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Abstract

Muscular dystrophies due to heterozygous pathogenic variants in LMNA gene cover a broad spectrum
of clinical presentations and severity with an age of onset ranging from the neonatal period to
adulthood. The natural history of these conditions is not well defined, particularly in patients with
congenital or early onset who arguably present with the highest disease burden. Thus the definition of
natural history endpoints along with clinically revelant outcome measures is essential to establishing
both clinical care planning and clinical trial readiness for this patient group. We designed a large
international cross-sectional retrospective natural history study of patients with genetically proven
muscle laminopathy who presented with symptoms before two years of age intending to identify and
characterize an optimal clinical trial cohort with pertinent motor, cardiac and respiratory endpoints.
Quantitative statistics were used to evaluate associations between LMNA variants and distinct clinical
events. The study included 151 patients (median age at symptom onset 0.9 years, range: 0.0–2.0). Age
of onset and age of death were significantly lower in patients who never acquired independent
ambulation compared to patients who achieved independent ambulation. Most of the patients acquired
independent ambulation (n = 101, 66.9%), and subsequently lost this ability (n = 86; 85%). The age of
ambulation acquisition (median: 1.2 years, range: 0.8–4.0) and age of ambulation loss (median: 7 years,
range: 1.2–38.0) were significantly associated with the age of the first respiratory interventions and the
first cardiac symptoms. Respiratory and gastrointestinal interventions occurred during first decade
while cardiac interventions occurred later. Genotype–phenotype analysis showed that the most
common mutation, p.Arg249Trp (20%), was significantly associated with a more severe disease course.
This retrospective natural history study of early onset LMNA-related muscular dystrophy confirms the
progressive nature of the disorder, initially involving motor symptoms prior to onset of other symptoms
(respiratory, orthopaedic, cardiac and gastrointestinal). The study also identifies subgroups of patients
with a range of long-term outcomes. Ambulatory status was an important mean of stratification along
with the presence or absence of the p.Arg249Trp mutation. These categorizations will be important for
future clinical trial cohorts. Finally, this study furthers our understanding of the progression of early
onset LMNA-related muscular dystrophy and provides important insights into the anticipatory care
needs of LMNA-related respiratory and cardiac manifestations.

Keywords: laminopathies, striated muscle, LMNA, early onset, muscular dystrophy
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Graphical Abstract

Abbreviated summary

Ben Yaou et al. report the largest cohort of LMNA-congenital muscular dystrophy. They identified
phenotypic subgroups based on walking status and specific mutation and defined age range where
most clinical progression occurs (5–15 years ago). This will help subject stratification and clinical
endpoints designing for future clinical trials

Introduction

Laminopathies are a heterogeneous group of disorders caused by mutations in the LMNA gene
encoding lamin A/C. These disorders affect either specific tissues (i.e. striated muscle, adipose tissue or
peripheral nerve) or present as more systemic disorders such as premature aging syndromes.1
Laminopathies involving striated skeletal and cardiac muscles were first recognized 21 years ago, and
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include Emery–Dreifuss muscular dystrophy (EDMD), limb-girdle muscular dystrophy type 1B
(previously known as LGMD1B) and isolated dilated cardiomyopathy with conduction system defects
and arrhythmias (DCM-CD).2–4 When skeletal muscle is affected, these disorders typically manifest
as childhood or young adult onset myopathies with or without joint contractures and rigid spine
followed by cardiac disease emerging within the second or third decade of life.5 6

An early infantile-onset of striated muscle laminopathy, so-called LMNA-related congenital muscular
dystrophy (L-CMD) can also occur. L-CMD represents a relatively recently characterized disease
group.5–9 While this group is phenotypically diverse, it can be operationally defined as having an
onset of skeletal muscle manifestations within the first two years of life, when early motor
development that includes walking and running should typically be attained.9 It is of great medical
importance to distinguish this group of patients from other later onset LMNA-related phenotypes
(EDMD, LGMD1B), generally beginning after 2 years of age, not only because of their early and
typically more severe motor manifestations but, most importantly, because of the potential of early life-
threatening complications involving nutritional, respiratory and cardiac compromise. In addition,
orthopaedic complications including severe scoliosis may also have severe functional consequences
and life-threatening respiratory complications for which surgery may be needed.10–13 Even though
there is a recognizable clinical phenotype that includes prominent axial weakness, motor delay and/or
rapid motor development loss with severe neck weakness (dropped head), there is little understanding
of the natural history of this important subgroup of patients. To date, only case reports or large series of
patients have been reported in which authors described the skeletal muscle, respiratory, cardiac and
gastrointestinal manifestations at the individual level.6 7 9–17 In a recent report, Fan et al. showed that
the proportion of their L-CMD patients who achieved ambulation had a significantly earlier ambulation
loss than patients with EDMD or LGMD1B. A detailed chronology of the disease progression and the
disease events over time will assist in clinical management by allowing preventive or proactive medical
interventions to delay or limit complications as well as help in identifying appropriate outcome
measures for distinguishing populations with different outcomes. Targeted therapeutic interventions for
the laminopathies as a group are currently advancing to clinical trials. Examples include the use of
MAP kinase pathway inhibitors to slow the progression of the cardiac dysfunction (reviewed in
Macquart et al.1, Clinicaltrial.gov No. NCT03439514; Clinicaltrialsregister.eu No. 2017-004310-25),
trials of nicotinamide adenine dinucleotide18 and N-acetyl cysteine.19 Given these advances in the
development of potential therapeutics, improving clinical trial readiness is of timely importance.

This retrospective natural history study was performed to provide a well-documented dataset from a
large international cohort of patients by collecting patient genotypes and associated clinical information
documenting disease involvement, progression and complications. The main goals of this study were:
(i) to identify phenotypic subgroups for stratification of subjects for future clinical trials and (ii) to
define the age range during which the most consistent clinical progression occurs to assist with
designing clinical endpoints for effective clinical trials. This large, international natural history study
helps to define a clinical trial population and relevant endpoints while allowing for the design of a
prospective natural history study or a run-in study for an interventional one.

Materials and methods

Participating centres, inclusion criteria, clinical datasheet and patients identification

A cross-sectional retrospective data collection was performed on an international cohort of
neuromuscular patients from 34 referral centres (Supplementary Table 1). Phenotypic and genotypic
data were collected from patients with a confirmed pathogenic variants in the LMNA gene and
symptoms involving skeletal muscle with a maximum age of onset of two years (regardless of the
patients’ detailed phenotypic classification otherwise) within the period ranging from the birth to

,

, ,
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December 2015. For each patient, information concerning demographics (sex, date of birth, referring
centre, clinician, country of referring neuromuscular clinic, country of origin, date of last visit, date of
death if applicable), detailed genetic results, phenotypic characterictics and major clinical interventions
were collected (detailed in Supplementary Table 2). Patient information was sent to one of the authors
(RBY) and gathered in a single dataset file where each patient was identified by an anonymous number.

Clinical definitions: Cardiac and orthopaedic abnormalities and interventions

Cardiac abnormalities refer to any significant ECG/Holter-ECG/Insertable Cardiac Monitor (ICM)
anomalies (abnormal P wave, permanent or paroxysmal conduction defects, permanent or paroxysmal
supraventricular or ventricular arrhythmias) and echocardiography abnormalities (left or right
ventricular dysfunction, abnormal systolic or diastolic function, abnormal fractional shortening,
abnormal chamber dimensions, pulmonary hypertension, regional dyssyncrony and strain
abnormalities). Orthopaedic abnormalities refer to the presence of joint contractures involving any joint
and the presence of scoliosis. Major interventions refer to those main medical interventions for disease
complications including: gastrointestinal (gastrostomy feeding tube), orthopaedic (non-surgical and
surgical treatments for joint contractures and scoliosis), respiratory (intermittent positive pressure
breathing or IPPB, non-invasive ventilation or NIV and tracheostomy) and cardiac (medications,
pacemaker or implantable cardioverter defibrillator (ICD) insertion). First cardiac abnormalities refer
to the first cardiac anomalies documented in the course of the disease (via ECG, Holter-ECG, ICM or
echocardiography). First respiratory or cardiac interventions refer to the first major interventions
documented in the course of the disease including heart medication, pacemaker or ICD implantation,
IPPB, NIV or tracheostomy.

Statistical analysis

Demographic and basic clinical information were described using median and range. The distribution
of common LMNA variants was grouped by exon with corresponding nucleotide change and analysed
by ages of intervention, symptom onset and loss of ambulation using ANOVA. Age of onset was
described by maximal motor function groups and analysed using ANOVA, as well as across different
mutation types. Age at first interventions and abnormalities were described using median and range and
explored for cross-correlations using Pearson’s or Spearman’s correlations. Numbers of patients with
orthopaedic abnormalities are described as numbers (percent). Kaplan–Meier curves were used to
describe the time-to-loss of ambulation and other time-to-event variables, using the age at time of event
if the event had occurred, or the patient’s age at last visit if the event had not yet occurred. We also
used Kaplan–Meier curves to explore differences in time-to-event data by ambulation status and by
presence of the LMNA p.Arg249Trp variant versus other variants. Steroid usage was described and
investigated graphically. Missing data were not imputed and all available data were used where
possible. Statistical analyses were conducted using R version 3.5.0.

Data availability

The authors confirm that the data supporting the findings of this study are available within the article
and its Supplementary Material. A detailed Excel spreadsheet of the clinical data is available upon
request.

Results

The original patient cohort consisted of 190 patients (112 males; 78 females) originating from 23
different countries and 34 participating referral centres located in 14 different countries (geographic
representation in Supplementary Fig. 1). All patients had symptom onset at less than 5 years regardless
of mutation state, i.e. hetero-, homo- or compound heterozygous (Supplementary Table 1). The dataset
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was further screened for children who were younger than 2 years of age at the time of their first clinical
manifestations associated with skeletal muscle dysfunction - thus consistent with the clinical definition
of L-CMD - and who possessed a confirmed causative heterozygous variant in the LMNA gene
(Supplementary Table 1). This resulted in a final cohort of 151 patients, most of whom resided in
France, UK and China (17.8%, 15.9% and 14.6%, respectively). Hereafter, the study cohort refers to
these 151 patients.

Overall patient characteristics and disease progression

Summary of clinical characteristics of the 151 patients (94 females/57 males) are shown in Table 1
according to their maximal motor achievements when relevant. Eighty-one of the patients had been
diagnosed as L-CMD (60 showing the classical dropped head syndrome), 66 as EDMD and the
remaining four as LGMD1B. They were followed during a median period of 8 years (range: 0.1–41.2).
The median age at the time of the last visit was 9 years (range: 0.1–43.2) and the median age of
symptom onset (first recognition of disease manifestations) was 0.9 years (range: 0.0–2.0). Age of
onset of patients who achieved independent ambulation is significantly higher than patients who never
achieved independent ambulation (medians were 1 year (range: 0–2) and 0.1 year (range: 0–1.5),
respectively, P < 0.001). Most patients achieved independent ambulation (n = 101; 67%) at a median
age of 1.2 years (range: 0.8–4.0). In those patients in whom a precise age at ambulation loss was
available (n = 43), the reported median age was 7 years (range: 1.2–38.0). Among the 49 patients who
never achieved independent ambulation, 36 walked with support or sat, five crawled and eight never
acquired any classical motor milestones (data not shown). The 20 patients in this cohort who had
passed away died at a median age of 12.1 years (range: 0.4–40.0) with a significant difference between
those who achieved independent ambulation (10 patients) and those who did not (10 patients) with a
median age of death of 17.5 and 7.9 years, respectively (P = 0.002). Six patients had a pacemaker, and
four patients had ICD at the time of death. Unfortunately, detailed causes of death were not available to
distinguish those patients who died from cardiac or extracardiac causes.
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Table 1

Patient’s overall characteristics and major disease progression markers, interventions and
cardiac first significant abnormalities according to their ambulation status
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Open in a separate window

For the definition of ‘cardiac abnormalities’, ‘interventions’ and ‘first’ cardiac or respiratory interventions, see
‘Materials and methods’ section. P value refers to Wilcoxon rank sum for continuous variables or Fisher’s exact
test for categorical variables for the test between ambulant and never ambulant groups.

ECG, electrocardiography; ICM, insertable cardiac monitor (LINQ or others).

 N refers to the number of observations that were available at the time of analysis.

Median age in years (range in years)/N or N (%)

All patients (N = 
151 patients )

Patients who
acquired

independent walk
(101 patients)

Patients who never
acquired independent

walk (49 patients)

P
value

Overall motor course and survival characteristics

 Age at last visit 9.0 (0.1–
43.2)/151

11 (0.3–43.2)/101 5 (0.1–20.0)/49 <0.001

 Age of onset 0.9 (0.0–
2.0)/151

1.0 (0–2)/101 0.1 (0–1.5)/49 <0.001

 Age at independent
ambulation

1.2 (0.8–
4.0)/101

1.2 (0.8–4.0)/101 – –

 Age at loss of ambulation
(for those who achieved
independent ambulation)

7 (1.2–
38.0)/43

7.0 (1.2–38.0)/43 – –

 Age at loss of sitting (for
those who never achieved
independent ambulation)

2.5 (0.83–
3.0)/6

– 2.5 (0.83–3.0)/6 –

 Age at death 12.1 (0.4–
40.0)/20

17.5 (9.6–
40.0)/10

7.9 (0.4–14.4)/10 0.002

 Age at ICD implantation 17.0 (8.0–
40.0)/12

17.0 (8.0–
40.0)/12

0 –

 Age at pacemaker
implantation

17.0 (2.0–
32.6)/11

18.0 (14.0–
32.6)/9

6.5 (2–11)/2 0.04

Gastrointestinal and respiratory interventions

 Age at gastrostomy feeding
tube

5.0 (1.8–
16.5)/15

8.5 (1.8–16.5)/8 3.5 (2–7.9)/7 0.09

 Age at first respiratory
intervention

7.0 (1.0–
35.0)/62

9.0 (3.0–35.0)/40 3,8 (1.0–18)/22 <0.001

 Age at non-invasive
ventilation

8.5 (1.6–
40.0)/48

12.5 (5.0–
40.0)/29

4 (1.6–18)/19 <0.001

 Age at tracheostomy 6.0 (0.0–
35.0)/13

11.0 (4.5–35.0)/6 4.5 (0.0–23.0)/7 0.12

Orthopaedic abnormalities (scoliosis, joint contractures) and interventions

a

b

b

b

a

b
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For one patient, the corresponding clinical characteristics (maximal motor achievements or cardiac
abnormalities) were unknown explaining why total patient numbers are not equal to the sum for the two
subgroups.
Note that these numbers are expressed in number of observations (percent of either total cohort or total patients

in each subgroup).

We started by a basic global analyse. We found no strong differences in key clinical variables between
males and females. Maximal motor function was significantly related to the age of onset (ANOVA;
F(5, 143)=16.3; P < 0.01) with the ability to run appearing more highly associated with a later onset of
disease (after one year) (Fig. 1A). Analysis of clinical features and interventions (orthopaedic,
respiratory, cardiac and gastrointestinal) by age of occurrence, showed that orthopaedic abnormalities
(scoliosis and joint contractures), orthopaedic non-surgical interventions, surgical treatments of joint
contractures, respiratory interventions (NIV and tracheostomy) and gastrointestinal interventions
(gastrostomy feeding tube) generally occurred during the first decade of life, while the first cardiac
abnormalities and interventions were detected at the transition from the first to second decade of life (
Table 1). Scoliosis surgical treatment occurred at a median age of 13 years (range: 8–17).

Open in a separate window
Figure 1

Clinical characteristics of the cohort. (A) Maximal motor function achieved for individuals at a given
age of onset. This demonstrates that individuals with an earlier age of onset may still reach a maximum
functional ability of independent ambulation; however, those with later ages of onset tend to have better
maximal motor function (P < 0.01). (B) Age at first cardiac intervention (left panel) and age at first
respiratory intervention (right panel) mapped against age at loss of ambulation. Although there is a strong
relationship when all data is included (r = 0.80, P < 0.01; r = 0.81, P < 0.01, respectively), this relationship
is greatly reduced after removal of the two individuals with late interventions (r = 0.22, P = 0.37; r = 0.38,
P = 0.04, respectively). (C) Kaplan–Meier time to event analysis for loss of ambulation. About half of the
individuals who acquired independent ambulation lost this ability by age 14 years.

Spectrum of LMNA mutations, creatine kinase levels and muscle biopsy results

Sixty-six different LMNA variants were identified (52 missense, 5 splice site, 6 small in-frame intra-
exonic deletions, 1 small duplication of 3 nucleotides and 2 small intronic deletions (Supplementary
Table 3). For these latter two, one corresponds to a 10 nucleotide deletion overlapping exon 8-intron 8
that abolishes the splice donor site of intron 8 and results in an in-frame deletion of the last codon of
exon 8 by creating a new splice site 4 nucleotides upstream the end of exon 8; and the other is a 8
nucleotide deletion in intron 8 near the intron 8-exon 9 junction leading to exon 9 skipping. The
distribution of common LMNA variants by exon with corresponding nucleotide and amino acid changes
at the protein level is shown in Fig. 2. At least seven individuals were present in each of the groups that
correspond to five common mutations (p.Lys32del, p.Asn39Ser, p.Arg249Trp, p.Glu358Lys,
p.Arg453Trp) with the p.Arg249Trp emerging as the single most common LMNA variant in this series
(30 patients, 20%). Regarding the transmission of identified mutations, 54 occurred de novo, 14 were
inherited from one of the parents. In the remaining 83 patients where the parents were not analysed, in
76 no familial history of skeletal or cardiac muscles disorders was found, thus suggesting a possible de

b

c
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novo occurrence, while family history was not available in six patients. In this study cohort, we did not
analyse variants that were present in fewer than seven individuals for phenotype/genotype analysis due
to their small sample size.

Open in a separate window
Figure 2

Map of heterozygous LMNA variants identified in the 151 patients with onset before 2 years of age.
(A) Distribution of variants in the different exons of the LMNA gene. The LMNA c.745C>T, p.Arg249Trp
variant was found in 30 patients, the c.116A>G, p.Asn39Ser in 13, the c.1072G>A, p.Glu358Lys in 10, the
c.94_96delAAG, p.Lys32del in 9 and the c.1357C>T, p.Arg453Trp in 7. Variants identified in six or fewer
patients are depicted together. (B) Mutation map at the protein structure level. Mutations are depicted and
aligned according to their position on both exons and lamins A and C protein domains.20 The height of
each mutation position corresponds to the number of patients carrying mutation at the specific position.

The median creatine kinase value among the patients in whom creatine kinase value was available was
1132 (range from normal levels to 2700 IU/l) in the 45 patients who did not achieve independent
ambulation and 900 (normal level to 3107 IU/l) in the 82 patients who could ambulate independently.
Muscle biopsy was performed in 84% of patients (127/151) at a median age of 3 years (range: 0–35 
years) and displayed either dystrophic findings (76%; 96/127), non-specific myopathic findings (22%;
28/127), inconclusive findings in two patients and normal findings in one. Signs of inflammation were
seen in 31% of all biopsies (39/127). Eighteen (50%) of these inflammatory muscle biopsies were
found in patients carrying three different LMNA variants (p.Arg249Trp, n = 8; p.Glu358Lys, n = 5 and
p.Asn39Ser, n = 5). Unfortunately, no enough data were available in the dataset to specify what kind of
inflammatory cells, their localization or HLAI-I staining signs were found.

Correlations in non-ambulating patients

Non-ambulating patients showed an earlier disease progression affecting gastric, respiratory and
cardiac complications that began in infancy (Table 1) associated with further loss of residual motor
function. In fact, among the 36 patients whose maximal motor milestone was sitting or walking with
support, six lost the ability to sit at a median age of 2.5 years (range: 0.83–3) (Table 1). Orthopaedic
abnormalities in non-ambulant patients did not occur significantly more frequently than in ambulatant
patients. While there is a trend towards statistical significance for non-surgical treatments of scoliosis
(P = 0.09) (Table 1), surgical and non-surgical treatments of scoliosis and joint contractures were not
significantly more frequent in non-ambulant patients.

Comparison of time-to-event between patients who ambulated and those who never ambulated
independently showed that the latter had an earlier onset of cardiac rhythm abnormalities (Kaplan–
Meier median ages 9 and 12, respectively, P < 0.001) (Fig. 3A) and an earlier initiation of NIV
(Kaplan–Meier median ages 7 and 19, respectively, P < 0.001) (Fig. 3B) in the years following their
first decade. Thus, the inability to achieve independent ambulation is associated with a worse
respiratory and cardiac prognosis.
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Open in a separate window
Figure 3

Time-to-event analysis. (A) Time-to-event analysis to NIV (non-invasive ventilation) and (B) first rhythm
abnormality demonstrate that these events are reached earlier in patients who were never ambulatory when
compared to those who had achieved ambulation.

Correlations in ambulant patients

The age at first cardiac and first respiratory interventions initially show a linear correlation across all
subjects, relating to age at loss of ambulation (0.81 cardiac (95% confidence interval (CI) 0.57–0.92);
P < 0.001; 0.80 respiratory (95% CI 0.62–0.90); P < 0.001). However, these relationships were strongly
determined by two older individuals with later interventions (Fig. 1B). When removing these two
patients, the correlation in the remaining cohort is less strong (Pearson correlations: 0.22 cardiac (95%
CI −0.27 to 0.63); P = 0.37; 0.38 respiratory (95% CI 0.01–0.67); P = 0.01).

Time-to-event analysis was performed to highlight the age range at which defined clinical events were
most likely to occur. For example, of the 101 individuals who had acquired independent ambulation
mostly in the normal age range, 86 subsequently lost the ability to walk, 43 had an available age at loss
of ambulation. An estimated half of these patients had lost ambulation by 14 years of age (Fig. 1C). An
apparent plateau in the time to loss of ambulation analysis occurred due to age censoring and limited
observations at older ages (Fig. 1C). Histogram plots were used as a visual aid and helped in
identifying age 5–15 years as the age range during which most clinical events and interventions
occurred (Fig. 4), and thus the range of the most noticeable clinical progression in ambulant patients.

Open in a separate window
Figure 4

Histogram plot of ages for disease-related symptoms and interventions. An initial rhythm abnormality
(46% of the cohort) was seen at a median estimated age of 11 years old, followed by the initiation of NIV
(non-invasive ventilation) at a median estimated age of 16 years. Cardiac medication was taken by 25% of
the cohort with echocardiogram abnormalities present in 22%. ICD and pacemakers were relatively
uncommon (9% and 7%, respectively).

Genotype–phenotype correlation

A detailed genotype–phenotype analysis was limited given that most of the individual LMNA variants,
of the 66 different LMNA variants present in our cohort, were reported in a small number of patients.
No statistical significance was reached when comparing specific mutations to the age of symptom
onset. Furthermore, there was no statistical significance detected between specific mutations and either
the age at first intervention or the age at loss of ambulation. The most frequent variant, p.Arg249Trp,
affected 30 patients and was of particular interest. Nineteen patients (63%) with the p.Arg249Trp
variant never acquired independent ambulation, while 11 (37%) did. When stratifying the time-to-event
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analysis for the p.Arg249Trp variant against all other variants, Kaplan–Meier curves for loss of
ambulation suggests that 50% of individuals with the p.Arg249Trp variant lost ambulation by five
years of age versus a loss of ambulation 10 years later for patients with other LMNA variants (Fig. 5A).
There is a similar difference present with the time to NIV initiation (median age = 12 years for patients
with the p.Arg249Trp variant; median age = 29 years for patients with other LMNA variants). No such
difference was observed for time to first rhythm abnormality (median age = 12 years for patients with
the p.Arg249Trp variant; median age = 11 years for patients with other LMNA variants) (Fig. 5B and C
). Overall, these results suggest that the LMNA genotype p.Arg249Trp is associated with a worse
clinical prognosis.

Open in a separate window
Figure 5

Genotype–phenotype analysis stratified time-to-event analysis for the most common variant
(p.Arg249Trp) against all other variants. (A) Visual analysis of the curve for loss of ambulation
suggests that half of individuals lose ambulation by five years of age for patients with the p.Arg249Trp
variant. (B) A similar difference is shown for time to NIV (non-invasive ventilation) (n = 12 p.Arg249Trp,
n = 29 other variants). (C) No difference is noted for time to first rhythm abnormality (n = 12 p.Arg249Trp,
n = 11 other variants).

Outliers

There were five patients with symptom onset within two years of life who were noted as outliers (2 SD
above the mean; also confirmed visually) with regards to at least one key clinical variable
(Supplementary Table 4). The outlier status of these five patients was a result of overall intervention
variables, age at first cardiac abnormality and age at loss of ambulation.

Steroid use

There were 22 patients who were treated with corticosteroids, with 16 patients treated for six months
duration or longer. Fifty percent (11/22) of these patients were still ambulant at their last study visit
(median age = 9.75 years; range: 1.0–33.0). No significant patterns or deviations from the rest of the
cohort were present in graphical analysis of subjects who received steroids. Due to the limited
longitudinal data availability for these patients (timed tests and respiratory functional tests) before and
after corticosteroids use, we were not able to further investigate the potential effect of corticosteroids
on motor and respiratory function.

Discussion

This international retrospective natural history study consists of a cohort of 151 L-CMD patients as
defined by the onset symptom before two years of age and currently represents the largest clinical
dataset of patients with early onset laminopathies specifically affecting the striated muscle. This cohort
represents a subgroup of laminopathy patients of particular medical needs given the severe clinical
manifestations and the relatively rapid progression of symptoms. Since the early 2000s, several reports
of laminopathies had included cases of early-onset laminopathy.6–8 12 14 21 Benedetti et al.7
highlighted that a subgroup of patients with childhood onset (2.4±2.3 years old) had predominant
scapuloperoneal and facial weakness. These patients typically had non-truncating variants (missense,
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small in-frame deletions) in LMNA, producing a full-length lamin A/C protein with a dominant-
negative mechanism. The most severely affected patients of this spectrum of the striated muscle
laminopathies were classified as L-CMD by Quijano-Roy et al.,9 a severe congenital muscular
dystrophy characterized by infantile-onset of disease (<1 year of age) with absent or delayed
ambulation, early loss of ambulation, early respiratory insufficiency requiring NIV or ventilation via a
tracheostomy. This clinical phenotype of L-CMD has been validated in several subsequent reports that
sometimes also been reported to include early and severe cardiac involvement indicating that this group
of patients is in urgent need of development of therapeutic interventions.10 11 13 15–17 22–35 The
recent advances in the development of potential therapeutics for striated muscle laminopathies in
general and for L-CMD in particular have highlighted the need for a more in-depth characterization of
the natural history of L-CMD in order to identify phenotypic subgroups for stratification of subjects, to
define the age range during which the most consistent clinical progression occurs and to detect suitable
outcome measures and endpoints that can be used in future clinical trials.

All participants fulfilled the defining inclusion criterion of manifestation of striated muscle
involvement, disease onset before two years of age, and the presence of a confirmed pathogenic
heterozygous variant in LMNA. Data were collected blindly without bias towards the severity or
subsequent course of the disease or any other prior phenotypic classification. We constructed a natural
history chronology by using time-to-event analyses and histogram plotting that allows for speculation
regarding the age range during which most of the disease progression and the definition of medical
endpoints can be predicted in the majority of patients. The goal was to define phases of clinical
progression measured by loss of major functional motor abilities and the occurrence of medically
important events/endpoints such as the initiation of ventilatory support and cardiac events. These
events assume importance as study endpoints because of their relevance to morbidity and mortality in
this cohort. These data thus have the potential to predefine a potential clinical trial target population in
which additional prospective natural history and outcome measure validation would be of the greatest
benefit for clinical trial planning and power calculations.

There were several significant clinical associations present in these patients. Firstly, age of onset and
age of death were both significantly lower in patients who never aquired independent ambulation.
Another significant association is the significantly earlier onset of cardiac rhythm abnormalities and
earlier initiation of NIV in patients who did not achieve independent ambulation. This is an interesting
result because previous descriptions of congenital laminopathies had suggested two subgroups of
patients depending on their clinical presentation.9 In this current study, as in prior reports, the two
groups of severity are still identified; however, the groups are not defined by age of onset. This may be
explained because of the retrospective nature of this study and challenge of precisely recording the
timing of the first symptoms. In fact, in this study, no differences were observed in subsequent
phenotype depending on the age at symptom onset.

Those patients who never walked independently showed an earlier disease progression that began in
infancy and had a more rapid course of loss of residual motor function and the development of life-
threatening respiratory and cardiac events in the years following the first decade. Alternatively, those
who achieved independent ambulation typically achieved this milestone within a timeframe of normal
motor development and typically had a less severe initial disease progression. This ambulatory
subgroup typically lost ambulation by late adolescence, subsequently developing cardiac issues or the
initiation of chronic ventilatory support. Notably, patients who achieved independent ambulation, but
lost ambulation at an earlier age also required earlier respiratory (P < 0.001) and cardiac (P < 0.001)
interventions.

Early cardiac interventions were usually associated with earlier respiratory interventions (P < 0.001),
with respiratory interventions usually occurring before the cardiac interventions. Thus, clinical severity
was positively correlated across the triad of skeletal muscles, respiratory muscles and cardiac muscle
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(myocardium) without significant disconnects, pointing towards a possible inter-dependence between
these three functional systems in this subgroup of laminopathy patients. Correlation to cardiac device
placement (due to cardiac conduction abnormalities or malignant arrhythmias) is less strongly linked
with the timing of respiratory interventions and the progression of skeletal muscle weakness, which
may be due to the small number of patients in which an ICD device had been placed and may also be
due to the fact that ICD devices are less used in young children due to anatomic issues and device size
incompatibility. Unfortunately, circumstances and causes of death were not available for further
analyses. In general, it is evident from this dataset that respiratory interventions occur at a younger
average age than cardiac interventions and that loss of ambulation typically occurs before either
respiratory or cardiac interventions. This finding confirms and statistically solidifies observation in
different reports cited earlier.

For major orthopaedic complications (joint contractures and scoliosis), apart from emerging early in
the course of the disease (during the first decade), there are no significant differences between
ambulant and non-ambulant patients in terms of the presence of joint contractures and scoliosis, the
progression of joint contractures and surgical and non-surgical treatments. This point deserves to be
further investigated in future studies with a specific survey especially for scoliosis progression as
capturing trustable data in a retrospective study is challenging.

Arguably, the most important analysis in our study for help to define a future clinical trial cohort is the
time-to-event and histogram analysis. Typically, time-to-event analysis is used with longitudinal,
prospectively acquired data; however, we mimicked this effect by using the binary clinical report of
whether or not the event had occurred with retrospectively reported ages. Future studies analysing the
plausibility of clinical trials using milestones as outcomes and the relationship of milestones with
longitudinal evolution of motor scales and respiratory and cardiac biomarkers are therefore needed for
clinical trial readiness in L-CMD.

Several aspects remain to be clarified for this group of patients and are all avenues for future studies.
The circumstances of death in these patients should be investigated further by reviewing the clinical
contexts of deaths and the data issued from Holter-ECG and ICM tools which were not available for
the majority of non-surviving patients of this cohort. The effect of corticosteroids deserves to be
studied under a strict therapeutic protocol with predefined longitudinal motor timed tests, and other
imaging, respiratory and cardiac systematic investigations to detect any potential favourable effect of
this type of treatments. In this context, the inflammatory abnormalities observed in certain patients
should be better dissected in order to better characterize the inflammatory process and to put it in
parallel with a possible response or non-response to corticosteroid treatment. Finally, special attention
should be paid to outlier patients. Their particular phenotype could be the reflection of modifying genes
or other modulatory elements of the phenotype which it would be interesting to explore.

From the pathophysiologic point of view, and as highlighted by Benedetti et al..,7 the pathogenic
variants identified in this cohort are essentially non-truncating variants (missense variants, small in-
frame intra-exonic deletions or insertions, small intronic deletions or point mutations affecting splice
sites leading to inframe exon deletions) which are expected to produce the synthesis of full-length or
quasi-full-length mutant lamin A/C proteins that likely act through a dominant-negative mechanism.
We recently reported in the L-CMD mouse model KI-Lmna  that a similar Lmna variant, i.e. small
in-frame deletion of one amino acid acted through both decreased expression and mislocalization of the
mutated Lamin A/C.36 One can hypothesize that a combination of various degrees of
haploinsufficiency and dominant-negative effects may contribute to the severity of the disease, as
truncating LMNA mutations (nonsense and frameshift variants) leading to haploinsufficiency are more
commonly associated with isolated cardiac diseases or the less severe forms of the striated muscle
laminopathies.7 37 38 The most common variant our cohort, an Arg249Trp substitution, was primarily
associated with congenital and early onset laminopathies and has not been associated with later-onset
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clinical subttypes (EDMD or LGMD1B) (www.umd.be/LMNA/, GB and RBY personal
communication). This finding is similar to the one reported by Fan et al.25 in a large series of Chinese
patients with 12/41 of their patients with L-CMD patients carrying this substitution. Other in-frame
variants in our cohort (p.Asn39Ser, p.Lys32del, Glu358Lys, p.Arg453Trp) were less exclusively
associated with laminopathies showing congenital or early-onset presentations (only 83.3%, 70%,
63.3% and 0% of published carriers showing congenital/early onset laminopathy, respectively). The
Arg249 residue is located within the coil2 domain of Lamin A/C (aa 243–383) at a position of a
heptade, which is important for hydrophobic interactions between two lamin A/C molecules during
filament assembly.36 39 40 To date, the Arg249 has been reported to be substituted with either a
tryptophane (n = 39, all with L-CMD with 30 being part of the present study cohort) or glutamine (n = 
34, 28 EDMD, 5 LGMD1B and 1 L-CMD) (www.umd.be/LMNA/, GB and RBY personal
communication). One can speculate that modifying the charged arginine residue with the aromatic
chain of tryptophan would perturb lamin A/C-lamin A/C interaction in the assembly process more
severely, compared to an uncharged polar glutamine residue. Our data indicate that p.Arg249Trp
variant to be a major determinant of a severe form of congenital laminopathy (never achieving
independent ambulation or experiencing an early loss of ambulation and associated with earlier
respiratory interventions) and will be an important consideration for inclusion when designing clinical
trial cohorts.

This study had some limitations. Patients recruitment was performed mainly through different
paediatric neurology departments that, depending on the centre, may only recruit severe patients with
the earliest neuromuscular, respiratory, gastrointestinal and cardiac symptoms and interventions, which
may have resulted in biasing the cohort towards severe cases. The age of onset of symptoms was
reported by the patients’ parents, which may result in inaccurate estimates, since the recognition of
symptoms may not coincide with the onset of symptoms. The use of corticosteroids at the time of
interventions or treatment in some patients (e.g. NIV, ICD implantation and cardiac medication) may
further skew our results; however, the potential effects of corticosteroids may not be consistent and
thus require additional data from prospective controlled studies. The retrospective nature of data
collection with its two years age limit for symptom onset may lead to the introduction of phenomena
that are likely an artefact of this type of data collection. For instance, the apparent clustering of onset
around one and two years of age likely is a product of the self-reporting in which dates are usually
estimated by caregivers. Finally, similar caution should be exercised in the time-to-event analyses due
to variability in medical practices at the various medical centres that may result in variability of the
timing of an intervention. Finally, with age, there are also less-surviving patients which may introduce
a possible ‘censoring’ bias in the time-to-event analyses.

Although this study is retrospective and lacks systematic longitudinal data in individual patients, the
strength of this dataset is the size of the cohort and the amount of data collected from patients with L-
CMD of varying ages. These natural history details reported in this cohort had been largely unknown
previously.

Conclusion

This retrospective analysis of a large international cohort of patients with early onset striated muscle
laminopathies expands our understanding of the progression of early infantile-onset striated muscle
laminopathy and helps in the anticipatory care of respiratory and cardiac manifestations. Even though
our results may be influenced by the outliers and subjective measurements of disease, there were robust
correlations between three important clinical parameters. Prospective natural history studies to further
validate the stratification of L-CMD based on ambulatory status, the special consideration of the
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association of the p.Arg249Trp LMNA variant with clinical severity, and a focus on outcome measures
assessment between 5 and 15 years of age will improve clinical trial readiness and help in the design of
future therapeutic clinical trials for this particular patient population with high medical need.
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Glossary

CI = confidence interval

DCM-CD = isolated dilated cardiomyopathy with conduction system defects and arrhythmias

EDMD = Emery – Dreifuss muscular dystrophy

ICD = implantable cardioverter defibrillator

ICM = Insertable Cardiac Monitor

IPPB = intermittent positive pressure breathing

L-CMD = LMNA-related congenital muscular dystrophy

LGMD1B = limb-girdle muscular dystrophy type 1B

NIV = non-invasive ventilation

References

(167K, docx)



7/9/2021 International retrospective natural history study of LMNA-related congenital muscular dystrophy

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8260964/ 18/20

1. Macquart C, Ben Yaou R, Muchir A, Wahbi K., Bonne G.. Clinical features and therapeutic
strategies for managing the striated muscle laminopathies. Expert Opin Orphan D. 2016;4:631–638.
[Google Scholar]

2. Bonne G, Di Barletta MR, Varnous S, et al.Mutations in the gene encoding lamin A/C cause
autosomal dominant Emery–Dreifuss muscular dystrophy. Nat Genet. 1999;21:285–288. [PubMed]
[Google Scholar]

3. Fatkin D, MacRae C, Sasaki T, et al.Missense mutations in the rod domain of the lamin A/C gene as
causes of dilated cardiomyopathy and conduction-system disease. N Engl J Med. 1999;341:1715–1724.
[PubMed] [Google Scholar]

4. Muchir A, Bonne G, van der Kooi AJ, et al.Identification of mutations in the gene encoding lamins
A/C in autosomal dominant limb girdle muscular dystrophy with atrioventricular conduction
disturbances (LGMD1B). Hum Mol Genet. 2000;9:1453–1459. [PubMed] [Google Scholar]

5. Bonne G, Mercuri E, Muchir A, et al.Clinical and molecular genetic spectrum of autosomal
dominant Emery–Dreifuss muscular dystrophy due to mutations of the lamin A/C gene. Ann Neurol.
2000;48:170–180. [PubMed] [Google Scholar]

6. Mercuri E, Poppe M, Quinlivan R, et al.Extreme variability of phenotype in patients with an
identical missense mutation in the lamin a/c gene: from congenital onset with severe phenotype to
milder classic Emery–Dreifuss variant. Arch Neurol. 2004;61:690–694. [PubMed] [Google Scholar]

7. Benedetti S, Menditto I, Degano M, et al.Phenotypic clustering of lamin A/C mutations in
neuromuscular patients. Neurology. 2007;69:1285–1292. [PubMed] [Google Scholar]

8. Brown CA, Lanning RW, McKinney KQ, et al.Novel and recurrent mutations in lamin A/C in
patients with Emery–Dreifuss muscular dystrophy. Am J Med Genet. 2001;102:359–367. [PubMed]
[Google Scholar]

9. Quijano-Roy S, Mbieleu B, Bonnemann CG, et al.De novo lmna mutations cause a new form of
congenital muscular dystrophy. Ann Neurol. 2008;64:177–186. [PubMed] [Google Scholar]

10. Heller F, Dabaj I, Mah JK, et al.Cardiac manifestations of congenital LMNA-related muscular
dystrophy in children: three case reports and recommendations for care. Cardiol Young. 2017;27:1076–
1082. [PubMed] [Google Scholar]

11. Komaki H, Hayashi YK, Tsuburaya R, et al.Inflammatory changes in infantile-onset LMNA-
associated myopathy. Neuromuscul Disord. 2011;21:563–568. [PubMed] [Google Scholar]

12. Scharner J, Gnocchi VF, Ellis JA, Zammit PS.. Genotype-phenotype correlations in laminopathies:
how does fate translate? Biochem Soc Trans. 2010;38:257–262. [PubMed] [Google Scholar]

13. Tan D, Yang H, Yuan Y, et al.Phenotype-genotype analysis of Chinese patients with early-onset
LMNA-related muscular dystrophy. PLoS One. 2015;10:e0129699. [PMC free article] [PubMed]
[Google Scholar]

14. Hausmanowa-Petrusewicz I, Madej-Pilarczyk A, Marchel M, Opolski G.. Emery–Dreifuss
dystrophy: a 4-year follow-up on a laminopathy of special interest. Neurol Neurochir Pol.
2009;43:415–420. [PubMed] [Google Scholar]

15. Lin HT, Liu X, Zhang W, et al.Muscle magnetic resonance imaging in patients with various clinical
subtypes of LMNA-related muscular dystrophy. Chin Med J (Engl). 2018;131:1472–1479.
[PMC free article] [PubMed] [Google Scholar]



7/9/2021 International retrospective natural history study of LMNA-related congenital muscular dystrophy

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8260964/ 19/20

16. Pasqualin LM, Reed UC, Costa TV, et al.Congenital muscular dystrophy with dropped head linked
to the LMNA gene in a Brazilian cohort. Pediatr Neurol. 2014;50:400–406. [PubMed] [Google Scholar]

17. Sframeli M, Sarkozy A, Bertoli M, et al.Congenital muscular dystrophies in the UK population:
clinical and molecular spectrum of a large cohort diagnosed over a 12-year period. Neuromuscul
Disord. 2017;27:793–803. [PubMed] [Google Scholar]

18. Vignier N, Chatzifrangkeskou M, Morales RB, et al.Rescue of biosynthesis of nicotinamide
adenine dinucleotide protects the heart in cardiomyopathy caused by lamin A/C gene mutation. Hum
Mol Genet. 2018;27:3870–3880. [PubMed] [Google Scholar]

19. Rodriguez BM, Khouzami L, Decostre V, et al.N-acetyl cysteine alleviates oxidative stress and
protects mice from dilated cardiomyopathy caused by mutations in nuclear A-type lamins gene. Hum
Mol Genet. 2018;27:3353–3360. [PubMed] [Google Scholar]

20. Broers J, Ramaekers F, Bonne G, Ben Yaou R, Hutchison C.. The nuclear lamins: laminopathies
and their role in premature ageing. Physiol Rev. 2006;86:967–1008. [PubMed] [Google Scholar]

21. Astejada MN, Goto K, Nagano A, et al.Emerinopathy and laminopathy clinical, pathological and
molecular features of muscular dystrophy with nuclear envelopathy in Japan. Acta Myol. 2007;26:159–
164. [PMC free article] [PubMed] [Google Scholar]

22. Bonati U, Bechtel N, Heinimann K, et al.Congenital muscular dystrophy with dropped head
phenotype and cognitive impairment due to a novel mutation in the LMNA gene. Neuromuscul Disord.
2014;24:529–532. [PubMed] [Google Scholar]

23. Chemla JC, Kanter RJ, Carboni MP, Smith EC.. Two children with “dropped head” syndrome due
to lamin A/C mutations. Muscle Nerve. 2010;42:839–841. [PubMed] [Google Scholar]

24. D’Amico A, Haliloglu G, Richard P, et al.Two patients with ‘Dropped head syndrome’ due to
mutations in LMNA or SEPN1 genes. Neuromuscul Disord. 2005;15:521–524. [PubMed]
[Google Scholar]

25. Fan Y, Tan D, Song D, et al.Clinical spectrum and genetic variations of LMNA-related muscular
dystrophies in a large cohort of Chinese patients. J Med Genet. 2020;0:1–8. [PMC free article]
[PubMed] [Google Scholar]

26. Gomez-Andres D, Dabaj I, Mompoint D, et al.Pediatric laminopathies: whole-body magnetic
resonance imaging fingerprint and comparison with Sepn1 myopathy. Muscle Nerve. 2016;54:192–202.
[PubMed] [Google Scholar]

27. Hattori A, Komaki H, Kawatani M, et al.A novel mutation in the LMNA gene causes congenital
muscular dystrophy with dropped head and brain involvement. Neuromuscul Disord. 2012;22:149–151.
[PubMed] [Google Scholar]

28. Ishiyama A, Iida A, Hayashi S, et al.A novel LMNA mutation identified in a Japanese patient with
LMNA-associated congenital muscular dystrophy. Hum Genome Var. 2018;5:19. [PMC free article]
[PubMed] [Google Scholar]

29. Karaoglu P, Quizon N, Pergande M, et al.Dropped head congenital muscular dystrophy caused by
de novo mutations in LMNA. Brain Dev. 2017;39:361–364. [PubMed] [Google Scholar]

30. Liang WC, Tian X, Yuo CY, et al.Comprehensive target capture/next-generation sequencing as a
second-tier diagnostic approach for congenital muscular dystrophy in Taiwan. PLoS One.
2017;12:e0170517. [PMC free article] [PubMed] [Google Scholar]



7/9/2021 International retrospective natural history study of LMNA-related congenital muscular dystrophy

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8260964/ 20/20

31. Menezes MP, Waddell LB, Evesson FJ, et al.Importance and challenge of making an early
diagnosis in LMNA-related muscular dystrophy. Neurology. 2012;78:1258–1263. [PubMed]
[Google Scholar]

32. Moraitis E, Foley AR, Pilkington CA, et al.Infantile-onset LMNA-associated muscular dystrophy
mimicking juvenile idiopathic inflammatory myopathy. J Rheumatol. 2015;42:1064–1066. [PubMed]
[Google Scholar]

33. Petillo R, D’Ambrosio P, Torella A, et al.Novel mutations in LMNA A/C gene and associated
phenotypes. Acta Myol. 2015;34:116–119. [PMC free article] [PubMed] [Google Scholar]

34. Prigogine C, Richard P, Van den Bergh P, Groswasser J, Deconinck N.. Novel LMNA mutation
presenting as severe congenital muscular dystrophy. Pediatr Neurol. 2010;43:283–286. [PubMed]
[Google Scholar]

35. Puusepp S, Reinson K, Pajusalu S, et al.Effectiveness of whole exome sequencing in unsolved
patients with a clinical suspicion of a mitochondrial disorder in Estonia. Mol Genet Metab Rep.
2018;15:80–89. [PMC free article] [PubMed] [Google Scholar]

36. Bertrand AT, Brull A, Azibani F, et al.Lamin A/C assembly defects in LMNA-congenital muscular
dystrophy is responsible for the increased severity of the disease compared with Emery–Dreifuss
muscular dystrophy. Cells. 2020;9:844. [PMC free article] [PubMed] [Google Scholar]

37. Bertrand AT, Chikhaoui K, Yaou RB, Bonne G.. Clinical and genetic heterogeneity in
laminopathies. Biochem Soc Trans. 2011;39:1687–1692. [PubMed] [Google Scholar]

38. 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;140:293–
302. [PubMed] [Google Scholar]

39. Ahn J, Jo I, Kang SM, et al.Structural basis for lamin assembly at the molecular level. Nat
Commun. 2019;10:3757. [PMC free article] [PubMed] [Google Scholar]

40. Lilina AV, Chernyatina AA, Guzenko D, Strelkov SV.. Lateral A11 type tetramerization in lamins. J
Struct Biol. 2020;209:107404. [PubMed] [Google Scholar]

Articles from Brain Communications are provided here courtesy of Oxford University Press


