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Case report

Long-term follow-up and characteristic pathological findings in severe
nemaline myopathy due to LMOD3 mutations
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Abstract

We describe the long-term follow-up of a patient with severe nemaline myopathy due to a novel homozygous mutation in the Leiomodin
3 (LMOD3) gene and describe the histopathological characteristics of the disease. The patient presented at birth with hydrops fetalis, multiple
joint contractures, severe generalized muscle weakness, no movement, and respiratory insufficiency. At eight years of age, she had bilateral
ophthalmoplegia, visual impairment, multiple contractures, and scoliosis, and is dependent on a home mechanical ventilator and gastrostomy.
Except for slight head nodding, she has no voluntary movements. Whole-exome sequencing revealed a homozygous one-base duplication
in the LMOD3 gene (c.882dupA, p.Asp295Argfs*2), which would result in a truncated protein. Muscle biopsy in the girl and an unrelated
patient homozygous for LMOD3 p.Glu357* showed characteristic morphology of the nemaline rods. Many rods appeared as fragments of
thickened Z-discs, frequently in pairs, which were interconnected by short thin filaments. Although not specific, this may be a morphological

hallmark of LMOD3-associated nemaline myopathy.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Nemaline myopathy (NM) is one of the most common
forms of congenital myopathy and typically presents with
non-progressive, symmetrical muscle weakness and hypo-
tonia, affecting mainly the proximal muscles. The disease
manifestations range from a severe form with fetal akinesia,
contractures and respiratory insufficiency at birth, to a very
mild form with onset in adulthood. The diagnostic character-
istic of the disease is an accumulation of nemaline bodies,
which are Z-disc-derived rod-like inclusions located inside
the myofibers, which can be detected by Gomori trichome
staining [1,2].
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Thirteen genes have been associated with nemaline myopa-
thy to date, but in a proportion of patients the diagnosis is still
without genetic verification [3-5]. The most common genes
implicated in nemaline myopathy are Nebulin (NEB) (50%),
followed by Actin 1 (ACTAI) (15-25%), whereas other ge-
netic causes are much more rare [6-8]. Leiomodin-3 is an
important component of the contractile apparatus, promoting
actin polymerization by converting G-actin to F-actin [9,10].
Mutations in the LMOD3 gene have recently been found
to cause a severe form of nemaline myopathy that at birth,
presents with severe generalized hypotonia and muscle weak-
ness, respiratory insufficiency, contractures, and sometimes
bulbar weakness [11].
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Table 1

Clinical and laboratory characteristics of the patients.

Characteristic Family 1: II:3 Family 2: II:3 Family 2: II:4
Sex Female Male Male
Polyhydramniosis Present Present Present

Fetal movements Diminished Diminished Diminished
Joint contractures at birth Multiple Multiple No information
Edema Severe No No information
Gestational age, weeks 37+4 3743 36+3

Birth weight, g (SD) 2620¢g (-3 SD) Not available 2095¢g (-3 SD)
Apgar score at 1, 5, 10 min 2,4,6 3,7,17 2,5,6

Myopathic features at birth

Serum CK
Eyes

Lung function

Myopathic face, high arched palate,
open mouth, no swallowing reflex,
dolicocephaly

Normal

Bilateral ptosis and complete
ophthalmoplegia

Initially CPAP, on respirator from 2
months of age

Myopathic face, high arched palate,
open mouth, no swallowing reflex

Normal
Bilateral ptosis

CPAP

ASD
No

No information
No information
No information
No information

Not investigated
Not investigated

Heart ASD
CNS malformations No
Follow-up Alive at 8 years of age but motor

function restricted to slight head
nodding

EMG and nerve conduction studies
short durations

MUPs with very low amplitudes and

Died 6 h from birth due to
respiratory insufficiency

No voluntary movements at birth. By 2
months, able to move his fingers and
feet slightly. Died at 5 months of age
due to an infection

Normal amplitudes to sensory stimuli
but no potentials could be registered
during motor stimuli

Not performed

Abbreviations: CPAP, continuous positive airway pressure; ASD, atrial septum defect; CK, creatine kinase; EMG, electromyography; MUP, motor unit

potential; CNS, central nervous system.

Our aim in this report is to describe the long-term follow-
up of a patient with a novel homozygous mutation in the
LMOD?3 gene, and also to describe the characteristic patho-
logical features of muscle seen in LMOD3-related nemaline
myopathy in two unrelated patients.

2. Case report
2.1. Patients

2.1.1. Family 1

This girl, born to healthy consanguineous Turkish parents,
with two older healthy siblings, had no family history of neu-
romuscular disorders or other neurodevelopmental disorders
(Fig. 1(B)). She was profoundly weak at birth and needed
immediate respiratory assistance. Her clinical features and the
clinical work-up performed are listed in Table 1.

Active treatment was pursued since the family opted for
full medical treatment. The patient had suffered from se-
vere respiratory insufficiency since birth and required ven-
tilator support, and at two months of age she received a tra-
cheostomy and became fully dependent on a respirator. She
also has severe bulbar weakness with no suckling or swal-
lowing, and since two months of age she has been fed using
a percutaneous endoscopic gastrostomy (PEG). At 8 months
of age, she was discharged from hospital.

The patient is now 8 years of age and has severe muscle
weakness with essentially no motor function and no voluntary
mobility, except that she can nod her head slightly to answer

yes/no questions. From birth, she has no external eye move-
ments and cannot close her eyelids. This has led to several
ocular infections and corneal ulcerations, and she now has
severe visual impairment. There are contractures in all her
joints that have remained relatively unchanged over time, but
many muscle groups in her upper and lower extremities have
become stiffer. She has developed a progressive right convex
scoliosis and also a thoracic and lumbar kyphosis, which are
now 28 and 113°, respectively.

She needs a sitting corset to support and stabilize her torso,
foot orthoses both day and night against contractures, and the
use of a standing frame on a daily basis. Assistance around
the clock is needed. Cardiological follow-up has been normal
except for an atrial septum defect (ASD) secundum.

The patient has developed osteopenia but has had no skele-
tal fractures. She has daily supplementation with vitamin D.
Home mechanical ventilation (HMV) is currently given with
heated, humidified air with settings Ipap 12/Epap 6cm H,O-
(inspiratory/expiratory positive airway pressure). Her current
treatment also includes nebulized hypertonic saline and salbu-
tamol, the frequent use of cough-assist, prophylactic antibi-
otics, and intermittent use of nebulized colistimethate every
other month. A cuffed tracheostomy tube with a suction duct
is used because of a continuous problem with leakage of
fluid out of the tracheostomy stoma. Over the years, she has
been vulnerable to lower respiratory tract infections (LRTIs)
and has had frequent hospitalization for treatment with intra-
venous antibiotics. Consequently, she has developed a chronic
atelectasis in the left lower pulmonary lobe.
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Fig. 1. Molecular genetics. (A) Illustration showing all the identified pathogenic variants in LMOD3 (NM_198271.4). The novel variant identified in this
study (p.D295fs*2) is marked in red and the previously described one is marked in blue. (B) Pedigree of family 1 with the novel c.882dupA; p.D295fs*2
variant (filled symbol indicates affected individual, mut=mutated sequence, wt=normal sequence). (C) Pedigree of family 2 with the c.1069G>T; p.E357*
variant. (D) and (E) Chromatograms demonstrating the homozygous variant c¢.882dupA, p.D295fs*2 in the patient (D) and heterozygosity in one of the parents
(E) (N=normal sequence, M =mutated sequence). (F) The semi-quantitative PCR analysis showed loss of LMOD3 transcripts in the index patients relative
to the controls. LMOD3 was co-amplified with B-actin (NM_001101.3), using cDNA as template. NTC =no-template control. (G) Western blot analysis of
leiomodin-3 expression using protein extracted from skeletal muscle biopsy specimens from the index patients in both families, showing loss of leiomodin-3.
GAPDH was used as loading control. Index patients are marked with arrows in panels B and C. (F1 =family 1, F2=family 2).

2.1.2. Family 2

Family 2 has two affected brothers (Fig. 1(C)). Clinical
and genetic data from these two brothers have already been
described briefly [11]. In the present article, we have summa-
rized the clinical findings in Table 1.

2.2. Molecular analysis

In patient II:3 in family 1, whole-exome sequencing
(WES) was performed on DNA extracted from blood, and a

homozygous one-base duplication (c.882dupA,
p-Asp295Argfs*2) was identified in the leiomodin-3 gene
(LMOD3) (NM_198271.4) (Fig. 1(A), (B) and (D)). The vari-
ant was not found in publicly available databases of human
genetic variation (dbSNP version 146, www.ncbi.nlm.nih.gov/
project/SNP/; ExAc, http://exac.broadinstitute.org/; NHLBI
Exome Variant Server, http://evs.gs.washington.edu/EVS/;

1000 Genomes database, http://www.1000genomes.org/);
the Genome Aggregation Database (gnomAD),
http://gnomad.broadinstitute.org/). Most called variants
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Fig. 2. Muscle biopsy from the quadriceps muscle of patient II:3 in family 1. (A) Gomori trichrome staining showing a marked variation in fiber size with a
large proportion of hypoplastic fibers and numerous fibers with nemline rods, in addition to increased interstitial connective tissue (modified Gomori trichrome).
(B) Electron micrograph showing hypoplastic muscle fibers with marked disorganization of the sarcomeres and nemaline rods in several fibers. (C) and (D)
Electron micrographs showing a muscle fiber with multiple nemaline rods appearing as thickened Z-disc fragments, frequently in doublets. These rods were
rimmed by short (50-200nm long), thin filaments sticking out parallel to the short axis of the discs and creating a halo-like appearance or interconnecting

the doublets.

identified in genes known to be associated with nemaline
myopathy after filtering were predicted to probably be benign
or to be of uncertain significance according to the computed
ACMG Guidelines classification. No other variants that would
probably affect function were detected. Genetic analysis of
the parents revealed that they were both heterozygous for
the variant in LMOD3, as was the oldest sister, whereas the
other sister had normal sequences relative to the reference
sequence (Fig. 1(B)).

In family 2, patients II:3 and II:4 were both identified to
be homozygous for a nonsense variant in the LMOD3 gene
(c.1069G>T, p.E357*). Genetic analysis of the parents re-
vealed that they were both heterozygous for the variant se-
quence in LMOD3.

Expression analysis of RNA and protein extracted from
muscle tissue from patient II:3 in family 1 and patient II:3
in family 2 showed loss of both LMOD3 transcripts and
leomodin-3 protein in the patients relative to the controls
(Fig. 1(F) and (G)).

2.3. Muscle pathology

Muscle biopsy from the vastus lateralis of the quadriceps
muscle was performed in two patients (II:3 in family 1
at 3 weeks of age and II:3 in family 2 at 7 weeks of
age). The specimens were snap-frozen in propane chilled
with liquid nitrogen, for histochemical investigations, which

were performed according to standard procedures [12]. For
electron microscopy, specimens were fixed in glutaraldehyde,
post-fixed in OsOy4, and embedded in resin. Ultrathin sections
were stained with lead citrate and uranyl acetate.

In both individuals, we observed similar and character-
istic pathological changes (Figs. 2 and 3). Many fibers ap-
peared hypoplastic, and there was a marked increase in in-
terstitial connective tissue (Figs. 2(A) and (B) and 3(A) and
(B)). The majority of the muscle fibers showed a marked
disorganization of the myofibrils, which completely lacked
sarcomeric structures. Instead, randomly distributed filaments
and nemaline rods were apparent in the majority of fibers.
A characteristic finding in a proportion of fibers was the oc-
currence of many rods that appeared as fragments of thick-
ened Z-discs with short (50-200nm), thin filaments attached
to each side (Figs. 2(C) and (D) and 3(C) and (D)). These spe-
cial rods frequently appeared in pairs interconnected by thin
filaments.

3. Discussion

Here we have described the long-term follow-up of an 8-
year-old girl with severe nemaline myopathy associated with
a novel mutation in the LMOD3 gene. Ninety per cent of
previously reported patients with LMOD3-associated nema-
line myopathy have had a similar, severe form of the disease
but have died or have been lost to follow-up before 19 months
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Fig. 3. Muscle biopsy from the quadriceps muscle of patient II:3 in family 2. (A) Gomori trichrome staining showing a marked variation in fiber size with
numerous fibers with nemline rods. There was also an increased amount of interstitial connective tissue and frequent hypoplastic fibers (modified Gomori
trichrome). (B) Electron micrograph showing hypoplastic muscle fibers with nemaline rods and loss of normal sarcomeres. (C) Electron micrograph showing
a small muscle fiber with nemaline rods appearing as thickened Z-disc fragments, frequently in pairs interconnected by thin filaments. Short, thin filaments
stick out parallel to the short axis of the discs, forming a rim on both sides. (D) Higher magnification of a small fiber in panel B demonstrating characteristic
geds that appear as thickened Z-discs, frequently in pairs and associated with thin filaments.

of age. Our patient is severely affected with multiple contrac-
tures, progressive scoliosis, and stiffness, with the need for a
respirator and gastrostomy. She has bilateral ophthalmoplegia
and visual impairment, and no voluntary movements except
for slight head nodding, with restriction of motor function
and communication. She has an ASD which hasn’t been de-
scribed in patients with LMOD3-associated nemaline myopa-
thy. The two patients from family 2 had a similar, severe
phenotype but both succumbed, one to infection at 5 months
of age and one to respiratory insufficiency only 6 h after
birth. The symptoms in our patients are similar to what has
been described previously [11], with prenatal onset character-
ized by polyhydramniosis seen in 62% of cases, reduced or
absent fetal movements seen in 48%, and multiple contrac-
tures seen in 48%. External ophthalmoplegia has also been
described in 29% of previous cases, but is usually absent
in the other genetic forms of nemaline myopathy. Only two
sibling patients are known to have survived into preschool
or school age. They had a milder phenotype classified as
typical childhood nemaline myopathy, which was caused by
compound heterozygous mutations that resulted in some pro-
tein expression. Both were ambulatory, neither had cardiac in-
volvement, and both needed non-invasive ventilator support at
night [11].

Muscle biopsy in both our patients led to identification
of a distinct ultrastructure of many of the nemaline bod-
ies, resembling thickened Z-disc remnants, often in pairs and
interconnected by very short, thin filaments. This was also de-
scribed in all six patients in the original publication [11] and
appears therefore to be a characteristic finding in severe
LMOD3-associated nemaline myopathy, although they have
been reported to occur also in a case of KLHL40-associated
nemaline myopathy [8]. The cause is defective function-
ing of the leiomodin-3 protein, a tropomodulin-like protein
that binds to both actin and tropomyosin. Leiomodin-3 pro-
motes polymerization of actin by converting G-actin to F-
actin [9,10], which has been studied in LMOD23-knockout
mice [10] and also in a LMOD3-knockdown zebrafish model
[11], showing that both animal models suffered from failure-
to-thrive and abnormal skeletal muscle organization.

There are several lines of evidence for the previously
undescribed homozygous 1-base duplication in LMOD3,
c.882dupA, p.Asp295Argfs*2, in patient 1 causing the dis-
ease. Firstly, by introducing a premature stop codon the vari-
ant is clearly deleterious. Secondly, the variant segregates with
the disease in the family. Thirdly, it has not been reported in
population databases such as gnomAD, ExAc, and EVS, so
it is not common in the population. Fourthly, it is associated
with the characteristic morphological findings in the muscle
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of our two patients with available biopsies. Fifthly, no ex-
pression of LMOD3 mRNA or leiomodin-3 protein could be
found in our patients. Lastly, the clinical phenotype is simi-
lar to previously described severe phenotypes in patients with
LMOD?3 frameshift and nonsense variants [11].

In conclusion, based on long-term follow-up (eight years)
of one patient with a severe form of LMOD3-associated nema-
line myopathy, the prognosis is very poor with extreme mus-
cle weakness and round-the-clock dependence on a respirator
since the age of two years. We have also identified a novel
variant of the LMOD3 gene and, based on muscle biopsy
investigations in two unrelated patients, have confirmed the
characteristic morphology of many nemaline rods in LMOD3-
associated nemaline myopathy.
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