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Abstract

X-linked myotubular myopathy (XLMTM) is a severe congenital myopathy characterised by generalised weakness and
respiratory insufficiency. XLMTM is associated with pathogenic variants in MTM1; a gene encoding the lipid phosphatase
myotubularin. Whole genome sequencing (WGS) of an exome-negative male proband with severe hypotonia, respiratory
insufficiency and centralised nuclei on muscle biopsy identified a deep intronic MTMI variant NG_008199.1
(NM_000252.2):¢.1468-577A>G, which strengthened a cryptic 5’ splice site (A>G substitution at the 45 position). Muscle
RNA sequencing was non-diagnostic due to low read depth. Reverse transcription PCR (RT-PCR) of muscle RNA
confirmed the c.1468-577A>G variant activates inclusion of a pseudo-exon encoding a premature stop codon into all
detected MTM1 transcripts. Western blot analysis establishes deficiency of myotubularin protein, consistent with the severe
XLMTM phenotype. We expand the genotypic spectrum of XLMTM and highlight benefits of screening non-coding regions
of MTMI in male probands with phenotypically concordant XLMTM who remain undiagnosed following exome
sequencing.

Introduction

X-linked myotubular myopathy (XLMTM) is a severe con-
genital centronuclear myopathy with an estimated incidence
of 1/50,000 male births [1]. Affected males present neonatally
with generalised hypotonia and profound respiratory diffi-
culties, often leading to death within the first year of life [1].
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XLMTM is caused by mutations in the MTM1 gene which
encodes myotubularin, a phosphoinositide phosphatase
thought to be involved in sarcoplasmic reticulum remodelling
[1]. Characteristic features of XLMTM in muscle histo-
pathology include small rounded muscle fibres with centrally
located nuclei which may be surrounded by a region lacking
in myofibrils. Oxidative enzyme staining can show
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mitochondria grouped towards the centre of the fibre with an
almost colourless peripheral halo devoid of mitochondria [2].

Causative MTM] variants identified in XLMTM cases
are typically detected by exomic sequencing approaches;
next-generation sequencing of the exome or candidate panel
of genes, or Sanger sequencing of MTMI exons [1, 3, 4].
While these approaches cover intronic sequences directly
flanking each exon, they fail to detect deep intronic variants.
Pathogenic deep intronic variants are becoming increasingly
recognised as a molecular basis for disease [5], including
for MTM1 [6]. Most of these intronic variants result in the
inclusion of pseudo-exons into mRNA transcripts by acti-
vating cryptic splice sites or splice enhancers, further than
100 base pairs (bp) into the intron [5].

Here, we report a novel deep intronic MTMI variant
NG_008199.1(NM_000252.2):c.1468-577A>G identified
by whole genome sequencing (WGS) in an individual with
severe hypotonia, no respiratory effort at birth and cen-
tralised nuclei on muscle biopsy.

Materials and methods

This study was approved by the Children’s Hospital at
Westmead Human Research Ethics Committee (Biospeci-
men Bank_10/CHW/45) with informed, written consent.
Whole exome sequencing (WES), PCR-free WGS and
muscle RNA-seq was performed and analysed at the Broad
Institute of Harvard and MIT as previously described [7]. In
silico prediction algorithms available in Alamut® Visual
v2.9.0 (Interactive Biosoftware, Rouen, France) were used
for splicing predictions. RNA was isolated from muscle
cryosections and RT-PCR performed as previously descri-
bed [8]. RT-PCR primers used; MTMI-Ex11F 5'-
CATCCTTGGCCATGCTGATG-3’ with MTM1-Ex13/14R
5'-AGTCCTTTCTGTAACCTTCTGTC-3/, MTMI-Ex14R
5'-AAGTGACGCATACTGGCAAC-3’ with MTMI1-Ex12/
13F 5-TGTCAAAACAGTTCCCTACAGC-3’ or MTM1I-
Ex13/In13F 5-TGCTCGAGAAAGACAGTTTATGG-3,
and GAPDH-Ex3F 5-TCACCAGGGCTGCTTTTAAC-3’
with GAPDH-Ex6R 5-GGCAGAGATGATGACCCTTT-
3’. Cycling conditions were 95 °C for 120, 25, 30 or 35
cycles 95 °C 305, 59 °C 30s, 72 °C 60s, then 72 °C 8 min.
Western blotting was performed as previously described
[9]. Antibodies used were against myotubularin (PAS-
17972, ThermoFisher Scientific) and GAPDH (MAB374,
Merck Millipore). The ¢.1468-577A>G MTM] variant was
submitted to the Leiden Open Variation Database (indivi-
dual: 00303956, DB-ID: MTM1_000334, https://databases.
lovd.nl/shared/individuals/00303956). Exons are numbered
as per NG_008199.1.
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Results
Clinical history

The proband (II:3) was the third male child born to non-
consanguineous parents of European descent with no rele-
vant family history of a neuromuscular disorder (Fig. 1a).
The pregnancy was complicated by polyhydramnios at
32 weeks and vaginal delivery was induced at 38 weeks
gestation. II:3 presented at birth with severe central and
peripheral hypotonia, scaphocephaly, myopathic facies,
congenital ptosis, severe limitation of lateral eye move-
ments, severe facial weakness (unable to close eyelids
during sleep), undescended testes, a small chest and thin
ribs, mild hip dysplasia, and no respiratory effort. He
required immediate resuscitation and ventilatory support.
Brain magnetic resonance imaging on day 5 of life was
normal.

The proband had severe to profound muscle weakness
from birth, with only very limited antigravity movements in
upper and lower limbs, and subsequently developed multiple
limb contractures. There was a slow but definite improvement
in limb muscle strength during the first 2 years of life but no
improvement in respiratory muscle strength, and he has
minimal distal antigravity movement, with no ability to sit or
roll. A tracheostomy was inserted at 4 months of age to
facilitate long term ventilation. II.3 suffered recurrent left
lower lobe lung collapse during the first 18 months of life. He
had severe restrictive lung disease, with a forced vital capacity
of 20% normal at 2% years of age. Severe bulbar weakness
necessitated insertion of a percutaneous endoscopic gastro-
stomy feeding tube at 10 weeks of age. An upper thoracic
kyphosis was first noted on X-ray at 10 days of age, in the
absence of vertebral segmentation anomalies. This progressed
to a severe kyphoscoliosis which required surgical fixation
at 12 years of age. The proband also developed mild to
moderate conductive hearing loss requiring insertion of
myringotomy tubes.

Muscle biopsy (site not stated) at 8%2 weeks revealed an
increase in centralised nuclei in small rounded fibres
(average fibre diameter 9.8 um, Fig. 1bi). The central aspect
of the fibres showed reduced ATPase and oxidative enzyme
studies revealed some fibres with increased activity cen-
trally and others with a peripheral halo of increased activity
(Fig. 1bii). Type 1 and 2 fibres were present with a slight
predominance of type 1 fibres. Spinal muscle taken at the
time of orthopaedic surgery at 11 years old, showed
extensive fat replacement with only scant residual severely
atrophic fibres only 7-30 um in diameter, with one showing
a central nucleus and others appearing as peripheral nuclei
(Fig. 1biii).
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Fig. 1 Clinical background and genetic findings for I1:3. a Family
pedigree for II:3. b Histopathology of muscle biopsies from II:3 (i)
Haemotoxylin and Eosin (H&E) staining at 82 weeks of age showed
multiple fibres with central nuclei (x400 actual magnification), (ii)
succinate dehydrogenase (SDH) staining at 8%2 weeks of age showed
some fibres with reduced activity at the fibre centres and others with
pale sub-sarcolemmal halos (x400 actual magnification) and (iii) H&E
staining at 11 years of age showed extensive fat replacement of spinal
muscles (x100 actual magnification). ¢ Schematic of MTM1 exons
11-15 showing the ¢.1468-577A>G variant strengthens a naturally

Genetic investigations and findings

Sanger sequencing of the coding regions of MTMI and
WES analysis were both negative. Subsequent WGS and
RNA-seq were initially negative (patient N27 in [7]).
Careful reanalysis of the trio WGS data identified a de novo
hemizygous single nucleotide variant in intron 13 of MTM1,
ChrX(GRCh37):2.149831329A>G, NG_008199.1(NM_00
0252.2):¢c.1468-577A>G. In silico prediction algorithms
predicted the c.1468-577A>G variant strengthens a poten-
tial cryptic 5’ splice site 48 nt downstream of a high-scoring
potential cryptic 3’ splice site (Fig. 1c). The c.1468-
577A>G variant was absent in the Genome Aggregation
Database (gnomAD) [10].

RNA-seq, RT-PCR and western blot studies
Suspicion of a possible variant activated pseudo-exon

(encoding a premature stop codon) induced by the c.1468-
577A>G MTM1 variant led us to interrogate the available

occurring cryptic 5’ splice site to activate spliceosomal inclusion of an
intron 13 pseudo-exon encoding a TAA stop codon. The boxed region
denotes the pseudo-exon, flanked by cryptic 3’ and 5’ splice sites.
Splicing prediction scores from the splicing module available in Ala-
mut® Visual v2.9.0: SpliceSiteFinder-like, MaxEntScan, NNSPLICE,
GeneSplicer and Human Splicing Finder are annotated showing
strengthening of the cryptic 5’ splice site by the de novo c.1468-
577A>G variant, which substitutes a less favoured A (WT) at the +5
position for a highly favoured G (in II:3).

RNA-seq data. Despite acceptable quality scores for the
RNA library [7], RNA-seq data for II:3 had a low mapping
rate and slightly elevated duplicate read and ribosomal
RNA rate. Manual examination of the MTM1 gene showed
poor read depth, providing insufficient evidence for either
normal splicing or mis-splicing (Fig. 2a). RT-PCR was
therefore performed to further investigate potential mis-
splicing.

RT-PCR of muscle derived RNA from II:3 and three age
and gender-matched controls using primer pairs flanking
intron 13 showed an abnormal band of higher molecular
weight in II:3 that was not detected in controls (Fig. 2bi).
Sanger sequencing of the excised band revealed inclusion of
a 48 nt pseudo-exon from intron 13 into MTMI mRNA
transcripts (r.1467_1468ins1468-629_1468-582, Fig. 2c).
There was no evidence for normal exon 13-14 splicing
when using a reverse primer bridging the exon 13-14
junction (Fig. 2bii), implicating the pseudo-exon is incor-
porated into all, or the vast majority, of MTM1 transcripts in
II:3. A forward junctional primer spanning exon 13 and the

SPRINGER NATURE
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Fig. 2 RNA and protein studies performed for II:3. a Sashimi plots
of MTM1 in RNA sequencing data show II:3 (red) had a much lower
read count for MTM1 region compared to a GTEx muscle RNA-seq
control (blue). b RT-PCR of muscle derived RNA from II:3 (8%
weeks, muscle origin not documented on biopsy report) and three
controls; C1 (4 months, muscle origin not documented), C2 (6%2 years,
quadriceps), C3 (20%2 years, muscle origin not documented) using: (i)
primers flanking MTM]1 intron 13, which amplifies the pseudo-exon
(298 bp band) in II:3 and normal splicing in the controls (250 bp
band); (ii) primers specifically targeting normal MTM1I exon 13 to
exon 14 splicing by bridging the exon 13/14 splice junction (329 bp
band), only detectable in control samples; (iii) primers specifically
targeting the MTMI pseudo-exon in II:3 (189 bp band), absent in

pseudo-exon amplified a positive band only in II:3 (absent
from controls), indicating that inclusion of the pseudo-exon
is uniquely activated by the c¢.1468-577A>G variant and
does not occur at detectable levels in controls (Fig. 2biii).
There was no evidence in RNA sequencing in control GTEx
muscle RNA [11] of pseudo-exon junctional reads (data not
shown). A western blot performed on a skeletal muscle
lysate from II:3 and two age-matched controls with an anti-
myotubularin antibody revealed undetectable levels of
myotubularin in II:3, and no evidence of a truncated product
(Fig. 2d).
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control samples; (iv) amplification of GAPDH demonstrate cDNA
loading. Replicate samples were subject to PCR for 25 or 30 cycles in
order to confirm the PCR cycling conditions were sub-saturating and
able to detect lower levels or quality of a specimen. RT-PCRs for i—iii
used 35 cycles. ¢ Sanger sequencing of the excised bands for II:3 and
C1 in b(i) shows the 48 bp inclusion of the variant activated pseudo-
exon in II:3 and normal MTMI exon 13 to exon 14 splicing in C1. d
Western blotting of muscle lysates from II:3 and two male age-
matched controls (C1, age 4 months, muscle origin not documented;
and C2, age 4 months, muscle origin not documented) using an anti-
body directed against myotubularin and GAPDH (loading control).
Western blot analysis revealed undetectable levels of myotubularin
(65 kDa) in II:3 compared to a standard curve of the controls.

Discussion

The MTM1 c.1468-577A>G variant affects the +5 position
of a natural cryptic 5 splice site within intron 13,
strengthening splice site strength through substitution of a
less favoured A for preferred G [12] (Fig. 1c). Spliceosomal
use of this strengthened cryptic 5’ splice site, in combina-
tion with a naturally occurring 3’ splice site, results in
incorporation of a 48 nt pseudo-exon (r.1467_1468ins1468-
629_1468-582) into all detectable MTMI mRNA tran-
scripts. The pseudo-exon encodes a premature stop codon
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(TAA) located >50 nt upstream of the last exon junction
complex and is predicted to result in nonsense-mediated
decay [13]. Western blot confirms absence of myotubularin
in II:3 skeletal muscle lysates, consistent with nonsense-
mediated decay of MTMI transcripts and the severe
XLMTM phenotype presented. Collective evidence from
functional genomics investigations resulted in classification
of ¢.1468-577A>G as a pathogenic variant.

A deep intronic MTM]1 variant (c.529-909A>G) is pre-
viously described to activate inclusion of an intron 7 pseudo-
exon containing a stop codon, into MTM] transcripts [6].
The previous c¢.529-909A>G variant and the c.1468-
577A>G variant described herein were both missed by initial
sequencing of MTMI exons, highlighting the utility of
clinical phenotyping to target screening of non-coding
regions within the most common and/or phenotypically
concordant disease genes. Approximately 30% of centro-
nuclear myopathy (CNM) cases remain undiagnosed after
exomic screening of CNM-associated genes [2, 6, 14] and it
is plausible that the underlying genetic cause of CNM in
these cases are deep intronic variants of known CNM genes.
Importantly, deep intronic pathogenic variants are ideal
candidates for splice-switching antisense oligonucleotide
therapies which have started entering clinical use [15].

RNA-seq is emerging as a powerful adjunct test in
Mendelian disorders, providing a diagnosis for 7.5-36% of
cases undiagnosed with previous genetic testing [7, 16—18].
Theoretically, RNA-seq should be capable of detecting the
MTM]1 pseudo-exon inclusion in II:3. However, low read
depth across the entire transcriptome for II:3 compounded
by low mRNA expression of MTMI in muscle prevented
the detection of this mis-splicing event. This reflects the
diagnostic challenges of RNA-seq when analysing genes
with low mRNA expression in the biologically relevant
tissue, and mRNA samples with poor read depth.

Our work expands the genotypic spectrum of XLMTM
and highlights the benefits of RNA and protein adjunct tests
for hard-to-diagnose cases. For this case, and others among
our neuromuscular cohort [7-9, 19-21], an available muscle
biopsy was the cornerstone for a research-driven clinical
diagnosis. Importantly, conventional RT-PCR provides
increased sensitivity over RNA-seq and the ability to
amplify and sequence cDNA products spanning multiple
exons provides strong diagnostic certainty of the mis-
splicing event. In combination, these interdisciplinary
techniques lead to the genetic diagnosis for II:3.
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