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HIGHLIGHTS

� Comparison of 3 mouse models carrying

Lmna truncating mutations uncovers a

non-cell-autonomous mechanism by

which Lmna regulates cardiomyocyte

growth and function.

� Comparative analysis of 3 AAV-based

lamin-A supplementation strategies elu-

cidates noncardiomyocytes as key targets

in gene therapy for Lmna-associated car-

diac defects.

� Genetic mosaic analysis is a crucial

technique to distinguish cell-autonomous

vs non-cell-autonomous effects to iden-

tify cell targets for AAV gene therapy.
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SUMMARY
AB B
AND ACRONYM S

AAV = adeno-associated virus

CASAAV = CRISPR/Cas9/

AAV9-mediated somatic

mutagenesis

CMV = cytomegalovirus

FACS = fluorescence-activated

cell sorting

FS = fractional shortening

GFP = green fluorescent

protein

GSEA = gene set enrichment

analysis
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The truncating mutations of LMNA are the major causes of cardiomyopathy. Here we studied 3 mouse models

that carry germline, cardiomyocyte-specific, or genetic mosaic Lmna truncating mutations. Whereas the

germline mutant manifested cardiac maturation defects, cardiomyocyte-specific mutation triggered patho-

logical hypertrophy. In genetic mosaic analysis, no morphological defects were observed. Three adeno-

associated virus (AAV) vectors were applied to addback lamin-A in a ubiquitous, cardiomyocyte-specific, or

cardiomyocyte-excluded manner. Strikingly, only ubiquitous and cardiomyocyte-excluded AAV vectors

mitigated the cardiac defects. Therefore, Lmna regulates cardiac morphology and function via a non-cell-

autonomous mechanism. Noncardiomyocytes are key targets in AAV lamin-A therapy for Lmna-associated

cardiac defects. (JACC Basic Transl Sci. 2024;9:1308–1325) © 2024 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ls = insertions/deletions
inde
LVIDd = left ventricle internal

diameter in diastole

LVIDs = left ventricle internal

diameter in systole

LVPWd = left ventricular

posterior wall thickness in

diastole

LVPWs = left ventricular

posterior wall thickness in

systole

mRNA = messenger RNA

P14 = postnatal day 14

RNA-seq = RNA-sequencing

RT-qPCR = real-time

quantitative polymerase chain

reaction

A = single-guide RNA
R ecombinant adeno-associated viruses (AAVs)
are popular gene delivery vectors for
in vivo gene therapy.1 The federally

approved applications of AAVs mainly involve
gene supplementation therapy, in which AAVs
deliver transgenes to replace or supplement endog-
enous genes that harbor disease-causing loss-of-
function mutations.2 Myocardium is among the
primary tissues that can be efficiently transduced
by AAVs.3 In animal models, AAV-based gene sup-
plementation therapy has successfully alleviated or
reversed cardiac malfunctioning in an array of ge-
netic diseases that are associated with myocardium
defects, such as Danon disease,4 Barth syndrome,5

and arrhythmogenic cardiomyopathy.6 Several
AAV-based clinical trials for these heart diseases
are also in progress.

LMNA ranks second in prevalence among genes
that cause inherited dilated cardiomyopathy.7 LMNA
mutations can also lead to arrhythmogenic cardio-
myopathy8 or impair cardiac hypertrophy in response
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to pressure overload.9 Truncating mutations,
in the form of small insertions/deletions
(indels), splice site mutations, or nonsense
mutations, are among the major LMNA vari-
ants causing cardiomyopathy.10 The various
LMNA truncating mutations share the
nonsense-mediated messenger RNA (mRNA)
decay mechanism that leads to cardiomyop-
athy due to the reduced lamin-A/C expres-
sion.11 The coding sequences of LMNA are <2
kb, which ideally fit into the 4.7 kb payload
limit of AAV. Therefore, LMNA supplemen-
tation by AAV appears to be an attractive
therapeutic strategy for cardiac defects that
are associated with LMNA deficiency.
The gene supplementation therapy for LMNA-
associated cardiomyopathy is necessary mainly
because of the complicated downstream pathogenic
mechanisms of LMNA mutations. LMNA deficiency is
known to trigger many diverse defects in cytoskel-
eton organization,12 nuclear mechanics,13 signal
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TABLE 1 Summary of Mouse Models With Homozygous Lmna Truncating Mutations

No. Genetic Manipulation Predicted Truncated Lamin-A/C Death Age (wk) Body Weight (g)

1 Exon 10 frameshift 3-10 <10

2 Exon 8-11 deletion 5-8 <10

3 Exon 4 p.R225X 1-2 <3

4 Exon 2 deletion 2-3 <6

5 Intron 1 genetrap 2-3 <5

6 Exon 2F/F;Myh6-Cre 3-4 <10

No. Kyphosis
Muscular
Dystrophy Lipodystrophy

Cardiac Systolic
Function by LVFS

Cardiac
Hypertrophy Ref. #

1 Yes Yes Yes Unaltered Reduced This study

2 Yes Yes Yes Reduced Reduced 25,26,29,32,33

3 Unknown Unknown Unknown Unknown Unknown 27

4 Unknown Yes Unknown Reduced Reduced 22,28

5 Unknown Yes Yes Unaltered Reduced 30

6 Unknown Unknown Unknown Reduced Increased 20

LVFS ¼ left ventricle fractional shortening.
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transduction,14 DNA damage responses,15,16 chro-
matin organization,17 epigenetic landscape,18 and
transcriptional regulation.14 Therefore, the identifi-
cation of one universal therapeutic target, other than
LMNA itself, to treat all these defects is very chal-
lenging. Instead, AAV-based supplementation of
LMNA appears to be a more realistic approach to
mitigate these disease phenotypes.

Unlike many cardiomyopathy-causing genes that
are restrictively expressed in cardiomyocytes, LMNA
is widely expressed in other differentiated cell
types.19 Ablation of Lmna in murine and human car-
diomyocytes resulted in severe cardiac dysfunc-
tion,11,20-22 leading to the general belief that the
cardiomyocyte is the primary cell type that contrib-
utes to LMNA-associated heart diseases. However,
accumulative evidence has started to uncover the role
of noncardiomyocytes (both within and out of the
heart) in LMNA-related cardiac pathogenesis.23,24

Thus, more extensive comparison of cardiomyocyte
vs noncardiomyocyte would be necessary to deter-
mine whether targeting cardiomyocytes is sufficient
for LMNA gene therapy.

LMNA-associated cardiac defects are often charac-
terized by decreased systolic function, ventricular
enlargement, and eccentric cardiac hypertrophy.
Cardiac fractional shortening and cardiomyocyte
morphology are key parameters to assess the efficacy
of gene therapy for LMNA-associated cardiac defects.
Unfortunately, the existing animal models carrying
LMNA truncating mutations have exhibited incon-
sistent or even seemingly contradictory phenotypes
(Table 1). For example, in an array of germline Lmna
truncating mice,25-33 cardiomyocytes were reported
to exhibit an atrophic phenotype along with whole-
body growth retardation.34,35 By contrast, in mice
carrying cardiomyocyte-specific Lmna loss-of-
function mutations, their hearts developed elevated
ventricular mass and pathological cardiomyocyte
hypertrophy.20,21 Whereas multiple studies reported
systolic dysfunction with decreased fractional short-
ening in Lmna truncating mice,25,32 other studies
observed unaltered fractional shortening in mice with
a similar truncating mutation30 (Table 1). Interest-
ingly, in studies using human-induced pluripotent
stem cell–derived cardiomyocytes to model
LMNA-associated cardiac defects, neither atrophy nor
hypertrophy phenotypes were reported, further
questioning a direct, cell-autonomous role of LMNA
in regulating cardiomyocyte growth and morphology.
More systemic comparisons of cardiac phenotypes in
distinct models are necessary to reconcile these
results.

We previously demonstrated that cardiomyocyte
maturation and cardiac hypertrophy analysis can be
confounded by non-cell-autonomous regulation of
cardiomyocytes and the secondary effect of cardiac
dysfunction.35,36 A solution to this problem is
AAV-based genetic mosaics analysis. This approach
harnesses low-dose AAV transduction into a small
fraction of cardiomyocytes to circumvent the sec-
ondary effects.35-39 In this study, we generated car-
diac genetic mosaic mouse models carrying Lmna
truncating mutations, in comparison to the conven-
tional germline or cardiomyocyte-specific models, to
determine cell-autonomous vs non-cell-autonomous
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Lmna functions in cardiomyocyte growth,
morphology and function. We further investigated
how AAV-mediated lamin-A supplementation ther-
apy could be complicated due to these non-cell-
autonomous mechanisms.

METHODS

See the Supplemental Appendix for more details
about materials and methods.

MICE. All procedures involving experimental animals
were performed in accordance with protocols
approved by the Institutional Animal Care and Use
Committee of Peking University, China (approval
number LA2021332) and conformed to the Guide for
the Care and Use of Laboratory Animals (8th edition,
The National Academies Press, 2011) by the Associa-
tion for Assessment and Accreditation of Laboratory
Animal Care.

LmnaD/D mice were generated while we were
generating another Lmna mutant as previously
described40 at the Institute of Laboratory Animal
Science, Chinese Academy of Medical Sciences, via
CRISPR/Cas9-based zygotic mutagenesis. The single-
guide RNA (sgRNA) sequences used in generating
this allele and the genotyping primer sequences are
shown in Supplemental Table 1. The RosaCas9-Tom

mice were purchased from GemPharmatech (strain
no. T002249). The Myh6-Cre mice were purchased
from Cyagen Biosciences (strain no. C001041).

All mice were kept in a temperature-controlled
room (21 � 1 �C) with a 12-hour light/dark cycle and
had free access to water and normal chow. After
genotyping at postnatal day 0, neonatal LmnaD/D

mice under inhalation anesthesia by isoflurane were
administrated with recombinant AAVs or vehicle
subcutaneously of 40 mL total volume. When neces-
sary, adult mice were euthanized by cervical
dislocation.

ADULT CARDIOMYOCYTE ISOLATION. Cardiomyocytes
were isolated by retrograde perfusion.36 In brief,
heparin-treated mice were anesthetized with 3% iso-
flurane. Hearts were extracted and cannulated onto a
Langendorff perfusion apparatus. Perfusion buffer at
37 �C was first pumped into the heart to flush out
blood and equilibrate the heart. Collagenase II
(LS004177, Worthington) was next perfused into the
heart for 8 minutes at 37 �C to dissociate car-
diomyocytes. The apex was cut from the digested
heart, gently dissociated into single cardiomyocytes
in 10% fetal bovine serum/perfusion buffer and
filtered through a 100-mm cell strainer to remove
undigested tissues. To prepare for immunostaining,
cardiomyocytes were cultured in Dulbecco modified
Eagle medium þ 10% fetal bovine serum medium for
30 minutes on a laminin-coated cover glass before
fixation with 4% paraformaldehyde and per-
meabilization with 4% bovine serum albumin þ 0.1%
TritonX-100/phosphate buffered saline.

HIGH THROUGHPUT SEQUENCING. RNA-sequencing
(RNA-seq) libraries were constructed using NEBNext
Ultra RNA Library Prep Kit for Illumina (E7530L, NEB).
Sequencing was performed on an Illumina NovaSeq
6000 platform with 2� 150 base pairs pair-end reads
at Novogene, China. RNA-seq reads were aligned to
mm10 by STAR41 and reads counts were calculated by
FeatureCounts.42 DESeq243 was used to perform sta-
tistical analysis of differential gene expression. An
adjusted P value <0.05 (Benjamini-Hochberg false
discovery rate) was used as the cutoff to identify
differentially regulated genes. Gene Ontology term
analysis was performed using gene set enrichment
analysis (GSEA) with ranked gene lists.44

For amplicon sequencing, genomic DNA was
extracted using TIANamp Genomic DNA Kit (DP304,
TIANGEN). The sgRNA-targeted loci were amplified
using Taq PCR MasterMix (KT211, TIANGEN) and pu-
rified by TIANgel Purification Kit (DP219, TIANGEN).
See Supplemental Table 1 for primer sequences that
contain all sequences necessary for library construc-
tion. Sequencing was performed on an Illumina
NovaSeq 6000 platform at Novogene. The sequencing
results were processed by CRISPResso (version
2.2.14).45 The output bam files were transformed into
sam files by samtools (version 1.17)46,47 and exploited
to calculate the frameshifting indel rates of the target
regions using a home-made python script.

AAV DESIGN AND PRODUCTION. The human lamin-
A coding sequence was acquired at Addgene
(#124268) and subcloned into the AAV-Tnnt2-GFP-
v239 (#165036, Addgene; control vector in this study)
to build the AAV-Tnnt2-GFP-LA plasmid. Subse-
quently, the Tnnt2 promoter was replaced by the
cytomegalovirus (CMV) promoter or the LoxP-CMV-
LoxP cassette to generate AAV-CMV-GFP-LA and
AAV-LoxP-CMV-LoxP-GFP-LA plasmids, respectively.
These new plasmids will be available at Addgene soon
after publication. CRISPR/Cas9/AAV9-mediated so-
matic mutagenesis (CASAAV) plasmids were pro-
duced as previously described.36 Among the 2 sgRNAs
used to target Lmna, 1 sgRNA is identical to the one
used to generate the LmnaD allele.40

AAV production was performed in house or at
PackGene Biotech. We produced AAV9 as previously
described.36,48 In brief, 140 mg AAV-ITR, 140 mg AAV9-
Rep/Cap, and 320 mg pHelper (pAd-deltaF6, Penn
Vector Core) plasmids were produced by maxiprep

https://doi.org/10.1016/j.jacbts.2024.06.004
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(DP117, TIANGEN), and triple transfected into
HEK293T cells in 10 15-cm plates. Then, 60-72 hours
after transfection, cells were resuspended in lysis
buffer (20 mmol/L Tris pH ¼ 8, 150 mmol/L NaCl,
1 mmol/L MgCl2, 50 mg/mL UltraNuclease
(20156ES60,YEASEN)) and lysed by 2 freeze-thaw
cycles. AAV in culture medium was precipitated by
PEG8000 (97061-100, VMR Life Science), resus-
pended in lysis buffer, and pooled with cell lysates.
AAV particles were next purified in an Optiprep
density gradient (D1556, Sigma) by ultracentrifuga-
tion (Optima XPN-100, Beckman Coulter) with a type
70Ti rotor. The AAV were next concentrated in
phosphate buffered saline with 0.001% pluronic F68
(24040032; Invitrogen) using a 100-kD filter tube
(UFC910024, Thermo Fisher Scientific). AAV titer was
quantified by real-time quantitative polymerase
chain reaction (RT-qPCR) using a fragment of the
green fluorescent protein (GFP) coding sequence to
make a standard curve. See Supplemental Table 1 for
primer information.

CARDIOMYOCYTE CONTRACTILITY ASSAY. Isolated
ventricular cardiomyocytes were incubated in a serial
concentration gradient of CaCl2 (0.375 mmol/L,
0.75 mmol/L, and 1.2 mmol/L). A IonOptix car-
diomyocyte contractility system (FSI700, IonOptix)
was used to measure cardiomyocyte contractility that
was stimulated at 1 HZ, 10 V. The IonWizard (Ion-
Optix) acquisition module was used to capture
changes in sarcomere length. Each cardiomyocyte
was recorded with 10-20 stable cycles, which were
averaged by the software to reduce noise. Peak
shortening (the maximal shortening of sarcomere
length during contraction), fractional shortening
(peak shortening divided by the diastolic sarcomere
length), and the relaxation speed were automati-
cally calculated.

STATISTICAL ANALYSIS. Statistical analysis and
plotting were performed using GraphPad Prism for
Windows (version 9.5.1, GraphPad Software). Depen-
dent on the data distribution, data were presented in
figures using the mean � SD in bar plots or median
with 25th and 75th percentiles (Q1-Q3) in box/violin
plots using dots to represent raw data points. Normal
distribution was tested via the Shapiro–Wilk test.
Comparisons were performed using Student’s un-
paired t-test for normally distributed data or Mann-
Whitney U test for skewed data. Kaplan-Meier
curves compared with log-rank test were used to
evaluate survival. Categorical data were compared
using the chi-square test. A P value <0.05 was
considered statistically significant.
DATA AVAILABILITY STATEMENT. Next-generation
sequencing data are deposited at National Genomic
Data Center under the accession code CRA011590
(6-week LmnaD/D and Lmnaþ/þ RNA-seq), CRA011582
(2-week Lmnaþ/þ RNA-seq), CRA011594 (CASAAV-
treated ventricle tissue amplicon-seq), and
CRA015796 (CASAAV-treated FACS-sorted car-
diomyocyte amplicon-seq). AAV plasmids are avail-
able at Addgene. Other data are available on
reasonable request.

RESULTS

GERMLINE LMNA TRUNCATION PERTURBS

CARDIOMYOCYTE GROWTH WHILE MAINTAINING

NORMAL FRACTIONAL SHORTENING. Lamin-A and
lamin-C are coded by 2 Lmna transcripts that differ in
mRNA splicing at exon 10 (Figure 1A). To test whether
Lmna truncating mutations at the very end of the
gene could still lead to dilated cardiomyopathy, a 5–
base pair deletion, denoted as LmnaD, was introduced
into exon 10 (Figure 1A) via Cas9-mediated zygotic
gene editing.40 LmnaD was expected to shift the open
reading frames for both lamin-A and lamin-C, pro-
ducing a protein truncated at the C-terminus named
lamin-D (Figure 1A). RT-qPCR and mRNA RNA-seq
analysis revealed reduced Lmna mRNA level in post-
natal day 14 (P14) LmnaD/D hearts (Figure 1B), sug-
gesting nonsense-mediated mRNA decay as
expected.11 Western blot validated the depletion of
lamin-A/C, which was replaced by the expression of
lamin-D (Figure 1C). Immunofluorescence analysis
revealed dramatically reduced signals at the nuclear
periphery in LmnaD/D hearts (Figure 1D). The reduc-
tion and truncation of lamin-A/C proteins were also
validated in LmnaD/D liver and skeletal muscle
(Supplemental Figure 1A).

LmnaD/þ intercrosses reproduced Lmnaþ/þ, LmnaD/þ,
and LmnaD/D pups following the Mendelian ratio at
birth (Figure 1E). Before the 13th week after birth, all
LmnaD/D animals died (Figure 1F). The body growth of
Lmnaþ/þ and LmnaD/þ mice appeared indistinguish-
able in the first 2 months after birth, whereas LmnaD/D

pups exhibited severe retardation in gaining body
weight (Figure 1G). Whole-body magnetic resonance
imaging demonstrated severe reduction of skeletal
muscles, adipose tissues and bones in the LmnaD/D

animals (Supplemental Figure 1B). The muscular
dystrophy and lipodystrophy phenotypes were
further validated by histological analyses (Figures 1H
and 1I, Supplemental Figures 1C and 1D).

To further determine whether there are any global
defects in LmnaD/þ mice, these mice were next

https://doi.org/10.1016/j.jacbts.2024.06.004
https://doi.org/10.1016/j.jacbts.2024.06.004
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FIGURE 1 A New Mouse Model Carrying a Lmna Truncating Mutation

(A) Gene structures of wild-type and mutant Lmna variants (left) and their corresponding protein products (right). Filled boxes indicate translated regions and unfilled

boxes indicate untranslated regions in exons. Mutation sites in exon 10 are enlarged to show the 5–base pair deletion and the premature stop codon. (B) Real-time

quantitative polymerase chain reaction and RNA-sequencing quantification of Lmna messenger RNA (mRNA) in postnatal day 14 heart apexes. Data presented using

actual data points and box plots. (C) Western blot analysis of Lmna-expressed proteins in postnatal day 14 heart apexes. Red stars indicate the truncated protein

bands. (D) Immunofluorescence of Lmna-expressed proteins in heart sections. Bars ¼ 50 mm. (E) Genotype distribution analysis of neonates. (F) Survival curve with

the log-rank test between Lmnaþ/þ and LmnaD/D; ***P < 0.001. (G) Growth curve presented as mean � SD at each time point. Student’s t-test between Lmnaþ/þ and

LmnaD/D with unpaired multiple-testing adjustment of 2-stage step-up (Benjamini, Krieger, and Yekutieli); **False discovery rate (FDR) < 0.01, ***FDR < 0.001.

A bright-field image of 6-week-old mice to the right. (H,I) Hematoxylin and eosin staining on biceps femoris sections (H) and gonadal adipose tissue sections (I) and

the quantification of cross-section area. (B,H,I) Mann-Whitney U test; *P < 0.05, ***P < 0.001. FC ¼ fold change; mRNA ¼ messenger RNA; NLS ¼ nuclear

localization sequence; RPKM ¼ reads per kilobase per million mapped reads.
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examined at 6 months after birth. No body weights or
heart phenotypes were observed at this age in LmnaD/þ

mice (Supplemental Figures 1E and 1F). By contrast,
the hearts of the LmnaD/D mice were significantly
smaller than their control littermates (Figure 2A).
Echocardiogram analysis demonstrated reduced left
ventricular diameters (left ventricular internal
diameter in systole [LVIDs] and left ventricular in-
ternal diameter in diastole [LVIDd]) and posterior
wall thickness (left ventricular posterior wall

https://doi.org/10.1016/j.jacbts.2024.06.004
https://doi.org/10.1016/j.jacbts.2024.06.004


FIGURE 2 Cardiac Maturation Defects in LmnaD/D Mice

(A) Bright-field images of hearts extracted from 6-week-old mice. (B,C) Echocardiogram analysis of the 6-week-old mice. (D) Immunostaining of ACTN2 on isolated

cardiomyocytes and quantification of the distances between adjacent Z-lines. (E) Quantification of cardiomyocyte projected cell area, cell length, and cell width. (F)

DAPI (40,6-diamidino-2-phenylindole)-stained cell nuclei and quantification of nuclear morphology. (G) Representative traces of sarcomere length changes during

cardiomyocyte contraction on 1 Hz electrical stimulation. (H) Quantification of contractility parameters. (D-H) Cells from littermates were compared. (B to H) Mann-

Whitney U test; *P < 0.05, **P < 0.01, ***P < 0.001, NS. (I) Gene set enrichment analysis of the differentially expressed genes by RNA-sequencing. (J) Enrichment of

cardiac mature markers among down-regulated genes in LmnaD/D ventricles. (K) Quantification of cardiomyocyte maturation isoform switching markers in RNA-

sequencing data. FDR ¼ false discovery rate; FS ¼ fractional shortening; LVIDd ¼ left ventricular internal diameter in diastole; LVIDs ¼ left ventricular internal diameter

in systole; LVPWd ¼ left ventricular posterior wall in diastole; LVPWs ¼ left ventricular systolic posterior wall in systole; NES ¼ normalized enrichment score.
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thickness in systole [LVPWs] and left ventricular
posterior wall thickness in diastole [LVPWd]) in
LmnaD/D hearts (Figure 2B). However, the cardiac
fractional shortening (FS) of LmnaD/D mice were
comparable to control littermates at 2 and 6 weeks of
age (Figure 2C). No sex influence on the hearts was
found among LmnaD/D mice (Supplemental
Figure 2A). In 6-week hearts, picrosirius red stain-
ing detected no changes in cardiac fibrosis
(Supplemental Figure 2B). RT-qPCR and RNA-seq
analysis showed little up-regulation of cardiac path-
ological markers Ctgf and Nppa (Supplemental
Figures 2C and 2D).

Next the LmnaD/D cardiac phenotypes were exam-
ined at the cellular level by analyzing cardiomyocytes
that were isolated via Langendorff collagenase
perfusion. Immunostaining of a-actinin-2 (ACTN2), a
marker for sarcomere Z-lines, revealed reduced
sarcomere length in the mutant cardiomyocytes
(Figure 2D). These mutant cardiomyocytes appeared
smaller in projected cell area, cell length, and cell
width (Figure 2E). Agreeing with previous studies,49

the morphology of LmnaD/D cardiomyocyte nuclei
appeared disrupted mainly because of reduced nu-
clear width (Figure 2F). These morphological pheno-
types were repeatedly observed in multiple pairs of
littermates (Supplemental Figures 2E to 2J). Inter-
estingly, during 1 Hz electrical stimulation, LmnaD/D

sarcomeres contracted to a lesser extent than control
sarcomeres did, and sarcomere relaxation was also
slower (Figures 2G and 2H).

To further investigate the LmnaD/D cardiac pheno-
types at the gene expression level, RNA-seq differ-
ential expression analysis of 6-week Lmnaþ/þ vs
LmnaD/D heart ventricles were performed
(Supplemental Figures 2K and 2L, Supplemental
Table 2). As reference data for postnatal heart matu-
ration, we also conducted RNA-seq analysis to
compared 2-week vs 6-week wild-type ventricles
(Supplemental Figures 2M and 2N, Supplemental
Table 3). GSEA using the hallmark gene set50 uncov-
ered significantly reduced myogenesis, oxidative
phosphorylation, and adipogenesis gene expression
in the LmnaD/D group (Figure 2I). The same gene sets
were also lower in the 2-week wild-type group
(Figure 2I), confirming that these gene sets were
relevant to cardiac maturation.34,51 We used the 2-
week vs 6-week analysis to build a reference gene
set of maturation markers and performed GSEA on
this gene set. This analysis showed transcriptome-
wide reduction of cardiac maturation genes in
LmnaD/D hearts (Figure 2J). Tnni3:Tnni1 and Myh6:-
Myh7 ratios, which are the classic maturation met-
rics,34,51 were also reduced (Figure 2K). Together,
these data showed that LmnaD/D cardiomyocytes
exhibit transcriptional, morphologic, and functional
defects in maturation, but these phenotypes were not
converted into pathologic changes in cardiac FS, hy-
pertrophy, or fibrosis.
CARDIOMYOCYTE-SPECIFIC LMNA TRUNCATION

RESULTS IN DILATED CARDIOMYOPATHY WITH

PATHOLOGIC HYPERTROPHY. Because the LmnaD

truncating mutation is localized at the very C-termi-
nus of lamin-A/C, the truncated fragment might be
too small to cause cardiac systolic dysfunction in
LmnaD/D mice. Alternatively, the relatively normal FS
of the LmnaD/D heart could originate from a
compensatory effect of the whole-body growth
retardation and therefore a lower demand for the
heart. To test between these 2 hypotheses,
cardiomyocyte-specific LmnaD-like mutations were
created via a CASAAV system.36,48 In detail, an AAV9
vector was designed to express sgRNAs targeting
Lmna exon 10 at nearly the same loci where the
LmnaD mutation was located (Figures 3A and 3B). This
vector utilized the Tnnt2 promoter (also called cardiac
troponin T promoter)52 to express Cre recombinase
specifically in cardiomyocytes. Therefore, when this
AAV-Tnnt2-Cre-U6-Lmna-sgRNA (AAV-Lmna-sgRNA)
vector was administered into RosaCAG-LSL-Cas9-tdTomato

(RosaCas9-Tom) mice,48 CRISPR/Cas9-based Lmna
mutagenesis would create truncating mutations spe-
cifically in cardiomyocytes that were labelled by
tdTomato (Figures 3A and 3B).

We first applied 1 � 1014 vg/kg AAV-Lmna-sgRNA
into P1 RosaCas9-Tom mice and analyzed heart samples
at 6 weeks after birth. Fluorescence imaging of car-
diac cryosections detected tdTomato signals in more
than 80% cardiomyocytes (Figure 3C). Fluorescence-
activated cell sorting (FACS) enriched tdTomato-
positive cardiomyocytes (Supplemental Figure 3A)
to be assessed by targeted amplicon-sequencing an-
alyses, which confirmed the successful induction of
frameshifting mutations similar to LmnaD (Figure 3D,
Supplemental Figures 3A and 3B). The indel rates in
FACS-enriched cardiomyocytes are significantly
higher than in unsorted tissues, validating that
CASAAV selectively edited cardiomyocytes over
nonmyocytes in the heart (Supplemental Figure 3A).
As compared to AAV-Tnnt2-Cre–treated control
hearts, Western blot detected the expression of
truncated lamin-D–like proteins in the CASAAV-
treated hearts at the molecular weight similar to the
lamin-D protein in the LmnaD/D hearts (Figure 3E).

By echocardiogram, CASAAV-mediated Lmna
mutagenesis resulted in a significant reduction of FS
in the heart accompanied with elevated LVIDd
and LVIDs (Figure 3F). The body weights of the
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FIGURE 3 Cardiac Hypertrophy in Mice Undergoing CASAAV-Based Lmna Mutagenesis

(A) A diagram showing the workflow of CRISPR/Cas9/AAV9-mediated somatic mutagenesis (CASAAV). (B) The expected protein expression

consequence of CASAAV. (C) A representative fluorescence image of heart sections undergoing CASAAV. TdTomato (tdTom) labels adeno-

associated virus–transduced mutant cardiomyocytes. (D) Quantification of insertions/deletions (indels) by amplicon sequencing. Student’s

t-test; ***P < 0.001 (frameshifting indels), ###P < 0.001(nonframeshifting indels). (E) Western blot analysis of CASAAV-induced

Lmna-expressed proteins in postnatal day 14 heart apexes. (F) Echocardiogram analysis of the 6-week-old mice. (G) Picrosirius red staining

on 6-week-old heart sections. (H) Real-time quantitative polymerase chain reaction analysis of Ctgf. (I) Immunostaining of ACTN2 on isolated

cardiomyocytes and quantification of cardiomyocyte morphology. (J) Nuclear shape analysis. (I,J) Cells from littermates were compared.

(F, H toJ) Mann-Whitney U test; *P < 0.05, **P < 0.01, ***P < 0.001, NS. Ctrl ¼ control; sgRNA ¼ single-guide RNA; WGA ¼ wheat germ

agglutinin; other abbreviations as in Figure 2.
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CASAAV-treated animals were slightly lower than the
weights of control animals (Supplemental Figure 3C).
No sex difference was detected in cardiac dysfunction
among the CASAAV-treated animals (Supplemental
Figure 3D). Picrosirius red–labeled cardiac intersti-
tial fibrosis (Figure 3G) and the expression of Ctgf and
Nppa were also increased (Figure 3H, Supplemental
Figure 3E). CASAAV treatment increased projected
cardiomyocyte area and cardiomyocyte length,
whereas cell width was not affected (Figure 3I).
Similarly, CASAAV-treated cell nuclei become elon-
gated (Figure 3J). Cardiomyocyte contractility assay
further validated the impaired contractile function of
CASAAV-treated cells (Supplemental Figures 3F and
3G). Therefore, in sharp contrast to the normal cardiac
FS and the reduced cardiomyocyte size in LmnaD/D

mice, cardiomyocyte-specific Lmna truncation causes
systolic dysfunction with pathological hypertrophy.

CARDIAC GENETIC MOSAIC ANALYSIS UNCOVERED

NON-CELL-AUTONOMOUS REGULATION OF

CARDIOMYOCYTE MORPHOLOGY BY Lmna. The
seemingly contradictory cardiomyocyte morphology
phenotypes in germline (cell atrophy) vs
cardiomyocyte-specific (cell hypertrophy) Lmna mu-
tants (Figure 2E vs Figure 3I) suggested that the
impact of Lmna mutation on cardiomyocyte
morphology is not cell-autonomous but is secondary
to their different pathophysiological states. To test
this idea, a cardiac genetic mosaic analysis36,37 was
established by injecting a serial dilution of the AAV-
Lmna-sgRNA vectors at high (1 � 1014 vg/kg), mid
(1 � 1013 vg/kg) and low (1 � 1012 vg/kg) doses into P1
RosaCas9-Tom mice. Quantification of isolated car-
diomyocytes showed w90%, w74%, and w16% AAV
transduction rates (Figure 4A). Considering a w38%
frameshifting mutation rate (Figure 3D), these trans-
duction rates could be converted into w34%, 28%,
and 6% mutation rates in cardiomyocytes.

Echocardiography was performed to determine the
impact of AAV dilution on heart functions. In the mid-
and low-dose AAV-treated group, FS and LVID defects
are no longer detectable (Figures 4B and 4C). The
increased cardiac fibrosis and the up-regulation of
Ctgf and Nppa in CASAAV-treated hearts were also
eliminated in the low-dose group (Figures 4D to 4F).
Therefore, in the low-dose CASAAV group, the num-
ber of mutant cardiomyocytes was so low that they
were insufficient to trigger cardiac dysfunction,
allowing us to separate the primary defects in car-
diomyocytes from the secondary effects of patho-
genesis. Based on this rationale, the phenotypes of
the mutant cardiomyocytes were further analyzed in
a grossly normal physiological microenvironment.
Isolated cardiomyocytes that were derived from
the low-dose CASAAV-treated genetic mosaic hearts
were next studied. Comparison between the tdTom-
positive vs tdTom-negative cells in the same heart
revealed no cardiomyocyte morphology phenotypes
(Figure 4G). However, the nuclei in the tdTom-
positive cardiomyocytes appeared elongated as
compared to the tdTom-negative cells (Figure 4H).
These data indicate that Lmna regulates car-
diomyocyte morphology via a non-cell-autonomous
mechanism. By contrast, nuclear shape was regu-
lated in a cell-autonomous manner.

GLOBAL AAV-LAMIN-A SUPPLEMENTATION MILDLY

RESTORES DEFECTS IN LmnaD/D HEARTS. We next
wondered whether AAV-based Lmna supplementa-
tion could mitigate the cardiac atrophic defects in
LmnaD/D mice. An AAV9 vector was first constructed
to deliver GFP-tagged lamin-A via the constitutive
CMV promoter (AAV-CMV-LA) to assess its activity in
wild-type mice. A single dose of 1 � 1014 vg/kg AAV-
CMV-LA was subcutaneously injected at P1 to vali-
date the transgene expression at P14 (Supplemental
Figure 4A). Fluorescence imaging confirmed the nu-
clear lamina localization of the GFP-lamin-A proteins
(Supplemental Figure 4B). Western blot detected GFP-
lamin-A proteins at the level slightly lower than the
endogenous lamin-A/C proteins (Supplemental
Figure 4C). The GFP-lamin-A signals were mainly
detected in the heart, liver, and skeletal muscles, but
not brain, lung, kidney, spleen, thymus, or intestine
(Supplemental Figures 4B to 4D), which agreed to the
known biodistribution of AAV9 on systemic adminis-
tration. Histologic analysis revealed moderate in-
flammatory cell infiltration into the liver after AAV-
CMV-LA treatment for 6 months (Supplemental
Figure 4E). However, the liver changes could not be
detected at 2 weeks after AAV injection (Supplemental
Figure 4F), thus the following gene therapy studies
were unlikely affected by liver damages in the first
several weeks after AAV administration.

Based on the above-mentioned assessment in wild-
type mice, the same dose of AAV-CMV-LA was next
injected into LmnaD/D mice to study the impact on
cardiac defects (Figures 5A and 5B) using AAV-CMV-
GFP as control vector. At 6 weeks after injection,
Western blot validated GFP-lamin-A expression in the
heart, liver, and skeletal muscle (Figure 5C). AAV-
CMV-LA treatment moderately improved the body
weight of LmnaD/D mice (Figure 5D). Echocardiogram
revealed no changes in cardiac FS and LVID, but the
ventricle wall thickness of LmnaD/D mice was brought
to the values comparable to wild-type control mice
(Figure 5E). AAV-CMV-LA treatment improved the
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FIGURE 4 No Cardiac Morphology Changes in Lmna Cardiac Mosaics

(A) Fluorescence images of cardiomyocytes that were isolated from mice treated with serial dilutions of the CASAAV vectors. TdTomato-positive rate and estimated

(est.) indel rate are labeled below the images. High, 1 � 1014 vg/kg; mid, 1 � 1013 vg/kg; low, 1 � 1012 vg/kg. (B,C) Echocardiogram analysis of the 6-week-old mice

treated with diluted adeno-associated virus. (D) Picrosirius red staining on 6-week-old heart sections. (E,F) Real-time quantitative polymerase chain reaction analysis of

Ctgf and Nppa. (G) Immunostaining of ACTN2 on isolated cardiomyocytes and quantification of cardiomyocyte morphology of tdTomato-positive versus -negative cells

from the same heart. (H) Quantification of nuclear morphology. (B,C,E to H) Mann-Whitney U test; **P < 0.01, ***P < 0.001, NS. Abbreviations as in Figures 1 to 3.
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width and the projected area of isolated LmnaD/D

cardiomyocytes as compared to AAV-CMV-GFP
treatment (Figures 5F and 5G). The nuclear shape
phenotype was also alleviated by increasing the
width of the mutant cell nuclei (Figure 5H). Car-
diomyocyte contractility assay also confirmed the
mitigation of cell functional defects on lamin-A sup-
plementation (Figures 5I and 5J).

GFP-lamin-A-positive and -negative car-
diomyocytes that were isolated from the same heart
could be distinguished by fluorescence imaging
(Supplemental Figure 4G), allowing a genetic mosaic
analysis of the AAV-CMV-LA treatment. Counter-
stained with the cardiomyocyte cell membrane
marker CAV3, LmnaD/D cardiomyocytes that either
gained or lacked GFP-lamin-A did not show statisti-
cally significant difference in morphology
(Supplemental Figures 4G and 4H). By contrast, the
nuclear width phenotype was partially rescued
(Supplemental Figure 4I). These results indicate that
AAV-CMV-LA mildly restored cardiomyocyte
morphology in LmnaD/D mice via a non-cell-
autonomous mechanism, but rebuilt nuclear shape
in a direct, cell-autonomous manner.
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FIGURE 5 Mild Rescue of Cardiac Defects via AAV-Based Lamin-A Addback

(A,B) A diagram showing the design of adeno-associated virus (AAV)-based lamin-A addback experiments. (C) Western blot analysis of 6-week-old LmnaD/D tissues that

were treated with AAV-CMV-LA at postnatal day 1 (P1). (D) Growth curve of animals in the AAV-CMV-LA addback experiments. Mean � SD. Student’s t-test for

6-week-old AAV-CMV-LA– vs AAV-CMV-GFP–treated LmnaD/D mice; *P < 0.05. (E) Echocardiogram analysis of the 6-week-old mice. (F,G) Immunostaining of ACTN2 on

isolated cardiomyocytes and quantification of cardiomyocyte morphology. (H) Quantification of nuclear morphology. (F to H) Cells from littermates were compared. (I)

Representative traces of sarcomere length changes during cardiomyocyte contraction on 1 Hz electrical stimulation. (J) Quantification of contractility parameters.

(E,G,H,J) Mann-Whitney U test; *P < 0.05, **P < 0.01, ***P < 0.001, NS. CMV ¼ cytomegalovirus; Geno ¼ genotype; GFP ¼ green fluorescent protein;

LA ¼ GFP-lamin A; Sk. Mus. ¼ skeletal muscle; other abbreviations as in Figure 2.
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FIGURE 6 No Rescue of Cardiac Morphology via Cardiomyocyte-Specific Lamin-A Addback

(A) A diagram showing the design of cardiomyocyte-specific lamin-A addback experiments. (B) Representative fluorescence images of AAV-treated cardiomyocytes and

quantification of percentages of GFP-LA-–positive cardiomyocytes. Bar¼ 20 mm. Student’s t-test; NS. (C) Growth curve of animals in the cardiomyocyte-specific lamin-A

addback experiments. (D) Echocardiogram analysis of the 6-week-old mice. (E,F) Quantification of morphology of isolated cardiomyocytes (E) or cells in heart sections

(F). Bar ¼ 20 mm. (E,F) Cells from littermates were compared. (G) A diagram showing cardiomyocyte-specific lamin-A addback in a genetic mosaic fashion. (H)

Fluorescence imaging of isolated cardiomyocytes from the mosaic hearts. Cell borders was annotated with dashed lines. Arrows indicate GFP-LA–positive nuclei.

Bar¼ 10 mm. (I,J) Quantification of cardiomyocyte (I) and nuclear (J) morphology. (D to F,I,J) Mann-WhitneyU test; *P< 0.05, NS. Abbreviations as in Figures 2, 3, and 5.
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FIGURE 7 Mild Rescue of Cardiac Defects via Cardiomyocyte-Excluded Lamin-A Addback

(A) A diagram showing the mechanism to achieve cardiomyocyte-excluded lamin-A addback. (B) Western blot analysis of postnatal day 14 tissues that were treated with

AAV-Loxp-LA at postnatal day 1. (C) Immunostaining of AAV-Loxp-LA–treated tissues with or without the Myh6-Cre transgene. (D) Quantification of GFP-positive

nuclei. (E) Growth curve in the cardiomyocyte-excluded lamin-A addback experiments. (D,E) Mean � SD; Student’s t-test; *P < 0.05, **P < 0.01, NS. (F) Echocar-

diogram analysis of the 6-week-old mice. (G) Quantification of isolated cardiomyocyte morphology. Cells from littermates were compared. (H) Representative traces

of sarcomere length changes during cardiomyocyte contraction on 1 Hz electrical stimulation. (I) Quantification of contractility parameters. (F,G,I) Mann-Whitney

U test; *P < 0.05, **P < 0.01, ***P < 0.001, NS. IB ¼ immunoblot; other abbreviations as in Figures 2, 3, and 5.
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LAMIN-A SUPPLEMENTATION IN NONMYOCYTES

RESTORES CARDIOMYOCYTE DEFECTS IN LmnaD/D

HEARTS. To further test the non-cell-autonomous
mechanism that was implied by the above-
mentioned genetic mosaic analysis, we constructed
an AAV-Tnnt2-LA vector in which the Tnnt2 promoter
expressed lamin-A specifically in cardiomyocytes
(Figure 6A). A single dose of 1 � 1014 vg/kg AAV-Tnnt2-
LA to wild-type P1 mice resulted in GFP-lamin-A
expression at P14 at the level similar to endogenous
lamin-A/C in the heart, but no signal was detected in
the liver (Supplemental Figure 5A). When injected
into LmnaD/D animals, this dose of AAV-Tnnt2-LA
added back GFP-lamin-A into w68% nuclei in
myocardium (Supplemental Figure 5B). Quantifica-
tion of GFP-lamin-A-positive cardiomyocytes
revealed no difference in transduction rates between
AAV-Tnnt2-LA and AAV-CMV-LA treatment
(Figure 6B), confirming that these 2 AAV addback
experiments were comparable.

Strikingly, comparing to control LmnaD/D animals
that did not receive AAV treatment, AAV-Tnnt2-LA-
treated animals did not exhibit improved body weight
(Figure 6C), LVPW thickness (Figure 6D), or isolated
cardiomyocyte morphology (Figure 6E). The lack of
cardiac hypertrophy or other pathophysiological
changes was further confirmed by histologic analysis
(Figure 6F, Supplemental Figure 5C). We further
administered a lower dose (5 � 1012 vg/kg) of the AAV-
Tnnt2-LA vector into LmnaD/D animals and created a
genetic mosaic in which only 7% nuclei were GFP-
lamin-A positive (Figures 6G and 6H). Comparison
between the GFP-lamin-A-positive vs -negative cells
further confirmed that cardiomyocyte-specific lamin-
A addback was not sufficient to rescue cardiomyocyte
morphology in LmnaD/D hearts (Figure 6I), although
nuclear width was significantly restored (Figure 6J).

We then studied if supplementation of lamin-A
into non-cardiomyocyte cell types via the same AAV
serotype would be able to restore cardiomyocyte de-
fects in LmnaD/D mice. To achieve this goal, an AAV-
LoxP-CMV-LoxP-LA (AAV-LoxP-LA) vector was con-
structed in which the CMV promoter was flanked by
LoxP sites. When this AAV was injected into mice
carrying a cardiomyocyte-specific Myh6-Cre trans-
gene, the CMV promoter would be deleted specifically
in cardiomyocytes, allowing GFP-lamin-A to be
expressed in AAV-transduced non-cardiomyocytes
both within and out of the heart (Figure 7A). We
administered 1 � 1014 vg/kg AAV-LoxP-LA into
LmnaD/D;Tg(Myh6-Cre) mice at P1 and assessed
transgene expression at P14. As compared to LmnaD/D

mice that did not carry the Myh6-Cre allele, Western
blot analysis demonstrated dramatically reduced
GFP-lamin-A signal in the heart whereas the trans-
gene expression in liver and skeletal muscles were
not affected (Figure 7B, Supplemental Figure 6A).
Immunofluorescence further confirmed this observa-
tion in organ sections (Figures 7C and 7D) and <4%
nuclei remained GFP-lamin-A-positive, thus AAV-
LoxP-LA was unlikely to rescue cardiac phenotypes
by acting in the heart.

Interestingly, AAV-LoxP-LA treatment signifi-
cantly improved body weight growth and ventricular
wall thickness in LmnaD/D;Tg(Myh6-Cre) mice
(Figures 7E and 7F) whereas no additional cardiac
fibrosis was detected (Supplemental Figure 6B). Car-
diomyocyte and nuclei morphologies were bothmildly
restored (Figure 7G, Supplemental Figures 6C and 6D)
in the LmnaD/D; Tg(Myh6-Cre) mice treated with AAV-
LoxP-LA. Cell contractility tests also confirmed func-
tional recovery of LmnaD/D; Tg(Myh6-Cre) car-
diomyocytes even though AAV-LoxP-LA did not
addback lamin-A in this cell type (Figures 7H and 7I).
Together, these data indicate that AAV-based lamin-A
supplementation mitigates LmnaD/D cardiomyocyte
defects by acting in non-cardiomyocyte cell types.

DISCUSSION

In this study, we introduced Lmna truncating muta-
tions in 3 different forms of mouse models to under-
stand the mechanisms by which Lmna mutations
cause cardiomyocyte defects. In mice carrying the
mutation throughout the body, atrophic cardiac
phenotypes were observed. By contrast, cardiac-
specific mutagenesis at the same genetic loci
resulted in cardiac hypertrophy. These seemingly
contradictory phenotypes could be reconciled via a
cardiac genetic mosaic analysis, which indicated that
Lmna regulated cardiomyocyte morphology via a
non-cell-autonomous mechanism, depending on the
pathophysiological states of the heart. The cardiac
atrophic phenotype in germline mutants is secondary
to global developmental defects, whereas the hyper-
trophic phenotype in cardiomyocyte-specific mutants
is secondary to cardiac systolic dysfunction. Thus,
this study highlights genetic mosaic analysis as a
powerful and necessary approach to precisely define
non-cell-autonomous effects in cardiac pathogenesis,
circumventing secondary effects that could lead to
misunderstanding of gene functions and disease
mechanisms.

An array of mouse models carrying Lmna trun-
cating mutations have been published.22,25,27-31,33 In
Table 1, we systemically compared key phenotypes in
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these models together with our new LmnaD/D model.
Overall, all germline mutants exhibit growth retar-
dation and cause lethality in the first few months
after birth. However, the actual body weight and
death age vary greatly depending on the exact
truncation sites. In our LmnaD/D model as well as
the heavily studied Lmna�/� model deleted of
exons 8-1125,26,29,32,33 the animals can survive to about
2 months with a body weight of w10 g. In these mu-
tants, the lamin-A/C coiled coil domains and the nu-
clear localization signals are retained, thus the
truncated proteins keep at least part of their func-
tions in nuclear translocation and nuclear lamina
polymerization. In sharp contrast, in the other models
in which longer fragments including the nuclear
localization signals of lamin-A/C were deleted, the
resultant truncated proteins lack the ability to enter
nucleus and therefore completely lose their functions
in nuclear lamina. Consequently, these mice die
much earlier within 1 month after birth, with body
weights no more than w6 g.27,28,30

Although the above-mentioned protein domain
analysis could explain the different phenotypes in
survival and body growth, this analysis can hardly
explain the inconsistent cardiac phenotypes. For
example, while one model with Lmna truncated at
exon 2 exhibited cardiac systolic dysfunction,22,28 the
other model ablating Lmna at almost the same locus
via the genetrap technique was reported to show
relatively normal systolic function.30 In addition,
whereas the germline Lmna exon 2–deleted mice
exhibited cardiac atrophy phenotypes,22,28

cardiomyocyte-specific deletion of exon 2 using the
same LmnaF/F allele resulted in pathological
hypertrophy.20

These discrepant observations were recapitulated
in our study comparing germline Lmna truncation vs
cardiomyocyte-specific mutation at the same site.
These data suggest that the cardiac phenotypes in
these models are dependent on variables other than
the mutation sites.

Here we propose a hypothesis that could partially
reconcile these discrepancies. In germline Lmna mu-
tants, although defective cardiac maturation leads to
cardiac atrophy, this defect does not lead to cardiac
dysfunction because of a compensatory effect by the
retarded whole-body growth and reduced cardiac
demands. By contrast, in cardiomyocyte-specific
Lmna mutants, the defective cardiac function
cannot meet the requirement by the normally devel-
oping body, triggering a compensatory hypertrophic
response. Although this heart-body balance
hypothesis nicely explained majority of the incon-
sistency among existing models, questions remain
about why similar genotypes could lead to distinct
phenotypes. Additional side-by-side comparisons of
these different models are necessary to address this
problem.

AAV is currently the major gene delivery vector in
both basic heart research and cardiac gene therapy.
AAV serotype 9 (AAV9) in combination with a Tnnt2
promoter is widely accepted as an excellent tool to
achieve cardiomyocyte-specific gene transfer
in vivo.52 Here we compared AAV9-CMV-LA, AAV9-
Tnnt2-LA and AAV9-LoxP-LA vectors and demon-
strated a non-cardiomyocyte contribution to AAV9
lamin-A supplementation therapy for Lmna-associ-
ated cardiac defects. These data indicate that it is
important to extensively compare cardiomyocyte vs
non-cardiomyocyte targeting when designing a car-
diac gene therapy vector. This issue is particularly
important when the therapeutic target is not selec-
tively expressed in cardiomyocytes, such as in the
case of LMNA.

It is important to note that lamin-A supplementa-
tion by AAV rescues nuclear morphology phenotypes
in cardiomyocytes, regardless of whether lamin-A
addback is targeted throughout the body or specif-
ically in cardiomyocytes. These results agree to the
well-established notion that lamin-A cell-autono-
mously regulates nuclear mechanics, which lays the
basis for nuclear shape regulation. Interestingly, in
AAV-LoxP-LA experiments when lamin-A is added
back into noncardiomyocytes, nuclear morphology in
cardiomyocytes is also partially rescued, uncovering a
new, non-cell-autonomous layer of nuclear shape
regulation by lamin-A. Overall, the distinct mecha-
nisms by which Lmna regulates cardiomyocyte
morphology vs nuclear morphology emphasize a
requirement of adding back lamin-A to both non-
myocytes and myocytes in gene therapy.

STUDY LIMITATIONS. A major limitation of this study
is that the rescue effects of global LmnaD/D pheno-
types are mild in all 3 AAV treatments. One likely
explanation is that AAV9 adds back lamin-A mainly
into heart, muscle, and liver, but not the other or-
gans. Thus, better gene delivery vectors with broader
tropisms are necessary to more globally supplement
lamin-A in the germline mutants. Additionally, the
therapeutic transgene in AAV could be further opti-
mized. For example, the GFP tag could be removed to
avoid potential interference of lamin-A functions.
Lamin-A could also be replaced by lamin-C, which
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COMPETENCY IN MEDICAL KNOWLEDGE:

LMNA truncating mutations frequently lead to cardiac

defects in human, but their pathogenic mechanisms

remain incompletely understood. In this study, we

systemically compared 3 mouse models carrying Lmna

truncating mutations at the same loci and uncovered

the non-cell-autonomous mechanism by which Lmna

regulated cardiomyocyte growth and function. This

study demonstrated how systemic comparison of

multiple animal models are necessary to further un-

derstand pathogenic mechanisms of the disease.

TRANSLATIONAL OUTLOOK: AAV gene therapy is

emerging as a promising strategy to treat heart dis-

eases that are associated with truncating loss-of-

function mutations. Whether this strategy is suitable

for LMNA-associated cardiomyopathy remains un-

clear. Here we showed that noncardiomyocytes in

addition to cardiomyocytes are key cell types to be

targeted in gene therapy for Lmna-associated heart

defects. This study demonstrated how systemic
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understand the key factors that influence gene ther-

apy for the disease.
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was recently suggested to exert better therapeutic
effects than lamin-A.53

Another unsolved problem in this study is how to
identify the key cell types that contribute to
AAV-CMV-LA– or AAV-LoxP-LA–mediated mitigation
of cardiac phenotypes in the germline Lmna mutants.
Candidate cells include the major nonmyocytes in the
heart, such as endothelial cells24 and fibroblasts,23

but the contribution of these cells was probably low
due to the limited transduction efficiency by AAV.
Other cell types that could potentially contribute to
cardiac LMNA therapy are in nonheart organs. For
example, in the AAV-LoxP-LA–based gene supple-
mentation experiments, lamin-A was efficiently
added back to the liver and skeletal muscles. Further
investigation of these organs is necessary to uncover
interorgan communications underlying cardiac path-
ogenesis and therapy (Supplemental Table 4).

CONCLUSIONS

Lmna regulates cardiomyocyte growth, morphology,
and function in a non-cell-autonomous manner.
Supplementation of lamin-A in noncardiomyocytes is
necessary for AAV-based gene therapy for Lmna-
associated cardiac defects.
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