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Abstract

Cylindrical spirals are a rare ultrastructural finding on muscle biopsy, with fewer than 20 reported cases since its first description in 1979.
These structures are sometimes observed with tubular aggregates and are thought to comprise longitudinal sarcoplasmic reticulum. While
mutations in genes encoding key components of Ca>* handling (ORAII and STIM1) underlie tubular aggregate myopathy, no causative genes
have been associated with cylindrical spirals. Here we describe two families with cylindrical spirals on muscle biopsy with a suspected
genetic cause. In one family we identified a known truncating variant in EBF3, previously associated with a neurodevelopmental disorder.
The affected individuals in this family present with clinical features overlapping with those described for EBF3 disease. An isolated proband
in the second family harbours bi-allelic truncating variants in 77N and her clinical course and other features on biopsy are highly concordant
for titinopathy. From experimental studies, EBF3 is known to be involved in Ca’>' regulation in muscle, thus EBF3 dysregulation may
represent a novel mechanism of impaired Ca>* handling leading to cylindrical spirals. Additional cases of EBF3 disease or titinopathy with
cylindrical spirals need to be identified to support the involvement of these genes in the pathogenesis of cylindrical spirals.
© 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Cylindrical spirals are an ultra-rare ultrastructural
abnormality found in skeletal myofibres, with fewer than 20
published cases [1] since the first description in 1979 [2].
These whorled structures are characterised by accumulations
of spiral lamellae, typically found under the sarcolemma in
type II myofibres [1,2]. Cylindrical spirals are considered
nonspecific due to the breadth of associated clinical features,
ranging from muscle cramps exacerbated by exercise to
severe congenital encephalomyopathy [2-11]. Although
cylindrical spirals appear to be heritable in some cases
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[1], no genes have been associated with this feature. The
pathomechanism leading to the formation of cylindrical
spirals in skeletal muscle remains uncertain.

Cylindrical spirals have been seen to co-occur or
be continuous with tubular aggregates, another rare
ultrastructural abnormality comprised of membranous tubules
in the sarcoplasm [12]. Tubular aggregates have been
shown to arise from the whole sarcoplasmic reticulum
(SR), therefore containing all components required for Ca**
uptake, storage, and release [I3]. In contrast, cylindrical
spirals appear to arise from the longitudinal SR [1]. The
genetic forms of tubular aggregate myopathy are caused
by heterozygous mutations in STIMI and ORAII, which
produce constitutive activation of store operated Ca’* entry
[14]. The tubular aggregates may act a protective Ca’>* sink
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Fig. 1. Familial pedigrees. (A) Pedigree of Family AUSI, showing autosomal
dominant transmission of the EBF3 phenotype. (B) Pedigree of Family SPA1.

against the excessive cytosolic Ca®* influx [12]. Given the
co-occurrence and similar histological staining of tubular
aggregates and cylindrical spirals [1,12], they may have a
similar etiology (i.e. Ca** dysregulation). Previous studies
showed that addition of Ca’>* to sonicated preparation of
phosphatidylserine in aqueous NaCl buffer produces spiral
shaped lipid cylinders that develop into flattened sheets, which
then form coiled elongated multilamellar cylinders [5].

Here we describe two families (one from Australia, one
from Spain) with cylindrical spirals as the hallmark feature
on muscle biopsy. In the Australian family, a mother and
son were both affected by an unclassified myopathy. In the
Spanish family, the proband was diagnosed with congenital
myopathy. Through familial exome sequencing, we reached
a genetic diagnosis for both families, implicating EBF3 and
TTN, respectively. Thus, we have identified for the first time,
as far as we are aware, genetic mutations that are associated
with cylindrical spirals.

2. Patients and methods

This study was approved by the UWA Human Research
Ethics Committee, and all patients gave informed consent.

2.1. Patient details

AUS1 was a non-consanguineous Caucasian quadruplex
family from Australia (Fig. 1A). Mother and son were both
affected, while both the older brother and father reported no
symptoms. There were no other affected individuals in the
mother’s family. Muscle biopsies were taken from the mother
at age 31, and her affected son at three years of age. DNA
was available for all four family members.

SPA1 was a non-consanguineous family from Spain
(Fig. 1B). The proband was a 39-year-old female. Her father
and older brother were unaffected. Her mother had passed
away many years prior due to hepatic failure. DNA was
available for the proband, her father and her brother.

2.2. Genetic analysis

Whole exome sequencing (WES) was performed on both
families, as previously described [15]. Genetic variants were

annotated with Variant Effect Predictor [16] and stored
a GEMINI [17] database for variant querying. Candidate
pathogenic variants were confirmed with bi-directional Sanger
sequencing [18] in all family members for whom we had
DNA.

2.3. Muscle biopsy and histology

Muscle biopsies were taken as part of the clinical
diagnostic investigation. The samples were immediately
frozen in liquid nitrogen-cooled isopentane. 10pwm thick
cryostat sections were stained with haematoxylin and
eosin (H&E), modified Gomori trichrome, periodic acid
Schiff (PAS), Oil red O, reduced nicotinamide adenine
dinucleotide dehydrogenase-tetrazolium reductase (NADH-
TR), succinic dehydrogenase (SDH), Cytochrome Oxidase
(COX), and adenosine triphosphatase (ATPase) preincubated
at pH 9.4, 4.63, 435. The Spanish sample underwent
SERCA?2 immunostaining. Small pieces of biopsied tissue
were processed for ultrastructural examination using standard
methods.

2.4. ¢cDNA sequencing

In Family SPA1, a missense variant in 77N was identified,
which was predicted to generate a cryptic splice site. To
investigate the impact of this variant, we sequenced cDNA
extracted from the proband’s muscle biopsy. Primers were
designed which included exon 54 to 55, and the region was
PCR amplified. Primers and thermocycling conditions are
available on request. The PCR product was run on a Qiaxel
gel to visualise the product size in comparison to a healthy
control sample. Following this, the PCR product was Sanger
sequenced [18].

3. Results
3.1. Clinical findings

3.1.1. Family AUSI

As a child, AUS1 I:2 was grossly hypotonic with
developmental delay and delayed motor milestones, walking
at 2.5 years of age. She required ten years of speech therapy
as a child. She had surgery for scoliosis at age 17 years.
Examination in her mid-thirties revealed mild facial weakness
with bilateral eyelid ptosis. She had a pointed chin, marked
pes planus, very short thumbs bilaterally and a short great-
toe on the right. She did not have scapular winging. Her
muscle strength was globally reduced (MRC grade 4-5).
She had trouble opening a jar and had a weak cough. She
presented some problems with speech and co-ordination. She
experienced cramps with strenuous exercise. There was no
report of similarly affected siblings or parents. She appears
to have improved with age.

AUSI II:2 was markedly hypotonic in his trunk and neck
at five weeks of age. At seven weeks he was diagnosed
with laryngomalacia. Serum creatine kinase levels were
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480U/L. Cranial ultrasound at three months of age was
normal. He had poor, slow sucking during bottle feeding
and periods of gagging or choking associated with cyanosis.
He had delayed motor milestones, sitting at 13 months,
cruising at 21 months, and walking at 27 months. He had
poor/absent urinary excretion with a constant dribble stream
since infancy. Bladder ultrasound at six months of age
showed bladder diverticulae, particularly towards the bladder
base. Additional ultrasound at age three years showed slight
irregularity of the posterior wall of the bladder, suggestive
of trabeculation. By age 7, daytime bladder function was
normal, but night-time control was an issue. At age three,
he showed global developmental delay, gait ataxia, flaccid
muscle tone, but normal strength, sensation and reflexes.
He experienced recurrent otitis media requiring removal of
adenoids and placement of grommets. At age six he was
described to have IQ in the low normal range. His cardiac
assessment was normal. He would tire easily, and experience
cramps, particularly after exercise. Features of Asperger’s
syndrome were noted and he was diagnosed with Pervasive
Developmental Disorder at age 10. As a teenager, he was
noted to have lower facial weakness and dysmorphic features
(pointed chin). He had left scapular winging. He had surgery
for scoliosis (age 13 years) and esotropia. Neuropsychological
assessment at age 18 years showed a developmental delay in
several areas, but he did not show intellectual impairment. He
had poor ability at mathematics but performed well verbally.

3.1.2. Family SPAI

SPA1 II:2 was a 39-year-old female with congenital
proximal and distal myopathy. She experienced mild delayed
motor milestones, achieving head control at six months
and walking at 18 months. She experienced frequent falls,
was never able to run, and always had trouble with stairs.
She developed progressive scoliosis requiring surgery at
age 17. She subsequently developed restrictive ventilatory
insufficiency requiring nocturnal ventilator support since
age 22. She had proximal and distal muscle weakness
that progressed very slowly over the years. Her creatine
kinase level was normal. Examination at the age of
32 revealed bilateral Achilles contractures, distal joint
hyperlaxity, bilateral pes cavus and scoliosis. There was
global muscle hypotrophy and mild weakness involving all
limbs. There was no facial weakness or ophthalmoplegia.
Echocardiography and 24-hour Holter monitoring revealed
episodes of non-sustained supraventricular tachycardia and
mitral valve prolapse. Electromyography showed myogenic
changes without spontaneous activity at rest, and no
decremental response after repetitive nerve stimulation was
observed.

3.2. Genetic results

3.2.1. Family AUSI

The affected mother and son were heterozygous for a
known pathogenic truncating variant (c.616C>T, p.Arg206%)
in EBF3, previously associated with an autosomal dominant

neurodevelopmental syndrome [19]. This variant was absent
in the unaffected father and brother. No likely pathogenic
(class 4) or pathogenic (class 5) variants [20] were identified
in other myopathy or neurologically related genes.

3.2.2. Family SPAI

The proband showed biallelic novel variants in TTN
in exon 54 and 99 respectively; Chr2:179,598,095T>C;
NM_001267550.1:c.15925A>G, p-Ile5309Val and
Chr2:179,574,392G>A; NM_001267550.1: ¢.28654C>T,
p.GIn9552*. The p.GIn9552* variant was paternally
transmitted to both siblings, and absent from gnomAD [21].
Although maternal DNA was not available, the unaffected
brother did not share the ¢.15925A>G, p.lle5309Val variant,
indicating the two variants are on different alleles. The
p.I1e5309Val variant was strongly predicted to cause aberrant
splicing by the multiple in-silico splicing prediction tools
within the Alamut Software Suite (Interactive Biosoftware,
Rouen, France; ESEfinder [22,23], Ex-Skip [24], GeneSplicer
[25], Human Splicing Finder [26], MaxEntScan [27],
NNSPLICE [25], RESCUE-ESE [28]). No likely pathogenic
(class 4) or pathogenic (class 5) variants [20] were seen in
other myopathy genes.

3.3. Pathology results

3.3.1. Family AUS1

Patient AUS1 I:2 was biopsied at age 31 years for
diagnostic purposes. There was a modest type II myofibre
atrophy (not shown). Around 80% of type II myofibres
contained subsarcolemmal lesions which were sharply defined
from the adjacent sarcoplasm, and basophilic on H&E
staining (Fig. 3A). Some inclusions also showed some weak
staining with NADH (Fig. 3B) and PAS. Electron microscopy
showed cylindrical spirals. These were associated with free
glycogen granules (Fig. 3C-D). Tubular aggregates were not
seen.

Patient AUS1 1II:2 was Dbiopsied at age three.
Approximately 10-15% of myofibres showed well-
demarcated inclusions, which were often subsarcolemmal.
By electron microscopy, aggregates of cylindrical spirals and
scant associate tubular aggregate structures were present.
Micrographs are not shown due to the poor resolution of the
available images. Tissue is no longer available to perform
further immunohistochemistry or imaging.

3.3.2. Family SPAI

At age 32 years, patient SPAl1 II:2 underwent a
biopsy which showed large numbers of internal nuclei
(Fig. 3E). Approximately 10% of fibres showed subsarcolemal
inclusions that were hardly seen on H&E (Fig. 3E), but
appeared bright red on modified Gomori stain (Fig. 3F).
They showed faint NADH activity (Fig. 3G). Moreover, there
were some core-like lesions on oxidative stains (Fig. 3G).
The inclusions did not immunostain with SERCA?2 antibodies
(not shown). Under electron microscopy the inclusions
corresponded to spirals containing up to 12 concentric
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Fig. 2. Confirmation of TTN splice-site variant in family SPA1. (A) Qiaxel gel showing the difference in PCR amplicon size in 77N exons 54-55 in healthy
control cDNA and patient SPA1 II:2. The patient showed a slightly smaller product in addition to the expected size, suggesting alternate splicing of one allele.
(B) Sanger sequencing of the TTN exon 54-55 cDNA showed the c.15925A>G base change was present in SPA1 II:2, but not in the healthy control. (C)
A schematic diagram of the predicted impact of the ¢.15925A>G base change on the 77N mRNA. The 130 base pair deletion causes an early stop codon
downstream of the splice variant, likely resulting in nonsense mediated decay.

lamellae often seen under the sarcolemma and sometimes 3.4. ¢cDNA sequencing
associated with tubular profiles (Fig. 3H-I). In addition, there

were areas showing multiple foci of sarcomere disruption with The exon 54-55 TTN cDNA PCR product from patient
fragmentation of Z-line and loss of thick myofilaments with ~ SPA1 II:2 and a healthy control were run on a Qiaxel
dissolution of the M-line and A-line (Fig. 3J-L). gel to visualise the size of the PCR product. SPA1 II:2
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Fig. 3. Muscle histology from affected patients. (A-D) AUSI I:2 and (E-L) SPA1 II:2. Muscle from patient AUS1 I:2 showed inclusions (arrows) strongly
demarcated with H&E staining (A), that were also faintly positive for NADH (B). Electron microscopy of AUS1 I:2 showed subsarcolemmal accumulation
of cylindrical spirals (C). Higher magnification shows glycogen granules around the cylindrical spirals and within the core (indicated with arrow) (D). Patient
SPA1 II:2 showed large numbers of internal nuclei and faintly detectable inclusions on H&E (E). These inclusions were clearly detected with modified Gomori
trichrome (F) and occurred sub-sarcolemmally. The inclusions displayed faint NADH activity (G). Moreover, there were some core-like lesions (double arrows
in G). Electron microscopy showed cylindrical spiral structures (H and I) associated with glycogen granules in the core (indicated with arrow, H). Additional
ultrastructural features characterized by multiple areas of sarcomere disruption (J-L) of variable size, with fragmentation of Z-lines and loss of M-bands.
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showed a second, smaller PCR product that was absent
from the control (Fig. 2A). Sanger sequencing of the PCR
product showed the creation of a cryptic GT splice donor at
c.15925, causing skipping of exon 54 from c.15925-16,054
(Fig. 2B). The altered splicing created an early stop codon
p-Ser5310Glufs*34, likely resulting in nonsense-mediated
decay. The fainter band for the smaller product suggested
less abundance of this truncated transcript. See Fig. 2C
for a schematic representation of the splicing defect.

4. Discussion

The rarity of ultrastructural myopathies has limited
investigation into their genetic and mechanistic origins.
We present two families with EBF3 and TTN variants
harbouring cylindrical spirals in their muscle biopsy.
Inclusions within muscle from both families were detected
by H&E, modified Gomori trichrome, NADH staining and
electron microscopy consistent with the histochemical and
ultrastructural signatures identified by other authors [3,6,12].

EBF3 is a highly conserved transcription factor from
the Collier/OIf/EBF (COE). Heterozygous mutations were
first associated with human disease in 2017, causing a
neurodevelopmental phenotype [19,29-32]. An additional
report suggested the effect was due to haploinsufficiency
as opposed to a dominant-negative effect [33]. Family
AUSI initially was referred for research with the diagnosis
of ‘cylindrical spiral myopathy’ based on their muscle
biopsy results. Upon reconsideration by the clinician, the
features of facial weakness [19,29,30,33], delayed walking
[19,29,30], prominent chin [29,33], speech delay [29-31,33],
and hypotonia [19,29,30] in this family were found to be
consistent with the EBF3 phenotype. However, the scoliosis
in family AUS1 was much more severe than previously
described, requiring surgery in both affected individuals.
Further review of the clinical history allowed us to link several
features seen in AUSI II:2 with those seen in other EBF3
patients, including esotropia [19,31], genitourinary problems
[19,29-31], pectus excavatum [19,31], behavioural difficulties
and attentional challenges [19,33], difficulty feeding [19,29],
recurrent otitis media [33] (also seen in his unaffected
brother), difficulty with swallowing some foods [29] and
perservative social behaviours [30]. His mother’s pes planus
[19,33] and shortened large toe [19] were also previously
reported with the EBF3 phenotype. The cramps seen in family
AUSI1 have not been described previously in patients with
EBF3 mutations. No other reported patient has had a muscle
biopsy, so it is uncertain if cylindrical spirals are a common
feature of EBF3-related disease. The cylindrical spirals may
be a non-specific feature in this family. Further cases will
assist in clarifying the association of cylindrical spirals with
EBF3 disease. We were unable to obtain further muscle or
fibroblasts to perform further investigations for family AUSI.
It seems likely that there may be a group of patients with
a muscle and brain phenotype caused by EBF3 pathogenic
variants. Further characterisation of the EBF3 phenotypic
spectrum 1is required.

Cylindrical spirals have been noted in two families
with ataxia [2,7]. The first report was a 53-year-old man
with a familial form of progressive ataxia, diagnosed as
hereditary spinocerebellar degeneration [2]. The second
family was clinically diagnosed with Behr’s syndrome
(OMIM #210000) [7]. Attempts to obtain archived genetic
material from the 53-year-old patient were unsuccessful.
Although EBF3 is primarily recognised for its effect on
neural development, a 2014 report showed that murine
Ebf3 is involved in the regulation of muscle cell-specific
transcription [34]. Ebf3 synergises with MyoD to induce
expression of Atp2al in the murine diaphragm. All four Ebf
factors synergised with MyoD to induce Atp2al expression
in muscle cells [34]. ATP2Al encodes SERCAI, one
of six sarcoplasmic/endoplasmic reticulum Ca’* ATPases
[35]. These proteins catalyse the transport of cytoplasmic
Ca?t to the SR/ER lumen [35]. Mutations in ATP2AI
are associated with Brody myopathy (OMIM #601003),
which is characterised by muscle stiffness, impaired muscle
relaxation and cramps due to reduced SERCAI1 activity
[36]. The reduction in SERCA1 activity delays the clearance
of intracellular Ca?t after muscle contraction, resulting
in extended periods of high sarcoplasmic Ca®*t [36,37].
Excessive intracellular Ca?* is a known trigger for tubular
aggregate formation [14,38] (seen in family AUSI, in
addition to cylindrical spirals). Tubular aggregates appear to
act as a Ca’* sink, mitigating the effects of intracellular
hypercalcemia [39]. Given the overlap between cylindrical
spirals and tubular aggregates, cylindrical spirals may also
be involved in regulating Ca’>" homeostasis. Previous studies
showed that addition of Ca’*to sonicated preparations of
phosphatidylserine in aqueous NaCl buffer produces spiral-
shaped lipid cylinders that develop into flattened sheets, which
then form coiled, elongated multilamellar cylinders [5].

We postulate that haploinsufficiency of EBF3 may
cause a downstream reduction in SERCA1 activity,
causing  sarcoplasmic  hypercalcaemia and  tubular
aggregate/cylindrical spiral formation in some patients.
The muscle cramps upon exercise experienced by the
affected individuals in Family AUS1 support this possibility.
However, without further patient tissue from this family, or
muscle biopsy from another EBF3 patient to confirm this
finding, this remains a hypothesis.

The clinical presentation of proband SPA1 fits well with
congenital titinopathy [40]. The combination of two truncating
variants was deemed sufficient to attribute 77N as the genetic
cause of disease in this patient under ACMG guidelines [20].
Cylindrical spirals have not been reported as a pathological
feature in the muscle of patients with titinopathy, to the
best of our knowledge. Given the high volume of published
titinopathy patients, the cylindrical spirals in our patient may
represent a particularly rare finding in recessive titinopathy.
Additional pathological features including high numbers of
internal nuclei, core-like lesions on oxidative stains, and
the ultrastructural features showing sarcomeric disruption
have been previously reported in titinopathy patients [41,42].
Although titin and Ca?>* have been shown to interact [43,44],
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there does not appear to be a distinct mechanism linking titin
and cylindrical spirals via Ca>* handling. Another possibility
is that given the complexity of TTN alternative splicing [45],
only particular pathogenic variants (or combinations thereof)
may be likely to cause cylindrical spirals. Additionally, we
cannot exclude that the cylindrical spirals are a non-specific
finding in this case. We suspect that cylindrical spirals will
come to be associated with other genetic variants.
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