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Abstract.

Background and Objectives: Nemaline myopathy may be caused by pathogenic variants in the TPM3 gene and is then called
NEMI1. All previously identified disease-causing variants are point mutations including missense, nonsense and splice-site
variants. The aim of the study was to identify the disease-causing gene in this patient and verify the NM diagnosis.

Methods: Mutation analysis methods include our self-designed nemaline myopathy array, The Nemaline Myopathy Comparative
Genomic Hybridisation Array (NM-CGH array), whole-genome array-CGH, dHPLC, Sanger sequencing and whole-exome
sequencing. The diagnostic muscle biopsy was investigated further by routine histopathological methods.

Results: We present here the first large (17-21 kb) aberration in the a-tropomyosinge, gene (7PM3), identified using the NM-
CGH array. This homozygous deletion removes the exons 1a and 2b as well as the promoter of the TPM3 isoform encoding
Tpm3.12st. The severe phenotype included paucity of movement, proximal and axial weakness and feeding difficulties requiring
nasogastric tube feeding. The infant died at the age of 17.5 months. Muscle biopsy showed variation in fibre size and rods in
a population of hypotrophic muscle fibres expressing slow myosin, often with internal nuclei, and abnormal immunolabelling
revealing many hybrid fibres.

Conclusions: This is the only copy number variation we have identified in any NM gene other than nebulin (VEB), suggesting
that large deletions or duplications in these genes are very rare, yet possible, causes of NM.
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INTRODUCTION

Nemaline myopathy (NM) is one of the most com-
mon congenital myopathies and currently there are
ten genes known to cause NM: TPM3, NEB, ACTAI,
TNNTI, TPM2, CFL2, KBTBD13, KLHL40, KLHL41
and LMOD3 [1]. The TPM3 gene (MIM:191030,
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genelD:7170) was the first of these to be identified [2].
Pathogenic variants in TPM3 are also known to cause
cap myopathy and congenital fibre type disproportion
(CFTD) [3, 4]. Recently, Marttila and co-workers sum-
marized the findings in 35 clinically and histologically
characterized families with 22 different TPM3 vari-
ants. The majority of the families (30/35) had missense
mutations segregating in an autosomal dominant fash-
ion, or arising de novo [5].

Recessive variants in TPM3 have previously been
described in five families. A homozygous nonsense
mutation in the exon la of TPM3 in a patient with
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a severe form of NM was published in 1999 [6].
A NM patient compound heterozygous for two differ-
ent TPM3 variants was described in 2002; a splice-site
mutation causing skipping of exon 9b, and a point
mutation abolishing the stop codon in exon 9b, caus-
ing elongation of the protein by 57 amino acids [7].
The same point mutation abolishing the stop codon of
exon 9b has also been found in homozygous form in
a patient with CFTD [8]. A deletion removing the last
nucleotide before the stop codon in exon 9b, causing a
frameshift and elongation of the protein by 73 amino
acids, was identified in two families of Turkish origin.
The patients were homozygous for the deletion and had
severe or intermediate forms of NM [9].

Tropomyosins are actin-binding proteins that are
found in all eukaryotic cells. There are four dif-
ferent genes (TPMI, TPM2, TPM3 and TPM4) in
humans encoding the different tropomyosins, creating
more than 40 different isoforms by alternative splic-
ing and alternative promoters. The different isoforms
are expressed in different tissues and cell types, and
their expression is highly regulated temporally and
spatially during development. The different isoforms
can substitute for each other to some extent but cer-
tain isoforms and exons are known to be essential
[10]. In skeletal muscle, the tropomyosins stabilize
actin and regulate actin-myosin interactions of the
thin actin filament of the muscle sarcomere. TPM]
encodes a-tropomyosing,g, which is expressed in car-
diac and fast skeletal muscles, whereas TPM3 encodes
a-tropomyosingjow, Which is expressed in slow, type 1
muscle fibres [11]. Non-muscle isoforms of TPM3 are
known to be essential for embryonic development [10,
12]. The exons are numbered according to a recently
published tropomyosin nomenclature [13].

CASE REPORT
The Proband

This female infant was born to first-cousin parents.
Paucity of movement was noted from birth, and proxi-
mal and axial weakness was confirmed at 5 months.
The best motor function achieved was rolling from
side to side. Failure to thrive necessitated nasogastric
tube feeding at ten months followed by gastrostomy
insertion at 13 months of age. CK levels as well as
ECG were normal. At the age of 11 months, the
infant had ankle contractures which required surgi-
cal release and ankle foot orthosis. She died at the
age of 17.5 months. A quadriceps muscle biopsy at
5 months (Fig. 1) showed myopathic features with

marked abnormal variation in fibre size with many
abnormally small fibres (approximately 10 pm or less
in diameter) and a population of larger fibres of normal
size for age (approximately 20-30 wm in diameter).
Internal or central nuclei were present in several small
fibres which expressed slow myosin, and some fibres
showed aggregates of mitochondria. Fibres of normal
size for age expressed fast myosin or were hybrid fibres
co—expressing fast and slow myosin. Several small
fibres expressed fetal myosin and co-expressed devel-
opmental myosin and cardiac actin, probably related
to immaturity and underdevelopment. The Gomori
trichrome stain identified red-staining inclusions in
several fibres, which electron microscopy confirmed as
nemaline rods. Rods were prominent with the Gomori
trichrome stain in the small fibres expressing only slow
myosin but the presence of any very small rods in other
fibres could not be determined by light microscopy
as they could not be distinguished from mitochondria.
Ultrastructurally these small fibres with rods showed
pronounced disruption/malformation of sarcomeres in
contrast to adjacent fibres without rods (Fig. 1G).

Genetic studies

We started the analysis by screening the DNA sam-
ple of the patient for mutations in the first five known
NM genes (NEB, ACTAI, TPM2, TPM3, and TNNTI)
using dHPLC and Sanger sequencing and identified
one heterozygous nonsense mutation in NEB exon
42 (c.5060 G>A; p.W1687X)(Reference Sequence
NM_001271208.1). A second disease-causing variant,
in NEB or any other NM gene, remained unidentified
using these methods. Sequencing of the 5’end and the
first exons of TPM3 failed repeatedly despite several
attempts. Subsequently, we studied the sample using
our targeted 8 x 60k NM-CGH microarray (Oxford
Gene Technology Ltd, Oxford, UK), self-designed
to detect large copy number variations (CNV) in the
known NM genes [14]. We identified a large (17-21
kb) homozygous copy number variation in TPM3,
deleting the promoter as well as the exons 1a and 2b of
the gene (Fig. 2). According to HGVS nomenclature
this rearrangement is a homozygous deletion of hg19
chrl:g.(154,156,325_154,156,028)_(154,173,059_154,
177,712). The promoter and exon 1b of the non-muscle
isoforms seem to be intact. The breakpoint resides
in a 4.7 kb region that is lacking probes, because
this region contains various Alu sequence repeats,
hindering the designing of unique probes. The dele-
tion also spans the micro-RNA miR-190b encoding
MIRI190B gene and the last two exons of the Clorfl89
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Fig. 1. Histological stainings and immunolabelling of frozen sections and an electron micrograph of the muscle biopsy from the Proband.
A) Haematoxylin and eosin staining showing a wide variation in fibre size with internal nuclei in several small fibres. Excess endomysial
connective tissue or necrosis were not detected. B) Gomori trichrome staining showing a population of small fibres containing red stained
rods. C) Cytochrome C oxidase staining showing a population of darkly stained small type 1 fibres and some small weakly stained fibres. D)
Immunolabelling with a monoclonal antibody to fetal myosin showing several very small positive fibres. E-F) Immunolabelling with monoclonal
antibodies to fast (E) and slow (F) myosin heavy chains showing a population of small fibres that only express slow myosin (*), larger fibres
that express fast (f) and several hybrid fibres with varying intensity that express both fast and slow myosin (+). G) Electron micrograph showing
a fibre with severely disrupted myofibrils, an internal nucleus, small rods (arrow) and clusters of mitochondria (m), and less severely affected
fibres either side (*) without rods.
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Fig. 2. NM-CGH profile of the TMP3 gene. The DNA sample of the proband shows a 17-21 kb homozygous deletion in chromosome region
1g21.3 removing TPM3 exons la and 2b as well as the promoter of the isoform. The deletion covers also the first two exons of MIRI90B as
well as the last two exons of Clorfl89. The genes, exons and their orientation are indicated in the schematic overview in the lower part of the
figure. The exons expressed in all TPM3 isoforms are marked with dark blue, exons not expressed in striated muscle are marked with white
and alternatively spliced exons present in the striated muscle isoform are marked with pale blue colour. 7PM3 genelD:7170, concerned protein

isoform Tpm3.12st (a.b.b.a.).

gene upstream of TPM3. A whole-genome 4 x 180k
ISCA+SNP array (Oxford Gene Technology Ltd)
showed that chromosomal region 1q21.3 including
TPM3 resides inside a loss of heterozygosity (LOH)
region, but 2q23.3 including NEB does not, explaining
the homozygous variant in TPM3 and the heterozy-
gous variant in NEB. Furthermore, the homozygous
deletion was verified using whole-exome sequencing,
which showed a complete lack of reads in the region
corresponding to the deletion shown by the NM-CGH
array. Exome capture and sequencing was done using
the Agilent SureSelectXT All Exon 50Mb Target
Enrichment Kit (protocol v1.2; Agilent Technologies,
Santa Clara, CA, USA) on an Illumina HiSeq2000
platform (Illumina, San Diego, CA, USA) and analysis
was completed using the Oxford Gene Technology
exome sequencing pipeline. Whole-exome sequencing
revealed no other pathogenic variants.

DISCUSSION

To the best of our knowledge, we report here the
first large deletion characterized in TPM3. This novel
17-21 kb homozygous deletion in TPM3 deletes exons
la and 2b as well as the promoter of the skeletal
muscle isoform. Based on Sanger sequencing, TPM3
exon 1b and its promoter are present, indicating that

the non-muscle isoforms should be expressed. This is
most likely the case, as non-muscle isoforms of TPM3
are essential for normal embryonic development. Fur-
thermore, it was not possible to generate knock-out
mice lacking exon 1b, and this exon was shown to be
required for embryo preimplantation and embryonic
stem cell viability [12, 15]. Thus, we conclude that
this deletion was the cause of the NM in the patient
presented herein.

Previously, Tan and co-workers described a NM
patient with a homozygous nonsense mutation in
TPM3, changing codon 31, glutamine, to a stop codon
in the exon la [6]. Their patient had a similar severe
NM phenotype as the current patient, likewise showing
extremely delayed and impaired motor development,
where the best motor function achieved was being able
to roll over. Contrary to the case of our patient, no feed-
ing problems occurred. This patient died at the age
of 21 months. There was type 1 fibre hypotrophy and
mild predominance of type 2 fibres. Nemaline bod-
ies were only present in type 1 fibres. The authors
hypothesized that either no TPM3 peptide would be
produced from the mutant allele, due to instability
of the mutant mRNA, or, if a truncated peptide was
produced, it could act as a poison protein, prevent-
ing proper formation of the tropomyosin polymer
chain [6]. Because, in the current case, the exon la



K. Kiiski et al. / Large TPM3 Deletion Causing Severe NM 437

and the promoter of the isoform were deleted from
both alleles, we assume that no Tpm3.12st (a.b.b.a.)
was produced. This makes the two cases comparable,
despite the differences in mutational mechanisms, and
the null state for the striated muscle-specific isoform
may explain the similarity and severity of the patients’
phenotypes.

Nemaline bodies affecting only type 1 fibres can
occur in several forms of NM, but this phenomenon
seems to be consistent in patients with 7PM3 muta-
tions. This is in agreement with the uniform expression
of TPM3 in type 1, slow skeletal muscle fibres
which, in TPM3-mutated patients, are often severely
hypotrophic. As type 2 fast muscle fibres do not express
TPM3 but TPM1, they remain relatively unaffected
[5-7, 9].

Fibre type disproportion has been defined on ATPase
stained sections and requires fibres to be defined as
either type 1 or of type 2 and the type 1 fibres to be
25% smaller than type 2 [16, 17]. Although type 1
and type 2 fibres often equate to fibres with slow or
fast myosin respectively, classification of fibre types is
difficult if hybrid fibres expressing more than one
isoform are present. The patient presented here had
small fibres with slow myosin, but a population of
large fibres were hybrid fibres. This can also be seen in
other congenital myopathies. Therefore, the patient’s
biopsy did not fulfill the formal criteria for fibre type
disproportion, although a size disproportion of more
than 25 % was present.

In the current patient, in addition to the homozy-
gous deletion in TPM3, we also found a heterozygous
nonsense variant in NEB exon 42. In accordance with
the lack of clinical symptoms in other carriers of het-
erozygous NEB mutations, this mutation is unlikely to
influence the clinical picture of the patient. Parental
samples were not available to investigate this. Fur-
thermore, the MIR190B gene upstream of TPM3 was
also deleted. It has been shown that miR-190b reg-
ulates the expression of myotubularin-related protein
6 (MTMRG6) in CD4™ T cells and macrophages [18],
but the role, if any, of miR-190b in skeletal muscle
is unknown. The deletion also disrupts the Clorfl89
gene located upstream of TPM3, the function of which
is unknown.

It has been suggested that the nemaline body accu-
mulation in type 1 fibres in NEM1 might result from
a disturbed ratio of functional tropomyosin in relation
to other thin filament components. The severity of the
disease might relate to the extent to which the underly-
ing pathogenic variants disrupt protein expression and
stability [5-7, 9].

To date, we have screened 266 samples from 196
NM and related myopathy families using the NM-
CGH-array, and identified nine large aberrations in
NEB in ten families. We have not detected large copy
number variations in any of the other NM genes, except
for the TPM3 deletion discussed here. However, Fried-
man and co-workers have described one patient with
a large deletion of the ACTAI gene causing recessive
NM [19]. In summary, it is likely that large aberra-
tions in known NM genes other than NEB are very rare
causes of NM. Nevertheless, the possibility of such
large aberrations should be taken into consideration.
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