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Aims Nuclear envelope integrity is essential for the compartmentalization of the nucleus and cytoplasm. Importantly, mutations in genes 
encoding nuclear envelope (NE) and associated proteins are the second highest cause of familial dilated cardiomyopathy. One such 
NE protein that causes cardiomyopathy in humans and affects mouse heart development is Lem2. However, its role in the heart 
remains poorly understood.

Methods 
and results

We generated mice in which Lem2 was specifically ablated either in embryonic cardiomyocytes (Lem2 cKO) or in adult cardio
myocytes (Lem2 iCKO) and carried out detailed physiological, tissue, and cellular analyses. High-resolution episcopic microscopy 
was used for three-dimensional reconstructions and detailed morphological analyses. RNA-sequencing and immunofluorescence 
identified altered pathways and cellular phenotypes, and cardiomyocytes were isolated to interrogate nuclear integrity in more 
detail. In addition, echocardiography provided a physiological assessment of Lem2 iCKO adult mice. We found that Lem2 was es
sential for cardiac development, and hearts from Lem2 cKO mice were morphologically and transcriptionally underdeveloped. 
Lem2 cKO hearts displayed high levels of DNA damage, nuclear rupture, and apoptosis. Crucially, we found that these defects 
were driven by muscle contraction as they were ameliorated by inhibiting myosin contraction and L-type calcium channels. 
Conversely, reducing Lem2 levels to ∼45% in adult cardiomyocytes did not lead to overt cardiac dysfunction up to 18 months 
of age.

Conclusions Our data suggest that Lem2 is critical for integrity at the nascent NE in foetal hearts, and protects the nucleus from the mechanical 
forces of muscle contraction. In contrast, the adult heart is not detectably affected by partial Lem2 depletion, perhaps owing to a 
more established NE and increased adaptation to mechanical stress. Taken together, these data provide insights into mechanisms 
underlying cardiomyopathy in patients with mutations in Lem2 and cardio-laminopathies in general.
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Graphical Abstract
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1. Introduction
The nuclear envelope (NE) in eukaryotic cells separates nuclear and cyto
plasmic compartments. Underlying the NE is the nuclear lamina, which 
consists of Lamins A/C, B1, and B2.1 The nuclear lamina is thought to pro
vide the nucleus with structural rigidity and plays roles in chromatin tether
ing and gene expression regulation.2,3 The NE is interspersed with the 
linker of nucleoskeleton and cytoskeleton (LINC) complexes that span 
the double membrane.4–6 In striated muscle, such as the heart, the LINC 
complex and its associated proteins have been shown to be essential 
for normal function.7–12 Associated with the LINC complex are the 
Lamina-associated peptide 2 (Lap2), Emerin, MAN1 (LEM)-domain- 
containing proteins, which also play critical roles in the heart. Indeed, 
mutations in Emerin, Lap2, and LEM-domain-containing 2 (Lem2) are asso
ciated with Emery-Dreifuss Muscular Dystrophy with cardiac conduction 
defects, dilated cardiomyopathy, and arrhythmogenic cardiomyopathy 
(AC), respectively.13–17 Specifically, a leucine 13 to arginine (L13R) muta
tion in Lem2 leads to AC and sudden death.15,16 Furthermore, a 
C-terminal mutation that changes serine 479 to phenylalanine (S479F) 
leads to the right bundle branch block and septal hypertrophy.17

Lem2 is reported to play roles in vitro and in lower organisms. These 
range from NE repair and resealing after mitosis, maintenance of nuclear 
shape, regulation of heterochromatin and gene expression, and regulation 
of mitogen-activated protein kinase (MAPK) signalling.18–26 In mice, global 
loss of Lem2 resulted in embryonic lethality between E10.5 and E11.5, with 
the overall body size and most tissues being substantially smaller in size.27

More specific developmental defects included impaired neurogenesis in 

neural tissues and thinner myocardial walls in the heart. However, the spe
cific roles that Lem2 plays in the heart remain poorly understood.

To this end, we aimed to investigate whether Lem2 plays similar roles 
in vivo as those proposed in vitro and in lower organisms. Here, we found 
that Lem2 plays an essential role in heart development. Ablation of Lem2 
in cardiomyocytes led to embryonic lethality, with mutant hearts showing 
marked signs of developmental delay. Transcriptomics revealed the en
richment of cell stress pathways and suppression of cardiac developmen
tal pathways, which led us to investigate the cellular effects of Lem2 loss in 
cardiomyocytes. Lem2-null cardiomyocytes were highly apoptotic, con
comitant with both increased DNA damage and micronuclei. The isola
tion of primary cardiomyocytes revealed aberrant nuclear morphology 
as well as high levels of nuclear rupture in Lem2-null cells, suggesting 
that Lem2 plays important roles in maintaining NE integrity. As these cells 
are highly contractile, we hypothesized that the inhibition of mechanical 
strain on the NE may rescue the nuclear phenotypes. Indeed, we found 
that inhibiting both myosin contraction and calcium channels attenuated 
nuclear defects. Conversely, increased activation of sarcomeric myosin 
exacerbated nuclear damage. Next, we explored roles of Lem2 in adult 
cardiomyocytes, which are highly adapted to withstand the mechanical 
load, as muscle contractile forces are larger compared with those found 
in embryonic hearts. In contrast to foetal cardiomyocytes, the ablation of 
Lem2 in adult cardiomyocytes did not affect the cardiac function or nu
clear shape.

Our data suggest that Lem2 is critical for maintaining nuclear integrity in 
cardiac development in which the NE is in an immature state. Conversely, 
the presence of a more established nuclear lamina, NE, and LINC complex 
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in adult cardiomyocytes is better able to adapt to both mechanical force 
and the absence of Lem2.

2. Methods
2.1 Animal studies
All procedures were performed in accordance with the Guidance on the 
Operation of the Animals (Scientific Procedures) Act, 1986 (UK Home 
Office). Mice carrying a knockout-first Lemd2tm1a allele were generated 
by blastocyst injection of targeted ES cells (#EPD0240_4_D10, 
EUCOMM) using standard techniques.28,29 Germ line transmission of 
Lemd2tm1a was confirmed by genotyping PCR analysis. Heterozygous 
Lemd2+/tm1a mice were bred to the FLPeR deleter strain,30 to remove 
the FRT-flanked knockout-first cassette, generating the Lemd2tm1c floxed 
allele in which exon2 was retained flanked by LoxP sites. For the Lem2 
cKO mouse line, Lem2 floxed (Lem2f/f) were crossed with Xenopus laevis 
Myosin Light-Chain 2 (XMLC2)-Cre mice31 to generate Lem2f/+; 
XMLC2-Cre. Male Lem2f/+; XMLC2-Cre mice were crossed with female 
Lem2f/f mice to generate Lem2f/f; XMLC2-Cre (Lem2 cKO), Lem2f/+; 
XMLC2-Cre and Lem2f/f (controls). For the Lem2 cardiac Troponin T 
(cTnT)-Cre cKO mouse line, Lem2 floxed (Lem2f/f) were crossed with 
cTnT-Cre32 to generate Lem2f/+; cTnT-Cre. Male Lem2f/+; cTnT-Cre 
mice were crossed with female Lem2f/f mice to generate Lem2f/f; 
cTnT-Cre (Lem2 cTnT-Cre cKO), Lem2f/+; cTnT-Cre and Lem2f/f (con
trols). For the iCKO line, Lem2f/f mice were crossed with 
tamoxifen-inducible cardiac troponin T-Cre (Tnnt2MerCreMer/+) mice33 to 
generate Lem2f/+; Tnnt2MerCreMer/+ mice. Male Lem2f/f; Tnnt2MerCreMer/+ 

mice were crossed with Lem2f/f females to generate Lem2f/f; 
Tnnt2MerCreMer/+ (Lem2 iCKO) and Lem2f/f; Tnnt2+/+ (control). 
Tamoxifen dissolved in peanut oil was intraperitoneally injected for three 
consecutive days at a dose of 0.1 mg/g body weight, at 6 and 9 weeks of age 
for isolated cardiomyocyte and echocardiography studies, respectively. For 
the isolation of adult hearts, mice were sacrificed by cervical dislocation and 
exsanguination.

2.2 Echocardiography
Mice were anaesthetized with 0.5% isoflurane and underwent echocardi
ography using VisualSonics, SonoSite FUJIFILM, Vevo 3100 ultrasound sys
tem with a linear transducer 32–55 MHz as described previously.34,35

Measurements of heart rate, left ventricular internal dimension at the 
end of diastole and systole (LVIDd, LVIDs, respectively), end-diastolic 
inter-ventricular septal thickness (IVSd), and LV posterior wall thickness 
(LVPWd) were determined from the LV M-mode tracing. The percentage 
fractional shortening was used as an indicator of systolic cardiac function.

2.3 Cardiomyocyte isolations and analysis
Adult cardiomyocytes were isolated from mice under full anaesthesia with 
5% isoflurane that was confirmed with reduced breathing rate and lack of 
toe-pinch response as described previously.36 Foetal hearts at E14.5 were 
isolated after cervical dislocation and exsanguination of pregnant dams and 
foetal cervical dislocation and decapitation. Foetal cardiomyocytes were 
isolated using HBSS supplemented with Trypsin (0.5 mg/mL) for 2.5 h 
with gentle rotation at 4°C. Hearts were then agitated at 150 rpm on an 
orbital shaker for 10 min at 37°C. Trypsin was inhibited with an equal vol
ume of cold culture medium (3:1 mixture of DMEM:M199 media with 
4.5 g/L glucose, 10% horse serum, 5% foetal calf serum, 10 mM HEPES, 
and penicillin/streptomycin). Hearts were then disaggregated gently with 
a 1 mL pipette, filtered with a 100 μm cell sieve, pelleted at 150 g for 
5 min, and resuspended in a culture medium. Cells were then plated on col
lagen/laminin-coated glass. For experiments with 6 kPa PDMS hydrogels, 
PDMS was prepared and spin-coated onto coverslips as previously de
scribed.36 Fibronectin coating was used for comparison between glass 
and hydrogels. Adenoviral transduction of cGAS-mScarlet and/or 
BAF-GFP probes was carried out at four infectious particles per cell in 
each case, to identify nuclear ruptures. Cardiomyocytes were treated 

with 20 μM para-nitroblebbistatin, 5 μM verapamil, 1 μM Omecamtiv me
carbil, or DMSO (vehicle alone) for 4 h prior to fixation.

For two-dimensional (2D) nuclear shape analysis, the DAPI channel was 
thresholded by pixel intensity in ImageJ/FIJI, to highlight the full area of each 
nuclei, followed by measurement using inbuilt algorithms. For semi- 
quantitative analyses, abnormal nuclear shapes were defined as those 
showing a bleb/herniation or those showing a concavity in the surface. 
For three-dimensional (3D) shape analysis, z-stacks of images were im
ported into Volocity software (Perkin Elmer), followed by thresholding 
of the DAPI channel in 3D, and measurement using inbuilt algorithms.

2.4 Immunofluorescence
Hearts were fixed overnight in 4% PFA and cryoprotected using sucrose 
gradients followed by embedding in a sucrose/optimal cutting temperature 
mix as previously described.37 Tenmicrometres-thick sections were cut 
and stored at −80°C until use. After permeabilization with washing buffer 
(PBS with 0.2% TX-100), sections were incubated with the indicated anti
bodies (see Supplementary material online, Table S1) overnight in blocking 
buffer (PBS/2% normal donkey serum/3% BSA) in a humidified chamber at 
4°C. Sections were rinsed in wash buffer and incubated at room tempera
ture with the indicated fluorescently conjugated secondary antibodies and 
DAPI (1:1000) diluted in blocking buffer for 1 h. Slides were rinsed in wash 
buffer and mounted in mounting medium (Dako). Sections were imaged as 
described previously.38,39 Two hundred microlitres of 5-ethynyl-2′- 
deoxyuridine (EdU, molecular probes; 3 g/L) were injected intraperitone
ally in pregnant females 2 h before embryo isolation.

2.5 Fluorescence intensity analysis
For fluorescence intensity analysis of lamina, NE and LINC complex pro
teins, line profiles/scans were drawn in ImageJ/FIJI to bisect nuclei. Using 
the relevant fluorescent channel for each stain, peak intensities corre
sponding to the nuclear periphery were taken, and the cytoplasmic back
ground signal was subtracted. For quantification of SM22a and CD31, 
images were thresholded in Fiji using either using Moments or Max 
Entropy for SM22a and CD31, respectively, and values divided by the total 
area.

2.6 High-resolution episcopic microscopy 
analysis
Samples were prepared as described previously.40 Brightness/contrast ad
justments were made using Adobe Photoshop and images assembled using 
Horos software. Wall thickness measurements were taken at two points 
using sections generated in silico by eroding from the base of the heart: 
at the apex when both ventricles become visible and at the mid-point be
tween the apical section and the top of the ventricles (examples shown in 
Figure 1D and Supplementary material online, Figure S2B). The measure
ments were then made relative to their respective axis section width 
and length, and mean values reported. Fractal analysis was carried out using 
the FIJI plugin FracLac, with box-counting dimension (DB) values used as a 
readout for the morphological complexity of the trabecular organization.41

2.7 Western blotting
Ventricles were lysed in 50 μL/mg tissue in a Precellys homogenizer and so
nicated to shear DNA. Lysates were centrifuged at 13 900g at 4°C for 
15 min, supernatants aspirated and loaded onto 4–12% NuPage Bis/Tris 
gels for separation before transfer onto a Nitrocellulose membrane 
(Biorad) at 4°C at a constant current of 350 mA in transfer buffer 
(25 mM Tris, 190 mM glycine, 20% methanol, pH 8.3) for 90 min. After 
blocking for 1 h in Tris-buffered saline (TBS) containing 0.1% Tween 20 
and 5% non-fat dry milk, membranes were incubated overnight at 4°C 
with the indicated primary antibody (see Supplementary material online, 
Table S1) in blocking buffer (TBS/0.1% Tween 20/2% non-fat dry milk). 
Blots were washed and incubated with fluorescent secondary antibodies 
for 1 h at room temperature and imaged with an infrared imaging system 
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Figure 1 Lem2 is essential for normal heart development. (A) Kaplan–Meier survival curve during development from embryonic day 13.5 (E13.5) to post
natal day 1 (P1). Note the foetal demise of Lem2 cardiomyocyte-specific Lem2 knockout (cKO) mice (n = 36–98 mice at each developmental stage). 
(B) Wholemount images taken prior to birth at E18.5 of cKO and control mice. RA, LA, RV, and LV denote right and left atria, right and left ventricles, re
spectively. Note the enlarged atria with congested blood in cKO hearts. (C ) HREM images of whole hearts taken at E16.5 with erosions from the ventral 
to dorsal surface. Yellow and white arrowheads denote atria septum (AS) and atrio-ventricular (AV) connections, respectively. Slice lines indicate sections 
imaged in (D). Yellow and blue arrows denote right ventricle freewalls and inter-ventricular septa (IVS), respectively. Note the normal formation of AS 
and AV connections, but the smaller hearts and underdeveloped wall thicknesses in cKO mice. (D and E) HREM images eroded from the heart apex showing 
a mid-ventricle view. Colour-coded lines represent wall thicknesses measured in (E). Blue lines, IVS; red lines, ventral walls; green lines, dorsal walls; yellow lines, 
freewalls. Note that the walls are all significantly thinner in the cKO compared with controls, indicating delayed cardiac development. *P < 0.05, **P < 0.01, 
***P < 0.001, two-tailed t-test; n = 5–7 mice per genotype. Graphs show mean ± SD.
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(ODYSSEY CLx; LI-COR Biosciences). Image Studio software (LI-COR 
Biosciences) was used for quantitative densitometry analysis to evaluate 
protein expression levels.

2.8 Histology
Hearts were isolated from age- and sex-matched littermates at 83 weeks 
of age, and washed in PBS before being fixed overnight in 10% formalin. 
Hearts were subsequently dehydrated in 70% ethanol, embedded in paraf
fin and cut into 7 μm sections. Sections were stained using H&E or picro
sirius red, mounted, and imaged on an All-in-one fluorescence microscope 
(BZ-X700, Keyence).

2.9 Real-time polymerase chain reaction
Total RNA was extracted from mouse hearts using ReliaPrep™ RNA 
Tissue miniprep system (Promega). cDNA was synthesized using M-MLV 
Reverse Transcriptase (Promega). Primers for real-time polymerase chain 
reaction (RT-PCR) are listed in Supplementary material online, Table S2. 
RT-PCR reactions were performed using SYBR-Green (PCR biosystems) 
in a StepOnePlus Real-time PCR System (Applied Biosystems).

2.10 RNA-sequencing
RNA was isolated from whole hearts with their atria removed and its qual
ity was assessed using a Bioanalyser (2100 Instrument, Agilent). 
High-quality RNA (RIN score > 8) was used for library preparation. One 
microgram of RNA was used to generate sequencing libraries using 
NEBNext Ultra II Directional RNA library Prep Kit for Illumina (NEB) ac
cording to the manufacturer’s recommendation. Purification steps were 
performed using the ‘ProNex Size-Selective Purification System’ (fragment 
cut-off size 100 bp). The index primers employed during the library prep
aration corresponded to the ‘NEBNext Multiplex Oligos for Illumina 
(Index Primers Set 1)’. Once the libraries were generated, their quality 
was evaluated on the Bioanalyzer. Those libraries whose electrophero
grams showed a narrow distribution with a peak size of ∼300 bp were 
sent for sequencing. Paired-end multiplexed sequencing of libraries to gen
erate reads of 100 bp was performed on a HiSeq 1000 instrument with 
TruSeq SBS and PE Cluster v3 Kits (Illumina); 70–100 million reads per 
sample were obtained.

A minimum of four hearts per genotype were used for sequencing and 
analysis. Data will be made available in the European Molecular Biology 
Laboratory–European Bioinformatics Institute (EMBL-EBI) database.

2.11 RNA-sequencing data analysis
The raw read counts (FastQ files) were trimmed and aligned (STAR) to the 
UCSC Mus musculus reference genome using Partek Flow software. The 
gene counts obtained were normalized (GSA) and differential expression 
analysis was performed by applying the DESeq2 method. For further ana
lyses, P-values were corrected for multiplicity and the threshold used was 
false discovery rate (FDR) ≤0.1.

2.12 Functional annotation
Gene set enrichment analysis was performed using fgsea package,42 version 
1.10.1 and molecular signatures database (MSigDB) version 6.243 on all 
genes that were expressed above background levels (readcounts > 600) 
with settings ‘minSize = 15’, ‘maxSize = 500’, and ‘nperm = 10 000’. P <  
0.05 was considered significant.

2.13 Molecular biology
pTRIP-CMV-GFP-FLAG-cGAS E225A-D227A was a gift from Nicolas 
Manel (Addgene plasmid # 86674; http://n2t.net/addgene: 86674; RRID: 
Addgene_86674), and Lem2 were subcloned into mScarlet-1 and 
mEOS-C1, respectively, using XhoI restriction enzyme, then into 
pShuttle-CMV with EcoRV using the In-Fusion HD Cloning Plus System 
kit (Takara Bio, USA). These were linearized with Pme1 and 

cotransformed with pAdEasy-1 into BJ5183 cells. Restriction digest and 
DNA sequencing identified correct clones, which were transformed into 
JM109 cells. Purified recombinant plasmid DNA was digested with PacI 
and transfected into HEK293 cells with Lipofectamine (Invitrogen) accord
ing to the manufacturer’s instructions. Transfected cells were harvested 
and freeze-thawed, centrifuged at 4000 rpm for 10 min, and supernatant 
collected, which was used for subsequent rounds of infection and 
amplification.

2.14 Adenovirus purification and 
quantification
Adenovirus purification was performed according to the manufacturer’s 
instructions (Adeno-X Maxi Purification kit). Briefly, HEK293 cells were 
seeded in 12 wells of a 24-well plate at a density of 2.5 × 105 cells/mL 
(1 mL/well). The next day, 10-fold serial dilutions (from 10−2 to 10−7) of 
the purified viral samples were prepared using DMEM (10% FBS, 2% 
GPS) and 50 μL of every dilution was added dropwise to each well. 
Infected cells were incubated at 37°C and 5% CO2 and after 48 h, titration 
procedure was carried out by counting the number of fluorescent cells in 
five fields per well. The infectious units per millilitre were calculated using 
the following formula: [(average number of infected cells/field)×(total 
fields/well)]/[(amount of viral dilution in mL)×(dilution factor)]. BAF-GFP 
was purchased from VectorBuilder.

2.15 Pressure chamber
Hydrodynamic pressure stimulation was performed in a MechanoCulture 
TR stimulator, placed inside a tissue culture incubator. Briefly, adult cardi
omyocytes were isolated and seeded on glass coverslips overnight. The 
stimulator was modified for low-pressure stimulation in the range of nor
mal and high pressure and perfusion ports to supply presaturated cell cul
ture medium. Cardiomyocytes were stimulated with a sinusoid profile 
(stretch: 0.5 s, duration: 1 s, hold: 0 s, recovery: 0.5 s) and alternating be
tween set pressures of 16 kPa (peak load) and 2 kPa (pre-load) to reach 
a measured pressure profile of 120/15 mmHg for normal pressure stimu
lation and between 27 and 4 kPa for a measured pressure profile of 200/ 
30 mmHg for high-pressure stimulation. Cyclic pressure stimulations 
were performed for 3 h as described previously.44 Cells were then fixed 
in 2% PFA/PBS for analysis of nuclear morphology.

2.16 Nanoindentation
To determine the stiffness of adult cardiomyocyte nuclei, nanoindentation 
was carried out using an Optics11 Chiaro nanoindenter attached to a Leica 
DMI-8 inverted microscope as described previously.45 Cardiomyocytes 
were stained with Hoechst to locate nuclei, and only nuclei at the nearest 
surface of the cardiomyocyte to the indenter were analysed. 
Measurements were taken above the nucleus with a 9 μm diameter spher
ical probe (2.1 µm contact radius at 0.5 µm indentation depth, correspond
ing to approximately half the nuclear radius, whereby an indentation at 
0.5 µm depth measures primarily the nuclear vs. the cytoskeletal contribu
tion to the stiffness).46 The contact point was identified from a contact 
point fit of data to 20% of the maximal load and was used to subsequently 
fit Young’s modulus using an indentation depth of 2 μm and a contact 
threshold of 0.005 arbitrary units. Approach and retraction speeds were 
set to 500 nm/s. The Hertzian contact model was used to fit the 
load-indentation data for the calculation of Young’s modulus.

2.17 Statistics
Data are presented as mean ± standard deviation (SD). We used a two- 
tailed Student’s t-test or two-way analysis of variance (ANOVA), with 
Sadik’s post hoc test for comparisons among groups as indicated. Analysis 
was performed using Microsoft Excel or GraphPad Prism software. 
P-values of <0.05 were considered significant (*P < 0.05; **P < 0.01; 
***P < 0.001, ****P < 0.0001).
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3. Results
3.1 Lem2 is essential for normal heart 
development
To investigate the role of Lem2 in cardiac function, we generated 
cardiomyocyte-specific knockout mice using a Cre-LoxP approach by 
crossing Lem2f/f mice with cardiomyocyte-specific X. laevis myosin light- 
chain 2 (XMLC2V)-Cre transgenic mice,31 hereby designated as Lem2 
cKO (see Supplementary material online, Figure S1A). Lem2 ablation was 
confirmed with western blotting (WB) and immunofluorescence analyses 
(Supplementary material online, Figure S1B–D). We found that the majority 
of Lem2 cKO mice did not survive past embryonic day 18.5 (E18.5) 
(Figure 1A and Supplementary material online, Figure S1E–G), indicating le
thality in late foetal stages. Tissue harvesting at E18.5 revealed that the 
Lem2 cKO hearts were smaller with enlarged atria containing congested 
blood (Figure 1B), indicating abnormal cardiac function. To investigate 
this further, we performed high-resolution episcopic microscopy 
(HREM) for 3D organ reconstruction and morphological analyses.47

Surprisingly, we did not observe any obvious congenital defects involving 
abnormal chamber development, which may have explained the foetal de
mise in Lem2 cKO mice (Figure 1C and D and Supplementary material 
online, Figures S2A–C and Movies S1–S3). However, ventricle wall thick
nesses were slightly reduced at E14.5 (see Supplementary material 
online, Figure S2D), which became more pronounced at E16.5 
(Figure 1E), suggestive of developmental delay. To determine if there 
were changes to the vasculature and endothelial cell organization in 
Lem2 cKO, hearts were stained for SM22, CD31, respectively. However, 
no changes were observed between Lem2 cKO and their littermate con
trols (see Supplementary material online, Figure S1I–L). To investigate if 
there were alterations in trabecular organization, we performed fractal 
analyses on HREM data at E16.5 to quantify morphological complexity, 
but revealed no changes (see Supplementary material online, 
Figure S1M–O).

3.2 Lem2 ablation activates cell death and 
inhibits cardiac development pathways
To further assess alterations in cardiac development, we performed 
RNA-sequencing analysis at E14.5 on control and Lem2 cKO whole hearts. 
Differential gene expression revealed slight but significant changes to gene 
expression, with 92 and 49 genes being significantly up- and down- 
regulated, respectively (Figure 2A). Gene ontology (GO) analysis revealed 
significant enrichment of the apoptotic cell death pathway and reduction 
of processes that are key for proper cardiac development, including those 
involved in morphogenesis, contraction, and conduction (Figure 2B, C, and 
F; Supplementary material online, Figure S2E and F). Up-regulated genes 
included Gadd45b and Gadd45g, which have been implicated in 
cell death,48,49 as well as Fos, Spp1, and Arrdc3 (Figure 2D and E). 
Down-regulated genes included Rnf207, Kcnq1, and Cacng6, which have 
been implicated in cardiac conduction and contraction as well as 
Adamts6 that regulates heart morphogenesis50–53 (Figure 2G and H ). 
Importantly, we were able to validate these changes both at mRNA and 
protein levels (Figure 2E and H ).

Taken together, these data show that Lem2 is required for cell viability 
and indispensable for normal cardiac developmental gene expression.

3.3 Loss of Lem2 results in cardiomyocyte 
apoptosis, DNA damage accumulation, and 
micronuclei during cardiac development
To test whether the up-regulated cell death pathway resulted in apoptosis, 
we labelled hearts for cleaved caspase 3, which confirmed high levels of 
apoptosis in Lem2 cKO hearts between E13.5 and E16.5 (Figure 3A and 
B and Supplementary material online, Figure S3A and B), consistent with 
findings in neural tubes of global Lem2 KO mice.27 Consistently, we rou
tinely observed a ∼41% reduction in the number of cardiomyocytes 

isolated from E14.5 hearts from cKO compared with controls (mean ±  
SD: 94 500 ± 25 500 vs. 159 900 ± 34 700 cardiomyocytes, respectively) 
(data not shown).

These findings were confirmed using an independent model in which Cre 
expression was driven by the cardiac troponin T (cTnT) promoter to gen
erate Lem2f/f;cTnT−Cre/+ cKO hearts (see Supplementary material online, 
Figures S1H and S3F and G).32 Given that Lem2 is a regulator of MAPK sig
nalling,27 we investigated these pathways and found that Lem2 cKO hearts 
displayed elevated ERK1/2, but not p38 activation levels (see 
Supplementary material online, Figure S3L and M). Lem2 has previously 
been implicated in NE resealing and repair;18–21 therefore, we reasoned 
that Lem2 ablation may lead to genomic damage and subsequent instability 
in cardiomyocytes. Indeed, Lem2 cKO hearts showed increased levels of 
γH2AX (which marks DNA double-strand breaks)54 and micronuclei at 
E14.5 and E16.5 (Figure 3C–F and Supplementary material online, 
Figure S3C–E).

Cardiac development is tightly regulated and requires a precise balance 
between proliferation and apoptosis. We used EdU and 
anti-phospho-histone H3 staining to mark cells undergoing DNA synthesis 
and mitosis, respectively. Importantly, proliferation levels were comparable 
between genotypes (Figure 3G and H and Supplementary material online, 
Figure S3H–K), suggesting that the observed phenotype of smaller hearts 
and thinner ventricular walls in Lem2 cKO mice is governed by increased 
apoptosis rather than reduced proliferation.

3.4 Cardiomyocyte nuclei lacking Lem2 are 
aberrantly shaped and more susceptible to 
mechanical rupture
After observing increased apoptosis, DNA damage, and micronuclei in vivo, 
we next sought to understand the underlying mechanisms using cell biology 
that is amenable to drug treatments. We plated cardiomyocytes on soft, 
6 kPa PDMS hydrogels to mimic in vivo heart stiffness.55–57 Strikingly, we 
observed an aberrant nuclear shape and enlarged nuclear area in E14.5 
Lem2 cKO cardiomyocytes compared with control cells (Figure 4A–C).

Interestingly, others have shown associations between nuclear rupture, 
DNA damage, and cell death in migrating neurons depleted of Lamin 
B1.58 To assess NE integrity and observe if a similar process was occurring 
in Lem2 cKO cardiomyocytes, we transiently expressed catalytically in
active cyclic guanosine monophosphate–adenosine monophosphate syn
thase (cGAS) fused to an mScarlet fluorescent tag in Lem2 cKO 
cardiomyocytes to mark cytoplasmic chromatin exposure, hence nuclear 
rupture events.59,60 Notably, we saw a significantly increased incidence of 
nuclear rupture in Lem2 cKO cells compared with control, demonstrating 
an important role for Lem2 in maintaining nuclear integrity (Figure 4D). 
Importantly, similar observations were made when cells were plated on 
glass, which is much stiffer than hydrogel (Figure 4B–D), suggesting that 
the phenotype was independent of forces from the external environment. 
cGAS has previously been shown to associate with chromatin after NE 
breakdown during mitosis and aberrant NE resealing after mitosis,61–63

which may contribute to the levels of cGAS observed at the NE. To reveal 
whether cGAS accumulation at the NE was due to rupture during inter
phase (NERDI) or defective NE resealing after mitosis,64 we performed 
overnight live-cell imaging on cardiomyocytes expressing cGAS and tracked 
the incidence of cGAS accumulation at the NE in cardiomyocytes that spe
cifically did not undergo mitosis. Importantly, we observed high levels of 
NERDI in Lem2 cKO compared with controls (∼8 vs. ∼1%, respectively) 
over 16 h (Figure 4E). Further evidence to suggest that cGAS accumulation 
at the NE was largely the result of NERDIs, we transduced cardiomyocytes 
with BAF-GFP as a marker for NERDI scars.64 Importantly, we observed sig
nificantly increased levels of BAF localization to the NE in Lem2 cKO com
pared with control, that was reminiscent of the cGAS data (see 
Supplementary material online, Figure S4A). Consistent with this, we ob
served a near 100% coincidence of BAF localization with cGAS to NE 
foci (see Supplementary material online, Figure S4B and C).

Lem2 is essential for cardiac development                                                                                                                                                              2079
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/11/2074/7126317 by Francis C
rick Institute user on 07 Septem

ber 2023

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data
http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data


Next, we sought to understand the mechanisms underlying nuclear rup
ture. Given that cardiomyocyte nuclei are under constant mechanical load 
via the LINC complex, which transmits the force from the sarcomeres to 
the nucleoskeleton (see Supplementary material online, Movie S4), we hy
pothesized that inhibiting muscle contraction might attenuate nuclear 
shape defects and ruptures. To this end, we treated cardiomyocytes 
with para-nitroblebbistatin which inhibits myosin and arrests muscle con
traction.65 This agent was able to fully attenuate nuclear shape defects and 

rupture (Figure 4F–J), suggesting that contractility is the driver of nuclear 
pathology in Lem2-null cardiomyocytes.

Given that para-nitroblebbistatin is a general inhibitor of the myosin 
Class II family, we hypothesized that these nuclear defects could potentially 
be driven by non-muscle contractility, i.e. myosin forces originating from 
the non-sarcomeric cytoskeleton (e.g. cortical actin network and/or actin 
stress fibres).66 Thus, we specifically inhibited muscle contraction via a dif
ferent mechanism using verapamil, a clinically used drug which inhibits 

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−
−
−

−
−−
−−
−−
−−
−−
−−
−−
−

−
−−
−−
−−
−−
−

−
−

−
−−
−−
−−
−

−
−−
−−
−

−
−−
−−
−−
−

−− −−−
−

−−−
−−−

−−−− −−−
−−−−
−−−−
−−− −− −−−−−

−−−
−−−
−−−−
−−−−
−−− −−−− −−−−−

−−− −− −−−−−−−−−
−
−−−− −−−−−−−

−−−−−−−−−−
−−−−−−−

−−−− −−−−−−−− −−−−−−−−−− −−−−−−−−−−−−−− −−−−−−−−−−
−−−−

−−
−−−−−− −−

−−−− −−−− −−
−−−− −−−−−−

−−−−−−−−−−
−−−−−−

−−−−−−
−−−− −−−−−−−−−−−−

−−−−−−−−
−−
−−−−−−−−−−−−

−−−−
−−−−−−−−

−−−−−−−−
−−−−−−−−−−−−−−−−−−−−−−−−

−−
−−−−

−−

−−−−
−−

−−

−−−−
−−

−−−−−−−−−−−−−−−−
−−
−−−−−−−−

−−−−−−
−−−−
−−−−−−−−−−

−−
−−−−−−

−−−−−−−−−−
−−−−

−−

−−
−−−−
−−
−−−−

−−−−−−−−−−
−−−−

−−−−−−−−
−−−−

−−−−−−

−−
−−−−−−−−

−−
−−−−−−−−−−

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
−−

−−
−−
−−−−−−

−−−−−−−−
−−−−−−−−−−−−−−−−

−−−−−−−−−−
−−−−−−

−−−−−−

−−

−−−−−−−−
−−

−−−−
−−

−− −− −−−−
−−−
−−−−−−
−−− −−−

−
−−−−

−−−−−
−−−−−

−−−
−−−

−−−− −−−
−

−−−
−−−−
−
−−−−−
−−−−−−

−−− −−−−−
−

−−−
−−− −− −−

−−−
−−−

−− −
−−
−−
−

−
−−
−−
−
−
−−
−
−
−−
−−
−
−
−−
−−
−

−
−
−
−

−
−−
−

−
−−
−−
−−
−−
−−
−

−
−−

−−

−−

−−

−−

−−

−−

−−

−
−

−−

−0.1

0.0

0.1

0.2

0.3

0.4

0 3000 6000 9000
rank

en
ric

hm
en

t s
co

re

GO POSITIVE_REGULATION_OF_CELL_DEATHGO POSITIVE REGULATION OF CELL DEATH

−

−

−
−

−−

−−

−−

−

−

−−

−

−

−

−

−−

−−

−
−

−−

−
−

−
−

−−

−
−

−−

−

−

−

−
−

−
−
−
−

−
−
−
−−
−

−
−−
−

−
−

−
−

−
−

−
−−
−−
−

−
−
−
−−
−

−
−

−
−
−−

−−

−− −−

−−

−− −−−−−
−−−−−

−− −−

−−

−−

−−

−−−−−−
−−

−−

−−−−−−−−

−−−−−−
−−

−−

−−

−−−−−−−−−−

−−−−
−−
−−

−−−−−−−−
−−

−−
−−
−−

−−−−
−−−−−−

−−−−
−−−−

−−

−−−−−−
−−

−−−−
−−−−

−−−−

−−

−−

−−−− −−−
−−−

−−−−−−

−− −−

−−

−
−−
−

−
−

−
−−
−

−
−

−
−

−
−

−
−

−
−

−
−

−
−

−
−
−
−
−
−−
−
−
−

−
−−
−

−
−

−
−
−
−
−
−
−
−−
−

−

−
−

−
−

−−

−
−

−−

−

−

−
−

−−

−−

−−

−−

−−

−−

−
−

−−

−
−

−−

−−

−
−

−−

−
−

−−

−
−

−−

−0.4

−0.2

0.0

0 3000 6000 9000
rank

en
ric

hm
en

t s
co

re

GO HEART_MORPHOGENESISGO HEART MORPHOGENESIS

−
−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−
−−
−

−
−−
−−
−

−
−−
−−
−−
−

−
−−
−−
−−
−

−
−−
−−
−
−
−−
−−
−
−
−−
−
−
−−
−−
−

−
−
−
−

−
−−
−

−
−
−−

−−−
−−−−
−−−−
−

−− −−−
−

−−−
−−− −−−
−−−

−−
−−−
−−−

−−−
−
−−−
−−−−−−
−−−−−−−−

−−−−−
−− −−−−−

−−−−−

−−
−− −−−−−−

−− −− −−−− −−−−−−

−−

−− −−
−− −−−−−−−−−−−−

−−−−−−−−
−−−−−−

−−−−−−

−−−−−−−−−−

−−−−−−−−

−−−−−−−−
−−−−−−−−−−

−−

−−−−−−−−−−−−

−−
−−−−−−−−−−−−

−−−−−−

−−−−
−−

−−−−
−−−−

−−−−−−−−−−

−−

−−−−−−

−−−−−−
−−−−−−−−−−

−−−−−−−−−−−−−−−−−−
−−−−−−

−−−−
−−−−

−−
−−−−−−−−

−−−−−−
−−−−−−

−−−−−−−−

−−−−−−−−−−

−−−−−−−−−−
−−−−−−−−−−

−−−−−−−−

−−−−−−
−−

−−−−−−
−−−−

−−−−−−−−
−−−−−−−− −−−−−−−−

−−−−−−−−−−−−−−−−−−−−−− −−−−−−−−−−−−−−

−−−−
−−

−−

−−−−
−−−−

−−−−−−
−−

−−
−−−
−−−−−−−

−−
−−

−−−
−−−

−−−−−−

−− −− −−−
−−−−
−
−−−
−
−−

−−−
−
−−−
−
−−−
−

−
−
−
−
−
−−
−−
−−
−−
−−
−
−
−
−
−−
−−
−−
−−
−−
−

−
−−
−−
−

−
−−
−−
−−
−−
−
−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−
−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−−

−0.4

−0.2

0.0

0 3000 6000 9000
rank

en
ric

hm
en

t s
co

re

GO HEART_DEVELOPMENTGO HEART DEVELOPMENT

−

−

−

−
−

−−−
−

−−

−−

−
−

−
−

−
−

−

− −

−

−

−

−

−
−

−

−

−
−

−−

−

−

−

−

−
−

−−

−−

−−

− −

−0.8

−0.6

−0.4

−0.2

0.0

0 3000 6000 9000
rank

en
ric

hm
en

t s
co

re

GO CARDIAC_MUSCLE_CELL_CONTRACTIONGO CARDIAC MUSCLE CELL CONTRACTION
−

−

−

−

−

−

−
−
−

−
−

−
−

−
−

−
−

−−

−−−− −−

−−−−

−−

−−

−−

−−

−−

−− −−

−−

−−−
−−−−
− −− −−

−
−

−
−

−
−

−
−

−

−

−

−−

−
−

−−

−−

−

−

−
−

− −

−−

−

−

−
−

−

−

−
−

−−

−−

−−

−−

−−

−−

−−

−−

− −

−−

−−

−0.6

−0.4

−0.2

0.0

0 3000 6000 9000
rank

en
ric

hm
en

t s
co

re

GO CARDIAC_CONDUCTIONGO CARDIAC CONDUCTION

LE
M2

RNF20
7

ADAMTS6

KCNQ1

CACNG6
0.0

0.5

1.0

1.5

fo
ld

 c
ha

ng
e

A

C D

F G

E

H

CARDIAC CONDUCTION

GO_MULTICELLULAR_ORGANISMAL_SILL

GO_REGULATION_OF_AA ACTIN_FILAMEN

REGULATION OF CARDIAC
MUSCLE

CARDIAC MUSCLE CELL
CONTRACTION

GO_ORGANIC_ACID_CATABOLIC_PATAT ROC

HEART DEVELOPMENT
GO_REGULATION_OF_SYSTEM_PAA ROCES

HEART MORPHOGENESIS

POSITIVE REGULATION
OF CELL DEATH

Normalized Enrichment Score

HEART RATE REGULATION
BY CARDIAC CONDUCTION

GO Pathway
B

Ctrl
cK

O
0

2000

4000

6000

8000

R
N

F
20

7
in

te
ns

ity
 (

A
.U

.)

Control cKO

10mm

10mm
FOS

SPP1

ARRDC3

GADD45
B

GADD45
G

0

2

4

6

fo
ld

 c
ha

ng
e

SPP1 10mm

Control cKO

Ctrl
cK

O
0.0

0.2

0.4

0.6

0.8

1.0

S
P

P
1 

(%
 a

re
a)

Ctrl
cK

O
0

1000

2000

3000

S
P

P
1 

in
te

ns
ity

 (
A

.U
.)

0

10

20

30

0 1
Log2FC

Down Not significant Up 

49 down 92 up

LEM2

RNF207

ADAMTS6

GADD45B

SPP1

FOS

ARRDC3

CYR61

KCNQ1

GADD45A

Hi-Med-Lo

Hi-Med-Lo

RNF207

Control cKO

Control cKO

Figure 2 Lem2 ablation activates cell death and inhibits cardiac development pathways. (A) Volcano plot showing differentially expressed genes between 
control and cardiomyocyte-specific Lem2 knockout (cKO) ventricles at embryonic day 14.5 (E14.5), from RNA-sequencing data (>1.2-fold change, FDR 
<0.01). Red and blue dots represent the 92 and 49 genes that were significantly up- and down-regulated, respectively. A selection of qPCR-validated genes 
is labelled. (B) GO pathway analysis was performed on differentially expressed genes. Selected terms are highlighted from the top 10 enriched GO-terms. 
(C ) GO-term ranking plot shows an over-representation of genes involved in the positive regulation of cell death in cKO hearts. (D) RT–qPCR validation 
of genes identified from RNA-seq as being significantly up-regulated in cKO hearts, including cell death genes GADD45A and G. (E) Immunofluorescent val
idation of SPP1, showing increased levels in cKO hearts, further validating the RNA-seq data. (F ) GO-term ranking plots for shows an under-representation of 
genes important for cardiac development in cKO hearts. (G) RT–qPCR validation of genes identified from RNA-seq as being significantly down-regulated in 
cKO hearts. Note that cardiac genes RNF207, KCNQ1, and CACNG6, as well as Lem2 and ADAMTS6 were significantly decreased. (H ) Immunofluorescent 
validation of RNF207, showing decreased levels in cKO hearts, further validating the RNA-seq data. False colour (Fire LUT) used in (E) and (H ). *P < 0.05, 
**P < 0.01, ***P < 0.001, two-tailed t-test; n = 4 mice per genotype for RNA-seq; n = 7–11 for qPCR validations; n = 5 for immunofluorescence validation. 
Graphs show mean ± SD.

2080                                                                                                                                                                                                      J.A. Ross et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/11/2074/7126317 by Francis C
rick Institute user on 07 Septem

ber 2023

http://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvad061#supplementary-data


voltage-gated calcium channels to target excitation–contraction coupling. 
Similarly, verapamil was also able to fully rescue aberrant shapes and rup
tures in cardiomyocyte nuclei (Figure 4F–J).67 To further test whether nu
clear integrity was affected by muscle contraction, we used a cardiac 
myosin activator, Omecamtiv mecarbil, to stimulate muscle contraction. 
In agreement with our hypothesis, we observed increased nuclear rupture 
in Lem2 cKO nuclei after stimulating contraction (Figure 4G, H, and J ).

Knowing that muscle contraction induced nuclear rupture, we hypothe
sized that it may also drive DNA damage, as observed in vivo (Figure 3). 
Indeed, increased DNA damage was apparent in cKO cardiomyocytes rela
tive to controls, which was rescuable by inhibiting muscle contraction 
(Figure 4K). Together, these results show that in cardiomyocytes, Lem2 
is essential for maintaining NE and genome integrity under mechanical 
load from muscle contractile forces.
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Figure 3 Loss of Lem2 results in cardiomyocyte apoptosis, DNA damage accumulation, and micronuclei during cardiac development. (A–F) Foetal hearts at 
embryonic day 14.5 (E14.5) were stained with antibodies raised against cleaved caspase 3 (to mark apoptotic cells) (A); γH2aX (DNA double-strand breaks) 
(C ); and sarcomeric α-actinin and DAPI (nuclei). Note the strong increase in cardiomyocytes (CMs) positive for apoptosis, γH2aX, and micronuclei (arrow
heads) observed in cardiomyocyte-specific Lem2 knockout (cKO) hearts, quantified in (B, D, and F ). (G and H ) E14.5 hearts labelled with EdU to delineate cells 
undergoing DNA synthesis, quantified in cardiomyocytes (H ). Note that no changes in EdU incorporation were observed. *P < 0.05, ****P < 0.0001, two- 
tailed t-test; n = 4–8 biological replicates per genotype, with 500–1000 cells quantified/replicate. Graphs show mean ± SD.
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To characterize potential changes in NE composition, we used detailed 
WB and immunofluorescence analyses. However, no detectable differ
ences in the majority of NE and lamina proteins were observed between 
genotypes (see Supplementary material online, Figure S3L–N). These data 
suggest that the nuclear defects we observe are driven by the lack of 
Lem2, rather than changes to NE composition.

3.5 No overt defects in cardiac function are 
observed in Lem2 iCKO mice
Having established that Lem2 is essential in foetal cardiomyocytes, we 
aimed to determine whether it plays a similar role in adults. After 

establishing expression of Lem2 in adult cardiomyocytes using isolated cells 
and heart sections (Figure 5A and B), we generated Lem2 inducible condi
tional knockout (iCKO) mice, using a tamoxifen-inducible cardiomyocyte- 
specific Cre mouse line Tnnt2MerCreMer/+.33

To investigate whether the loss of Lem2 specifically affected adult stages 
of life, we assessed in vivo cardiac function in Lem2 iCKO mice. We per
formed echocardiography at 8 weeks of age, prior to Lem2 ablation at 9 
weeks, followed by serial echocardiograms at 33, 48, and 83 weeks of 
age. Cardiac function and wall thicknesses of Lem2 iCKO mice were com
parable to control littermates across all measurements and ages 
(Figure 5C–E and Supplementary material online, Figure S4D–F). 
Consistently, we observed no changes in expression levels of the foetal 
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Figure 4 Foetal cardiomyocyte nuclei lacking Lem2 are aberrantly shaped and more susceptible to mechanical rupture and DNA damage. (A–D) Foetal 
cardiomyocytes from control and cardiomyocyte-specific Lem2 knockout (cKO) mice expressing a cGAS-mScarlet probe were isolated from E14.5 hearts 
and plated on soft, 6 kPa PDMS-coated coverslips to mimic stiffnesses encountered in vivo. Cells were stained for DAPI (nuclei), sarcomeric a-actinin (cardi
omyocytes), and Lamin B1 (nuclear lamina). Note the aberrant nuclear shapes (yellow arrows in A), larger nuclear sizes, and increased nuclear rupture fre
quency (white arrow in A) observed in the cKO compared with control cardiomyocytes, quantified in (B–D). (E) NERDI events were detected in live 
cardiomyocytes over 16 h. Note the significant increase in NE rupture in cKO compared with control. (F–J) E14.5 cardiomyocytes from control and cKO 
mice expressing cGAS probe were plated on glass and treated with blebbistatin (Blebb) or verapamil (Verap) to inhibit muscle contraction or with 
Omecamtiv mecarbil (Omec) to stimulate contraction. Nuclear shapes and rupture were quantified in (F, G, and I ). Note the striking attenuation of nuclear 
shape abnormalities and rupture events observed by inhibiting contraction. In contrast, stimulating muscle contraction increased nuclear rupture. (K ) Lem2 
cKO and control cardiomyocytes were treated with vehicle or blebbistatin (Blebb), fixed and stained for gH2AX, and mean intensities measured and normal
ized to control. Note the increased levels of DNA damage in cKO compared with control, which was attenuated by inhibiting contraction. Large data points 
show overall means from each experiment, small points show individual nuclear measurements within each experiment. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, two-way ANOVA; n = 3–5 experiments with 150–300 cells quantified/experiment. Graphs show mean ±  SD.
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gene programme and pro-fibrotic markers by quantitative RT-PCR ana
lysis (see Supplementary material online, Figure S4G), suggestive of no 
adverse remodelling or fibrosis. Complementary to the echocardiog
raphy and gene expression analyses, histological analysis revealed no 
evidence of morphological defects, changes in extracellular matrix 

deposition, nor changes in myocyte size (Figure 5F and Supplementary 
material online, Figure S4H). Furthermore, there were also no changes 
in heart weight/tibia length and heart weight/body weight ratios of Lem2 
iCKO mice compared with control littermates (see Supplementary 
material online, Figure S4I).
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Figure 5 Lem2 is expressed in adult cardiomyocytes, but is dispensable for maintaining cardiac function in adult mice. Adult cardiomyocytes (A) or longi
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These data suggest that once the adult mouse heart has fully 
developed, removal of Lem2 does not affect heart function up to 83 weeks 
of age.

3.6 The majority of NE protein levels are 
unchanged in Lem2 iCKO hearts and isolated 
cardiomyocytes
Given the lack of baseline phenotype in the Lem2 iCKO mice, we hypothe
sized that other NE proteins may compensate for Lem2, as shown previ
ously in other systems.68,69 To test this, we performed WBs on whole 
hearts from control and Lem2 iCKO mice and probed them for a panel 
of NE and lamina proteins (Figure 5G). As expected, Lem2 levels were re
duced to 46% of control levels in Lem2 iCKO. Other proteins were un
changed, except for the LINC complex protein SUN2, which was 
increased 1.5-fold compared with control (P < 0.01) (see Supplementary 
material online, Figure S4J).

Immunofluorescence levels and localization of most NE proteins were 
unchanged, with the exception of Lem2 which was significantly reduced 
in iCKO cardiomyocytes, and a slight increase in SUN2 that was consistent 
with WBs (Figure 6A–K and Supplementary material online, FigureS5A–F). 
mRNA transcript levels of Sun2 (as well as other LINC complex compo
nents) were similar between genotypes (see Supplementary material 
online, Figure S5C), suggesting that the increase in SUN2 observed in 
Lem2 iCKO cardiomyocytes is likely regulated at the protein, rather 
than the gene expression level.

Knowing that ERK1/2 activation was elevated in foetal Lem2 cKO hearts, 
we assessed MAPK pathways in adult iCKO cardiomyocytes, but found no 
differences in activation levels (see Supplementary material online, 
Figure S5E and G).

3.7 Nuclear integrity and stiffness are 
unaffected in Lem2 iCKO adult 
cardiomyocytes
Given that we observed alterations to nuclear shape in Lem2 cKO cardio
myocytes, we hypothesized that similar findings might be observed in adult
hood. We carried out comprehensive 2D and 3D analyses of 
cardiomyocyte nuclei, but found no differences in shape parameters be
tween genotypes (Figure 6L–Q). Interestingly, we observed invaginations 
of the NE/lamina in both controls and iCKO mice, but to similar extents 
in both genotypes (see Supplementary material online, Movies S5–S8).

Previous work from others has shown that mutations in Lem2’s inter
action partners, Lamins A and C, affect nuclear stiffness, rendering nuclei 
more deformable to mechanical stress.3 To test whether this was occur
ring in Lem2 iCKO, we performed nanoindentation on adult cardiomyo
cytes from Lem2 iCKO and control mice. The calculated Young’s 
modulus revealed comparable nuclear stiffnesses between Lem2 iCKO 
and controls (1.01 vs. 1.26 kPa, respectively) (Figure 6R).

Together these data suggest that Lem2 is not required for normal nu
clear morphology and mechanics in adult mouse cardiomyocytes.

3.8 Nuclear shape is maintained in response 
to elevated pressure in Lem2 iCKO adult 
cardiomyocytes
Given the lack of baseline phenotype in Lem2 iCKO cardiomyocytes, we 
next wanted to stress nuclei in living Lem2 iCKO cardiomyocytes. To per
form this, we isolated adult cardiomyocytes from Lem2 iCKO or littermate 
controls and subjected them to hydrodynamic pressures that are analo
gous to those observed in either healthy, normal hearts or 
pressure-overloaded hearts in vivo using a pressure stimulator as shown 
previously70 (CellScale MechanoCulture TR, modified for a low-pressure 
range).44

We subjected adult cardiomyocytes from Lem2 iCKO and controls to 
oscillatory stimulation of normal (120/15 mmHg) or high pressure (200/ 

30 mmHg), and nuclear shape analyses were carried out. Importantly, 
cardiomyocyte nuclei from both genotypes responded comparably to 
high pressure and became more irregularly shaped and less circular, as 
measured by nuclear circularity, solidity, and aspect ratios (Figure 7A). 
However, there were no observed changes in nuclear shape between 
Lem2 iCKO and control cells (Figure 7B).

Together, these data suggest that Lem2 is not required to maintain nu
clear shape under high pressure in adult cardiomyocytes. Having said this, 
we cannot exclude the possibility that the remaining Lem2 in Lem2 iCKO 
hearts is sufficient to maintain Lem2’s function in this role.

4. Discussion
Overall, our data demonstrate that Lem2 is critical for foetal heart devel
opment and survival. Lem2 cKO foetal hearts display elevated apoptosis 
and reduced expression of cardiac developmental genes. Additionally, 
Lem2-null foetal cardiomyocyte nuclei are highly susceptible to mechanic
ally induced rupture, resulting in DNA damage, micronuclei, and apoptosis. 
Conversely, ablation of Lem2 in adult cardiomyocytes results in no detect
able effects on the cardiac function or nuclear shape. Various factors may 
be able to explain the dichotomy of phenotypes observed between foetal 
and adult cardiomyocytes including: 

(1) Differing Lamin A/C levels between foetal and adult cardiomyo
cytes: Lamin A/C, which contributes to nuclear rigidity,71 is present 
at low levels in embryogenesis, gradually increasing as cells undergo 
differentiation and tissues become stiffer.72 One could therefore en
visage that Lem2 plays a structural role in foetal myocytes prior to 
the establishment of a more robust, Lamin A/C-containing nuclear 
lamina. In support of this, Lem2 is expressed in E8.5 mouse em
bryos, prior to the onset of Lamin A/C expression at E12.27,73,74

In contrast to foetal cardiomyocytes, fully differentiated adult cardi
omyocytes express higher levels of Lamin A/C, and are therefore 
better able to mitigate the effect of Lem2 loss. In addition, Lem2 ab
lation resulted in increased SUN2 levels in adulthood but not in foe
tal stages, which may be a further compensatory mechanism in fully 
developed cells. Interestingly, others have shown that SUN2 levels 
can be modulated in response to forces such as cell stretch and 
cytoskeletal stiffness,75,76 and it is possible that the loss of Lem2 re
sults in mechanical adaptation at the NE via effects on SUN2.

(2) Differentiation status of foetal compared with adult cardiomyo
cytes: roles of Lem2 in NE resealing after mitosis point to differing 
functions in dividing (foetal) vs. terminally differentiated (adult) car
diomyocytes.19,21,68 Our data cannot exclude the possibility that 
Lem2 plays a role in NE resealing after mitosis, since foetal cardio
myocytes are still dividing and there was evidence of micronuclei in 
Lem2 cKO hearts. However, we did not observe changes to DNA 
synthesis or mitosis in Lem2 cKO foetal hearts (Figure 3G and H and 
Supplementary material online, Figure S3F–I). In addition, our live-cell 
imaging experiments in culture suggested a high occurrence of rup
ture events in cardiomyocytes that did not undergo division. 
Furthermore, the relative subtlety of the cardiac size and morph
ology defects in foetal Lem2 cKO hearts suggest that Lem2 does 
not profoundly affect cardiomyocyte division, when compared 
with other well-established genes involved in this process.77 These 
data favour the hypothesis that the pathophysiological mechanism 
is likely through defective repair of the NE during interphase.

An intriguing finding of our study was that cardiomyocyte nuclear rup
ture may be a normal occurrence during cardiac development. In particu
lar, these ruptures are largely the result of forces originating from muscle 
contraction, which require Lem2-orchestrated repair. We speculate this 
process may act as a quality control mechanism to ensure nuclear 
robustness prior to the significant haemodynamic load changes observed 
postnatally and into adolescence.55 Future studies to test this 
hypothesis would require ablation of Lem2 expression immediately prior 
to birth to reveal whether these stresses associated with postnatal heart 
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development drive nuclear rupture and if Lem2 is similarly required for this 
process.

A limitation of our study was that we achieved around ∼55% knock
down of Lem2 protein in iCKO mice. Therefore, we cannot exclude the 
possibility that the remaining Lem2 was able to functionally compensate 
and mask a potential phenotype. Future studies to achieve greater Lem2 
removal will be required to reveal whether there are overt changes in 

cardiac function after Lem2 ablation in adult cardiomyocytes. 
Alternatively, it would be interesting to perform transverse aortic constric
tion to uncover whether Lem2 plays an important role in the adult heart in 
response to pressure overload in vivo.

Interestingly, a variant in Lem2 that changes leucine 13 to arginine 
(L13R) is associated with AC and sudden cardiac death.15,16 However, lim
ited patient data make it hard to discern the molecular mechanisms in play. 
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Figure 6 Nuclear shape and NE composition are largely unaffected by loss of Lem2 in adult cardiomyocytes. (A–H) Adult cardiomyocytes isolated from 8- to 
10-week-old control and cardiomyocyte-specific inducible Lem2 knockout (iCKO) mice were stained using antibodies raised against various NE components 
(green), sarcomeric a-actinin or phalloidin (red), and DNA (blue/magenta). (A and B) Nesprin 1 and 2, respectively (C and D), SUN1 and 2, respectively, (E and F ) 
Lamins A/C and B1, respectively, (G) Lem2, (H ) Emerin. (I ) Quantification of Lem2 fluorescence intensity in adult cardiomycoytes. (J ) WB were performed on 
protein extracted from isolated adult cardiomyocytes from 8- to 10-week-old mice using antibodies raised against Lem2 and Histone H3 (loading control), 
quantified in (K ). 2D nuclear shape parameters were analysed: nuclear area (L), aspect ratio (M ), circularity (N ), solidity (O). 3D shape parameters: nuclear 
volume (P) and sphericity (Q). Insets show enlarged NE components merged with DAPI and maximum intensity projections of Lamin A/C. (L–Q) Large 
data points represent means from individual mice, and small points represent individual nuclear measurements within each mouse. (R) Nanoindentation 
was performed on living adult cardiomyocytes to measure nuclear stiffness between genotypes. Note that nuclear stiffness was comparable between ink 
and control. n = 3–5 mice/genotype. Graphs show mean ± SD.
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For example, data from one patient suggest that the levels of Lem2 com
parable to control samples, suggesting the L13R mutation could be 
gain-of-function. However, the autosomal-recessive nature of inheritance 
would suggest it is most likely loss-of-function. Nevertheless, transcrip
tomics data from our study showed down-regulation of cardiac conduc
tion genes (Figure 2), which is in line with the arrhythmogenic phenotype 
observed in humans. Furthermore, other parallels between the human 
and mouse phenotype include thinning of myocardial walls and apparent 
cardiac dysfunction. Despite this, the Lem2 L13R variant in humans results 
in relatively late-onset AC, and death between the ages of 20 and 50, com
pared with the foetal lethality observed in Lem2 cKO mice. Therefore, fur
ther work using Lem2 L13R animal models will be important for 
understanding the underlying pathophysiological mechanisms.

4.1 Working model of Lem2 function in 
cardiomyocytes
In control cardiomyocytes during foetal heart development, the nascent 
NE adapts and remodels to mitigate the effects of increases in biomechan
ical load (Figure 7C). Conversely, in Lem2 cKO cardiomyocytes, the NE 
undergoes maladaptive remodelling, which results in gene expression 
changes, nuclear rupture, chromatin exposure, and subsequent DNA dam
age. These lead to increased cardiomyocyte cell death, which ultimately re
sults in the underdevelopment of the heart as observed in our Lem2 cKO 

model. Conversely, in adult cardiomyocytes, which harbour nuclei that are 
stiffer and more resistant to mechanical load, removal of Lem2 apparently 
does not affect cardiac function or nuclear integrity. Our data suggest that 
Lem2 is essential for foetal heart development and that depletion of Lem2 
in adult cardiomyocytes is well tolerated at baseline.
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Figure 7 Nuclear shape is maintained in response to elevated pressure in Lem2 iCKO adult cardiomyocytes. (A) Adult cardiomyocytes were isolated from 
control and iCKO animals and subjected to either normal (120/15 mmHg) or high (200/30 mmHg) oscillatory isotopic pressure and stained for DNA (green) 
and alpha actinin (red). (B) 2D nuclear shape parameters were analysed: circularity, solidity, aspect ratio. Note the alterations to nuclear shape parameters 
caused by high pressure compared with normal pressure conditions, but no differences were observed between control and iCKO cells. (C ) Working model: 
in control cardiomyocytes during foetal heart development, the nascent NE adapts and remodels to mitigate the effects of increases in biomechanical load. 
Conversely, in Lem2 KO cardiomyocytes, the NE undergoes maladaptive remodelling, which results in nuclear rupture, chromatin exposure, and subsequent 
DNA damage. These ultimately lead to cell death as observed in our cardiomyocyte-specific Lem2 knockout (cKO) model. Conversely, in adult cardiomyocytes 
that have adapted to withstanding the physical demands on the NE, removal of Lem2 apparently does not affect cardiac function or nuclear shape. Our data 
suggest that Lem2 is essential for foetal heart development and that removal of Lem2 in adult cardiomyocytes is well tolerated at baseline.
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Translational perspective
Cardiac laminopathies, caused by mutations in proteins associated with the nuclear envelope (NE), are the second highest cause of inherited dilated 
cardiomyopathy. However, the underlying pathological mechanisms are poorly understood, and the molecular players involved in nuclear integrity 
remain obscure. Mutations in the NE protein Lem2 lead to human cardiomyopathy, but its roles in the heart remain unknown.

Here, we demonstrate that Lem2 protects the NE against muscle contraction that causes catastrophic nuclear ruptures. Moreover, our data provide 
mechanistic insight into pathophysiological mechanisms that underlie Lem2 cardiomyopathy and cardiac laminopathies in general.
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