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IMPORTANCE Prior studies have suggested that patients with nonmissense (ie, truncating)
variants causing LMNA cardiomyopathy have worse arrhythmic outcomes compared to those
with missense variants. However, the effect of the spatial distribution of missense and
truncating variants on clinical outcomes remains poorly understood.

Supplemental content

OBJECTIVE To determine the association of the spatial distribution of missense and truncating
LMNA variants with cardiac outcomes.

DESIGN, SETTING, AND PARTICIPANTS This multicenter, retrospective, observational cohort
study used data from an international registry (from January 2013 on) and data derived from
tertiary cardiomyopathy centers (January 2000 and June 2017). Patients with likely
pathogenic/pathogenic LMNA variants and no prior malignant ventricular arrhythmia (VA)
were eligible for inclusion. Data analysis was completed from March 2022 to March 2025.

MAIN OUTCOMES AND MEASURES The primary outcome of time to VA was defined as sudden
cardiac death, appropriate implantable cardioverter-defibrillator therapy, or other
manifestations of hemodynamically unstable VA. The secondary composite outcome of
advanced heart failure was defined as nonsudden cardiac death, implantation of a left
ventricular assist device, or cardiac transplant. Outcomes were stratified by type of variant
(missense or truncating), affected transcript position (head, rod, or tail), and location on the
LMNA gene.

RESULTS A total of 718 patients were included, among whom mean (SD) age was 41.1 (14.3)
years, 381 patients (53.1%) were female, and mean (SD) baseline left ventricular ejection
fraction was 55.8% (13.3%). Over a median follow-up of 4.2 years, 223 patients experienced
the primary outcome of malignant VA and 109 experienced the secondary outcome of
advanced heart failure. Patients with truncating variants had a higher risk of VA (hazard ratio
[HR],1.72; 95% Cl, 119-2.48; P = .004) but no difference in advanced heart failure (HR, 0.94;
95% Cl, 0.64-1.40; P = .77) compared with patients with missense variants. There were no
significant differences in the primary and secondary outcomes when stratifying truncating
variants by location on the LMNA gene or transcript position. In contrast, on multivariable
analysis, missense variants affecting the tail domain of LMNA (HR, 0.35; 95% Cl, 0.16-0.78;
P =.02) and located in exons 7 through 12 (HR, 0.39; 95% Cl, 0.17-0.89; P = .035) were
associated with a significantly lower risk of the primary outcome of malignant VA.

CONCLUSIONS AND RELEVANCE In this retrospective cohort study, truncating LMNA variants
were associated with worse arrhythmic outcomes independent of variant position, whereas
missense variants affecting the tail domain and located in exons 7 through 12 had better
arrhythmic and heart failure outcomes. Understanding the mechanisms underlying these
differences may have future therapeutic implications.
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Location of LMNA Variants and Clinical Outcomes in Cardiomyopathy

athogenic variants in the LMNA gene result in a wide
spectrum of clinical disorders, including cardiomyo-
pathy, driven by the ubiquitous nuclear, cytoskeletal,
and signal transduction functions of lamin A/C as intermedi-
ate filament proteins. Of these, cardiac manifestations fre-
quently drive adverse clinical outcomes due to their often-
severe phenotype, including conduction system disease,
malignant ventricular arrhythmias (VAs), and heart failure.

Nonmissense (hereafter referred to as truncating)
variants, including nonsense, intronic, insertion, and dele-
tion variants, account for 28% to 45% of disease-causing vari-
ants in published LMNA cardiomyopathy registries.*® Com-
pared with missense variants, truncating variants have been
associated with VA, prompting their incorporation into risk
stratification guidelines for primary prevention of sudden car-
diac death (SCD).”® In contrast, pathogenic missense vari-
ants have been shown to cluster in exons encoding the head
orrod regions of the transcribed protein.° These variants have
been associated with more severe cardiac and skeletal expres-
sion compared with those encoding for the tail region, sug-
gesting a different pathologic mechanism to truncating
variants.!%'! However, cardiac outcomes relative to the spa-
tial distribution of missense and truncating variants on the
LMNA gene have not been well described.

The aim of this study is to characterize the clinical fea-
tures and outcomes of patients with LMNA cardiomyopathy
using a large, multinational clinical registry, stratified by type
of missense or truncating variants, location on the LMNA gene,
and encoding amino acid position on the LMNA transcript. We
hypothesize that all truncating variants subject to nonsense-
mediated messenger RNA (mRNA) decay, regardless of their
location in the LMNA gene, have similar clinical outcomes with
respect to malignant VA given their inferred loss-of-function
consequence. Conversely, we hypothesize that the location of
missense variants significantly influences clinical outcomes.

Original Investigation Research

Key Points

Question What is the association of the spatial distribution of
missense and truncating LMNA variants with cardiac outcomes?

Findings In this multicenter cohort study that included 718
patients with LMNA cardiomyopathy, variants affecting the LMNA
tail domain had a lower risk of malignant ventricular arrhythmias
and incident end-stage heart failure. Truncating variants had worse
arrhythmic outcomes; however, their location was not associated
with outcomes.

Meaning While the location of missense LMNA variants is
relevant, the location of truncating variants does not appear to be
associated with cardiac outcomes; overall, the effect and location
of LMNA variants can provide hypothesis-generating findings for
future precision therapeutics.

Methods

Study Population
The study population included all patients enrolled in the French
nationwide registry on laminopathies (NCT03058185) since
January 2013, as well as consecutive patients referred between
January 2000 and June 2017 to the tertiary cardiology centers
of Saint Bartholomew’s Hospital in London, United Kingdom;
Brigham and Women’s Hospital in Boston, Massachusetts;
University Hospital in Bern, Switzerland; the University Medical
Centre in Leiden, the Netherlands; and the Royal Melbourne
Hospital and University of Melbourne, in Melbourne, Australia.
Data from this sample have been partially analyzed in the past.*
This study complies with the ethical principles formu-
lated in the Declaration of Helsinki and was approved by the
ethics committees in France (Les Comités de Protection des
Personnes Ile de France VI, Paris, France) and at Brigham and

Table 1. Baseline Characteristics of Patient Population

No./total No. (%)

Missense variants Truncating variants Total
Parameter at baseline (n =475) (n=243) (N=718) P value
Sex, No. (%)

Female 261 (54.9) 120 (49.4) 381 (53.1)

Male 214 (45.1) 123 (50.6) 337 (46.9) 16
Age, mean (SD), y 41.7 (14.8) 39.9 (13.0) 41.1 (14.3) .19
Probands/families 206/475 (56.6) 87/241(36.1) 292/718 (40.7) .05
Asymptomatic 62/344 (18.0) 34/159 (21.4) 96/505 (19.0) 41
Neuromuscular involvement

None 332/475 (69.9) 169/241 (70.1) 503/718 (70.1)

EDMD 66/475 (13.9) 14/241 (5.8) 80/716 (11.2)

LGMD 48/475 (10.1) 45/241 (18.7) 93/716 (13.0) <001

Others 29/475 (6.1) 13/241 (5.4) 42/716 (5.9)
1st-Degree AV block 165/368 (44.8) 130/197 (66.0) 295/565 (52.2) <.001
LVEF at baseline, mean (D), % 56.0 (13.8) 55.3 (12.4) 55.8 (13.3) 24 Abbreviations: AV, atrioventricular;

119/470 (25.3)
40/473 (8.5)
52/405 (12.8)

93/242 (38.4)
42/241(17.9)
43/221(19.5)

Atrial arrhythmias
2nd-/3rd-Degree AV block
Nonsustained VT

EDMD, Emery-Dreifuss muscular

212/712(29.8) <.001 dystrophy; LGMD, limb-girdle
82/714 (11.5) <.001 muscular dystrophy; LVEF, left
95/626 (15.2) 03 ventricular ejection fraction; VT,
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Table 2. Baseline Characteristics of Missense Variants Stratified by Position of Encoded Amino Acid

No./total No. (%)

Missense and domain 2 (rod)

Missense and domain 3 (tail)

Parameter at baseline (n =310)° (n = 165)° Pvalue
Sex, No. (%)

Female 149 (48.1) 112 (67.9)

Male 161 (51.9) 53 (32.1) <001
Age, mean (SD), y 41.9 (14.4) 41.2 (15.7) 1499
Probands/families 117/310(37.7) 89/165 (53.9) <.001
Asymptomatic 45/198 (22.7) 17/146 (11.6) .008
Neuromuscular involvement

None 216/310(69.7) 116/165 (70.3)

EDMD 37/310(11.9) 29/165 (17.6)

LGMD 41/310(13.2) 7/165 (4.2) 006

Others 16/310(5.2) 13/165 (7.9) Abbreviations: AV, atrioventricular;
1st-Degree AV, block at baseline 135/237 (57.0) 30/131 (22.9) <.001 Ess“frzbir;e[é’ﬁgﬂ:ﬁ_;t‘;lc:'ar
LVEF at baseline, mean (SD), % 54.2 (14.4) 59.8 (11.6) <.001 muscular dystrophy; LVEF, left
Atrial arrhythmias 98/305 (32.1) 21/165 (12.7) <.001 ventricular ejection fraction; VT,
2nd-/3rd-Degree AV block 33/308 (10.7) 7/165 (4.2) .02 ventricular tachycardia.
Nonsustained VT 42/268 (15.7) 10/137 (7.3) 02 " Rod domain: p.28-381; tail domain:

Women’s Hospital (US), which granted waivers of participant
consent. The ethics committee at Barts Hospital (UK) was in-
formed, although it did not request formal approval under the
local research governance arrangements.

Patients 16 years of age and older at time of first cardiac
evaluation were included, with the first documented visit to
a cardiologist taken as the starting point of the time-to-event
analysis. Those with a likely pathogenic/pathogenic variant in
LMNA, as per current American College of Medical Genetics
and Genomics criteria, were included. A full list of variants is
included in eTable 1in Supplement 1. Patients with a personal
history of malignant VA at or before the initial evaluation, a
congenital or childhood-onset laminopathy (eg, progeria, Wer-
ner syndrome, or congenital muscular dystrophy), a patho-
genic variant in a cardiomyopathy-related gene besides the
LMNA variant, or missing clinical data were excluded from this
analysis.

In this analysis, all variants that involved a change in a
single nucleotide that led to a change in amino acid to an-
other without resulting in a premature termination codon (PTC)
were classified as missense variants. All other nonmissense
variants, including single-nucleotide variants that resulted in
aPTC, in-frame and frameshifting insertions and deletions, and
all intronic variants with proven RNA consequences, were clas-
sified as truncating variants.

Study Outcome

The primary end point of this study was time to malignant VA,
defined as (1) SCD; (2) appropriate implantable cardioverter-
defibrillator (ICD) therapy, defined as a shock or antitachycar-
dia pacing to terminate VA; or (3) other manifestations of he-
modynamically unstable VA. Death was classified as sudden
if it occurred unexpectedly (1) within 1 hour of onset of car-
diac manifestations, in the absence of previous hemody-
namic deterioration; (2) during sleep; or (3) within 24 hours

JAMA Cardiology September 2025 Volume 10, Number 9
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after the patient was last seen alive and apparently stable
clinically.

The predefined secondary outcome was advanced heart
failure, as determined by a composite of nonsudden cardiac
death, implantation of a left ventricular assist device, or car-
diac transplant. Patients were first stratified by the type of vari-
ant (missense vs truncating) and then stratified by the af-
fected amino acid position encoded by the variant on the LMNA
transcript, divided into 3 domains: head (p.1-27), rod (p.28-
381) and tail (p.382-664).!2 Of note, no missense variants af-
fecting the head region were present in this registry. Asan ad-
ditional sensitivity analysis, patients were also stratified by the
location of variants on the LMNNA gene by dividing the gene
into 4 comparably spaced quartiles based on the distribution
of'the total number of variants throughout the gene in the study
population: quartile 1 was exons 1-2 c.-212-513; quartile 2 was
exons 3-5 ¢.514-936; quartile 3 was exon 6 ¢.937-1157; and
quartile 4 was exons 7-12 ¢.1158-1969. A full list of variants is
provided in eTable 1 in Supplement 1.

Statistical Analysis

Normally distributed data are displayed as mean and standard
deviation or median and interquartile range. Continuous vari-
ables were compared using independent-sample t tests where
normally distributed and Mann-Whitney U tests where non-
normally distributed. Where multiple groups were present,
analysis of variance and Kruskal-Wallis tests were used to com-
pare normally and non-normally distributed continuous data,
respectively. Categorical variables were compared using 2 or
Fisher exact test.

Time-to-event analysis for the primary and secondary out-
comes was performed using the Kaplan-Meier method. Pa-
tients who had experienced the primary or secondary out-
come at baseline were excluded from survival analyses.
Univariable and multivariable predictors of the primary and
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Figure 1. Schematic Diagram of LMNA Gene, Encoding Transcript and Final Lamin A/C Proteins
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Diagram of the LMNA gene with exons numbered within boxes and
corresponding transcript regions in blue (head), green (rod), and orange (tail).
Numbers along the pre-lamin A transcript indicate amino acid positions, with

the total number of amino acids indicated on the right-hand side. Ig indicates
immunoglobulin; NLS, nuclear localization signal.

secondary outcomes were analyzed using the Fine-Gray model,
where all variables with P > .20 in the univariable analysis were
included for the multivariable analysis. All tests were 2-sided,
with significance at P < .05. All statistical analysis was per-
formed using SAS version 9.4 (SAS Institute).

. |
Results

A total of 721 patients were identified from registry data-
bases, with 718 patients with available variant data included
in this study. Mean (SD) patient age was 41.1 (14.3) years, 381
patients (53.1%) were female, and mean (SD) baseline left
ventricular ejection fraction (LVEF) was 55.8% (13.3%). Of
these 718 patients, 475 (66.2%) had a missense variant.
A total of 293 patients (40.8%) were probands, with the
remaining 425 patients (59.2%) being relatives identified
through cascade testing. Of the included patients, 2 families
with more than 5 patients per family were included. These
included 15 relatives with a ¢.16C>T; p.(GIn6*) truncating
variant and 27 relatives with a c¢.28dup; p.(Thr10Asnfs*31)
truncating variant. Patients were followed up over a median
period of 4.2 years.

Missense vs Truncating Variants

Differences in baseline characteristics between patients with
missense and truncating variants are shown in Table 1. Of the
505 patients with complete baseline characteristic data avail-
able at the time of study inclusion, 96 (19.0%) were asymp-
tomatic, with no evidence of cardiac phenotype, including
LVEF greater than 55%. Neuromuscular involvement was pre-
sent in 215 patients (29.9%). Sex, age at first clinical contact,
and LVEF were not significantly different. However, the preva-
lence of second- or third-degree atrioventricular (AV) block
(17.9% vs 8.5%; P < .001), atrial arrhythmias (38.4% vs 25.3%;
P <.001) and nonsustained ventricular tachycardia (VT) at
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baseline (19.5% vs 12.8%; P = .03) were all significantly higher
in patients with truncating variants.

Association of the Spatial Distribution of Variants
With Baseline Phenotype
In patients with truncating variants, the only significant differ-
ence in baseline characteristics was the prevalence of second-
or third-degree AV block when stratified by the affected amino
acid transcript position (19.6% in head domain vs 25.0% in rod
domain vs 7.8% in tail domain; P = .006; eTable 2 in Supple-
ment 1). All other baseline characteristics were not signifi-
cantly different. This was confirmed when stratifying variants
by their position on the LMNA gene (eTable 3 in Supplement 1).
When comparing the spatial distribution of missense vari-
ants on the LMNA transcript, there was a lower prevalence of
second- or third-degree AV block (4.2% vs 10.7%; P = .02), atrial
arrhythmias (12.7% vs 32.1%; P < .001), and nonsustained VT
(7.3% vs 15.7%; P = .02), as well as higher mean (SD) LVEF
(59.8% [11.6%] Vs 54.2% [14.1%]; P < .001), with variants af-
fecting the tail domain compared with the rod domain (Table 2).
This was also seen in more distally located missense variants
inthe LMNA gene (Figure 1; eTable 4 in Supplement 1). Of note,
68 patients (44.4%) with tail domain missense variants in-
volved the R482 hot spot associated with familial partial
lipodystrophy 2.1

Incident Clinical Outcomes

Abreakdown of the primary and secondary outcomes is listed
in eTable 5 in Supplement 1, and a breakdown of the number
of cases excluded from outcomes analysis by variant position
islisted in eTable 6 in Supplement 1. The primary outcome of
malignant VA was significantly worse in patients with trun-
cating variants (hazard ratio [HR], 1.72; 95% CI, 1.19-2.48;
P =.004; Figure 2A). There were no significant differences in
VA outcomes when stratifying truncating variants by
the affected transcript position (P = .18, eFigure 1A in
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Figure 2. Survival Curves of the Primary and Secondary Outcomes
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Survival curves for the primary and secondary outcomes (malignant VA and
advanced heart failure, respectively) stratified by missense vs truncating (A and
C) and affected transcript position on LMNA (B and D). Head domain: p.1-27; rod

domain: p.28-381; and tail domain: p.382-664. VA indicates ventricular
arrhythmia.

Supplement 1) or their location on the LMNA gene (P = .18;
eFigure 1Bin Supplement 1). In contrast, missense variants af-
fecting the tail domain (HR, 0.36; 95% CI, 0.17-0.76; P = .007;
Figure 2B) and located in the distal aspect of the LMNA gene
(HR, 0.37; 95% CI, 0.18-0.79; P = .01; eFigure 1C in Supple-
ment 1) had significantly better VA outcomes. The annual event
rate was lowest in patients with missense variants affecting the
tail domain (1.27 per 100 person-years), followed by mis-
sense variants affecting the rod domain (3.59 per 100 person-
years) and truncating variants affecting any domain (4.95 per
100 person-years; eTable 7 in Supplement 1).

The secondary outcome of advanced heart failure was not
significantly different between patients with missense and
truncating variants (HR, 0.94; 95% CI, 0.64-1.40; P = .77;
Figure 2C). There were no significant differences in incident
advanced heart failure when stratifying truncating variants by
their position on the transcript (eFigure 2A in Supplement 1)
or location on the LMNA gene (eFigure 2B in Supplement 1).

However, missense variants affecting the tail domain (HR, 0.44;
95% CI, 0.22-0.85; P = .006; Figure 2D) and located in the dis-
tal aspect of the LMNA gene (HR, 0.35; 95% CI, 0.17-0.74;
P =.006; eFigure 2C in Supplement 1) had significantly less ad-
vanced heart failure.

Predictors of Clinical Outcomes
Univariable analysis for predictors of the primary and second-
ary outcomes for patients with truncating variants are dis-
played in eTable 8 in Supplement 1. Neither the affected tran-
script position nor the location of truncating variants on the
LMNA gene were associated with either outcome.
Univariable analysis for predictors of the primary and sec-
ondary outcomes for patients with missense variants are dis-
played in eTable 8 in Supplement 1. Patients with missense vari-
ants affecting the tail domain of LMNA were associated with
alower risk of VA (HR, 0.36; 95% CI, 0.17-0.76; P = .007) and
advanced heart failure (HR, 0.44; 95% CI, 0.22-0.85; P = .02)

900 JAMA Cardiology September 2025 Volume 10, Number 9 jamacardiology.com

© 2025 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.

Downl oaded from j amanet wor k. com by Lei den Uni versity Libraries, Danielle de Roo on 07/14/2026


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069

Location of LMNA Variants and Clinical Outcomes in Cardiomyopathy Original Investigation Research

Table 3. Multivariable Analysis of Predictors of Primary Outcome® Abbreviations: AV, atrioventricular;
HR, hazard ratio; LVEF, left

ventricular ejection fraction; NA, not

Rod or tail domain Missense by quartiles

Variable HR (95% CI) P value HR (95% CI) P value applicable; NSVT, nonsustained

Age,y 1.002 (0.990-1.020) .84 1.002 (0.990-1.020) .84 ventricular tachycardia.

Sex, male 1.676 (1.150-2.440) .007 1.678 (1.160-2.450) .02 2 Primary outcome defined as time to

LVEF, % 0.973 (0.960-0.990) .002 0.973 (0.960-0.990) .001 malignant ventricular arrhythmia,

1st-/3rd-Degree AV block 1.606 (1.050-2.450) 03 1.564 (1.050-2.440) 03 composed of sudden cardiac death,

appropriate implantable

NSVT 1.656 (1.040-2.640) .03 1.649 (1.040-2.620) .03 cardioverter-defibrillator therapy

Variant by transcript position (shock and antitachycardia pacing),
Missense rod domain vs 0.717 (0.480-1.070) NA and hemodynamically unstable
truncating (all domains)® 03 NA sustained ventricular arrhythmia.
Missense tail domain vs . 0.349 (0.160-0.780) ’ NA b Quartile 1: exons 1-2 ¢.-212-513;
t.runcatmg (al.l domains) quartile 2: exons 3-5 ¢.514-936;

Variant by location on gene quartile 3: exon 6 ¢.937-1157; and
Missense quartiles 1-3 vs NA NA 0.692 (0.460-1.030) quartile 4: exons 7-12 ¢.1158-19609.
truncating quartiles 1-4 03 Head domain: p.1-27; rod domain:
Missense quartile 4 vs . NA NA 0.392 (0.170-0.890) p.28-381; and tail domain:
truncating quartiles 1-4' p.382-664.

compared to the rod domain. This was also seen in missense
variants that were located more distally in the LMNA gene
(eTable 9 in Supplement 1).

On multivariable analysis, the affected transcript posi-
tion and variant location on the LMNNA gene were both signifi-
cant predictors of the primary outcome of malignant VA
(Table 3). Missense variants affecting the tail domain (HR, 0.35;
95% CI, 0.16-0.78; P = .02) and located distally in the LMNA
gene (HR, 0.39; 95% CI, 0.17-0.89; P = .04) had a signifi-
cantly lower risk of VA.

.|
Discussion

In this cohort study, we report the association between the ef-
fect and location of variants and clinical outcomes using alarge
multinational cohort of LMNA cardiomyopathies. We found
that patients with truncating LMNA variants had worse VA out-
comes irrespective of their spatial distribution. However, the
location of missense variants was highly relevant, as variants
affecting the tail domain and located in exons 7 to 12 had a lower
baseline prevalence of systolic dysfunction, arrhythmias, and
conduction disease, as well as a lower risk of incident VA and
advanced heart failure.

Previous studies have demonstrated consistently poorer
outcomes in patients with nonmissense (truncating) vari-
ants, with a malignant VA risk almost 4-fold higher than
with missense variants.*® Given the frequent initiation of
nonsense-mediated mRNA decay, it has been hypothesized
that many truncating variants, especially those leading to
frameshift, are pathogenic due to haploinsufficiency and
give rise to a uniformly severe phenotype. Our clinical study
favors this hypothesis by showing that neither the affected
transcript position of a truncating variant nor its location on
the LMNA gene were associated with arrhythmic or heart
failure outcomes in the studied registries. These clinical
findings further strengthen the hypothesis of allelic loss-of-
function haploinsufficiency in truncating variants seen in
preclinical murine and human induced pluripotent stem
cell-based models.'*”
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We demonstrate better VA outcomes in patients with mis-
sense variants affecting the tail domain of LMNA. In fact, more
than one-third of patients with missense variants in our study
involved the tail domain, with no sudden deaths on fol-
low-up and a primary outcome event rate of 1.27 per 100 per-
son-years. This VA incidence is lower than those of prior pri-
mary prevention ICD studies, including the DANISH substudy
control group (1.8 per 100 person-years; aged <70 years; mean
LVEF, 25%) and the Ontario ICD database (3.6 per 100 person-
years; LVEF <35%; 22% nonischemic cardiomyopathy).!®'° This
raises the possibility of engaging these patients in a shared de-
cision-making process rather than a more prescriptive recom-
mendation for primary preventive ICD implantation.

Similarly, we demonstrate better heart failure outcomes
in patients with missense variants affecting the tail domain of
LMNA. By pooling cohorts from multiple international refer-
ral centers, we have overcome the limited statistical power of
prior studies that failed to show these differences in the past.®
In fact, it was only by incorporating the spatial distribution of
missense variants that these differences in incident ad-
vanced heart failure could be identified. Indeed, missense vari-
ants affecting the rod domain had similarly poor heart failure
outcomes to truncating variants, highlighting a subgroup that
may benefit from closer monitoring, aggressive medical
therapy, and earlier consideration for transplant.

By using more clinically translatable time-to-event out-
come data, this study’s findings augment the results of prior
studies, which have stratified variant position relative to the
nuclear localization signal (LMNA residues 415-423) and dem-
onstrated less cardiac involvement and phenotype severity
with variants affecting the tail domain.!®'1-2° Two hypoth-
eses for this observation are (1) the critical pathomechanistic
role of the highly conserved rod domain, which is vital for
coiled-coil and heptad interactions that give rise to structur-
ally robust dimers and protein function?+??; and (2) the po-
tential compensatory role of intact lamin C expression in the
absence of functional lamin A, as demonstrated in a murine
model.?® Notably, the LMNA gene encodes both the lamin A
and lamin C proteins due to alternative splicing that affects only
the tail domain. Variants in the LMNA gene 3’ of the alterna-

JAMA Cardiology September 2025 Volume 10, Number 9

Dani el l e de Roo on 07/ 14/ 2026

901

© 2025 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069

902

© 2025 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.

Research Original Investigation

tive untranslated region following exon 10 affect the regions
(exons 11-12) encoding for lamin A only, leaving lamin C fully
intact and functional. Our findings may also be partially ex-
plained by the high prevalence (44%) of missense tail domain
variants affecting the R482 hot spot, which has been associ-
ated with aless severe cardiac phenotype compared with other
tail domain variants.?* Regardless, we still observed ad-
vanced heart failure events in 6% of patients with missense
variants affecting the tail domain, including 4 advanced heart
failure events in R482 variants, highlighting the variability in
clinical disease expression likely due to a combination of fac-
tors, such as variant-specific effects, multigenic contribu-
tors, and environmental influences.

Limitations

Our data are retrospective and derived from large, international
clinical registries. While completeness of baseline characteristic
data may not parallel that of prospective studies, there was mini-
mal loss of clinical outcomes data (<1%) in our study. Our find-
ings are limited to patients 16 years of age and older. Extrapola-

Location of LMNA Variants and Clinical Outcomes in Cardiomyopathy

tion of these results to patients younger than 16 years should be
performed with caution. Additionally, although we were able to
assemble a large cohort, specific regions of LMINA were underrep-
resented for variants, which limits the resolution of our analyses.
We chose to analyze gene regions both by quartile and protein do-
main as a tractable approach, since smaller domain analyses or
variant-specific analyses would be infeasible without a substan-
tially larger cohort. Finally, we included ICD therapies in our pri-
mary outcome, similar to prior studies investigating SCD risk in
inherited cardiomyopathies, despite our awareness that ICD thera-
pies many not consistently equate to SCD.

. |
Conclusions

In conclusion, truncating variants in LMNA are associated with
worse arrhythmic outcomes independent of variant position.
In contrast, missense variants affecting the tail domain and lo-
cated in exons 7 to 12 had better arrhythmic and heart failure
outcomes.

ARTICLE INFORMATION
Accepted for Publication: April 9, 2025.

Published Online: July 2, 2025.
doi:10.1001/jamacardio.2025.2069

Author Affiliations: Department of Cardiology,
Westmead Hospital, Sydney, New South Wales,
Australia (Bhaskaran, Kumar); Westmead Applied
Research Centre, University of Sydney, Sydney,
New South Wales, Australia (Bhaskaran, Kumar);
Centre de Référence Maladies Neuromusculaires
Nord/Est/lle-de-France, FILNEMUS, Institut de
Myologie, Assistance Publique-Hopitaux de Paris
(AP-HP), Paris, France. (Ben Yaou, Stojkovic,
Chikhaoui); Institut de Myologie, Centre de
Recherche en Myologie, Sorbonne Université,
INSERM, Paris, France (Ben Yaou, Chikhaoui,
Bonne); Cardiovascular Division, University of
Michigan, Ann Arbor (Helms); Cardiology
Department, Raymond Poincaré Hospital, AP-HP,
Garches, France (Fayssoil); DMU BioGemH,
Functional Unit of Molecular and Cellular
Cardiogenetics and Myogenetics, Centre

de Génétique Moléculaire et Chromosomique, GH
Pitié Salpétriére, AP-HP, Paris, France (Richard);
Department of Cardiology, Normandie Univ,
UNIROUEN, U1096, CHU Rouen, Rouen, France
(Anselme); Cardiology Department, University
Hospital of Caen, UR 4650 Unicaen, Caen, France
(Labombarda); Molecular Genetics Laboratory,
M2GM Platform, Biogénopdle, La Timone Hospital,
Assistance Publique-Hopitaux de Marseille,
Marseille, France (De Sandre-Giovannoli);
Department of Medical Genetics, DMU BioGeMH,
Pitié-Salpétriere Hospital, Sorbonne University,
AP-HP, Paris, France (Jeru); Service de Médecine
Génomique des Maladies de Systéme et d'Organe,
Hépital Cochin, Centre-Université Paris Cité, AP-HP,
Paris, France (Leturcq); National Reference Center
for Rare Diseases of Insulin Secretion and Insulin
Sensitivity, Department of Endocrinology,
Diabetology and Reproductive Endocrinology,
Saint-Antoine University Hospital, AP-HP, Paris,
France (Vigouroux); Saint-Antoine Research Centre,
Institute of Cardiometabolism and Nutrition,
Sorbonne University, Inserm U938, Paris, France

(Vigouroux); AFM Telethon, Evry, France
(Dembele); Inherited Cardiovascular Diseases Unit,
University College London and St Bartholomew's
Hospital, London, United Kingdom (Elliott,
Savvatis); Department of Cardiology, Leiden
University Medical Centre, Leiden, the Netherlands
(Zeppenfeld); Cardiology Department, FILNEMUS,
Centre de Référence des Maladies,
Neuromusculaires Nord/Est/lle de France, Cochin
Hospital, AP-HP, Paris Cité Université, Paris, France
(Bouguerra, Wahbi); Centre de Référence des
Maladies Cardiaques Héréditaires ou Rares,
Department of Genetics, INSERM UMRS 1166,
Institute of Cardiometabolism and Nutrition,
Pitié-Salpétriere Hospital, Sorbonne University,
AP-HP, Paris, France (Charron); Department of
Cardiology, Pitié-Salpétriére Hospital, AP-HP, Paris,
France (Charron); ACTION Study Group, Hopital
Pitié-Salpétriere Hospital, Paris, France (Charron);
Cardiovascular Division, Department of Medicine,
Brigham and Women's Hospital, Harvard Medical
School, Boston, Massachusetts (Lakdawala).

Author Contributions: Dr Ben Yaou had full access
to all of the data in the study and takes
responsibility for the integrity of the data and the
accuracy of the data analysis. Drs Bhaskaran and
Ben Yaou contributed equally as co-first authors.
Drs Wahbi and Lakdawala contributed equally as
co-senior authors.

Concept and design: Bhaskaran, Ben Yaou, Helms,
Leturcq, Elliott, Kumar, Wahbi, Lakdawala.
Acquisition, analysis, or interpretation of data:
Bhaskaran, Ben Yaou, Helms, Fayssoil, Richard,
Stojkovic, Anselme, Labombarda, Chikhaoui,

De Sandre-Giovannoli, Jeru, Vigouroux, Dembele,
Savvatis, Zeppenfeld, Bouguerra, Charron, Bonne,
Wahbi, Lakdawala.

Drafting of the manuscript: Bhaskaran, Lakdawala.
Critical review of the manuscript for important
intellectual content: Ben Yaou, Helms, Fayssoil,
Richard, Anselme, Labombarda, De
Sandre-Giovannoli, Jeru, Leturcq, Vigouroux,
Dembele, Elliott, Savvatis, Zeppenfeld, Charron,
Kumar, Bonne, Wahbi, Lakdawala.

Statistical analysis: Ben Yaou, Dembele, Wahbi.
Obtained funding: Charron.

JAMA Cardiology September 2025 Volume 10, Number 9

Downl oaded from j amanet wor k. com by Lei den Uni versity Libraries,

Administrative, technical, or material support: Ben
Yaou, Fayssoil, Chikhaoui, Leturcq, Savvatis,
Bouguerra, Bonne.

Supervision: Ben Yaou, Stojkovic, Kumar,

Wahbi, Lakdawala.

Conflict of Interest Disclosures: Dr Bhaskaran
reported grants from the Australian National Health
and Medical Research Council during the conduct of
the study. Dr Ben Yaou reported grants from the
French National Research Agency (ANR) and from
the Leducq Foundation during the conduct of the
study. Dr Helms reported grants from Tenaya
Therapeutics and personal fees from Bristol Myers
Squibb and Lexeo Therapeutics outside the
submitted work. Dr Vigouroux reported personal
fees from Amryt Pharmaceuticals (now Chiesi
Farmaceutici), Ipsen, Lilly, and Sanofi outside the
submitted work. Dr Elliott reported consultancy or
speaker fees from AstraZeneca, Bristol Myers
Squibb, Cytokinetics, and Pfizer during the conduct
of the study. Dr Charron reported grants from
European Innovation Council Pathfinder outside
the submitted work. Dr Bonne reported grants from
the ANR and the Leducq Foundation during the
conduct of the study. Dr Lakdawala reported
personal fees from Alexion, Bayer, Bristol Myers
Squibb, Cytokinetics, Lexeo Therapeutics,
Nuevocor, Pfizer, and Tenaya Therapeutics and
grants from Bristol Myers Squibb and Pfizer outside
the submitted work. No other disclosures

were reported.

Funding/Support: Dr Bhaskaran is supported by
the Australian National Health and Medical
Research Council Postgraduate Scholarship.

Dr Charron had support from the Pathfinder
Cardiogenomics program of the European
Innovation Council of the European Union
(DCM-NEXT project). Prof Kumar is supported by
the New South Wales Early-Mid Career Fellowship.
Drs Ben Yaou and Bonne had support from the
Association Institut de Myologie, INSERM, and
Sorbonne Université. Drs Ben Yaou, Bonne, and
Wahbi had support from the French National
Research Agency (CORRECT-LMNA,
ANR-19-CE17-0013-02) and from the Leducq

jamacardiology.com

Dani el l e de Roo on 07/ 14/ 2026


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069

Location of LMNA Variants and Clinical Outcomes in Cardiomyopathy

Foundation International Network of Excellence
(24CVDO3 - PRIORITY). Dr Lakdawala is supported
by unrestricted foundational support for research
on LMNA heart disease (O'Hare Family Foundation).

Role of the Funder/Sponsor: The funders had no
role in the design and conduct of the study;
collection, management, analysis, and
interpretation of the data; preparation, review, or
approval of the manuscript; and decision to submit
the manuscript for publication.

Data Sharing Statement: See Supplement 2.

REFERENCES

1. Taylor MR, Fain PR, Sinagra G, et al; Familial
Dilated Cardiomyopathy Registry Research Group.
Natural history of dilated cardiomyopathy due to
lamin A/C gene mutations. J Am Coll Cardiol. 2003;
41(5):771-780. doi:10.1016/50735-1097(02)
02954-6

2. Pasotti M, Klersy C, Pilotto A, et al. Long-term
outcome and risk stratification in dilated

cardiolaminopathies. J Am Coll Cardiol. 2008;52
(15):1250-1260. doi:10.1016/j.jacc.2008.06.044

3. Hasselberg NE, Haland TF, Saberniak J, et al.
Lamin A/C cardiomyopathy: young onset, high
penetrance, and frequent need for heart
transplantation. Eur Heart J. 2018;39(10):853-860.
doi:10.1093/eurheartj/ehx596

4. Wahbi K, Ben Yaou R, Gandjbakhch E, et al.
Development and validation of a new risk
prediction score for life-threatening ventricular
tachyarrhythmias in laminopathies. Circulation.

2019;140(4):293-302. doi:10.1161/CIRCULATIONAHA.

118.039410

5. van Rijsingen IA, Arbustini E, Elliott PM, et al.
Risk factors for malignant ventricular arrhythmias in
lamin A/C mutation carriers a European cohort
study. J Am Coll Cardiol. 2012;59(5):493-500. doi:
10.1016/j.jacc.2011.08.078

6. Kumar S, Baldinger SH, Gandjbakhch E, et al.
Long-term arrhythmic and nonarrhythmic
outcomes of lamin A/C mutation carriers. J Am Coll
Cardiol. 2016;68(21):2299-2307. doi:10.1016/].jacc.
2016.08.058

7. Al-Khatib SM, Stevenson WG, Ackerman MJ,

et al. 2017 AHA/ACC/HRS Guideline for
Management of Patients With Ventricular
Arrhythmias and the Prevention of Sudden Cardiac
Death: Executive Summary: A Report of the
American College of Cardiology/American Heart

jamacardiology.com

Downl oaded from j amanet wor k. com by Lei den Uni versity Libraries,

Association Task Force on Clinical Practice
Guidelines and the Heart Rhythm Society. J Am Coll
Cardiol. 2018;72(14):1677-1749. doi:10.1016/].jacc.
201710.053

8. Priori SG, Blomstrom-Lundqvist C, Mazzanti A,
et al; ESC Scientific Document Group. 2015 ESC
Guidelines for the Management of Patients with
Ventricular Arrhythmias and the Prevention of
Sudden Cardiac Death: The Task Force for the
Management of Patients with Ventricular
Arrhythmias and the Prevention of Sudden Cardiac
Death of the European Society of Cardiology (ESC).
Endorsed by: Association for European Paediatric
and Congenital Cardiology (AEPC). Eur Heart J.
2015;36(41):2793-2867. doi:10.1093/eurheartj/
ehv316

9. Bennett JS, Gordon DM, Majumdar U, et al. Use
of machine learning to classify high-risk variants of
uncertain significance in lamin A/C cardiac disease.
Heart Rhythm. 2022;19(4):676-685. doi:10.1016/].
hrthm.2021.12.019

10. Hegele R. LMNA mutation position predicts
organ system involvement in laminopathies. Clin
Genet. 2005;68(1):31-34. doi:10.1111/j.1399-0004.
2005.00447.x

11. Captur G, Arbustini E, Syrris P, et al. Lamin
mutation location predicts cardiac phenotype
severity: combined analysis of the published
literature. Open Heart. 2018;5(2):e000915. doi:10.
1136/openhrt-2018-000915

12. Strelkov SV, Schumacher J, Burkhard P, Aebi U,
Herrmann H. Crystal structure of the human lamin
A coil 2B dimer: implications for the head-to-tail
association of nuclear lamins. J Mol Biol. 2004;343
(4):1067-1080. doi:10.1016/j.jmb.2004.08.093

13. Vantyghem MC, Pigny P, Maurage CA, et al.
Patients with familial partial lipodystrophy of the
Dunnigan type due to a LMNA R482W mutation
show muscular and cardiac abnormalities. J Clin
Endocrinol Metab. 2004;89(11):5337-5346. doi:10.
1210/jc.2003-031658

14. Cupesi M, Yoshioka J, Gannon J, Kudinova A,

Stewart CL, Lammerding J. Attenuated
hypertrophic response to pressure overload in a

lamin A/C haploinsufficiency mouse. J Mol Cell Cardiol.

2010;48(6):1290-1297. doi:10.1016/jyjmcc.2009.10.
024

15. Tong J, Li W, Vidal C, Yeo LS, Fatkin D, Duque G.
Lamin A/C deficiency is associated with fat

Original Investigation Research

infiltration of muscle and bone. Mech Ageing Dev.
2011;132(11-12):552-559. doi:10.1016/j.mad.2011.09.
004

16. Chandar S, Yeo LS, Leimena C, et al. Effects of
mechanical stress and carvedilol in lamin
A/C-deficient dilated cardiomyopathy. Circ Res.
2010;106(3):573-582. doi:10.1161/CIRCRESAHA.109.
204388

17. Wolf CM, Wang L, Alcalai R, et al. Lamin A/C
haploinsufficiency causes dilated cardiomyopathy
and apoptosis-triggered cardiac conduction system
disease. J Mol Cell Cardiol. 2008;44(2):293-303.
doi:10.1016/j.yjmcc.2007.11.008

18. EIming MB, Nielsen JC, Haarbo J, et al. Age and
outcomes of primary prevention implantable
cardioverter-defibrillators in patients with
nonischemic systolic heart failure. Circulation. 2017;
136(19):1772-1780. doi:10.1161/CIRCULATIONAHA.117.
028829

19. Lee DS, Hardy J, Yee R, et al; Investigators of
the Ontario ICD Database. Clinical risk stratification
for primary prevention implantable cardioverter
defibrillators. Circ Heart Fail. 2015;8(5):927-937.
doi:10.1161/CIRCHEARTFAILURE.115.002414

20. Lazarte J, Jurgens SJ, Choi SH, et al. LMNA
variants and risk of adult-onset cardiac disease.
JAm Coll Cardiol. 2022;80(1):50-59. doi:10.1016/j.
jacc.2022.04.035

21. Captur G, Arbustini E, Bonne G, et al. Lamin and
the heart. Heart. 2018;104(6):468-479. doi:10.
1136/heartjnl-2017-312338

22. Bhattacharjee P, Dasgupta D, Sengupta K. DCM
associated LMNA mutations cause distortions in
lamina structure and assembly. Biochim Biophys
Acta Gen Subj. 2017;1861(11 Pt A):2598-2608. doi:
10.1016/j.bbagen.2017.08.016

23. Fong LG, Ng JK, Lammerding J, et al. Prelamin
A and lamin A appear to be dispensable in the
nuclear lamina. J Clin Invest. 2006;116(3):743-752.
doi:10.1172/JCI27125

24. Kwapich M, Lacroix D, Espiard S, et al;
Diamenord-AEDNL Working Group.
Cardiometabolic assessment of lamin A/C gene
mutation carriers: a phenotype-genotype
correlation. Diabetes Metab. 2019;45(4):382-389.
doi:10.1016/j.diabet.2018.09.006

JAMA Cardiology September 2025 Volume 10, Number 9

Dani el l e de Roo on 07/ 14/ 2026

903

© 2025 American Medical Association. All rights reserved, including those for text and data mining, Al training, and similar technologies.


https://jamanetwork.com/journals/jama/fullarticle/10.1001/jamacardio.2025.2069?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069
https://dx.doi.org/10.1016/S0735-1097(02)02954-6
https://dx.doi.org/10.1016/S0735-1097(02)02954-6
https://dx.doi.org/10.1016/j.jacc.2008.06.044
https://dx.doi.org/10.1093/eurheartj/ehx596
https://dx.doi.org/10.1161/CIRCULATIONAHA.118.039410
https://dx.doi.org/10.1161/CIRCULATIONAHA.118.039410
https://dx.doi.org/10.1016/j.jacc.2011.08.078
https://dx.doi.org/10.1016/j.jacc.2016.08.058
https://dx.doi.org/10.1016/j.jacc.2016.08.058
https://dx.doi.org/10.1016/j.jacc.2017.10.053
https://dx.doi.org/10.1016/j.jacc.2017.10.053
https://dx.doi.org/10.1093/eurheartj/ehv316
https://dx.doi.org/10.1093/eurheartj/ehv316
https://dx.doi.org/10.1016/j.hrthm.2021.12.019
https://dx.doi.org/10.1016/j.hrthm.2021.12.019
https://dx.doi.org/10.1111/j.1399-0004.2005.00447.x
https://dx.doi.org/10.1111/j.1399-0004.2005.00447.x
https://dx.doi.org/10.1136/openhrt-2018-000915
https://dx.doi.org/10.1136/openhrt-2018-000915
https://dx.doi.org/10.1016/j.jmb.2004.08.093
https://dx.doi.org/10.1210/jc.2003-031658
https://dx.doi.org/10.1210/jc.2003-031658
https://dx.doi.org/10.1016/j.yjmcc.2009.10.024
https://dx.doi.org/10.1016/j.yjmcc.2009.10.024
https://dx.doi.org/10.1016/j.mad.2011.09.004
https://dx.doi.org/10.1016/j.mad.2011.09.004
https://dx.doi.org/10.1161/CIRCRESAHA.109.204388
https://dx.doi.org/10.1161/CIRCRESAHA.109.204388
https://dx.doi.org/10.1016/j.yjmcc.2007.11.008
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.028829
https://dx.doi.org/10.1161/CIRCULATIONAHA.117.028829
https://dx.doi.org/10.1161/CIRCHEARTFAILURE.115.002414
https://dx.doi.org/10.1016/j.jacc.2022.04.035
https://dx.doi.org/10.1016/j.jacc.2022.04.035
https://dx.doi.org/10.1136/heartjnl-2017-312338
https://dx.doi.org/10.1136/heartjnl-2017-312338
https://dx.doi.org/10.1016/j.bbagen.2017.08.016
https://dx.doi.org/10.1172/JCI27125
https://dx.doi.org/10.1016/j.diabet.2018.09.006
http://www.jamacardiology.com?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamacardio.2025.2069

