false discovery rate 
for differentially expressed RNAs were obtained by 
the R/Bioconductor packages linear models for mi-
croarray data (limma) and edgeR/variance modeling 
at the observational level.28 A batch correction was 
performed by including batch as a blocking factor 
in the linear model used by limma, per a published 
protocol.28 To obtain quantitative read information for 
lncRNAs HTSeq was used together with a custom-
ized gtf comprising the default Ensembl gtf together 
with annotation for an additional 87 774 lncRNAs that 
were present in the NONCODEv5 database (http://
www.nonco de.org/). The mean number of transcrip-
tome-aligned reads per heart, as determined by 
NONCODEv5, was 5.9×105. LncRNAs, identified by 
NONCODEv5, were defined at a detectable cutoff 
of 6 reads in at least 50% of the samples in either 
group, resulting in 15 695 lncRNAs. Fold-change and 
false discovery rate of the differentially expressed 
lncRNAs were calculated using the R/Bioconductor 
packages edgeR and limma/variance modeling at 
the observational level.

Pathway Analysis
Gene set enrichment analysis (GSEA) was performed 
on normalized gene counts of DEGs in knockout as 
compared with control samples (q<0.05). Significance 
was assessed by analyzing signal-to-noise ratio and 
gene permutations based on 1000 permutations. 

http://www.noncode.org/
http://www.noncode.org/
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Molecular signature database 3.0 curated gene sets 
for hallmark and canonical pathways were used in 
the GSEA.29,30 Gene sets were also curated using the 
compute overlap, which is a hypergeometric distribu-
tion function of GSEA. The data were ordered based 
on enrichment score for gene set with afalse discovery 
rate cutoff of 0.05. When presenting results for specific 
gene sets, nominal enrichment score and false discov-
ery rate values are shown.

Upstream Regulators Analysis
To identify likely TRs, the Upstream Regulator Analysis 
module of Ingenuity Pathway Analysis software (IPA, 
QIAGEN, Redwood City, CA) was used. DEGs (q<0.05) 
were used for this analysis. A Z score ≥+2 and ≤−2 
was used to identify upstream regulators that were 
predicted to be altered and considered significantly 
changed. Targets of upstream regulators that overlap 
with DEGs and show expression pattern consistent 
with upstream regulator activation or suppression were 
obtained from IPA.

LncRNA-mRNA Correlation Analysis
Correlation between LncRNA and mRNAs was per-
formed on the count-per-million values for each lncRNA 
and mRNA in all samples using Pearson correlation 
analysis in R. Cis pairs for lncRNAs and mRNAs (lo-
cated within 10 kb) were obtained using the “Nearest 
BEDTOOL” in local galaxy server platform (https://
usega laxy.org/). Heat plot and density plots that used 
the Pearson correlation coefficient r values were plot-
ted in R.

Transduction of Mouse Heart With 
Recombinant AAV9 Constructs
Full-length WT and N-terminally Flag-tagged murine 
Lmna cDNAs were cloned into a pTRUF11 plasmid 
downstream to a TATA-less CMV promoter and rab-
bit beta-globin intron at the StuI cloning site and were 
tested (Figure  S1A through S1C). Expressions of the 
full-length Flag-tagged and nontagged LMNA pro-
teins from the corresponding clones were analyzed 
by western blotting after transfection of the recombi-
nant plasmids into HEK293 cells using transfectamine 
(Figure  S1B). Approximately 1×1010 to 2×1010 vector 
genomes were injected subcutaneously at the nape of 
the back of Lmna−/− mice (Lmna−/−:AAV9-LmnaWT) at 
postnatal days 2, 4, and 6. The early timing of injec-
tion was chosen to ensure adequate gene expression 
before the Lmna−/− mice exhibit cardiac dysfunction 
enabling an unconfounded transcriptomic analysis.17 
Three sequential injections were made to increase 
the likelihood of transducing newly formed cardiac 

myocytes during the early postnatal period, as a low 
level of proliferation continues this period.31–33 As a 
control, an empty AAV9 vector construct was injected 
into Lmna−/− mice at the above time points and via the 
same subcutaneous route.

AAV9 Transduction Efficiency in Heart 
and Cardiac Myocytes
Transduction efficiency of the FLAG-LMNA was deter-
mined at 1, 2, and 4 weeks after transduction. At least 
2000 DAPI-stained cells per each mouse heart were 
counted. Transduction efficiency was calculated as the 
percentage of FLAG-stained cells to the total number 
of cells, identified by DAPI staining of the nuclei, as-
suming that one third of the DAPI-stained cells in the 
heart were cardiac myocytes and that only myocytes 
are transduced with the AAV9 recombinant viruses in 
the heart.

To determine efficiency following transduction with 
the recombinant viruses expressing WT LMNA in the 
Lmna−/− mouse hearts, optimal cutting temperature–
fixed thin myocardial cryosections were stained with 
an antibody against PCM1, and an antibody against 
LMNA and DAPI (nuclei).31–33 The number of PCMI1 
and LMNA costained cells (ie, myocytes) express-
ing LMNA was determined to confirm transduction 
efficiency of cardiac myocytes in the mouse heart. 
Data were analyzed without prior knowledge of the 
genotypes.

Statistical Analysis
Normality of data distribution was assessed by the 
Shapiro–Wilk test. Normally distributed data were 
analyzed by ordinary 1-way ANOVA followed by 
Tukey’s multiple pairwise comparison test. Data de-
viating from normal distribution were analyzed by the 
Kruskal–Wallis test followed by Dunn’s multiple pair-
wise comparisons. The categorical data were ana-
lyzed by chi-square test. The effect of AAV9-LmnaWT 
on overall survival was evaluated by the Kaplan–Meier 
survival analysis, and the differences between sub-
groups were evaluated by log-rank (Mantel-Cox) test. 
Statistical analysis was performed by GraphPad Prism 
8 (www.graph pad.com/scien tific -softw are/prism/).

Data Access
The Lmna−/− and WT heart RNA seq data have been 
submitted to NCBI GEO and are publicly available 
(GSE11 0341 and GSE12 3916). RNA seq data from 
the Lmna−/−:AAV9-LmnaWT and the corresponding 
Lmna−/− have been submitted to GEO (GSE13 5288, 
reviewer token: gxylyyswhxopbsp) and will be released 
to the public upon manuscript publication.

https://usegalaxy.org/
https://usegalaxy.org/
http://www.graphpad.com/scientific-software/prism/
http://GSE110341
http://GSE123916
http://GSE135288
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RESULTS
Phenotype in the Lmna−/− Mice
The Lmna−/− mice develop progressive cardiac dila-
tation and dysfunction starting after 2 weeks of age, 
leading to premature death by 8 to 10 weeks of age.17 
Myocardial histopathology at 3 to 4 weeks of age is no-
table for increased fibrosis and apoptosis. The Lmna−/− 
mice have a median survival of 4 weeks, as described 
previously.17

AAV9-Mediated Reexpression of WT 
LMNA (LMNAWT) in Lmna−/− Mouse Hearts
To determine the role of LMNA in regulation of car-
diac gene expression, we compared gene expres-
sion upon loss of LMNA (Lmna−/− or KO mice) and 
upon reexpression of LMNA in the LMNA null back-
ground (Lmna−/−:AAV9-LmnaWT mice). A prerequisite 
to this approach is the ability to effectively express 
LMNA and to detect its expression and localization 
in the heart. Therefore, initial experiments were per-
formed using recombinant AAV9 viruses expressing 
a FLAG-tagged LMNA, which enabled detection of 
the transgene protein while avoiding the confounding 
effect of any potential residual expression of the en-
dogenous LMNA protein in the heart of the Lmna−/− 
mice. Two factors were considered in determining 
timing of administration of the AAV9 viruses: (1) the 
short life span of the Lmna−/− mice, which was at 
most 8 to 10  weeks; and (2) a short delay in gene 
expression upon transduction with the AAV9 viruses. 
Therefore, in vivo gene transfer with the recombinant 
viruses started at postnatal day 2. To overcome the 
potential episomal loss of the viral genome caused 
by actively dividing myocytes during the few days 
after birth, injections were repeated at postnatal day 
4 and postnatal day 6. A total dose of 2×1010 viral ge-
nome particle was delivered subcutaneously to each 
neonate.

To detect expression of the transgene in the hearts 
of Lmna−/−:AAV9-LmnaFlag mice, thin myocardial sec-
tions were stained with an anti-FLAG antibody at 1, 
2, and 4 weeks after birth, which showed transgene 
protein expression and nuclear membrane localization 
in the heart (Figure  1A). Recombinant LMNA protein 
level was the lowest and regional heterogeneity was 
more prominent at 1 week after injection, while trans-
gene expression was mostly homogenous and robust 
at 2 and 4 weeks following transduction with AAV9-
LmnaFlag. Approximately 19.3±3.2 % of the nuclei 
showed expression of the FLAG-tagged LMNA, which 
corresponds to transduction of approximately 57% of 
myocytes (Figure 1B), assuming that about one third 
of the cells in the heart are cardiac myocytes and that 
AAV9 primarily transduces myocytes.34–36

Having established the feasibility of the approach, 
the experiments were repeated with an untagged 
LMNA, to eliminate potential confounding effects that 
might result from the Flag-tagged LMNA. The Lmna−/− 
mice were injected subcutaneously with recombi-
nant AAV9 viruses expressing nontagged LMNAWT 
(Lmna−/−:AAV9-LmnaWT) protein, as described above. 
Thin myocardial sections obtained from 2-week-old 
Lmna−/− mice were stained with antibodies against 
LMNA and PCM1, the latter marking cardiac myocyte 
nuclei. The PCM1 along with LMNA staining of car-
diac myocyte was used as a surrogate to determine 
the transduction and provide a quantitative measure of 
the overall experimental efficiency. The PCM1-stained 
cells comprised approximately 35% of the nuclei in the 
myocardial sections, which is consistent with the previ-
ous data.31–33 There were no differences in the percent 
PCM1-positive nuclei among the experimental groups. 
At a dose of 2×1010 viral genome particle, 42±6.24% 
of cardiac myocytes, identified by PCM1 expression, 
were transduced and expressed LMNAWT, which was 
incorporated into the nuclear membrane (Figure  1C 
and 1D). Furthermore, the expression of LMNA protein 
in the hearts of the AAV9 treated Lmna−/− mice was 
confirmed by immunoblot analysis using an antibody 
that detects either LMNA or lamin A/C (Figure 1E). A 
degree of variability in the expression of LMNA was 
noted in the rescued group (Figure 1F).

Effects of LMNA on Expression of Coding 
Genes in the Heart
To identify Lmna regulated genes, RNA sequencing 
was performed from 2-week old WT, Lmna−/− and 
Lmna−/−:AAV9-LmnaWT mouse hearts. At 2  weeks of 
age, there was no discernible cardiac dysfunction or 
myocardial fibrosis (Table  S3), as also reported pre-
viously.17 Analysis of the cardiac gene expression 
showed differential expression of 2036 genes, com-
prised of 814 upregulated and 1222 downregulated 
genes (q<0.05) in the Lmna−/− as compared with WT 
mouse hearts (Figure 2A).

Reexpression of LMNA led to the complete or partial 
reversal of a large fraction of the DEGs. Changes in the 
expression of the genes upon AAV9 administration were 
defined as follows:

1. Completely rescued genes: Genes whose expres-
sion levels were changed in the Lmna−/− hearts 
but were normalized upon AAV9-LmnaWT injection. 
These genes were considered completely res-
cued and likely bonafide LMNA regulated genes. 
Accordingly, transcript levels of these genes were 
significantly different (q<0.05) between the Lmna−/− 
and WT mice but were not significantly different 
(q≥0.05) between the Lmna−/−:AAV9-LmnaWT and 
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Figure 1. Expression and localization of LMNA in the heart of Lmna−/− mice upon AAV9-
mediated LMNA re-expression.
A, Immunofluorescence staining of thin myocardial sections showing FLAG-LMNA (in red) expression in 1, 
2, and 4-weeks old wild type, Lmna−/− and Lmna−/−:AAV9–LmnaFlag mice. Nuclei were counterstained with 
DAPI (blue). B, Respective quantitation of LMNA+ nuclei as a fraction of total DAPI+ nuclei per heart (n=3–5). 
C, IF staining of myocardial sections in 2 weeks old wild type, Lmna−/− and Lmna−/−: AAV9-LmnaWT LMNA (in 
green) and anti-PCM1 antibody (in red). Higher magnification of the overlay of LMNA and PCM1 with DAPI. D, 
Respective quantitative data showing the percentage of PCM1 positive nuclei (marking cardiac myocytes) in 
the WT (n=4), Lmna−/− (n=3) and Lmna−/−:AAV9-LmnaWT (n=4) and percentage of cardiac myocytes expressing 
LMNA (PCM1+/LMNA+nuclei). E, Immunoblot (IB) showing the expression of LMNA in whole heart lysates 
of 2-week old mice in WT, Lmna−/− and Lmna−/−:AAV9-LmnaWT mice using an anti-LMNA antibody. Protein 
molecular weight markers are shown to the left, and GAPDH is used as a loading control together with total 
protein staining using Ponceau S. F, Quantitative data for LMNA protein expression fold change normalized 
to GAPDH and relative to WT mice. Data were obtained from N=5 mice heart/genotype and shows variability 
in the LMNA protein expression in the AAV9-LMNA treated samples. Normality of data distribution was 
assessed by Shapiro–Wilks test. P values for Kruskal–Wallis test and Dunn’s multiple comparison are shown. 
Only P values that were significant (P<0.05) are shown. AAV9 indicates adeno-associated virus serotype 9; 
DAPI, 4′,6-diamidino-2-phenylindole; LMNA, lamin A; PCM1, pericentriolar material-1; and WT, wild-type.
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Figure 2. Differential coding and noncoding RNA expression in the WT, Lmna−/− and Lmna−/−: 
AAV9-LmnaWT mouse hearts at 2 weeks of age.
A, Volcano plots of RNA sequencing data showing the expression and significance levels of genes in Lmna−/− 
(n=8) vs WT (n=9) hearts. The dashed line denotes the significance level at a threshold of q<0.05 (or false discovery 
rate 5%). The up-regulated and (are red), down regulated genes (blue) are shown. Number of upregulated and 
down regulated differentially expressed genes (DEGs) are indicated above each volcano plots. B, Pie charts 
illustrating the number of differentially upregulated (red), downregulated (blue), and unchanged (gray) genes 
in Lmna−/− hearts compared with the WT (q<0.05). A subset of genes that show complete and partial rescue 
upon AAV9 treatment (n=5) are shown along with the unaffected ones. C and D, Volcano plots of RNA-seq 
data showing the expression and significance levels of genes in the Lmna−/−:AAV9-LmnaWT vs Lmna−/− (C) and 
Lmna−/−:AAV9-LmnaWT vs WT (D) heart. E, Heat map and hierarchical clustering of differentially expressed 
genes in the Lmna−/− compared with WT mouse hearts and the corresponding expression upon LMNA 
expression (Lmna−/−:AAV9-LmnaWT). F, Volcano plots of the RNA sequencing data showing the expression and 
significance levels for lncRNAs in the Lmna−/− vs WT hearts. G, Pie charts illustrating the number of differentially 
upregulated (red), downregulated (blue), and unchanged (gray) lncRNAs in Lmna−/− hearts compared with the 
WT (q<0.05). A subset of lncRNAs that show complete and partial rescue upon AAV9 treatment are shown 
along with the ones that are unaffected. H and I, Volcano plots for lncRNA expression in the Lmna−/−: AAV9-
LmnaWT vs Lmna−/− (H) and in the Lmna−/−:AAV9-LmnaWT− vs WT (I) mouse hearts. J, Heat map with hierarchical 
clustering of differentially expressed lncRNAs in Lmna−/− compared with WT mouse hearts and corresponding 
changes upon LMNA expression in the Lmna−/− mouse hearts. AAV9 indicates adeno-associated virus serotype 
9; LMNA, lamin A; lncRNA, long noncoding RNA; and WT, wild-type.
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WT groups. Therefore, transcript levels of these 
genes were considered normalized. The completely 
rescued genes comprised 23.9% of the upregulated 
(195/814) and 25.1% (306/1222) of the downregu-
lated genes in the Lmna−/− hearts (Figure  2B and 
Figure  S2A).

2. Partially rescued genes: Dysregulated genes in 
the Lmna−/− heart whose expression levels were 
significantly improved upon administration of the 
Lmna−/−:AAV9-LmnaWT (q<0.05 as compared with 
their levels in the Lmna−/− hearts) but were not com-
pletely restored to normal levels and were not sig-
nificantly different from the levels in the WT hearts. 
The majority of the DEGs were in this category, 
which included 63.3 % of the upregulated (516/814) 
and 69.8% of the downregulated (853/1222) genes 
(Figure 2B and Figure S2B).

3. Unchanged genes: Genes whose expression levels 
did not change upon injection of the AAV9-LmnaWT 
viruses in the Lmna−/− hearts. Therefore, tran-
script levels of these genes remained altered in the 
Lmna−/−: AAV9-LmnaWT hearts as compared with 
WT hearts. Thus, the reexpression of the LMNA did 
not affect the expression levels of this set of genes. 
This group of genes comprised 12.60% (103/814) of 
the upregulated and 5% (63/1222) of downregulated 
genes (Figure 2B and Figure S2C).

Thus, considering the above, cardiac gene expres-
sion profile in the Lmna−/−: AAV9-LmnaWT mice closely 
resembled that of the WT mice, as only 680 genes re-
mained differentially expressed between these 2 groups 
(Figure 2C). Compared with the Lmna−/− mice, the re-
introduction of LMNA in the heart was associated with 
increased expression levels of 1052 genes and sup-
pressed expression levels of 1066 genes (Figure  2D). 
Hierarchical clustering of DEGs showed that cardiac 
transcriptomic profile in the Lmna−/−: AAV9-LmnaWT mice 
was closer to that in WT mice but was distinct from the 
transcript profile in Lmna−/− mouse hearts (Figure 2E).

Effects of LMNA on the Expression of 
Noncoding RNA Expression in the Heart
We have shown before that LADs were predominantly 
enriched at the noncoding and heterochromatic re-
gions in human cardiac myocytes.13 Therefore, effects 
of LMNA deficiency and reexpression on noncoding 
RNAs were analyzed. The noncoding RNAs (hence-
forth lncRNA), antisense RNAs, sense overlapping, 
and divergent transcripts, were included in the anal-
ysis, whereas snoRNAs, pre-miRNA, and pseudo-
genes were excluded. A total of 629 lncRNAs were 
differentially expressed (193 upregulated and 436 
downregulated) in Lmna−/− compared with WT mouse 
hearts (Figure 2F). Reexpression of LMNA in the heart 

completely rescued 49 of 193 (25.4%) of the upreg-
ulated and 159 of 436 (36.5%) of the downregulated 
lncRNAs in the heart (Figure 2G). The corresponding 
numbers for partial rescue were 132 of 193 (68.4%) 
for upregulated and 267 of 436 (61.2%) for downreg-
ulated lncRNAs (Figure  2G). In contrast, expression 
levels of only 118 lncRNAs were significantly different 
between the Lmna−/−: AAV9-LmnaWT and WT groups 
(Figure 2H). Finally, as compared with Lmna−/− mouse 
heart, 1698 lncRNA were differentially expressed in the 
Lmna−/−: AAV9-LmnaWT (Figure 2I). Consequently, hier-
archical clustering analysis of the lncRNAs showed the 
Lmna−/−: AAV9-LmnaWT group was clustering with the 
WT as compared with Lmna−/− mice (Figure 2J).

Effects of LMNA on Dysregulated 
Regulatory Network and Biological 
Pathways
GSEA was performed to identify biological pathways 
regulated by LMNA. Only genes that were classi-
fied as completely rescued were used for this analy-
sis (Figure  3A). GSEA using the Hallmark Molecular 
Signature showed restoration of LMNA regulated 
pathways that are mainly involved in inflammation, cell 
death, and fibrosis through tumor necrosis factor-α 
signaling, TP53 (tumor protein 53) and epithelial to 
mesenchymal transition. The pathways were pre-
dicted to be upregulated in the Lmna−/− compared with 
WT mouse hearts (Figure 3B) and suppressed in the 
Lmna−/−: AAV9-LmnaWT as compared with Lmna−/− 
mouse hearts. Likewise, among the suppressed path-
ways genes involved in oxidative phosphorylation, E2F 
pathway, and G2M checkpoint (Figure 3C) were res-
cued as shown by suppression of these pathways in 
Lmna−/− (compared with WT) and reversal upon reex-
pression of LMNA in the heart (Lmna−/−: AAV9-LmnaWT 
compared with Lmna−/−, Figure 3C).

However, several pathways did not show rescue 
upon Lmna−/−: AAV9-LmnaWT treatment (Table  S4). 
Noteworthy among them was the gene set for apopto-
sis that showed induction in Lmna−/− versus WT group 
(q=0.013, Table  S4) but remained unchanged upon 
AAV9-LmnaWT treatment (q=0.8, Table S4).

IPA was performed to identify activated (Z score 
≥2.0) and suppressed (Z score ≤2.0) biological 
pathways, as predicted from the DEGs among the 
3 groups used as input (Figure 3D). IPA identified a 
subset of pathways and thereby reversal of Z score 
values upon AAV9-LmnaWT treatment (Figure  3E). 
Likewise, some pathways showed only incomplete 
reversal of gene signature (Figure  3F) and their Z 
score was closer to WT upon AAV9-Lmna treat-
ment and did not reach the threshold cutoff (ac-
tivated [Z score ≥2.0] and suppressed [Z score 
≤−2.0]). Finally, the pathways that were not affected 
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Figure 3. Biological pathways in Lmna−/− and upon Lmna re-expression.
A, Schematic showing the genes selection for Gene Set Enrichment Analysis (GSEA). B and C, Top Hallmark signature upregulated 
(B) and downregulated (C) in Lmna−/− vs WT are shown and their corresponding status upon AAV9-LmnaWT treatment (Lmna−/−:AAV9-
LmnaWT). D, Schematic showing the genes used for Ingenuity Pathway Analysis (IPA). Differentially expressed genes were obtained 
from Lmna−/− vs WT, Lmna−/−:AAV9-LmnaWT vs Lmna−/−, and Lmna−/−:AAV9-LmnaWT vs WT comparison and used to identify significantly 
altered pathways. Comparisons of pathways that significantly change in the Lmna−/− vs WT (Z score ≥2 and ≤−2 and P<0.05) were made 
to those in other groups. E and F, IPA analysis for enriched pathways comparisons in all three groups. Z scores are indicated for each 
pathway, activated pathways (red), and the inhibited (blue) are shown and the color of the circles is indexed to the Z score values. The 
comparison in Lmna−/− vs WT (first column), Lmna−/−:AAV9-LmnaWT vs Lmna−/− (middle column), and Lmna−/−:AAV9-LmnaWT vs WT 
(right column) are shown. E, Depicts the pathways that showed complete reversal defined as ones that are induced or suppressed in 
Lmna−/− vs WT group (Z-score greater than or equal to 2 and less than or equal to −2 and P<0.05) and their reversal in Lmna−/−:AAV9-
LmnaWT group (Z score ≥2 and ≤−2 and P<0.05) and no change in Lmna−/−:AAV9-LmnaWT vs WT group. F, Partially rescued pathways 
defined as ones that are induced or suppressed in Lmna−/− vs WT group but is not different in the Lmna−/−:AAV9-LmnaWT vs Lmna−/− and 
Lmna−/− vs WT group. Z score was obtained from IPA. AAV9 indicates adeno-associated virus serotype 9; DEG, differentially expressed 
gene; EMT, epithelial to mesenchymal transition; ERK5, extracellular signal-regulated kinase 5; GSEA, gene set enrichment analysis; 
NFκB, nuclear factor kappa-light-chain enhancer of activated B cells; STAT3, signal transducer and activator of transcription 3; TCA, 
tricarboxylic acid; TNFα, tumor necrosis factor-α; TP53, tumor protein 53; and WT, wild-type.
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upon AAV9 treatment showed Z score value simi-
lar to the Lmna−/− group and were characterized as 
unchanged. Notable were those involved in cardiac 
hypertrophy/function (extracellular signal-regulated 
kinase 5 and Wnt), as indicated by their induction (Z 
score ≥2.0) in the Lmna−/− mouse hearts and their 
reversal upon AAV9-mediated LMNA expression (Z 
score ≤−2.0) and thereby, normalization toward WT 
(Figure  3E). Likewise, pathways involved in cardiac 
metabolism, mainly in mitochondrial function (oxida-
tive phosphorylation, glycolysis, and fatty acid β-ox-
idation I), were suppressed in the Lmna−/− mouse 
hearts (Figure  3E) and restored upon LMNA reex-
pression in Lmna−/− mouse hearts (Figure  3D and 
3E). Taken together, these findings identify LMNA-
regulated pathways and implicate the role for LMNA 
in cardiac metabolism, cell death, and inflammation.

To identify TRs that were responsible for the dys-
regulated gene expression and were LMNA depen-
dent, only genes that showed complete rescue and 
were therefore considered bona fide LMNA-regulated 
genes were analyzed using the Upstream Regulators 
Analysis function of IPA. Over a dozen TRs that con-
trol this gene dysregulation in Lmna−/− were identified, 
including TP53, KDM5A (as the top candidate TR for 
activation). Retinoblastoma 1 (RB1) and paired-like 
homeodomain 2 (PITX2) were identified as most likely 
TRs to be suppressed in the Lmna−/− mouse heart 
(Table S5).

DEGs were also analyzed to infer the TRs whose 
activity was restored after reexpression of the LMNA 
in the heart (Figure  4A). Significantly changed TRs 
that were identified in each group and then com-
pared with the status of these TRs. According to 
changes in the DEGs upon administration of the 
AAV9 viruses, activated TP53, KDM5A, and nuclear 
receptor–interacting protein 1 were fully rescued, 
whereas KDM5B, forkhead box O, SMAD3 (Mothers 
Against Decapentaplegic Homolog 3), and several 
others were partially rescued (Figure  4B). Similarly, 
among the suppressed TRs, RB1, PITX2, and mela-
nocyte-inducing transcription factor were completely 
rescued, and several others were partially rescued 
(Figure  4C). The complete list of dysregulated TRs 
and inferred changes in their transcriptional activities 
upon AAV9 administration are shown in Figure  4B 
and 4C. A similar analysis of other regulators using 
IPA for DEG showed rescue of rapamycin-insensi-
tive companion of mTOR, insulin receptor, and ser-
ine-threonine kinase 11, and an incomplete rescue of 
several others (Table S6). Finally, a subset of upstream 
regulators was inferred as unchanged, including TGF 
(transforming growth factor-β1) (Table S6), RELA pro-
to-oncogene, NF-kB subunit, signal transducer and 
activator of transcription 3, CAMP responsive ele-
ment-binding protein 1 and sex-determining region 

Y-box 2 (Figure  4D and 4E). Of the upstream TRs 
identified in this analysis, we have previously impli-
cated TP53 and forkhead box O3 in the pathogene-
sis of LMNA-associated DCM.17,19 Notable among the 
unchanged regulator was TGF, a well-characterized 
mediator of cardiac fibrosis (see below).

The involvement of KDM5A and B in the laminop-
athies or cardiac dysfunction were novel findings. 
Therefore, we curated the KDM5A and B predicted 
targets from IPA and found that transcript levels of 
37 of 42 KDM5A and 15 of 19 KDM5B target genes, 
were altered in the Lmna−/− mouse hearts (Figure 4F). 
KDM5A targets were enriched for genes involved in 
mitochondrial biogenesis and function/cardiac en-
ergy metabolism (Figure 4G), whereas KDM5B targets 
showed enrichment of genes involved in cell cycle and 
cell division (Figure 4H).

To validate activation of the KDM5A in the hearts in 
the Lmna−/− mice, transcript levels of a selected num-
ber of KDM5A target genes were analyzed by quan-
titative polymerase chain reaction, which confirmed 
decreased transcript levels of KDM5A target genes 
(Figure 5B). Evaluation of Kdm5a and Kdm5b mRNAs 
in these groups did not show any changes in the RNA 
levels among the experimental groups (Figure  5C). 
However, immunoblotting performed on myocardial 
nuclear protein extracts using antibodies that detect 
KDM5A and B showed increased nuclear levels of 
KDM5A by 18.3±8.9-fold (n=3; P=0.02) and KDM5B by 
7.5±2.7-fold (n=3; P=0.008) in the Lmna−/− as compared 
with WT mouse hearts (Figure  5D). AAV9-mediated 
LMNA reexpression partially rescued KDM5A and B 
protein levels in the Lmna−/− mouse hearts (Figure 5E). 
The data provided additional evidence of KDM5 dys-
regulation in the Lmna−/− mouse hearts.

LncRNA, mRNA Coexpression Network
Unlike protein-coding genes, the majority of lncR-
NAs do not yet have defined biological functions. 
However, lncRNAs have been observed to regulate 
expression of mRNAs by acting in cis or trans, which 
enables the prediction of lncRNAs functions based 
upon co-regulated mRNAs as proxies.35,36 Pairwise 
analysis of completely rescued 207 lncRNA and 501 
mRNAs revealed multiple strong correlations for 
lncRNA: mRNA pair, as indicated by a high r-value 
(Figure S3A). Analysis of partially rescued 399 lncR-
NAs and 1369 mRNAs also showed a similar pairwise 
correlation (Figure S3A and S3B). Next, we reasoned 
that expressions of lncRNAs and mRNAs belonging 
to the similar biological pathways are likely to be co-
ordinated and, thereby, are expected to show a high 
correlation in their expression pattern. To ascertain 
the biological roles of differentially expressed lncR-
NAs, we obtained highly correlated lncRNA: mRNA 
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Figure 4. Transcriptional regulators (TR) perturbed in the Lmna−/− mice and their rescue 
in AAV9-LmnaWT treated hearts.
A, Schematic showing the genes used for Ingenuity Pathway Analysis (IPA). B through E, 
IPA analysis for upstream regulator showing top dysregulated TRs. Z-Score comparisons 
for indicated TRs in 3 experimental groups are plotted. Activated ones are shown in red, 
and the inhibited in blue. The color of the circles is indexed to the Z score values. The 
experimental group used for comparison are marked as follows (I) Lmna−/− vs WT, (II) 
Lmna−/−:AAV9-LmnaWT vs Lmna−/− (III) Lmna−/−:AAV9-LmnaWT vs WT. B, Denotes complete 
reversal, (C) shows incompletely rescued upregulated and (D) shows incompletely rescued 
downregulated TRs. E, TR not affected by LMNA reexpression. F, Heat plot of the lysine-
specific demethylase 5A (KDM5A) and B targets genes that show overlap with the IPA 
curated database and show expression pattern consistent with KDM5A and B activation. 
Hierarchical clustering of the genes shows that WT and AAV9-LMNAWT injected Lmna−/− 
cluster together and are distinct from the Lmna−/− group. G and H, Circos plot of gene 
ontology analysis of KDM5A (G) and KDM5B (H) targets that are differentially expressed in 
Lmna−/− mouse hearts compared with WT. AAV9 indicates adeno-associated virus serotype 
9; LMNA, lamin A; and WT, wild-type.
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pairs that showed a Pearson correlation coefficient 
(r) >0.9 or −0.9 (Figure S3C). IPA for biological path-
ways involving these mRNAs (as a surrogate for the 

correlated lncRNAs), showed enrichment for genes 
involved in oxidative phosphorylation (Figure  S3D). 
Further analysis for the transcriptional regulators of 

Figure 5. l KDM5A and B are activated in Lmna−/− and partially rescued in AAV9-LmnaWT 
treated hearts.
Quantitative PCR (qPCR) analysis of Lmna (A) and targets of KDM5A and KDM5B (B) in the WT, 
Lmna−/− and AAV9-LMNAWT injected mice. C, qPCR analysis of Kdm5a and Kdm5b mRNAs showed 
no differential expression in the indicated groups. D, Immunoblot of nuclear extract from WT, Lmna−/− 
and AAV9-LMNAWT injected Lmna−/− mouse hearts showing KDM5A (top panel) and KDM5B (lower 
panel) using anti-KDM5A and anti-KDM5B antibodies. Emerin was used as a nuclear loading control 
and Ponceau S stained membranes are shown to assess similar loading patterns. E, Respective 
quantitative data of KDM5A and KDM5B in the nuclear fraction in the heart of WT, Lmna−/−, and 
Lmna−/−: AAV9-LMNAWT mice (n=3). For normally distributed dataset, 1-way ANOVA followed by 
Tukey’s multiple pairwise comparison P values are shown and for once not normally distributed 
Kruskal–Wallis followed by Dunn’s multiple pairwise comparison P-values are shown. Only P-values 
that were significant (P<0.05) are shown. AAV9 indicates adeno-associated virus serotype 9; KMD5, 
lysine-specific demethylase 5; LMNA, lamin A; and WT, wild-type.
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Figure 6. Phenotypic consequences of AAV9 mediated LmnaWT expression in the Lmna−/− mice.
A, Selected echocardiographic indices of cardiac structure and function showing improvement of 
cardiac function upon vector or AAV9-LmnaWT injection of Lmna−/− mice at 4 weeks after birth. LVEDDi: 
Left Ventricular End-Diastolic Diameter indexed to the bodyweight; LVESDi, left ventricular end-systolic 
diameter indexed to the bodyweight; FS, fractional shortening (age, sex, and number of mice used in 
each group are listed in Tables S3 and S7). B, Kaplan–Meier survival plots of WT, Lmna−/−, and Lmna−/− 
mice injected with vector or AAV9 expressing LmnaWT. Chi-square and P value for the overall Kaplan–
Meier survival analysis are indicated in bold. Log-rank (Mantel-Cox) pairwise analysis P values for each 
subgroup analysis are shown. C, Representative terminal deoxynucleotidyl transferase deoxyuridine 
triphosphate nick end labeling (TUNEL) stained thin myocardial cross-section from 4-week-old WT, 
Lmna−/−, and Lmna−/−: AAV9-LmnaWT are shown. The lower panel shows overlay images of TUNEL 
staining in green and nuclei (blue). D, Respective quantitative data of the TUNEL-positive stained nuclei 
in WT (n=7), Lmna−/− (n=8), and Lmna−/− mice injected with AAV9-LmnaWT (n=5). E, Representative 
Picrosirius red-stained thin myocardial sections from 4-week-old WT, Lmna−/−, and Lmna−/−: AAV9-
LmnaWT. F, Respective quantitative data on collagen volume fraction in WT (n=5), Lmna−/− (n=8), and 
Lmna−/− mice injected with AAV9-LmnaWT (n=5). One-way ANOVA followed by Tukey’s multiple pairwise 
comparison P values is shown. Only P values that were significant (P<0.05) are shown. AAV9 indicates 
adeno-associated virus serotype 9; KMD5, lysine-specific demethylase 5; and WT, wild-type.
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the correlated mRNAs showed enrichment for targets 
of TP53, KDM5A, NUPR1, predicting their activation 
in the Lmna−/− mouse hearts. In contrast, transcrip-
tional regulators RB1, peroxisome proliferator–acti-
vated receptor gamma coactivator 1-α, peroxisome 
proliferator–activated receptor gamma coactivator 
1-β, and PITX2 were predicted to be suppressed 
(Figure S3E and S3F).

Phenotypic Consequences of 
Reexpression of LMNAWT in Lmna−/− 
Mouse Hearts
The Lmna−/− mice exhibited cardiac dilatation and 
dysfunction at 4  weeks of age in accordance with 
previously published data, as indicated by a marked 
increase in left ventricular end-diastolic and systolic di-
ameters, and reduced left ventricular fractional short-
ening (Table S7). Consistent with the partial rescue of 
differentially expressed coding and noncoding genes, 
AAV9 mediated reexpression of LMNAWT improved 
cardiac function in the Lmna−/− mice, as noted by im-
provement in the echocardiographic indices of cardiac 
size (left ventricular end-diastolic diameter and left ven-
tricular end-systolic diameter, Figure 6A) and function 
(Figure 6A and Tables S3 and S7). The improvement in 
cardiac function was associated with prolonged me-
dian survival (Figure 6B), from 28 days in the Lmna−/− 
mice to 52  days in the Lmna−/−:AAV9LmnaWT mice. 
Treatment of Lmna−/− mice with control viruses com-
prised of the AAV9 viral genome but without the Lmna 
gene did not affect survival (Figure 6B and Figure S4) 
or cardiac function (Figure 6A and Table S7). Likewise, 
treatment of Lmna−/−:AAV9LmnaFlag had a similar im-
provement in survival and cardiac function (Figure S4 
and Table S8), further indicating that the FLAG epitope 
did not interfere with the beneficial effect of Lmna 
reexpression.
Given that myocardial apoptosis is a phenotypic fea-
ture of the Lmna−/− mice and in view of activation of 
TP53 pathway,19 the effect of reexpression of LMNA on 
cell death was evaluated by terminal deoxynucleotidyl 
transferase deoxyuridine triphosphate nick end label-
ing TUNEL assay in heart sections. Consistent with the 
previous data,17 the Lmna−/− mice showed increased 
TUNEL positive cells (1.24±0.47% in Lmna−/− versus 
0.14±0.06% in WT control mice, P<0.001). Upon AAV9 
treatment the number of TUNEL positive cells showed 
a trend toward a reduction in the Lmna−/−:AAV9LmnaWT 
hearts (0.85±0.11% in AAV9-treated versus 1.24±0.47% 
in Lmna−/− mice, P=0.09, Figure 6C and 6D). Gene ex-
pression analysis of cell death genes with quantita-
tive polymerase chain reaction also showed a similar 
trend with partial or no rescue upon AAV9 treatment 
(Figure S5A). Myocardial fibrosis quantitated and rep-
resented as collagen volume fraction was increased 

in Lmna−/− mice (3.59±1.32% in Lmna−/− versus 
1.02±0.15% in WT, P=0.0003). However, the re-ex-
pression of the LMNAWT did not have a discernible 
effect on collagen volume fraction in the Lmna−/− 
mice (3.23±1.34% in Lmna−/−: AAV9-LmnaWT versus 
3.59±1.32% in Lmna−/−, P=0.9, Figure  6E and 6F). 
Consistent with this observation AAV9-LmnaWT treat-
ment did not rescue the molecular signature of cardiac 
fibrosis, as indicated by the unchanged status of TGF, a 
key regulator of fibrosis in the treated group (Table S6). 
Likewise, quantitative polymerase chain reaction anal-
ysis of selected fibrosis markers showed partial or no 
rescue in the treated group (Figure S5B).

DISCUSSION
LMNA, a ubiquitously expressed protein in differenti-
ated cells, interacts with numerous genomic regions 
through LADs, and influences chromatin struc-
ture.12,13,17,37,38 We determined early transcriptomic 
changes (before the onset of cardiac dysfunction) in 
the hearts of Lmna−/− mice, compared with WT mice 
and following reexpression of LMNA in the Lmna−/− 
mouse heart. The approach was taken to reduce 
potential confounding effects of cardiac dysfunction 
on gene expression and identify DEGs and pathways 
that are likely pathogenic in these hearts (and not 
secondary to cardiac dysfunction). This methodol-
ogy led us to identify 501 coding and 208 noncoding 
as direct LMNA-regulated genes since their expres-
sion was completely rescued upon LMNA expression 
in the Lmna−/− mice. This study also identified 1862 
coding and 607 lncRNA genes as partially rescued 
and dependent on LMNA for their expression and 
regulation.

Our study identified key upstream regulators of dys-
regulated transcripts namely KDM5A, TP53, and rapa-
mycin-insensitive companion of mTOR, which were 
activated, and RB1, PITX2, and melanocyte-inducing 
transcription factor, which were suppressed. Of these, 
activation of the KDM5 family of proteins in the heart 
in laminopathies is a novel finding and was verified at 
the protein level. The induction of KDM5A expression 
was associated with suppression of its downstream 
targets, which included genes involved in mitochon-
drial biogenesis and function. These studies are also 
consistent with our previous data showing reduced 
mitochondrial electron transport complex I gene ex-
pression and enzymatic activity in the Lmna−/− mouse 
hearts.17 Recent studies have also shown induction of 
KDM5A in other forms of cardiomyopathies associated 
with suppression of mitochondrial activity and oxida-
tive phosphorylation, thereby underscoring the role of 
KDM5 in cardiac energy homeostasis in the context of 
heart failure.39
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Furthermore, our analysis identified several tran-
scriptional regulators, including E2F, TP53, and fork-
head box Os that were previously implicated in the 
laminopathies.13,14,17,19 These altered regulators identi-
fied in the present study collectively regulate numerous 
biological processes relevant to laminopathies, includ-
ing cell proliferation, cell death, inflammation, and me-
tabolism, among others. These transcriptional factors 
were regulated by LMNA, as reexpression of LMNA in 
the Lmna−/− mice partially or reverted the regulators to-
ward normal WT levels.

Gene expression analysis also showed that the 
cell death/apoptosis signature, which was induced 
upon LMNA loss, could not be rescued upon AAV9 
treatment. These gene expression data were con-
sistent with increased TUNEL positive cells in the 
Lmna−/− hearts that could not be rescued by AAV9 
treatment. Expression of the differentially expressed 
lncRNA correlated with those of the coding RNAs. 
A subset of these lncRNAs correlated highly with 
the expression of mRNAs that are targeted by the 
upstream regulators such as TP53 and KDM5A. 
Additional studies would be required to delineate the 
role of TP53 and KDM5A in the regulation of lncRNAs 
and their biological functions in the heart and to sub-
stantiate their pathogenic roles in cardiac dysfunc-
tion associated with laminopathies.

The study has several limitations. Notable among 
them is that RNA sequencing was performed on 
whole heart RNA rather than in isolated cardiac myo-
cyte RNA. Therefore, the observed transcriptomic 
changes in the Lmna−/− mouse hearts originated 
from multiple cell types in the heart that are deficient 
in the LMNA protein. However, the rescue experi-
ments with the recombinant AAV9 viruses results in 
re-expression of the LMNA protein mainly in cardiac 
myocytes and to a lesser extent, if at all, in other cell 
types. Whole heart RNA sequencing was adopted, 
as opposed to cardiac myocyte RNA sequencing, 
to determine global changes in the transcript levels, 
comprised of changes in the transduced cardiac 
myocytes and those in nonmyocyte cells, the latter 
encompassing the paracrine effects originating from 
transduced cardiac myocytes. The approach is not 
expected to rescue differentially expressed genes 
originating from nontransduced cardiac cells which 
likely are non-cardiac myocyte cells in the heart. This 
limitation might in part explain the incomplete pheno-
typic rescue in the Lmna−/− mice. Consistent with this 
notion, cardiac fibrosis in the Lmna−/− mice was not 
affected upon AAV9 gene transfer, reflective of the 
ineffective transduction of cardiac fibroblasts with 
the AAV9 viruses. Similarly, apoptosis, as assessed 
by the TUNEL assay, was not rescued, likely indica-
tive of cell death occurring in non-myocyte LMNA-
deficient cells in the heart. Partial rescue of cardiac 

function despite the lack of an effect on apoptosis, 
points to a direct role of the LMNA in cardiac myocyte 
contractile function. While we surmise that apoptosis 
involved non-myocyte cells, accurate identification 
of the cell type undergoing apoptosis remains un-
known. Therefore, contributions of various cell types 
to the pathogenesis of cardiac phenotype in LMNA-
deficiency could not be accurately ascertained in the 
present study, but it is reasonable to conclude that 
cardiac myocytes are the major contributors to car-
diac dysfunction and impaired survival in the LMNA-
deficient mice. Finally, the AAV9 virus is known to 
be highly cardiotrophic especially at the dose used 
in the present study. Nevertheless, other cell types 
such as skeletal muscles might be transduced as 
well and contribute to phenotypic rescue.

RNA sequencing data showed a preponderance 
of partially rescued genes upon AAV9-LmnaWT treat-
ment. This was also associated with variability in the 
gene expression as observed in the RNA sequencing 
and subsequent quantitative polymerase chain reaction 
experiments. Several factors may account for these ob-
servations, among them is that even though AAV9 has 
a well-established tropism toward cardiac myocytes, the 
transduction efficiency was incomplete and to some ex-
tent heterogeneous among myocytes and in myocardial 
regions. Consequently, transduction with the recombinant 
AAV9 viruses leads to variable expression of the trans-
gene among hearts and animals, and maybe one rea-
son for the partial rescue of the phenotype. Furthermore, 
since LMNA regulates gene expression through multiple 
mechanisms the threshold of LMNA expression required 
to achieve complete reversal might be variable, depen-
dent on a gene by gene basis, and may account for the 
partial rescue in gene expression pattern and ensuing 
phenotypes. In this study the numbers of the animals 
in the experimental group were not sufficiently large to 
conclusively determine the correlation between the ex-
pression level of the transgene and the partially rescued 
phenotypes such as survival or cardiac function.

The mechanism, by which LMNA influences gene 
expression, including expression of lncRNAs, is not 
fully understood and seemingly involves multiple mech-
anisms. Our study identifies KDM5A and KDM5B, and 
TP53 as the potential regulators. Future studies would 
be required to delineate the mechanism(s) responsi-
ble for the upregulation of KDM5A and KDM5B in the 
heart in DCM and determine their pathogenic roles in 
DCM associated with laminopathies. Nevertheless, 
transcriptomic restoration was sufficient to improve 
survival and cardiac function and to some extent re-
duce cell death. Collectively, the approach enabled the 
identification of the dysregulated transcriptome and 
the upstream regulators that are regulated by LMNA 
in the heart, independent of cardiac dysfunction in the 
Lmna−/− mice.
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Taken together, our data point to the role of LMNA 
in regulating expression of coding and non-coding 
RNAs in the heart and identify activation of KDM5A and 
KDM5B, TP53, and rapamycin-insensitive companion 
of mTOR and suppression of RB1, PITX2 and mela-
nocyte-inducing transcription factor in the LMNA defi-
cient hearts. These findings could serve as a platform 
for gaining mechanistic insights into the pathogenesis 
of the cardiac phenotypes in laminopathies, including 
cardiomyopathy, cardiac arrhythmias, and cardiac con-
duction defects.
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SUPPLEMENTAL MATERIAL 



Data S1. 

SUPPLEMENTAL METHODS 

Recombinant constructs: 

 We utilized a Flag-tagged Lmna construct to detect and establish the efficiency of transduction, devoid of 

potential confounding effects of any residual endogenous LMNA protein. The non-tagged Lmna construct was 

subsequently used for gene expression and phenotypic studies in the pTRU11 vectors (Figure S1). Sanger 

sequencing confirmed proper insertion and sequence integrity of the clones. To create a plasmid that allows the 

production of AAV with a genome without an expression cassette, the CAG promoter was eliminated from 

pTREK3 (a kind gift of Dr. Michael Linden) by digesting pTREK3 with EcoRI followed by vector re-ligation 

yielding the plasmid pTR-GNPR. The pTR-GNPR plasmid was then digested with SbfI and KpnI and a SbfI/KpnI 

fragment from pCherry-Luciferase was inserted yielding pTR-No-Cassette. pTR-NoCassette can be used to create 

recombinant AAVs with an approximately 4.2 kb long vector genome without an expression cassette. 

All ITR containing plasmids were maintained in SURE2 cells (Agilent; Santa Clara, CA) and were grown at 

30 °C in LB broth with 100ug/ml ampicillin. pDG9 was maintained in DH5 (Thermo Fisher Scientific; 

Waltham, MA) cells and grown at 37 °C in LB broth with 100ug/ml ampicillin. Plasmid DNA for transfections 

was prepared using a Zymo pure maxi prep kit (Zymo Research; Irvine, CA) according to the manufacturer’s 

instructions. AAV9 encoding LMNA was prepared as described with minor modifications 40. In lieu of the 

polyethyleneimine (PEI) solution, the transfection was performed using PEI-Max 160 kD (Polysciences; 

Warrington, PA). The PEI-MAX solution was prepared by adding 100 mg PEI-MAX to PBS (without calcium 

and magnesium) while mixing with a magnetic stirrer. The pH was adjusted to pH 4.5 by the dropwise addition of 

12N HCl. After stirring overnight, the solution was filtered (0.22 µm) and aliquots stored at -80 °C. Transfection 

of HEK293T cells was performed as described 40 in, except that, 250 µl of the PEI-Max solution was used instead 

of 700 µl of the PEI solution. The virus was purified and dialyzed against lactated Ringer’s solution. Vector 



genome titers (and genome integrity) were determined by alkaline gel electrophoresis and confirmed by qPCR 

using an ABI 7500 Real-Time PCR system (Thermo Fisher Scientific; Waltham, MA) and the iTaq Universal 

SYBR green supermix (Bio-Rad; Hercules, CA). As a qPCR standard, we used an internal reference standard 

virus that was calibrated against the AAV2 reference standard from ATCC (Manassas, VA)40. 



Table S1. 

A. Oligonucleotide primers used for genotyping

Transgene Sequence 

Lmna Forward: CAAGTCCCCATCACTTGGTT 

Forward: GCCAGAGGCCACTTGTGTAG 

Reverse: CTGTGACACTGGAGGCAGAA 

B. Oligonucleotide primers used in qPCR reactions

Name Sequence 

Gapdh Forward: TGGCAAAGTGGAGATTGTTGC 

Reverse: AAGATGGTGATGGGCTTCCCG 

Lmna Forward: TCCCACCGAAGTTCACCCTA 

Reverse: TGGAGTTGATGAGAGCGGTG 

Mrpl55 Forward: AGTAAAGTTCTGCACGGCG 

Reverse: TCACACCACAATGCCTCAG 

Rpl3l Forward: GTGATCACTCTGAGAAAGTC 

Reverse: CTTACATGTTTCCCAAGGTC 

Mrpl12 Forward: GGCATCAACCTCGTCCAG 

Reverse: CCTCATAACCATGCCTCACTC 

Sdhb Forward: ACCCCTTCTCTGTCTACCG 

Reverse: AATGCTCGCTTCTCCTTGTAG 

Dlst Forward: TGATAACAGTCCAAACCCCAG 

Reverse: ACGGAACCTGCACAGAAG 

Opa1 Forward: GTGTGCTGGAAATGATTGCTC 

Reverse: TGGTGAGATCAAATTCCCGAG 

Uqcrfs1 Forward: TTCTGGATGTGAAGCGACC 

Reverse: GATAGTCAGAGAAGTCGGGC 

Cdkn1a Forward: CTGACAGATTTCTATCACTCC 

Reverse: TTAAGACACACAGAGTGAGG 

Hmox1 Forward: CATGAAGAACTTTCAGAAGGG 

Reverse: TAGATATGGTACAAGGAAGCC 

Hspb1 Forward: CTTCACCCGGAAATACAC 

Reverse: CGAAAGTAACCGGAATGG 

Gpx3 Forward: ACAAGAGAAGTCTAAGACAGAC 

Reverse: TGTAGTGCATTCAGTTCAAG 

Clu Forward: CTTAAGAGAAGGTGAAGATGAC 

Reverse: CAGGATTGTTGGTTGAACAG 

Fas Forward: TGAATGCCTCAAATCTTAGC 

Reverse: TTTTAGCTTCCTGGATTGTC 

Ctgf Forward: GAGGAAAACATTAAGAAGGGC 

Reverse: AGAAAGCTCAAACTTGACAG 



Table S2. Antibodies used for Immunoblot (IB) and 

Immunofluorescence (IF) studies. 

Antibodies Concentration Supplier Catalog number 

Lamin A 1:1,000 (IF) Millipore MAB3540 

PCM-1 1:1,000 (IF) Sigma HPA023370 

FLAG 1:1,000 (IF) Sigma F3165 

GAPDH 1:1,000 (IB) Abcam ab8245 

Lamin A 1:1,000 (IB) Abcam ab26300 

Lamin A/C 1:250 (IB) Santa cruz sc-376248 

KDM5A 1:1,000 (IB) Abcam ab70892 

KDM5B 1:1,000 (IB) Novus NB100-97821 

EMERIN 1:1,000 (IB) Santa Cruz sc-25284 

Anti-mouse IgG HRP 

linked antibody 

1:5,000 (IB) Cell Signaling 

Technology 
# 7076 

Anti-rabbit IgG HRP 

linked antibody 

1:2,000 (IB) Cell Signaling 

Technology 
# 7074 

Donkey anti-Mouse IgG, 

Alexa Fluor 488 
1:1,000 (IF) Invitrogen A21202 

Donkey anti-Rabbit IgG, 

Alexa Fluor 594 
1:1,000 (IF) Invitrogen A21207 



Table S3. Echocardiographic findings in WT, Lmna-/-, 

Lmna-/- :AAV9-vector and Lmna-/-:AAV9-LmnaWT at 2 weeks of 

age.

WT Lmna-/- 

Lmna-/--AAV9-

vector 

Lmna-/--AAV9-

LmnaWT 

p 

N 17 14 12 6 N/A 

M/F 10/7 9/5 5/7 4/2 0.640


Age (days) 13.4±1.2 13.7±1.2 14.5±0.9 14.0±0.0 0.160

Body weight (g) 7.5±1.9 5.9±1.3 6.0±1.8 7.0±1.9 0.049 

HR (bpm) 511±67 512±75 533±76 542±57 0.430 

IVST(mm) 0.56±0.07 0.53±0.08 0.51±0.07 0.50±0.06 0.150 

PWT (mm) 0.57±0.08 0.52±0.07 0.52±0.05 0.51±0.08 0.100 

LVEDD (mm) 2.53±0.30 2.30±0.28 2.28±0.34 2.28±0.24 0.100 

LVEDDi 

(mm/g) 

0.35±0.07 0.40±0.06 0.40±0.08 0.34±0.08 0.140 

LVESD (mm) 1.23±0.22 1.14±0.22 1.10±0.17 1.08±0.22 0.280 

LVESDi 

(mm/g) 

0.17±0.04 0.20±0.04 0.19±0.04 0.16±0.06 0.200 

FS (%) 51.6±4.0 50.6±5.0 51.3±4.0 52.9±5.1 0.790 

LVM (mg) 34±10 26±9 25±8 24±7 0.030 

LVMi (mg/g) 4.6±1.3 4.5±1.3 4.2±0.6 3.70±1.5 0.310 



χ Chi2 test. 

One-way ANOVA, with Tukey’s pairwise comparison and Kruskal-Wallis (p-value marked in bold), 

with Dunn’s correction, were used. 

HR, heart rate; bpm, beats per minutes; IVST, interventricular septal thickness; PWT, posterior wall 

thickness; LVEDD, left ventricular end diastolic diameter; LVEDDi, LVEDD divided by the body 

weight; LVESD, left ventricular end systolic diameter; LVESDi , LVESD divided for the body weight;  

FS, fractional shortening; LVM, left ventricular mass; LVMi, LVM divided by the body weight. 



Table S4. GSEA of rescued genes showing the status of hallmark signature in the indicated group. 

The significant gene sets are shown in bold.  

Lmna-/- vs WT AAV9:Lmna-/- vs Lmna-/- 

NAME NES q NES q 

HALLMARK_TNFA_SIGNALING_VIA_NFKB 3.4 <0.0001 -1.9 0.016 

HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION 2.9 <0.0001 -1.9 0.019 

HALLMARK_P53_PATHWAY 2.3 0.005 -1.3 0.128 

HALLMARK_HYPOXIA 2.2 0.004 -13 0.244 

HALLMARK_APOPTOSIS 2.0 0.013 -0.8 0.874 

HALLMARK_INFLAMMATORY_RESPONSE 1.9 0.025 -1.3 0.250 

HALLMARK_ANDROGEN_RESPONSE 1.8 0.029 -1.2 0.266 

HALLMARK_APICAL_JUNCTION 1.6 0.073 -1.9 0.026 

HALLMARK_ESTROGEN_RESPONSE_LATE 1.6 0.071 -0.8 0.834 

HALLMARK_IL2_STAT5_SIGNALING 1.6 0.076 -1.5 0.142 

HALLMARK_ESTROGEN_RESPONSE_EARLY 1.4 0.124 -0.9 0.778 

HALLMARK_UV_RESPONSE_DN 1.3 0.240 -1.6 0.079 

HALLMARK_MYOGENESIS 1.2 0.255 -1.0 0.534 

HALLMARK_INTERFERON_GAMMA_RESPONSE 1.1 0.433 NC NC 

HALLMARK_UV_RESPONSE_UP 1.0 0.532 -1.0 0.582 

HALLMARK_KRAS_SIGNALING_UP 1.0 0.526 NC NC 

HALLMARK_GLYCOLYSIS 0.9 0.532 NC NC 

Lmna-/- vs WT AAV9:Lmna-/- vs Lmna-/- 

NAME NES q NES q 

HALLMARK_OXIDATIVE_PHOSPHORYLATION -2.9 <0.0001 2.5 <0.0001 

HALLMARK_E2F_TARGETS -2.2 0.003 2.4 <0.0001 

HALLMARK_G2M_CHECKPOINT -2.1 0.003 1.7 0.033 

HALLMARK_MITOTIC_SPINDLE -2.0 0.009 1.0 0.509 

HALLMARK_FATTY_ACID_METABOLISM -1.9 0.019 1.7 0.032 

HALLMARK_ALLOGRAFT_REJECTION -1.6 0.114 1.6 0.062 

HALLMARK_MYC_TARGETS_V1 -1.6 0.100 1.8 0.026 

HALLMARK_PEROXISOME -1.3 0.257 NC NC 

HALLMARK_XENOBIOTIC_METABOLISM -1.2 0.367 0.8 0.707 

HALLMARK_MTORC1_SIGNALING -1.1 0.445 1.4 0.147 

HALLMARK_SPERMATOGENESIS -1.1 0.465 1.3 0.188 

HALLMARK_ADIPOGENESIS -1.0 0.497 1.5 0.074 

HALLMARK_BILE_ACID_METABOLISM -0.9 0.683 1.1 0.431 

HALLMARK_HEME_METABOLISM -0.8 0.720 1.1 0.416 

HALLMARK_DNA_REPAIR -0.8 0.705 1.6 0.057 



Table S5. Ingenuity pathway analysis of genes that show complete 

rescue upon AAV9-LmnaWT treatment of Lmna-/- mice. 

Only transcriptional regulators that show Z-Score greater than or equal to 2.0 and less than or equal to -2.0 are 

shown. Corresponding overlap p-values are also shown. Z-Scores and p-values were obtained from IPA software. 

Upstream Regulators Z-scores Overlap p-values 

TP53 3.3 1.7x10-6 

KDM5A 3.3 1.6x10-6 

HTT 2.0 1.9x10-6 

RB1 -3.2 6.0X10-5 

PPARGC1A -2.4 0.099 

STAT1 -2.3 0.094 

IRF3 -2.2 0.181 

TAL1 -2.2 0.061 

CEBPB -2.1 0.133 

TAF4 -2.0 0.061 

MITF -2.0 0.352 

PITX2 -2.0 0.129 



Table S6. Differentially regulated upstream regulators.

Upstream Regulator Lmna-/- vs WT AAV9:LmnaWT vs Lmna-/- AAV9:LmnaWT vs WT 

RICTOR 5.8 -4.5 unchanged 

MAP4K4 4.4 -1.5 unchanged 

NR3C2 4.3 unchanged 2.0 

TGFB1 3.8 unchanged 2.0 

TRAP1 3.6 -1.9 unchanged 

GPER1 3.6 unchanged 2.4 

PDGF BB 3.5 2.6 3.3 

AR 3.2 unchanged unchanged 

NR3C1 3.1 -0.5 1.8 

NORAD 3.0 unchanged 1.0 

Pkc(s) 2.8 -1.2 unchanged 

PKM 2.8 unchanged unchanged 

FLCN 2.8 unchanged unchanged 

HRAS 2.6 unchanged unchanged 

Irgm1 2.5 -2.8 unchanged 

SMTNL1 2.4 unchanged unchanged 

TCR 2.4 -0.2 unchanged 

ALOX5 2.4 unchanged unchanged 

BMP10 2.4 unchanged unchanged 

BMP7 2.2 -1.6 unchanged 

TAZ 2.2 -0.9 unchanged 

CYP2J2 2.2 unchanged unchanged 

MGAT5 2.2 unchanged unchanged 

GDF2 2.2 unchanged unchanged 

GNAQ 2.2 unchanged unchanged 

Calcineurin protein(s) 2.2 unchanged -0.2

HTR2B 2.2 unchanged unchanged 

FBXW7 2.1 unchanged unchanged 

ERK 2.1 unchanged 2.4 

TNF 2.1 unchanged unchanged 

VGLL3 2.0 unchanged unchanged 

APOE -2.1 unchanged -2.0

SETD2 -2.1 unchanged unchanged 

EFNA5 -2.1 unchanged unchanged 

MAT1A -2.2 unchanged unchanged 

PCGEM1 -2.2 0.15 unchanged 

ASAH1 -2.2 unchanged unchanged 

PLA2R1 -2.4 2.6 unchanged 

PTP4A3 -2.4 unchanged unchanged 

SNCA -2.6 3.1 0.6 

PTGER2 -2.6 unchanged unchanged 

Ifnar -2.6 4.4 unchanged 

EFNA1 -2.7 unchanged unchanged 

TIMP3 -2.7 unchanged -1.0

MTOR -2.8 unchanged unchanged 

LIN9 -2.8 unchanged unchanged 

PKD1 -3.0 unchanged 0.5 

PTEN -3.1 2.9 unchanged 

RABL6 -3.2 unchanged unchanged 

EFNA2 -3.2 unchanged unchanged 

STK11 -3.2 3.0 unchanged 

HBA1/HBA2 -4.0 unchanged unchanged 

Hbb-b1 -4.0 2.1 unchanged 

INSR -4.4 2.3 unchanged 



Table S7. Echocardiographic findings in WT, Lmna-/- and Lmna -/- :AAV9-LmnaWT at 4 

weeks of age.

χ Chi2 test. 

One-way ANOVA, with Tukeys pairwise comparison and Kruskal-Wallis ( p-value marked in bold), with 

Dunn’s correction, were used, with: 

WT vs Lmna-/-  * p <0.05 

WT vs Lmna-/--AAV9-vector:   † p < 0.05 

WT vs Lmna-/--AAV9-LmnaWT   ‡ p < 0.05 

Lmna-/- vs Lmna-/--AAV9-LmnaWT   § p < 0.05 

Lmna-/--AAV9-vector vs Lmna-/--AAV9-LmnaWT # p < 0.05 

HR, heart rate; bpm, beats per minutes; IVST, interventricular septal thickness; PWT, posterior wall 

thickness; LVEDD, left ventricular end diastolic diameter; LVEDDi, LVEDD divided by the body 

weight; LVESD, left ventricular end systolic diameter; LVESDi , LVESD divided for the body 

weight;  FS, fractional shortening; LVM, left ventricular mass; LVMi, LVM divided by the body weight. 

WT Lmna-/- 
Lmna-/--AAV9-

vector 

Lmna-/--AAV9-

LmnaWT 
p 

N 23 19 9 15 N/A 

M/F 11/12 12/7 6/3 8/7 0.690 

Age  (days) 28.1±1.9 28.2±1.5 28.1±0.2 28.2±0.4 0.960 

Body 

weight (g) 
14.0±3.4 7.5±1.7 * 7.9±0.8 † 9.7±3.2 ‡ <0.0001 

HR  (bpm) 518±84 512±63 520±59 497±63 0.820 

IVST (mm) 0.60±0.06 0.51±0.08 * 0.51±0.06 † 0.63±0.11 § # <0.0001 

PWT (mm) 0.61±0.09 0.50±0.07 * 0.48±0.08 † 0.62±0.08 § # <0.0001 

LVEDD 

(mm) 
3.25±0.29 2.70±0.42 * 2.77±0.22 † 2.67±0.39 ‡ <0.0001 

LVEDDi 

mm/g) 
0.24±0.05 0.37±0.07 * 0.35±0.03 † 0.29±0.05 § <0.0001 

LVESD 

 (mm) 
1.53±0.24 1.77±0.50 1.83±0.35 1.43±0.27 § # 0.006 

LVESDi 

(mm/g) 
0.12±0.03 0.24±0.04 * 0.23±0.03 † 0.16±0.04  ‡ § # <0.0001 

FS (%) 53.0±6.5 35.3±7.6 * 34.3±8.4 † 46.3±15.7 ‡§ # <0.0001 

LVM (mg) 55±11 33±14 * 32±5† 43±16 <0.0001 

LVMi (mg/g) 4.1±0.8 4.3±0.9 4.0±0.6 4.4±0.5 0.550 



Table S8.  Echocardiographic findings in WT, Lmna-/- and Lmna -/-: AAV9- Lmna Flag at 4 

weeks of age.

p

N N/A

M/F

Age (days) 28.1 ± 1.9 28.2 ± 1.5 27.0 ± 0.0 0.190

Body weight (g) 14.0 ± 3.5 7.5 ± 1.8 **** 7.4 ± 1.4 ‡‡‡‡ <0.0001

HR (bpm) 518 ± 86 512 ± 65 513 ± 75 0.964

IVST(mm) 0.60 ± 0.06 0.51 ± 0.08 *** 0.60 ± 0.08 § 0.0002

PWT (mm) 0.61 ± 0.10 0.50 ± 0.07 *** 0.53 ± 0.08 0.0003

LVEDD (mm) 3.25 ± 0.29 2.70 ± 0.43 *** 2.44 ± 0.34 ‡‡‡‡ < 0.0001

LVEDDi (mm/g) 0.24 ± 0.05 0.37 ± 0.07 **** 0.33 ± 0.04 ‡‡ < 0.0001

LVESD (mm) 1.53 ± 0.24 1.77 ± 0.51 1.32 ± 0.23 §§ 0.057

LVESDi (mm/g) 0.12 ± 0.03 0.24 ± 0.04 **** 0.18 ± 0.03 ‡  < 0.0001

FS (%) 53.0 ± 6.6 35.3 ± 7.8 **** 45.9 ± 4.0 ‡   §§ < 0.0001

LVM (mg) 55 ± 12 33 ± 14 **** 31 ± 7 ‡‡‡ < 0.0001

LVMi (mg/g) 4.1 ± 0.9 4.3 ± 0.9 4.2 ± 0.7 0.679

Lmna
-/-

:AAV9- Lmna Flag

19 8

12/7 3/5

Lmna
-/-WT

23

11/12

One-way ANOVA, with Tukeys pairwise comparison and Kruskal-Wallis (p-value marked in bold), with 

Dunn’s correction, were used, with: 

WT vs Lmna-/-  ***: p <0.001; ****: p < 0.0001 

WT vs Lmna-/--AAV9- LmnaFlag   ‡: p < 0.05; ‡‡: p < 0.01; ‡‡‡: p < 0.001; ‡‡‡‡ : p < 0.0001 

Lmna-/- vs Lmna-/--AAV9- LmnaFlag   §: p < 0.05;  §§: p < 0.01 

Abbreviations: HR, heart rate; bpm, beats per minutes; IVST, interventricular septal thickness; PWT, 

posterior wall thickness; LVEDD, left ventricular end diastolic diameter; LVEDDi, LVEDD divided by the 

body weight; LVESD, left ventricular end systolic diameter; LVESDi , LVESD divided for the body 

weight;  FS, fractional shortening; LVM, left ventricular mass; LVMi, LVM divided by the body weight. 
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Figure S5: QPCR analysis of selected genes involved in cell death (A) and cardiac fibrosis (B) showing partial 

or no rescue upon AA V9-LmnawT treatment. For normally distributed dataset One-way ANOVA followed by Tukey's Posthoc test 

for multiple comparision was performed and Krushal-Wallis (K-W) test and Dunn's Posthoc test for multiple comparision was 

performed for once that deviated from normal distribution. Only p-values that were significant (p<0.05) are shown. 




